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Abstract— Mechanical stress has the potential to be an 
efficient performance booster for diverse emerging research 
devices based on tunneling phenomena, such as tunnel FETs, 
resonant tunnel FETs and reconfigurable FETs. The effect is 
highly dependent on the constellation between the stress source 
and the crystal orientation. Although stress engineering is well 
established for enhancement carrier mobility, it is rather 
unexplored for the control of tunneling. In this work stress 
profiles formed by four different sources are studied by device 
simulations of reconfigurable silicon nanowire transistor using 
two independently gated Schottky junctions. Self-limited 
oxidation of the intrinsic silicon nanowire is used as an example 
to describe the effects of mechanical stress on the multi-valley 
band structure applying the deformation potential theory and on 
the average effective tunneling mass. The transfer characteristics 
of strained n- and p-type transistors are analyzed with respect to 
the current ratio between electron and hole conduction which is 
important to implement reconfigurable CMOS circuits. It has 
been verified that mechanical stress formed by oxidation as well 
as stressed top layers are effective options to control the current 
injection through the Schottky junctions and thus to achieve 
symmetric operation of reconfigurable nanowire devices. 

Keywords— Silicon nanowire, reconfigurable logic, CMOS, 
RFET, SBFET, tunneling, Schottky junction, stress, strain, 
deformation potential, self-limited oxidation, simulation, TCAD 

I. INTRODUCTION 

As an alternative to multigate metal oxide semiconductor 
field effect transistors (MOSFETs) which will be ultimately 
limited in scaling, reconfigurable nanowire (NW) transistors 
(RFETs) provide an increased functionality of high integrated 
circuits beyond device scaling [1]-[3]. With its two 
independently gated Si-NiSi2 Schottky junctions (SJ) at source 
and drain side the RFET is able to work as either a unipolar n- 
or p-FET device using the same physical structure [4] (Fig.1). 
This feature enables multifunctional and reprogrammable logic 
circuits. As an example, 6 RFETs realizing a logic gate that can 
be switched between NAND and NOR functionality as well as 
1-bit adders with half of the number of transistors compared to 
CMOS could be shown recently [5],[6]. Nevertheless, the drain 
currents of unstrained n- and p-RFETs with Si-NiSi2 junctions 
(barrier for electrons ~0.66 eV, for holes ~0.46 eV) are not 
symmetric and thus do not satisfy the requirements for 
complementary circuit operation using a device with the same 
geometry as n or p transistor. In this work we employ 
mechanical stress to modify the band structure of the 
semiconductor nanowire channel yielding an effective 
mechanism to precisely adjust the symmetry between n- and 
p-RFET without the need of doping or altering the electrode  

 

 
 

Fig.1: Schematic view of a reconfigurable silicon NW-FET with two independently gated 
schottky junctions at source and drain side. 
 

 
material composition [7]. TCAD process and device 
simulations are used to analyze the NW induced stress profile 
and the resulting transfer characteristics of n- and p-RFET, 
verifying the experimental evidence [4] and showing further 
that strain incorporation can fine-tune electron and hole 
tunneling currents.  
For a device simulation considering stress the tunneling 
probability calculated by the Wentzel-Kramers-Brillouin 
(WKB) approximation was combined with the deformation 
potential theory of a multi-valley band structure and a stress 
depended effective tunneling mass [8]. Note that transport is 
not individually calculated for each subband and for tunneling 
the weighed contribution of each subband is lumped into a 
single effective band.  
In this work the induced mechanical stress introduced through 
four different methods (Fig.2): a compressive radial stress from 
the oxidation of the silicon NW, epitaxial stress from the 
silicidation of source/drain contacts, metal gate contacts with 
an intrinsic compressive stress and a tensile stressed top layer 
deposited on top of the device.  
The achieved results are also relevant and applicable for other 
type of devices encompassing tunneling through a barrier in the 
on-state. 

II. MECHANICAL STRESS OF OXIDIZED SILICON NW 

The radial compressive stress of the silicon NW formed by 
oxidation is a relatively uncomplicated method to induce 
mechanical stress and will be described in more detail.  
A 220 nm long and nearly 20 nm thick undoped silicon NW 
with a <110> channel direction and six facets (two times (100), 
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Fig.2: Simulated stress profiles of silicon nanowire induced by several stress sources: (a) 
compressive stress from oxide shell, (b) stress from the silicidation of source/drain 
contacts (tensile), (c) compressive stressed metal gates and (d) tensile stressed layer on 
top of the device. (Scale is individual normalized to maximum value) 

 

four times (111)) was oxidized at 875°C with 10 slm O2 
reproducing the experimental structure [4]. Note that the 
reaction rate for (111) surfaces are 30 % to 100 % higher than 
for (100) resulting in an oval NW cross section. The appearing 
oxide has approximately twice the thickness versus the 
consumed silicon leading to a strong volume expansion of the 
silicon oxide shell and consequently giving a radial 
compressive stress in the NW (Fig.3). In addition, the stress 
modulated reaction rate at the Si-SiO2 interfaces and the stress 
dependent oxygen diffusion in the tensile oxide shell cause a 
self-limitation of oxidation shown by the slightly saturating 
gate oxide thickness with increasing time. The average stress 
values of the three basic directions (longitudinal – channel 
direction, vertical – wafer orientation, horizontal – wafer flat) 
increase roughly linearly with the simulated oxidation time and 
are in a ratio of 2:1 between the radial and the longitudinal 
direction.  

III. STRESSED SCHOTTKY BARRIER DEVICES 

The asymmetric transfer characteristics of n- and p-type NW-
RFETs based on unstrained Si-NiSi2 Schottky junctions arise 
mainly from dissimilar tunneling probabilities of electrons and 
holes. The simulations of an unstrained structure with 12 nm 
NW thickness and 8 nm gate oxide shell (after 25 min 
oxidation) show a ratio of 0.13 between the currents for 
electron n-type and the p-type device (referred to as n/p ratio in 
the following). Considering the mechanical stress the ratio 
could be enhanced to 1.20 nearly matching the experimental 
results with a ratio of 1.05 [4] (Fig.4). There are two sets of 
important parameters influencing the tunneling probability 
which are depending on the mechanical stress. One set is the 
band offset from the Fermi level of the injecting contact to the 
corresponding effective band edges EC and EV. The other set is 
given by the average effective tunneling masses of electrons 

 and holes .   
For determining the barrier heights B,e and B,h the NiSi2 
workfunction was fixed at ~ 4.73 eV related to the vacuum 
level and the affinity of the corresponding band edges was 
calculated. This corresponds to an ideal Schottky barrier 
height, neglecting for simplicity Fermi level pinning due to 
interface states such as metal induced gap states (MIGS). For 
the tunneling case at the Schottky barriers the conduction or 
 

 
Fig.3: Simulated average thickness of silicon NW tsi, gate oxide thickness tox (left) and 
average stress values near the schottky junction (right) versus oxidation time (875 °C, 
O2 = 10 slm). Initial values were tsi = 19 nm and tox = 1.5 nm (native oxide). 

 

valance band edge is so strongly bent that the width of the 
barrier becomes smaller than the tunneling distance of the 
carriers. The compressive radial stress lowers the electron 
barrier and thus also the barrier width increasing the tunneling 
probability. Conversely, the hole barrier increases and the hole 
tunneling probability decreases (inset Fig.3). In our simulations 
this stress dependent energy shift of conduction and valence 
band edge is taken into account by the deformation potential 
theory which is applied to all relevant subbands. Non-
hydrostatic mechanical stress distorts the strong symmetry of 
the silicon lattice and results in an energetic split between the 
subbands. Consequently, electrons and holes are redistributed 
between lower or higher energy levels. The effective band 
edges are calculated through averaging of weighted subbands. 
The same methodology is employed for the average effective 
tunneling masses. Due to the stress that is linearly increasing  
with oxidation time and a direct dependency of the deformation 
potential the change of barrier height shows a nearly linear 
behavior as well (Fig.5 (a)). 

 
Fig.4: Simulated and measured drain current of a nanowire device as a function of the 
control gate voltage Vsg-s normalized to the NW diameter. The control gate voltage Vdg-s 
was 2 V to achieve n- type characteristics and -2 V to achieve p-type characteristics. The 
drain voltage Vd-s was to 2 V for n-Type and -2 V for p-type respectively. Simulations 
were performed for the unstrained case (dashed) and the included stress after 25 minutes 
oxidation (solid). The inset shows a schematic view of strained and unstrained electron 
barrier (left) and hole barrier (right) at the source junction. The vertical axis is the 
energy, the horizontal is the longitudinal distance to the metallurgic interface. 
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The effective tunneling masses of electrons and holes are 
derived from band bending at the conduction band minimum 
and valence band maximum simulated with the empirical 
pseudopotential method. Each subband has its own effective 
tunneling mass which is oriented perpendicular to the SJ and 
has an indirect but exponential influence on the tunneling into 
or out of the subband. Mechanical stress modulates the band 
bending and therefore the effective mass near the subband edge 
where the most carriers are located. This effect is much 
stronger for the valence band than for the conduction band. The 
significant stress dependent change of the average effective 
tunneling mass (Fig.5 (b)) comes also from the redistribution of 
charge carriers as the subbands are being modulated 
energetically similar to the case of the effective barrier height. 
As an example, in the case of the radial compressive stress 
from oxidation combined with the <110> channel direction the 
electron subbands in <001> direction having an effective mass 
of 0.2·m0 are lowered while the subbands in the (110) plane 
with an effective mass of 0.32·m0 are lifted. This increases the 
tunneling probability into or out of the <001> - subbands 
compared to the <100> - or <010> - subbands and hence 
decreases the average effective electron tunneling mass. 
Conversely, the heavy hole band is lifted while the light hole 
band is lowered resulting in an increased average effective 
tunneling mass for holes.  
Both effects, barrier modulation and effective mass tuning, 
applied individually show comparable influences on the 
corresponding drain current modulation ID,strain which is 
defined as the percentage difference between the strained and 
the unstrained simulation normalized to the unstrained value 
(Fig.6, 20 minutes oxidized NW). The impact of the barrier 
height is slightly higher than the one of effective tunneling 
mass most likely due to the combination of the Schottky barrier 
height determined by the NiSi2 workfunction and the choice of 
silicon crystal orientation. Thus with a different crystal 
orientation the stress depended modulation of the average 
effective tunneling mass could be weaker whereby the 
influence of the barrier height will become dominant. It is also 
visible that the combination of both effects has a higher/lower 
impact for the electrons/holes of the n-type/p-type than 
expected from the linear superposition of the effects. This 
means that barrier height and effective tunneling mass need to 
be considered at the same time as the effects on the tunneling 
probability amplify or diminish each other under the influence 
of mechanical stress.  
Using the stress-modulation from oxidation for NW RFETs the 
transport characteristics of the gated SB should always be 
considered in connection with the geometry of the device. 
Consequently, tsi and tox are determined by the oxidation time 
and have a direct influence on the gate control.  
 

  
Fig.5: Stress dependent parameters as function of oxidation time (a native oxide of 
1.5 nm was assumed): (a) change of barrier height and (b) effective electron and hole 
mass averaged over the corresponding subbands. 

   

n/p ration (%) ID,n (%) ID,p (%) 

Fig.6: n/p ratio and drain current modulations ( ID,strain) caused by  a 20 min oxidization 
in a RFET structures. The three bars show the dependency of the stress modulated 
effective tunneling mass only (m*), the deformation potential theory only (DP) and the 
combination of both methods (DP+m*). 

 

The effect is shown in Fig.7 by the n/p ratio of an unstrained 
device. A thinner gate oxide achieved after short oxidation 
times allows a stronger band modulation in the NW and 
increases the tunneling through the higher electron barrier. 
Therefore the n/p ratio is increased. With the progressive 
oxidation the ration as determined by pure geometric and 
electrostatic considerations decreases to 13 %. This can be 
compensated with mechanical stress shown by the n/p ratio of 
the strained device. For this combination of a NW with 19 nm 
initial diameter and 1.5 nm initial native oxide we simulated a 
nearly ideal n/p ratio of 100 % after 22 minutes oxidation time 
comparable to the experimental result of 105 %. It can also be 
assumed that NWs with thinner initial tsi have less volume 
compared to the grown gate oxide then thicker ones and will be 
more stressed after the same oxidation time.  
To decouple the stress effects from the geometry in device 
simulations every oxidation time was simulated with and 
without stress dependent models to calculate a relative drain 
current change ID,strain for n- and p-RFET. The stress induced 
current amplification of the n-type transistors increase slightly 
exponential in this case and rises up to approximately 400 %. 
In contrast p-type transistors show degradation up to -50 %.  
As mentioned above, a thick gate oxide with high radial stress 
is a disadvantage for the gate control hence other possible 
stress sources have been investigated. As first alternative the 
epitaxial stress from the silicidation of the source and drain 
contacts should be considered.  
 

 
Fig.7: Stress induced modulation of the drain current ID,strain (lines) and n/p ratio of 
strained and unstrained RFET structures (symbols) as a function of oxidation time. For 
the thicknesses of Si-NW or gate oxide as well as average mechanical stress of the 
corresponding oxidation time see Fig.3. 
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It could be observed that such a thin NW structure promote 
the formation of a very sharp silicon rich NiSi2 phase with a 
lattice constant slightly smaller than silicon and hence an 
intrinsic tensile stress for the silicide region should be formed 
[9]. Results on the exact stress values are currently not 
available. Therefore, an estimated intrinsic tensile stress of 500 
MPa was assumed. In the process simulation it could be seen 
that this stress expands only on the first 5 nm distance within 
the silicon NW beyond the metallurgic junction and relaxes 
strongly which results in relatively low average stress values 
above the tunneling region (Tab.1). Thus, no large changes in 
effective tunneling mass and band deformation occur leading to 
a slightly increased n/p ratio of 19 % for a comparable structure 
with 12 nm NW thickness and 8 nm gate oxide shell (after 
25 min oxidation). A further source of mechanical stress could 
be the top lying gate contact. Depending on the process 
conditions a tensile or compressive stress can be imprinted 
[10]. Both variants, with +1.0 GPa and -1.0 GPa intrinsic gate 
stress, have been examined. With the compressive gate we 
achieved a n/p ratio of 31 % although a raised electron and a 
lowered hole barrier degrading the ration actually. The 
resulting improvement of the ratio comes from the increased 
effective tunneling mass of holes.  
The most promising alternative is a stressed top layer above the 
complete structure. Silicon-nitride (Si3N4) is normally used for 
stress enhanced planar MOSFETs in industrial production and 
can be produced either with a compressive intrinsic stress up to 
3.5 GPa or a tensile intrinsic stress up to -1.7 GPa [11][12]. 
That makes this stress source very generally applicable for use 
in other nano-scale transistor types having an energy barrier for 
tunneling in the on-state and also for application to different 
crystal orientations. In the case of the NW RFET a tensile 
stressed top layer could improve the n/p ratio to 25 % for the 
comparable structure to a 25 minutes oxidized NW. To 
improve the stress application by the silicon-nitride top layer 
we simulated also a structure with a gate oxide thickness of 
only 2 nm having an unstrained n/p ratio of nearly 60 %. 
However, it was also necessary to adjust the thickness of the 
gate contact lying between the stressed top layer and the SB 
because the gate material directly at the interface to the tensile 
silicon-nitride becomes compressively stressed eliminating the 
tensile stress originating from the sides of the gate region. 
Thus, for certain gate thicknesses the stress above the SB can 
vanish. This calls for a thicker gate layer to relax the 
compressive component of the top side interface and to 
develop the tensile portion over the SB. For the improved 
RFET structure with the tensile stressed top layer we observed 
a n/p ratio of 1.09 %.  
 

Tab.1: Overview of the simulated imprinted stress values, stress dependent effective 
masses and change of barrier height as well as n/p ratio (unstrained 0.13) for the four 
investigated stress sources. 

 Oxide 
(compressive) 

NiSi2 
(tensile) 

Metal-Gate 
(compressive) 

Overlayer 
(tensile) 

long (GPa) -0.57 0.12 0.59 0.37 
hori (GPa) -1.23 -0.09 -0.24 0.08 
vert (GPa) -1.23 -0.08 0.41 -0.30 

mt,e
* / mt,h

* 0.22/0.34 0.25/0.31 0.28/0.52 0.21/0.27 
q· B,e / 

q· B,h (meV) 
-45/17 0/-1 8/-13 -8/-8 

n/p 1.20 0.19 0.31 0.25 

IV. CONCLUSION 

Mechanical stress provides a flexible dopant-free method to 
adjust drain currents in energy barrier based transistors and to 
precisely tune the ratio between the current of the n- and the 
p-RFET. A stress profile generated by thermal oxidation of the 
silicon NW was used to describe the stress dependent multi-

valley band structure and the average effective tunneling mass 
as primary modifiable parameter of the current injection 
through the Schottky junctions. Furthermore, we could show 
the influence of both parameters separately as well as the 
amplifying impact of their combination. With the oxidized NW 
RFET we achieved a symmetric transfer characteristic between 
n- and p-RFET, highly matching previous reported 
experimental results of [4]. As alternative to a thick gate oxide 
with disadvantages for the electrostatics of the device we 
investigated the mechanical stress formed by the silicidation of 
the source and drain contacts, the metal-gate and a stressed 
silicon-nitride overlayer. A tensile overlay in combination with 
an improved structure seems to be a promising approach for 
current VLSI technologies providing the applicability of this 
method in conventional top-down process flows. In summary 
mechanical stress is a versatile tool to tune electron and hole 
conduction in devices based on barrier tunneling (RFETs) as 
well as band-to-band tunneling devices (TFETs) [13]. 
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Fig. 2. Simplified front-channel energy bands diagram for the 3-Gates 
RFET at VDS  0V. a) N-type (VPG=+2V) and b) P-type operation (VPG=-
2V) in OFF-state and ON-state. The PGs select the carrier that is 
allowed to tunnel while the CG controls the current flow (ON/OFF) from 
source to drain as in typical MOSFETs.

Fig. 1. a) 1-Gate, b) 2-Gates and c) 3-Gates RFET structures compared 
to d) 28 nm FDSOI featuring same gate-stack and films thicknesses. S/D 
regions are metallic (silicides) in RFETs while highly doped Silicon is 
used in FDSOI. CG = control gate, PG = polarity gate and GP = ground 
plane.

Reconfigurable field effect transistor for advanced 
CMOS: a comparison with FDSOI devices

Abstract
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Fig. 4. a) P- and b) N-type current comparison between optimized 3G 
RFET and FDSOI devices. RFET LSOI=70nm. FDSOI LSOI=27nm. 

Fig. 3. a) P-RFET and b) N-RFET comparison between different 
architectures featuring distinct number of top-gates (Fig. 1a-c). VBG=0V 
(2G & 3G) and VDS=±1V. VPG=2V (N-RFET) and VPG=-2V (P-RFET). 
LCG/PG = 30nm, LSOI = 120nm, EOT  1.5nm, tSOI = 10nm and tBOX = 25nm.

 Planar RFET comparison for different number of top gates. VBG =0V 
(2G & 3G) and VDS=±1V. VPG=2V (N-RFET) and VPG=-2V (P-RFET). VT = 
VCG (IDS=0.1 A/ m), ION = IDS (VCG=VT±0.65V) and IOFF = IDS (VCG=VT 0.35V). 
LCG/PG = 30nm, LSOI = 120nm, EOT  1.5nm, tSOI = 10nm and tBOX = 25nm. 

 Optimized 3G RFET vs. FDSOI benchmark in planar 28-FDSOI. 
VBG=0V and VDS=±1V. VPG=2V (N-RFET) and VPG=-2V (P-RFET). VT = VCG 
(IDS=0.1 A/ m), ION=IDS (VCG=VT ±0.65V) and IOFF =IDS (VCG=VT  0.35V). 
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Fig. 6. Capacitance benchmark for a) control gate in isolated RFET and 
FDSOI. b) Single 3G RFET polarity-gate capacitance at different control 
gate biases. VDS=0V and VBG=0V. FDSOI/RFET WP=WN=1 m.

Fig. 7. Mixed-mode a) Voltage-Transfer Characteristics and b) transient 
response to square signal. Inset: RFET inverter with 0.3 fF output 
capacitance. FDSOI WP=2 WN. RFET WP=WN.

Fig. 8. a) Mixed-mode delay and b) isolated device maximum drain 
current benchmark. The RFET delay is much larger than in FDSOI due to 
the low tunneling current.

Fig. 5. Horizontal (  0.5 nm from top-interface) N-MOS conduction and 
valence energy bands for (a) RFET and (b) FDSOI at similar length. 
VBG=0V. 

g
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Fig. 9. a) Energy per operation and b) energy delay product comparison. 
The inset shows the normalized energy, delay and EDP for FDSOI.
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I. ABSTRACT

We present semi-classical simulations of Gate-overlapped-
Source Tunnel Field Effect Transistors (GoS-TFETs) taking
into account the effects of trap-assisted tunneling, channel
quantization, surface roughness, and density-of-state tails.

II. INTRODUCTION

In quest of new (”post-CMOS”) switches, in particular for
ultra-low power application, the Tunnel Field Effect Transistor
(TFET) [1] raised a lot of attention. The working principle
of this device is the generation of electron-hole pairs by
band-to-band tunneling (BTBT) between the valence band
(VB) and the conduction band (CB). Thus, contrary to the
common MOSFET, the source of current in a TFET is not
thermionic injection, but inter-band generation.The inter-band
tunnel transitions can be either direct (at the Γ-point) or
indirect (e.g. from the Γ-point to the k-point of the minimum
of the CB valleys as in silicon). In the latter case a phonon is
needed for momentum conservation. A TFET is essentially a
gated, reversed-biased pin diode, and the width of the tunnel
barrier is modulated by the gate voltage. It is even possible to
turn on the BTBT generation quickly as a consequence of the
gate-induced energetic alignment between CB and VB, which
eventually results in an average slope (averaged over 3 - 4
decades in the current after the onset of BTBT) steeper than
60 mV/dec. That’s why TFETs belong to the so-called ”steep-
slope devices”.

III-V/Si hetero junctions have been proposed for an im-
proved on-current as compared to Si TFETs [2]. The BTBT
rate can be increased by using small-gap semiconductors like
InAs or In0.53Ga0.47As as source material, while ambipolar
leakage is reduced by the wide band gap of the channel/drain
materials Si or InP. Nanowires (NWs) are advantageous in
terms of gate control and strain relaxation when their diameter
is scaled down [3]. Borg et al. integrated individual InAs/Si
hetero-structure NW tunnel diodes onto Si using selective
epitaxy in nanotube templates [4], an approach which allows
to start with Si substrates of any crystalline orientation and
to scale the diameter of the NWs down to reasonable limits,
thereby improving previous techniques of nanometer-scale het-
ero epitaxy [5]–[8]. Temperature-dependent IV-measurements
of p-type TFETs fabricated by this technology indicated that
the sub-threshold swing (SS) is limited by traps [9]. The
present TCAD simulation study partly takes advantage of the
geometry (see Fig. 1), the measured IV-characteristics, and
the limited electrical characterization of these devices. In this

Fig. 1: TEM image of an InAs/Si NW p-TFET showing the
geometrical dimensions and a close-up of the InAs/Si interface
which is not smooth across the entire junction area and has a
high density of defects. Also visible are stacking faults caused
by the change in crystal structure of InAs between wurtzite
and zincblende. Figure taken from [9].

paper, all simulations are performed with the semi-classical
device simulator Sentaurus-Device (S-Device) [10] using the
nonlocal BTBT model with calibrated parameters [11]. Non-
ideality effects as trap-assisted tunneling (TAT) via interface
and bulk traps, channel quantization, roughness at material
interfaces, and density-of-state (DOS) tails induced by random
doping fluctuations (RDF), are modeled in the frame of the
so-called Physical Model Interface (PMI) of S-Device. The
developed models for the non-idealities and their impact on
the transfer characteristics are presented in Section IV.

III. EXPERIMENTAL DATA OF P-TYPE INAS/SI NW
TFETS

InAs nanowires with diameters of few tens of nanometers
have been grown on Si substrates by IBM Research Zurich
[12]. This material configuration provides a small effective
tunnel gap (low tunnel barrier) while allowing for integration
on a Si platform which maintains the advantages of Si for
the channel and drain regions. Although the TFETs based on
this technology (shown in Fig. 1) exhibit a good electrostatic
control due to their gate-all-around configuration, they can
still be considered as bulk-like, i.e. geometrical confinement
is negligible. The measured transfer characteristics are shown
in Fig. 2 for two different temperatures. The measured on-
current at room temperature is 1.62μA (∼ 5.2μA/μm) at |VGS|
= 1.0 V, |VDS| = 0.5 V and the Ion/Ioff ratio is ∼ 106. The
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Fig. 2: Measured IDVGS-characteristics of the InAs/Si NW p-
TFET of Fig. 1 for two temperatures and different values of
VDS. Figure taken from [9].

steeper SS obtained at 130 K clearly proves the presence of
traps, which limit sub-60 mV/dec operation.

IV. IMPACT OF NON-IDEALITY EFFECTS ON TFET
PERFORMANCE

The ideal slope of the TFET characteristics (neglecting all
non-idealities) is determined by the details of the onset of
BTBT. In GoS-TFETs, BTBT takes place along two kinds of
tunnel paths - almost parallel to the gate and across the pn-
junction (”point tunneling” paths) and almost perpendicular to
the gate and within the source (”line tunneling” paths). Often
point tunneling sets in first, since line tunneling only starts after
the energetic alignment of VB and CB (inversion conditions
in the source channel). A sub-thermal SS of point tunneling
is hard to achieve because a sudden and strong 3D-3D DOS
matching is only possible when the band edge profile is ”step-
like” which requires (i) a perfect gate control, (ii) a very steep
doping gradient, and (iii) preferably the gate edge exactly
at the pn-junction (which, however would kill line tunneling
completely). A sub-thermal SS of line tunneling is easier to
achieve thanks to the cut of the semiconductor band gap at
the oxide interface and the 2D-3D DOS matching. One of the
design goals is, therefore, to delay the onset of point tunneling.
Two means can be used for this: the band offsets of the hetero-
structure and pocket implants [19]. All non-idealities discussed
in the following act contrary to a sub-thermal slope.

A. Trap-assisted Tunneling

TAT is an additional electron-hole pair generation mecha-
nism in TFETs which sets in prior to BTBT due to the lower
tunnel barrier. Being a multi-phonon, field-assisted process, it
requires efficient generation-recombination (G-R) centers (as
usual called ”traps” in the following). Three kinds of traps
may contribute to the TAT current: bulk traps, traps at the
material interface of the hetero-structure, and traps at the oxide
interface. Note, that CV experiments to extract Dit at interfaces
do not measure the density-of-states of G-R centers active in
the multi-phonon process. The latter is only a subset of the
measured Dit levels. The S-Device model for interface TAT
needs an additional parameter ”interaction volume of the trap”
which is not only a scaling factor but serves to distinguish

Fig. 3: Simulation domain of the GoS InAs/Si NW TFET (left)
and nonlocal mesh for TAT tunnel paths from traps at hetero-
interface (dashed red) and traps from gate oxide interface
(dashed yellow).

between the charging of the trap levels and the electron-phonon
coupling of the trap states. The physics at interfaces is highly
self-consistent: already the occupation of the Dit changes the
electrostatics and, thus, the onset voltage and the tunnel rates
(including the BTBT rate). Surface SRH generation without
tunneling causes a leakage current which appears to be gate-
bias-dependent due to the downward move of the quasi-Fermi
levels in the CB which gradually empties the final states for the
generation process. We found that in InAs/Si NW TFETs, bulk
traps cannot explain the measured weak slope [20]. In GoS
InAs/Si NW TFETs, both gate-oxide and material interface
traps are expected to contribute to TAT. Fig. 3 illustrates the
simulation domain which adapts the geometry of the fabricated
device shown in Fig. 1. Appropriate internal region interfaces
must be defined to connect the traps with source and drain
on a nonlocal mesh which supports the actual tunnel paths.
As an example we show in Fig. 4 the different generation
contributions that yield the total IDVGS-curve for the case of
gate-oxide interface traps. Note, that the initial branch is solely
determined by surface SRH generation! When the electron
quasi Fermi level crosses the CB edge, the contribution of
surface SRH generation remains constant and the out-tunneling
from trap levels into the CB starts to become effective. This
provides a” short-cut” to the thermal electron emission step.
With increasing gate bias the tunnel probability increases and
the most probable transition energy shifts towards the VB edge
which finally yields a current comparable to the pure BTBT
current.

B. Channel Quantization

Line tunneling starts when the transistor channel becomes
strongly inverted. Under such conditions, the triangular-like
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Fig. 4: The different generation contributions to the drain
current of the InAs/Si NW p-TFET at 300 K shown in the
left part of Fig. 3: only surface SRH generation (short-
dashed), TAT included (long-dashed), only BTBT (solid red),
total (solid blue). Parameters: VDS = 0.5V, DOSInAs =
3.4 · 1017 cm−3, WF = 4.8 eV, σn,p = 10−14 cm2, Dit =

1013 cm−2eV−1 [14], Vtrap = 10 Å
3
, Sh̄ω = 120meV.

Fig. 5: Modeling the effect of channel quantization without
(left) and with 2D DOS tails (right).

potential well of the channel quantizes the electronic states
and a 2DEG forms. This shifts the onset voltage of line
tunneling to a higher value when compared with the 3DEG
case [13]. Besides, the nature of the wave functions changes
from Airy functions to ”quantized” Airy functions, which
modifies the tunnel generation rate. These effects are not
covered by the default ”dynamic nonlocal path BTBT model”
based on Kane’s treatment of BTBT [15], available in S-Device
[10]. A method to model the quantization effect within a
semi-classical framework has been proposed by Vandenberghe
et al. [16]: Tunneling paths with energies above the lowest
sub-band level are accepted while those with a lower energy
are rejected, as illustrated in the left part of Fig. 5. We
incorporated such a model in S-Device by developing our
own code for the ”dynamic non-local path BTBT model”
using the PMI for ”nonlocal recombination”. The implemented
algorithm detects a line tunneling path at a proper energy by
checking whether the extension of this path intersects the oxide
interface. If not, it is not considered to be affected by channel
quantization. As an alternative to this rather involved approach,
a much simpler method was developed making use of the
Quantum Potential Correction (QPC) available in S-Device.
In the electrical quantum limit [21] (constant field) the QPC
for the splitting of the lowest sub-band is given by

EQM =

{
h̄Θc · a1 − doxF if EQM > 0
0 otherwise,

Fig. 6: InGaAs TFET with counter-doped pocket. The special
geometry favors line tunneling and is used to analyze the
impact of surface roughness on line tunneling.

Fig. 7: Comparison between the nonlocal PMI model which
employs the path rejection method (red), the PMI model that
modifies the band gap (green), and the case without channel
quantization (blue).

where h̄Θc = (e2h̄2F 2/2mc)
1/3 and a1 denotes the first zero

of the Aity function. The resulting effective CB edge is then
computed by Eeff

CB = ECB +EQM. A special TFET geometry
which favors vertical tunneling (see Fig. 6) was simulated to
compare both quantization correction methods. The results are
plotted in Fig. 7. The good agreement between the two models
suggests that the simpler model for quantum correction is as
effective as the elaborate model.

C. Roughness of Gate Oxide Interface

In the absence of surface roughness, the sub-band levels
are well defined and the 2D DOS has the well-known staircase
form. A rough oxide-semiconductor interface causes random
fluctuations of the boundary wall of the triangular-like potential
well. As a consequence, the step-like DOS smears out to form
tail states as shown in the right part of Fig. 5. A simplified
model for 2D DOS tails originating from an arbitrary random
field has been derived by Quang et al. [17]. Here, we apply
their model to the case of a random potential due to surface
roughness. Instead of rejecting the tunnel paths below the
lowest sub-band energy, the energy of the tunnel path relative
to the ideal sub-band level is determined and the DOS factor is
calculated for this relative energy. The spectral tunnel rate from
the ”dynamic nonlocal path BTBT model” is then multiplied
with the 2D DOS to obtain the integrated tunnel rate. This
approach has been made available in S-Device by modifying
the code for the PMI model of channel quantization. The
same ”vertical” TFET as shown in Fig. 6 was simulated using
the above model. Its transfer characteristics without and with
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Fig. 8: Effect of the surface roughness amplitude on the
transfer characteristics of the TFET in Fig. 6.

Fig. 9: Device structure to model the effect of DOS tails caused
by random dopant fluctuations.

the inclusion of 2D DOS tails due to surface roughness are
presented in Fig. 8.

D. DOS Tails from Random Dopant Fluctuations

Kanes model of DOS tails [18] includes the effect of
random dopant fluctuations (RDF). Using his tail-state descrip-
tion, we derived a semi-analytical expression of the generation
rate to model the effect of RDF-induced DOS tails in the frame
of zero-phonon TAT [22]. Tail states are considered as trap
states with sufficient localization. Transitions from VB tail
states to CB Bloch states and from VB Bloch states to CB
tail states are taken into account, whereas transitions between
tail states are neglected due to their much smaller tunnel
probability. The proximity of the tail states to the band edges
allows easy thermal excitation into conducting states which
completes the inter-band process. There are two differences to
a BTBT transition: (i) the tunnel gap is effectively reduced, (ii)
instead of the reduced effective mass the imaginary dispersion
is dominated by the respective single-band mass, the mass
of the localized state being a fit parameter. The second fit
parameter is the characteristic energy of the DOS tail. The
model was implemented in S-Device using the PMI for ”non-
local recombination”. To analyze the impact of RDF-induced
tail states on TFETs, we simulated a gate-all-around InAs
nanowire TFET (see Fig. 9). The transfer characteristics of this
device with and without RDF-induced DOS tails are presented
in Fig. 10. One observes an earlier onset of tunneling and a
degradation of the SS as consequence of the tail states.

Fig. 10: Effect of RDF-induced DOS tails on the transfer
characteristics of the TFET shown in Fig. 9.

V. CONCLUSION

Various mechanisms contribute to the degradation of the SS
in GoS-TFETs. As main effects we identified (i) the surface
SRH generation at the oxide interface in combination with
zero-phonon tunneling from trap levels into the CB and (ii)
TAT at the material interface with weak phonon assistance.
Channel quantization delays the onset of line tunneling which
may be hidden if point tunneling dominates, but it also reduces
the on-current. Two TCAD solutions to include channel quan-
tization were presented. Furthermore, we developed models for
the impact of surface roughness and RDF-induced DOS tails
on the SS. Although values of the characteristic energies by
which the DOS is smeared out are not known, it seems that
both effects could become visible if TAT is suppressed.
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Abstract— In this work the intrinsic voltage gain (AV) is for 

the first time experimentally analyzed for a planar Line-TFETs 
and its performance is compared with different MOSFET and 
point TFET architectures (FinFET and GAA:Gate-All-Around) 
at both room and high temperatures. The Line-TFET shows a 
much better intrinsic voltage gain than all studied MOSFET 
devices (FinFET and GAA). However, when it is compared to 
other TFET structures, Line-TFETs show a worse AV. Besides 
the AV, a higher on-state current was obtained for Line-TFETs, 
which leads to a good compromise for analog application. 

Keywords: Line-TFET; Intrinsic Voltage Gain; different device 
architectures 

I.  INTRODUCTION 
Tunnel-FETs have drawn the attention of the international 

community, as an alternative for MOSFETs, when focusing on 
extremely small technology nodes, due to their high speed 
switching capability [1]. Several works report the research on 
different materials and different geometries aiming to reach the 
smaller subthreshold swing. However, some recent work has 
also pointed out the great potential of these devices for analog 
applications [2-4].  

In this work the planar heterojunction Line-nTFET is 
analyzed experimentally through the basic analog parameters, 
focusing mainly on intrinsic voltage gain. The intrinsic voltage 
gain of this Line-TFET is also compared with devices with 
different architectures like FinFET (MOSFET and TFET 
transistors) [2] and Gate-all-around (MOSFET and TFET) [5], 
for temperatures ranging from room temperature up to 150ºC. 
For the latest case, the intrinsic voltage gain of a GAA-TFETs 
with different source compositions were also compared with 
line-TFET one. 

II. DEVICE CHARACTERISTICS 

The Si/SiGe heterojunction Line-nTFET devices were 
fabricated on (100) 300-mm silicon-on-insulator wafers in 
imec/Belgium. The highly boron doped (1x1020 cm-3) 
Si0.55Ge0.45 source extends under the gate and is capped with a 
thin intrinsic silicon pocket layer (~5nm). The source and the 
drain regions are separated by a nominally undoped Si channel.  

The gate stack is composed by a 1nm interfacial SiO2 layer 
followed by 1.8nm of HfO2, 2nm of TiN and p-doped 
amorphous silicon. The channel width (W) ranges from 110nm 
to 200nm and two different gate lengths were evaluated (1μm 
and 130nm). 

Figure 1 presents a schematic structure of a Line-TFET and 
more details on this structure/fabrication can be found in [6]. 

 

 
Fig. 1 – Line-TFET structure. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

In Line-TFETs the source extends under the gate region 
increasing the tunneling junction area where tunneling occurs 
in the same gate electric field direction because the gate does 
not overlap the channel region (intrinsic region between source 
and drain) avoiding point tunneling. This architecture results in 
a high on-state current (Figure 2). It is also possible to observe 
from the transfer characteristics that the smaller the drain bias 
(VDS) the steeper is the drain current (IDS) in the subthreshold 
region. The SS improvement becomes even more pronounced 
with increasing gate length and consequently the tunneling area 
as reported in [6]. However, evaluating the IDS as a function of 
VDS (figure 3), it is clear that at low gate bias the output 
characteristic is degraded and becomes  inappropriate for 
analog applications. 
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Fig. 2 – Experimental transfer curves of a Line-TFET for different drain 

bias. 
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Fig. 3 – Experimental output characteristic of a Line-TFET for different 

gate bias. 

Considering that the intrinsic voltage gain (AV) is an 
important figure of merit for analog analysis of the transistors, 
the transconductance (gm) and output conductance (gD) were 
evaluated for different bias, channel lengths and channel 
widths, aiming to optimize the Line-TFET AV performance. 

Besides that the gm increases with VGS (due to the higher 
overlap between bands), the Line-TFETs present a larger 
tunneling current and also a higher gm for longer channel 
length due to the larger tunneling junction area underneath the 
gate as shown in figure 4 (source / Si pocket). Evaluating the 
gD parameters (figure 5), a smaller gate length dependence is 
observed but a high dependency on drain bias and for high VDS 
the TFET devices operate more in the “saturation like” region, 
resulting in a better gD. 

The gD and gm parameters were also evaluated for different 
channel widths (W) at high VGS (1.5V) as a function of drain 
bias (figure 6). Although the drain bias does almost not affect 
the transconductance, gm increases with the channel width as 
expected. On the other hand, the output conductance (gD) 
depends on both the drain bias and the channel width. While 
the channel width increases, the drain current also increases 
which degrades the output conductance. The higher drain bias 
contributes to the gD improvement as previously observed (the 
TFET operates more in “saturation like” region). 
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Fig. 4 – Transconductance as a function of gate bias for different channel 

lengths 
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Fig. 5 – gD as a function of drain bias for different channel lengths. 
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Fig. 6 – gm and gD as a function of drain bias for different channel widths. 

 

Since the AV corresponds to the gm over gD ratio, the 
output characteristic improvement associated with a VDS 
increase leads to an optimization of the bias operation point for 
the analog performance of Line-TFETs. Although the 
dispersion of the AV values among different channel widths 
and lengths is not that high, the best AV values were obtained 
for the device with W=130nm and L=1μm in the studied 
temperature range (figure 7). Taking this device as a reference, 
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a comparison of this planar Line-TFET among different 
devices (MOS and TFET) architectures (FinFET and GAA) 
was performed. 

0.6 0.8 1.0 1.2 1.4 1.6
20

40

60

80

 

 

A V 
(d

B
)

VDS (V)

V
GS

=1.5VClosed Symbols - L=1um
Open Symbols  - L=130nm

 W=110nm
 W=130nm
 W=200nm

 
Fig. 7 – AV behavior as a function of VDS for Line-TFETs with different 

channel widths and lengths. 

The first comparison, shown in figure 8, is focused on the 
AV performance among the planar Line-TFET and transistors 
fabricated with the FinFET structure (tunnel-FET and 
MOSFET) for temperatures ranging from 25ºC to 150ºC. From 
this comparison it is possible to see that although the Line-
TFETs AV is smaller than the one obtained for the TFET with 
the FinFET structure, a Line-TFET presents an improvement of 
at least 30 dB when compared with the conventional FinFET 
(MOSFET technology), for the temperature range considered. 
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Fig. 8 – Experimental comparison of AV as a function of temperature 

among Line-TFET, FinFET-TFET and FinFET MOSFET. 

 

The same comparison was performed considering Line-
TFETs and vertical GAA structures (TFETs with different 
source compositions and Si-MOSFETs) as can be seen in 
figure 9. Independent of the source composition, the GAA-
TFETs present higher AV values than the Line TFETs. 
However when the Line-TFET is compared with a GAA 
MOSFET, the Line TFET seems to be better again. 

Although Line-TFETs do not reach AV values as high as for 
GAA-TFETs and Fin-TFETs, when a high on-state current is 
required, planar Line-TFETs can be considered as an 
alternative, since it reaches on-state currents much higher than 
the other TFET structures studied in this paper. 
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Fig. 9 – Experimental comparison of AV as a function of temperature 
among Line-TFET, GAA-TFET (with different source compositions) and 

GAA-MOSFET. 

IV. CONCLUSIONS 
This paper presents for the first time the intrinsic voltage 

gain of Line-TFETs and shows that although this planar TFET 
architecture does not present the highest AV values when 
compared with the two other vertical TFET architectures 
(FinFET-TFET and GAA-TFET), the Line-TFET can be a 
good alternative to replace MOSFETs since it reaches high on-
state currents and a better intrinsic voltage gain than the 
advanced MOSFET architectures (at least 30dB higher than 
FinFETs and 10dB higher when compared with GAA-
MOSFETs). 
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Abstract—A simulation study exploring the possibility of
performance improvements related with the application of
stress to nanowire TFETs is carried out. It is demonstrated
that appropriate strain conditions, i.e., biaxial tensile strain,
induce a remarkable enhancement of the on-state current
thanks to bandgap reduction. However, a careful optimization
of the device cross-section and strain level must be carried
out in order to preserve the device subthreshold swing.

Index Terms—Full-quantum simulation, Tunnel Field-
Fffect Transistor (TFET), Strain configurations

I. INTRODUCTION

Tunnel FETs are one of the most promising device
architectures which could possibly overcome the funda-
mental MOSFETs limit of the inverse subthreshold slope
SS ≥ 60mV/dec. A steeper SS is in fact an essential
prerequisite for an aggressive supply-voltage scaling below
0.5V in CMOS technology [1], [2], [3]. This device
architecture, however, is still affected by a number of
drawbacks as yet unsolved: 1) achieving a higher on-
state current ION; 2) suppressing ambipolar effects, and,
3) dealing with the superlinear onset and high saturation
voltage of the output characteristics [4].
There is wide consensus on the use of heterostructures with
staggered or broken-gap lineups to boost the TFET on-state
current. [5], whereas a careful optimization of the device
geometry, doping levels, and gate-stack is required to
improve the device performance. Process-induced strain is
normally used in Si-based CMOS devices to boost circuit-
speed, and to maintain the historical CMOS performance
trend over different technology generations. This is due to
the stress capability to increase the average carrier mobility
and the injection velocity into the channel [6]. Recently, it
has been asserted that a substantial performance improve-
ment of homojunction InAs nanowire (NW) TFETs can
be achieved by using appropriate stress conditions [7], [8],
[9]. However, identifying stress conditions able to reduce
the bandgap and the imaginary wave vector in the energy
gap without appreciably degrading the off-state current, is
a challenging task due to the ambipolarity effect related
with channel-drain band lineup.

Fig. 1. Schematic view of the device under investigation.

II. EFFECT OF STRAIN

Simulations have been performed for a GaSb/InAs het-
erojunction TFET, that has been the subject of a wide
investigation in the last few years [5]. A schematic view
of the device is shown in Fig. 1. The first investigated
TFET has a square cross section with Tside = 5 nm,
Lsource = 20 nm, Lgate = 17 nm and Ldrain = 40 nm,
p-type source doping NS = 5 × 1019 cm−3, n-type drain
doping ND = 1018 cm−3, EOT = 1nm, and is similar
to the TFET presented in [5]. The drain doping has been
reduced to limit ambipolar effects related with channel-
drain band lineup. Therefore, a longer drain region is
necessary to ensure charge neutrality at the drain contact.
The nanowire transport orientation is [100]; however, it has
been shown that the real, as well as the main imaginary
branches of the energy dispersion relation, are very similar
for the [100], [110], and [111] orientations [7].
The in-house simulator employed for the present inves-
tigation is based on an 8-band k · p Hamiltonian [5],
to accurately model multiband effects and the complex
band structure of our devices. All calculations are carried
out in a full 3-D framework, which properly accounts
for anisotropic effects and different strain conditions. The
Hamiltonian has been properly extended to take into ac-
count strain effects via the Pikus-Bir formalism. Under
arbitrary stress conditions, the periodicity of the crystal
is destroyed, and Bloch’s theorem is no longer valid.
However, the crystal periodicity can be restored by a
transformation from an unstrained coordinate system x to
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(b) (c) (d)(a)

Biaxial tensile Biaxial compressive Uniaxial tensile Uniaxial compressive

Fig. 2. Energy dispersion for the 5 × 5 nm2 InAs nanowire: (a) biaxial tensile Tyy= Tzz = 2GPa; (b) biaxial compressive Tyy= Tzz= −2GPa;
(c) uniaxial tensile Txx= 2GPa; (d) uniaxial compressive Txx= −2GPa. Biaxial tensile strain shifts up the valence band and lowers the conduction
band, giving the largest gap reduction among all cases. For the uniaxial tensile and biaxial compressive strain, the imaginary wave vector does not
connect the lowest conduction subband with the highest valence subband, but with a valence subband at ≈ 0.2 eV below the highest one.

TABLE I
ENERGY BANDGAPS AND ELECTRON (HOLE) EFFECTIVE MASS OF THE FIRST CONDUCTION (VALENCE) SUBBAND BOTH FOR A 5×5 NM2 INAS

AND GASB NW FOR THE UNSTRAINED, BIAXIAL COMPRESSIVE AND TENSILE STRESS CONDITIONS IN THE CROSS SECTION, AND UNIAXIAL
COMPRESSIVE AND TENSILE STRESS CONDITIONS ALONG THE TRANSPORT DIRECTION. THE EFFECTIVE MASS VALUES ARE EVALUATED FROM

THE REAL BRANCH OF E(k).

5×5 nm2 InAs NW - stress = 2 GPa

Unstrained Biaxial tens. Biaxial comp. Uniaxial tens. Uniaxial comp.

EG [eV] 0.733 0.437 (−40%) 0.806 (+10%) 0.676 (−8%) 0.564 (−23%)

me [m0] 0.057 0.036 (−37%) 0.077 (+35%) 0.072 (+26%) 0.043 (−24.5%)

mh [m0] 0.057 0.033 (−42%) 0.33 (+48%) 0.33 (+48%) 0.039 (−31%)

5×5 nm2 GaSb NW - stress = 2 GPa

Unstrained Biaxial tens. Biaxial comp. Uniaxial tens. Uniaxial comp.

EG [eV] 1.273 0.94 (−26%) 1.69 (+32%) 1.17 (−8%) 1.084 (−15%)

me [m0] 0.068 0.05 (−26%) 0.084 (+23.5%) 0.079 (+16%) 0.058 (−14.7%)

mh [m0] 0.13 0.07 (−46%) 0.256 (+97%) 0.256 (+97%) 0.08 (−38%)

a deformed coordinate system x′. The effect of this trans-
formation is a Hamiltonian H where a strain-dependent
matrix Hstrain is directly added to the usual k · p matrix
[10]. Spurious solutions are eliminated using the procedure
proposed in [11]. Material parameters are taken from [12]
and bowing effects are included. All simulations are carried
out at VDD = 0.3V.
The energy dispersion relationship of the InAs square well
with Tside = 5 nm is shown in Fig. 2 for the unstrained and
strained conditions: biaxial tensile (Tyy = Tzz = 2GPa),
biaxial compressive (Tyy = Tzz = −2GPa), uniaxial com-
pressive (Txx = −2GPa), uniaxial tensile (Txx = 2GPa).
Both biaxial tensile and uniaxial compressive stress shift
up the valence band, but biaxial stress also lowers the
conduction band and, thus, obtains the largest reduction
of the energy gap and of the imaginary wave-vector
in the gap. A similar trend is obtained for GaSb (not
shown). Table I reports the energy bandgap and electron
(hole) effective masses of the first conduction (valence)
subband, for both InAs and GaSb, and for the unstrained,
biaxial compressive and tensile stress conditions in the

cross section, and uniaxial compressive and tensile stress
conditions along the transport direction. Note that the InAs
band structure seems to be more sensitive to stress than
GaSb.
Another important aspect is that the alignment between
the source valence and channel conduction bands at the
heterojunction (ΔEC ) is affected by strain. This parameter
is strictly related with the tunnelling probability at the
source/channel junction and, thus, to the device on-state
current. For Tside = 5 nm, ΔEC decreases from 0.24
eV for the unstrained case to 0.02 eV (90%) and 0.163
eV (32%) for the biaxial tensile and uniaxial compressive
stresses, respectively.
Fig. 3 compares the I-V curves of a 5× 5 nm2 GaSb/InAs
heterojunction NW TFET for different stress conditions.
The biaxial tensile stress reduces the threshold voltage
VT and increases the on-state current, while the uniaxial
compressive stress has a smaller impact on the I-V curve.
Biaxial tensile stress provides a better on-state current, but
also a degradation of subthreshold slope. This is due to an
increased source degeneracy caused by the reduced hole
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Fig. 3. Turn-on characteristics of a 5×5 nm2 GaSb/InAs NW TFET for
different stress conditions. The current is normalized by device side and
the curves are shifted to match the IOFF target of the LOP application
(5 nA/μm). VDS = 0.3V. The biaxial tensile stress increases the on-state
current, whereas the uniaxial compressive stress has a smaller impact on
the I-V curve.

effective mass (see Table I), as also demonstrated in [13].
Furthermore, band-to-band tunneling (BTBT) increases at
the drain side, because of the smaller bandgap. Anyway,
among all possible strain configurations, the biaxial tensile
and the uniaxial compressive ones provide the best tradeoff
between ION and SS. Hence, the investigation has been
focused on these two types of stress.

III. DEVICE OPTIMIZATION

A careful optimization of the applied strain level and of
the device geometry (i.e., cross-section size and channel
length) must be carried out to optimize the device per-
formance. For example, the effect of the channel length
is shown in Fig. 4. The increase of LG from 17 nm to
40 nm provides a decrease of the leakage current, a slope
improvement and a higher on-state current, mainly due to
the biaxial tensile stress condition, where a + 37% in ION

can be achieved at VGS= VDD and VDS= VDD. However,
the on-state current is still relatively low, at 0.34mA/μm.
One of the most straightforward approaches to improve
ION is the increase of the cross-section size. This size
affects the device bandgap and the electron and hole
effective masses. Increasing the device cross section from
a 5×5 nm2 to a 10×10 nm2 affects the band offset ΔEC ,
which becomes 0.048 eV (80% of the 5 × 5 nm2 device)
for the unstrained case and 0.093 eV and 0.025 eV for a
biaxial tensile and uniaxial compressive stresses of 1 GPa,
respectively. Note that a negative ΔEC means a broken-
gap heterojunction instead of a staggered one. The turn-
on curves of the 10 × 10 nm2 GaSb/InAs heterojunction
TFET are shown in Fig. 5 for different stress conditions,
together with the unstressed 5 × 5 nm2 I-V curve with
LG = 40 nm for comparison. For the unstressed case an
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Fig. 4. Turn-on characteristics of a 5×5 nm2 GaSb/InAs NW TFET for
LG = 17 and 40 nm, under unstrained and biaxial strained conditions.
The current is normalized to the cross-section side and the curves are
shifted to match the IOFF target of the LOP application (5 nA/μm).
VDS= 0.3V. The LG increase from 17 to 40 nm provides a decrease of
the leakage current, a slope improvement and a higher on-state current.
For the biaxial tensile stress condition, a 37% increase of ION at VGS=
VDD, VDS= VDD can be achieved.
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Fig. 5. Comparison of the turn-on curves of a 10× 10 nm2 GaSb/InAs
NW TFET for different stress conditions (2GPa). The current is normal-
ized to the cross section side and the curves are shifted to match the
IOFF target of the LOP application (5 nA/μm). VDS = 0.3V. The I-V
curve of the unstrained 5× 5 nm2 TFET is shown for comparison.

ION improvement of 160% is achieved at VDD = 0.3V
with respect to the smaller device. However, ambipo-
larity causes an unacceptable performance degradation
when both stress conditions are applied. The 10× 10 nm2

nanowire bandgap is about half that of the 5 × 5 nm2

nanowire, and 1/3 for a 2 GPa strain (0.2-0.3 eV). As
demonstrated in [13], the occurrence of the ambipolar
effect is prevented if the following condition is fulfilled:
qVDD < EG − (Evs −EFS)− (EFD −Ecd) with Evs the
valence band in the source, Ecd the conduction band in the
drain, and EFS and EFD the source and drain Fermi levels,
respectively. Hence, for zero source and drain degeneracy,
a supply voltage lower than the bandgap should in principle
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NW TFET for different stress conditions. LG = 40 nm, VDD = 0.3V.
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be applied to prevent ambipolarity. The above condition
becomes more restrictive if source and drain are degener-
ate. Therefore, a moderate strain must be applied (1 GPa
instead of 2 GPa) and an optimization of the drain region
is required. In order to take advantage from the on-state
current increase provided by the biaxial stress condition,
with a moderate degradation of the subthreshold swing, a
7×7 nm2 device has been simulated as well. Fig. 6 shows
the turn-on curves of the investigated devices, namely the
5 × 5, 7 × 7 and 10 × 10 nm2 NW TFETs. The device
able to fulfill the IOFF requirement and to provide the
best on-state current is the 7×7 nm2 with a biaxial tensile
strain of 1 GPa, that features ION = 0.4 mA/μm. The
subthreshold slope is also slightly better that that of the
unstrained 10×10 nm2 device. Furthermore, the 7×7 nm2

TFET with a biaxial tensile strain of 1 GPa provides the
best performance even if we target the IOFF value for the
LSTP application (see Fig. 7).

IV. CONCLUSIONS

A simulation study exploring the possibility of TFET
performance improvements under the application of ap-
propriate stress conditions has been carried out. For this
purpose, the in-house developed simulator based on an 8-
band k ·p Hamiltonian has been properly extended to take
into account the effects of strain via the use of Pikus-
Bir formalism. It is demonstrated that biaxial tensile strain
induces a remarkable ION enhancement thanks to the
bandgap reduction. However, taking advantage of stress
requires a very tight control of the fabrication processes,
i.e. device cross section and length, as well as strain
condition and intensity.
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École Polytechnique Fédérale de Lausanne, Lausanne CH-1015, Switzerland
Email: jose.padilladelatorre@epfl.ch

†Departamento de Electrónica y Tecnologı́a de los Computadores
Universidad de Granada. Avda. Fuentenueva s/n, 18071 Granada, Spain

Abstract—In conventional planar EHBTFETs, the interband
tunneling phenomena responsible for the drive current takes
place vertically in the section of the channel where top and
bottom gates overlap. As a result, the horizontal extent of this
overlapping between gates is the limiting factor for both the
available band–to–band tunneling area and the occupied wafer
space. Hence, any design seeking to increase the horizontal
size of the device for boosting the ON current levels would
not allow for a restrained surface occupation. In contrast with
this, the FinEHBTFET is a very promising structure in terms
of scalability due to the decoupling between the tunneling
area and the required space in the wafer. However, harmful
quantum mechanical confinement effects, such as the appearance
of parasitic tunneling leakage contributions, need to be assessed
in this type of devices in order to quantify their importance and
minimize their impact on the device performance.

I. INTRODUCTION

Due to the band–to–band tunneling (BTBT) mechanisms
responsible for the operation of tunnel field–effect transistors
(TFETs), these devices are immune to the subthreshold swing
limitation of 60mV/dec entailed by thermionic emission pro-
cesses [1]. This situation has led to regard TFETs as excellent
candidates [2] to become steep slope switches with enormous
scalability potential. As a result, great amount of research has
been devoted to them in terms of simulation, modeling and,
more recently, fabrication [3]–[6]

The demonstration of higher performance for those TFETs
featuring BTBT paths aligned with the gate induced electric
field [4], [7], [8], and for those configurations exploiting
dimensionality through tunneling between 2-D electron and
hole gases [9], [10], led to propose the planar Electron–
Hole Bilayer TFET (EHBTFET) as a very appealing solu-
tion for very low power operation [11]. Nevertheless, field–
induced quantum confinement effects caused the appearance
of parasitic tunneling leakage currents [10], [12]. For sup-
pressing these deleterious tunneling contributions, a heterogate
structure (HG–EHBTFET) with different gate materials was
introduced [12] with potential fabrication feasibility through
the use of electron beam, selective/angle ion implantation, or
precise lithographic alignment.

The discretization of conduction and valence bands into
differentiated energy levels resulting from confinement [13]
demonstrated to entail an important degradation of ON-current

levels not only in conventional TFETs [13], [14], but also
in bilayer TFETs [15]. The use of asymmetric configurations
in both top and bottom gates was proposed [16] to bypass
this limitation by the arrangement of pseudobilayer structures
inside the channel [17] that could, as an extra advantage,
mitigate the so-far expected technological difficulties derived
from confining very high concentrations of opposite carriers
in ultrathin layers [3], [18].

As the drive current in the HG–EHBTFET is due to vertical
BTBT in the central part of the channel where top and bottom
gates overlap [12], the device performance would be degraded
when scaled down. This setback can be avoided by modifying
the conception of the device and inserting a narrow gated fin
on top of a n+ − i− p+ diode. This solution [19] allowed, in
principle, to increase the tunneling surface without impacting
the required wafer area and preserving the device density.
However, semiclassical simulations [19] did not capture nei-
ther the deleterious impact from subband discretization, nor
the appearance of parasitic lateral tunneling paths similar to
those reported in planar EHBTFETs. In this paper, we assess
the nature of the tunneling leakage contributions arising in the
germanium FinEHBTFET and suggest possible solutions to
get rid of them.

II. DEVICE STRUCTURE

The FinEHBTFET under study is depicted in Fig. 1 with
a germanium source p+ region (1020 atoms/cm3); an intrin-
sic channel region (1015 atoms/cm3) with a central gate-
sandwiched fin, plus two lateral side underlaps; and a drain n+

region (1020 atoms/cm3). The body thickness, tbody, and the
fin thickness, tfin, are chosen to be 10nm. Front and back gate
dielectrics are 3nm-thick HfO2 layers. Workfunctions will be
engineered for every polarization considered in this work so
that alignment between first conduction and valence subbands
inside the fin takes place at very low front gate voltage, VFG.
Namely, we select VFG,align = 0.04V. Back gate voltage,
VBG, will be initially set to 0V without generality loss and
VDS will be fixed to VDD = 0.3V throughout this paper. A
heterogate solution has been included at the front gate in order
to avoid parasitic lateral tunneling from the overlap region to
the front gate underlap. The nature of this lateral tunneling
would be analogous to that reported for the EHBTFET [12],
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Fig. 1. Schematic representation (not to scale) of the FinEHBTFET con-
sidered in this work. The gated fin is inserted over the intrinsic region of a
n+ − i− p+ diode. This setup decouples the occupied wafer area from the
BTBT area responsible for the drive current. Parasitic lateral tunneling to the
front gate underlap is suppressed by means of a heterogate layout.

Fig. 2. Electron band–to–band generation rate due to direct source–drain
tunneling. This contribution turns out to be noticeable for a Ge body due to the
shrinkage of the horizontal length compared to planar EHBTFET structures.

[20] and arises from the different strength of quantization in
both overlap and underlap zones. Should this heterogate layout
be removed, notable degradation would appear in the switching
behavior of the device as we will demonstrate in the following.

III. SIMULATION SCHEME

The simulation approach that we follow has been deeply
analyzed in great part of our recent research [12], [16], [17],
[21]. It incorporates quantum mechanical confinement through
a customized hybrid usage of the most recent versions of
the TCAD simulators Silvaco ATLAS (v.5.20.2.R) [22] and
Synopsys Sentaurus (v.2014.09) [23]. Essentially, we divide
the calculation process into two consecutive steps. First, we
solve in a self-consistent way the Schrödinger and Posisson
equations in order to obtain the quantized electrostatics and
the subband discretization of the conduction and valence
bands [15], [24]. And, second, we inject carriers by means
of the dynamic nonlocal BTBT model of Sentaurus as a
postprocessing calculation. Given that BTBT injection has
been proven [14], [15], [25] to not affect in a meaningful
way the potential and charge distributions that would result
in absence of tunneling, this postprocessing approach allows

very accurate predictions combined with reduced simulation
times. Two important remarks need to be done at this point.
First, in order to reproduce the potential shape and free charge
distribution arising from the Schrödinger-Poisson equations, a
calibrated density gradient model needs to be used. Second,
as discretization into subbands leads to an effective bandgap
widening, we have to include a bandgap increase so that the
resulting modified band edges play the role of their respective
first bound states, Ehh1 and Ee1. Analogous techniques based
on TCAD customization procedures have been also recently
developed by other authors [25], [26].

IV. RESULTS AND DISCUSSION

A. Direct source–to–drain tunneling.

In Fig. 2, we observe that the shrunk horizontal length of the
FinEHBTFET (compared to other EHBTFET structures [12],
[15]) makes direct S/D tunneling to appear in the device. In
order to avoid this issue, we replace the source, the drain and
the bottom body by Si0.6Ge0.4 which increases the effective
bandgap and suppresses the S/D tunneling.

B. Diagonal fin–to–underlap tunneling.

Optimized workfunctions for fixing subband alignment in-
side the fin at VFG,align = 0.04V and for avoiding parasitic
tunneling from the bottom part of the fin to the front gate
underlap (see heterogate setup in Fig. 1) are found to be
φfg,ol = 3.06eV, φfg,ul = 4.50eV and φbg = 5.05eV at
VBG = 0V. Note how, if we arranged φfg,ul = φfg,ol = 3.06eV,
Fig. 3 (top) demonstrates that an unwanted lateral tunneling
ending in the front gate underlap would be triggered before the
alignment of first electron and hole subbands in the fin. Fig. 3
(bottom) illustrates this fact by showing the subband profile
along the AB path sketched in Fig. 3 (top). The existence
of a certain energy window allowing BTBT gives rise to this
leakage current.

C. Diagonal fin–to–fin tunneling.

Once the parasitic tunneling phenomena outlined above
have been removed, the last leakage contribution arises. This
leakage current comes from the push-up effect that subbands
undergo as we descend along the fin approaching its bottom
side. In order to visualize it, let us inspect Fig. 4 (top) which
displays the behavior of first subbands for electrons (resp.
heavy holes) along vertical cuts inside the fin taken at 1nm
distance from the front gate insulator interface (resp. back
gate insulator interface). As a result of this observed push-up
effect, diagonal alignment between Ehh1 and Ee1 is favored
at VFG < 0.04V (i.e. before the triggering of the horizontal
BTBT responsible for the drive current of the FinEHBTFET).
Fig. 4 (bottom) confirms the appearance of a certain BTBT
generation rate following these diagonal paths inside the fin
at VFG = 0.02V.

In order to remove these harmful tunneling processes, we
propose to insert a n-doped buffer (3×1018cm−3) of 10nm at
the bottom of the fin so that Ehh1 would be lowered in that
region and, thus, diagonal BTBT prevented for VFG < 0.04V.
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Fig. 3. (Top) Parasitic lateral BTBT from the bottom of the fin to the front gate
underlap at VFG = 0V when φfg,ul = φfg,ol. (Bottom) Band profile along
the diagonal AB segment showing the energy aligment between subbands
that allows the appearance of BTBT.

The resulting structure is depicted in Fig. 5 (top) along with the
modified subband profiles (bottom) across the aforementioned
vertical cuts showing that no diagonal alignment is now
attained at VFG = 0.02V.

D. Resulting transfer characteristics.

The IDS − VFG curves corresponding to the different con-
figurations hereinabove discussed for the FinEHBTFET are
displayed in Fig. 6. Observe how a notable switching abrupt-
ness is attained in total absence of parasitic lateral tunneling.
For the fully optimized device, we report an outstanding point
swing, SSpt, of 1.6mV/dec and an average swing, SSav, of
40.5mV/dec. Point swing is taken at VFG = VFG,align; whereas
average swing is estimated between VFG = VFG,align and
VFG = VDD = 0.3V. Direct BTBT materials and/or reduced
bandgap materials like InAs or In0.53Ga0.47As are expected to
provide enhanced ION levels.

V. CONCLUSION

We have assessed the effects of quantum mechanical con-
finement in the Fin Electron–Hole Bilayer TFET showing that
parasitic tunneling processes severely degrade the otherwise
abrupt switching behavior expected from this type of devices.
We have proposed an optimized structure that suppresses the
different kind of harmful tunneling phenomena and reports
outstanding steep slope transfer characteristics for germanium.
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Abstract—In this paper we present a systematic study of GeSn 
n-FETs. First, process modules such as high-k metal gate stacks 
and NiGeSn - metallic contacts for use as source/drain contacts 
are characterized and discussed. GeSn alloys of different Sn 
content allow the study of the capacitance-voltage (CV) and 
contact characteristics of both direct and indirect bandgap 
semiconductors. We then present GeSn n-FET devices we have 
fabricated. The device characterization includes temperature 
dependent IV characteristics. As important step towards GeSn 
for tunnel-FET Ge0.87Sn0.13 tunnel-diodes with negative 
differential resistance at reduced temperature are shown. The 
present work provides a base for further optimization of GeSn 
FET and novel tunnel FET devices.   

Keywords—GeSn, MOSFET, high-k/metal gate, NiGeSn 

I.  INTRODUCTION 
GeSn alloys are group IV semiconductors that rapidly 

evolved within the last years. Thanks to the availability of 
high-Sn content and strain relaxed layers, we were recently 
able to prove the existence of a fundamental direct bandgap in 
a group IV alloy grown on Si [1]. Having direct bandgap 
(DBG) GeSn alloys is a definite boon for Si based photonics. 
However such alloys may also serve as performance booster 
for nanoelectronic devices. The small effective mass and 
reduced scattering at the center of Brillouin zone allows 
increased mobility of - electrons and performance 
improvement of GeSn MOSFETs. In addition the possibility of 
combining direct band-to-band tunneling and the low bandgap 
should yield efficient band to band tunneling in tunnel field 
effect transistors (TFETs).  

Theoretical k.p - calculations predict a significant mobility 
enhancement as soon as the population of -valley increases. 
For indirect GeSn alloys the mobility is dominated by electrons 

occupying the L-valley until Sn contents around 9 at.% are 
reached. For larger Sn contents above the indirect to direct 
bandgap transition, the -valley becomes populated and the 
boost in electron mobility becomes significant. The calculated 
Sn-dependent -valley population and mobility is presented in 
Fig.1. The mobility of –electrons itself is much larger than 
mobility of L-electrons, due to a much smaller effective mass 
and density of states of the former. In direct GeSn, with the L 
valley not considerable above , strong intervalley –L 
scattering limits the mobility of –electrons. However when 
Sn-content and thus the -L spacing further increase this 
scattering process is suppressed. As a consequence the  
mobility, as well as the average mobility, strongly increase. 

 

Fig. 1. Calculated -valley population (top) and electron mobility vs 
Sn-content (bottom) as obtained by k.p-theory. 
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Fig. 2(a) CV-characteristics of TiN/6 nm HfO2/Ge0.915Sn0.085 MOScap for a 
set of frequencies. (b) Dit at midgap for several Sn-contents extracted at 
low-T. 

Preliminary works on p- and n- MOSFETs [2], [3] and even 
TFETs [4] based on GeSn alloys have been reported, however, 
with Sn-contents and strain values far below the indirect to 
direct transition. The low solid solubility of Sn in Ge < 1at.% 
and the far non-equilibrium growth results in a very limited 
thermal budged < 350°C for Sn-contents above 10 at.% making 
process integration challenging as elevated processing 
temperatures would result in Sn-segregation and precipitation. 

In this work we discuss advances on low temperature (T) 
process modules for GeSn-FET devices with Sn-contents up to 
13 at.% including high-k/metal gate stacks with interface trap 
densities in the 1012 eV-1cm-2-range and low resistivity NiGeSn 
contacts with ultra-low Schottky barrier heights. Emphases is 
placed on the fabrication and characterization of tunneling 
diodes with 13 at.% Sn as well as on first steps toward direct 
bandgap GeSn n-FETs. 

II. EXPERIMENTAL 
Due to the low solid solubility of Sn in Ge < 1 at.% GeSn 

layers with Sn-contents up to 13 at.% are grown far from 
equilibrium growth conditions in an industry compatible 
AIXTRON TRICENT RPCVD reactor [5]. All process 
modules were kept below 350°C in order to avoid Sn - 
diffusion and segregation. As a first key module MOS-
capacitors (MOScaps) with high-k/ metal gate stacks on GeSn 

have been investigated. After surface preparation in HF-HCl 
wet cleaning 6 nm HfO2 dielectric followed by 40 nm TiN 
metal were deposited at low temperature by atomic layer 
deposition (ALD) and sputter deposition, respectively. 
MOScaps with Sn-contents between 0 at.% (Ge-substrate) and 
12.5 at.% were fabricated. In doing so standard CMOS 
technology such as photo lithography and reactive ion etching 
were used to define structures. The fabrication ended up with a 
lift off process including the deposition of 150 nm Al for 
contacts followed by forming gas annealing at 300°C. A set of 
Capacitance-Voltage (CV)-curves for different frequencies 
measured on TiN/HfO2/Ge0.915Sn0.085 is shown in Fig.2(a). The 
good GeSn/HfO2 interface quality is evidenced by the small 
frequency dependent flat-band voltage shift and the small 
frequency dispersion in accumulation. As a characteristic of 
low bandgap semiconductors, the CV-curves feature a strong 
minority carrier inversion response even at high frequencies > 
100 kHz. As a consequence the so called weak-inversion hump 
hinders a reliable extraction of interface trap density (Dit) at 
room temperature [6]. However, at lower temperatures the 
minority carrier inversion response is reduced and by applying 
the low-T conductance method Dit values of 2x1012 cm-2eV-1 at 
midgap were extracted for GeSn capacitors with different Sn 
contents (Fig. 2(b)). 

Metal-semiconductor-metal diodes based on NiGeSn/GeSn 
Schottky contacts were fabricated using an oxide mask. After 
native oxide removal, 10 nm of Ni were deposited by sputter 
deposition and ~ 23 nm NiGeSn was formed by rapid thermal 
annealing for 10 s in N2/H2 forming gas atmosphere. Unreacted 

 
Fig. 2. Calculated -valley population (top) and the electron mobility vs Sn-

content (bottom) as obtained by k.p-theory. 

 
Fig. 3. Investigation of NiGeSn Schottky-contacts (a) Arrhenius plot of current characteristics. The linear region is fitted and SBH is exctracted from the slope. 

(b) SBH vs. applied bias from (a). The SBH for 0 V is extracted by extrapolation to 0 V. (c) Sheet resistance for NiGeSn fabricated on several GeSn 
substrates. The inset depicts a TEM micrograph of a NiGeSn/GeSn contact. 

  
Fig. 4. SIMS-profiles of NiGeSn/GeSn contacts: For Phosphorous impantation 

no segregation was observed (a), whereas there is a clear peak in the 
Arsenic profile (b). 
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Ni was removed by sulfuric acid (96 % aq.). The lowest sheet 
resistance was obtained by stano-germanidation at 325°C [7]. 
The low-resistive NiGeSn-phase could be maintained over the 
complete available Sn-content range from 0 to 12.5 at. %. The 
sheet resistance of NiGeSn for several Sn-contents is shown in 
Fig.3(c). Furthermore a smooth NiGeSn/GeSn interface was 
obtained as shown by the cross-sectional Transmission-
Electron-Microscopy (TEM) image in the inset of Fig.3(c). I-V 
characteristics of two back-to back connected NiGeSn/GeSn 
Schottky diodes were measured in a temperature range from 
350 K down to 100 K. From Arrhenius plots of the current 
characteristics for different voltages (Fig.3(a)) the Schottky-
barrier height (SBH) was extracted by fitting the linear region. 
In order to exclude the image force lowering by the applied 
voltage the SBH at 0 V was obtained by plotting the extracted 
SBH from Fig.3(a) against the applied bias and extrapolating to 
0 V, as shown in Fig.3(b). Similar to NiGe/Ge contacts the 
Schottky barrier of NiGeSn on GeSn for holes is very small. A 
SBH of 0.08 eV has been extracted for NiGeSn/Ge0.875Sn0.125 
(p-type) which makes NiGeSn an ideal contact for p-type 
devices. However, this implies very high Schottky barriers for 
electrons leading to high S/D resistances for n-type GeSn and 
demanding further investigation on n-type GeSn-contacts. 

Dopant segregation (DS) is a well know method for SBH-
tuning [8]. The dopant segregation effect on GeSn with n-type 
dopants is presented below. Both P and As were first implanted 
into GeSn test-structures at a dose of 1x1015 cm-² at energies of 
7 and 13 keV, respectively. Then a NiGeSn layer was formed 
with the above mentioned annealing parameters. Subsequently 
doping profiles were analyzed by means of Time of Flight 
Secondary-Ion-Mass-Spectrometry (ToF-SIMS). Whereas 
there is no peak visible in the doping profile for P, a 
snowplough effect has been observed for As leading to a peak 
in the As-concentration at the NiGeSn/GeSn interface (Fig.4).  
The differences in DS for As and P might be attributed to 
differences in solubility and diffusion.  

Combining the above described process modules GeSn n-
MOSFETs were fabricated with Sn contents of 0 at.%, 7 at.% 
and 12.5 at.% using ion implanted source/drain (S/D) contacts 
after forming a gate stack with TiN/HfO2. The transfer curves 
of the GeSn-nFETs for a series of temperatures are shown in 

Fig.5. At room temperature the device shows a low Ion/Ioff ratio 
and a reduced on current at lower temperature due to the poor 
n+/p junctions in the S/D regions. The limited thermal budget 
used in order to avoid Sn diffusion, here 350°C, was not 
sufficient to recrystallize the amorphized regions created by ion 
implantation, leading to very poor junctions with low 
activation and high access resistances. This is even more 
critical for high Sn content devices as shown in Fig.6 at 80K. 
Apart from the un-healed implantation damage the 
unintentional background doping of GeSn increases with 
increasing Sn-content. Furthermore the bandgap is decreased. 
Both factors lead to increased S/D-leakage and gate induced 
drain-leakage (GIDL) which is caused by band to band 
tunneling and increases exponentially with the reduced 
bandgap. This is also visible in the temperature dependence of 
the transfer characteristics in Fig. 5. The S/D leakage strongly 
decreases for temperatures below 200 K. The solution for 
maintaining crystalline GeSn is the use of in-situ doping and 
selective growth in the S/D region. The in-situ doping is 
discussed below in terms of tunneling diodes. 

As demonstration of the potential of direct bandgap GeSn for 
band to band tunneling, and the advantage of in-situ doping 
over ion implantation, we have fabricated GeSn tunneling 
diodes as an important step towards advanced GeSn based 

 
Fig. 6. Id/Ion ratio of GeSn n-FETs at 80 K for several Sn-contents.  

Fig. 5. Tranfer characteristics of Ge0.93Sn0.07 n-FETs at different 
temperatures. 

 
Fig. 7. Temperature dependent I-V measurements of a Ge0.87Sn0.13 p-i-n 

diode showing clear NDR for low-T. 
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TFETs. We could push the Sn-content up to 13 at.% as a 
follow up to previous results with a stack of 9 at.% and 11 at.% 
[9] enabling an even lower bandgap and higher directness of 
the GeSn. As a proof of band-to-band tunneling negative 
differential resistance (NDR) is observed at low-T (Fig.7), 
demonstrating a high doping level of both p and n-type 
dopants, which is essential for MOSFETs and TFETs. 
However, due to enhanced diffusion and trap assisted tunneling 
(TAT) in this low-bandgap semiconductor the NDR vanishes 
for temperatures above 100 K. In forward bias > 0.1 V two 
distinct regions separated by a kink in the slope of the I-V 
curve are visible. Whereas the medium part of the curve 0.1 V 
< Vd < 0.3 V can be attributed to TAT, diffusion current is 
dominating for strong forward bias > 0.3 V. We expect further 
improvements in the peak to valley current ratio and a move 
towards room temperature NDR with optimized doping 
profiles. 

III. CONCLUSION 
We presented process module developments for GeSn-

FETdevices including high-k metal gate stacks, NiGeSn 
contacts as well as GeSn-nFETs with Sn-contents >10 at.%. 
MOScaps with HfO2 on GeSn showed good C-V 
characteristics  with Dit levels of 1012 eV-1cm-2. Uniform 
NiGeSn contacts on p-GeSn indicated very small Schottky 
barrier heights, while the Schottky contacts on n-GeSn can be 
optimized by As dopant segregation. Junctions made by ion 
implantation face challenges due to the metastability of GeSn, 
which can be solved by in-situ doping as illustrated by GeSn-
tunnel diodes with 13 at.% Sn which show characteristic 
negative differential resistance at low-T. 
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Abstract— Thin-film transistors (TFTs) have been fabricated 
using atomic layer deposition (ALD) Nb-doped ZnO (Nb:ZnO) 
for the active layer. The optical and electrical properties of the 
Nb:ZnO TFTs for Nb cycle percentage between 0 and 12.5 % 
were studied. The optical band gap is seen to increase with Nb 
content, where a cycle percentage of 12.5% gives an increase of 
0.27 eV to 3.54 eV. The device with 3.8% Nb:ZnO exhibited the 
best TFT characteristics, with an On/Off ratio of 108, saturation 
mobility of 5.1 cm2/Vs, threshold voltage of 5.1 V and sub-
threshold swing of 0.51 V/dec. The characteristic temperature of 
the material, derived from a model based on an exponential 
density of states, indicates that the disorder within the material is 
reduced compared to the use of Mg doping. 

Keywords— Zinc Oxide (ZnO), Niobium-doped ZnO (Nb:ZnO), 
thin film transistors (TFTs), atomic layered deposition (ALD), TFT 
modelling  

I.  INTRODUCTION  
Over recent years transparent conducting oxides (TCOs) 

have gathered considerable interest due to their ease of 
fabrication, low cost, relatively high mobility, conductivity 
and optical transparency compared to amorphous and  
poly-crystalline Si TFTs. This has allowed for the possibility 
of fully transparent electronics being integrated into such 
applications as heads-up display on windscreens, active matrix 
displays and local environmental control. For active matrix 
displays, zinc oxide (ZnO) based materials have been the 
favourable choice in thin film transistors (TFTs). As-grown 
ZnO contains a large number of defects giving rise to 
unacceptably high conductivity, hence the requirement of 
materials such as indium and gallium (IGZO). The gallium 
serves to stabilise the structure and hence the threshold voltage 
and the indium to increase the mobility [1]. However, indium 
suffers from large fluctuations in high cost and has a low level 
of abundance which makes it not viable for long-term mass 
production.  

Currently extensive research into non-indium based 
materials is being conducted for ZnO based TFTs including; 
gallium [2], silicon [3] and our own work on magnesium [4]. 
Niobium is an attractive dopant candidate for ZnO, as its high 
valency (Nb5+) offers the prospect of requiring lower 
concentrations as a substitutional dopant for Zn2+ and 
consequently reduced disorder and carrier scattering.  
Nb-doping has been explored previously in pulse laser 
deposited [5,6] and RF sputtered [7] Nb:ZnO TCOs, but not 

via atomic layer deposition (ALD) using the approach 
reported here for an active layer for TFTs. 

It is common practice within the literature to adopt the 
standard MOSFET equations to describe the electrical 
behaviour. However, it is evident in many cases that there is 
no distinct subthreshold and above threshold regions. In this 
work, the multiple trapping and release (MTR) model [8] 
proposed by Torricelli et al. [9] is applied to fit the TFT 
experimental electrical characteristics. The model describes 
the current transport in terms of carriers hopping between 
defect band tail energy states which follow an exponential 
relationship with energy; the defect states being related to the 
disordered nature of the Nb:ZnO material. This model 
constitutes a similar approach to those reported for amorphous 
Si [10], organic materials [11] and small grain polycrystalline 
materials [12].  

Here we report enhanced optical properties of ALD grown 
Nb:ZnO material obtained using variable angle  
spectroscopic-ellipsometry (VASE) and correlate these results 
with TFT electrical performance.  

II. EXPERIMENTAL 
The films were grown using ALD at 200 oC with 

precursors diethyl zinc and niobium pentaethoxide for ZnO 
and Nb respectively on a thermally oxidised n-type Si wafer  
(50 nm SiO2) with 10 nm of 200 0C ALD Al2O3 to act as a 
capping layer. The Nb content was controlled by varying the 
percentage between the Zn and Nb precursors for cycle 
percentages between 0 and 12.5%. Simple bottom-gated TFTs 
with 50 nm Nb:ZnO as the active layer were fabricated by 
evaporating Al electrodes, with patterning achieved by lift-off 
photolithography and wet-etching to isolate each device. Prior 
to electrical characterisation the films were subsequently 
annealed at 300 oC in air for 1 hour to further reduce the film 
conductivity.   

III. RESULTS AND DISCUSSION 
Fig.1(a) shows Tauc plots derived from VASE where 

Nb:ZnO and ZnO films are compared. There is an evident 
shift of the absorption edge for Nb:ZnO towards higher 
energy, being indicative of a band gap (Eg) energy increase of  
0.27 eV in comparison to the ZnO sample, for the maximum 
cycle percentage of 12.5%. Fig.1(b) shows the effect on the 
band gap of increasing cycle percentages of Nb. 
The dependence of % Nb on Eg is seen to be linear initially 
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Fig. 1. (a) Tauc plot for ZnO and NbZnO where  is the absorption 
coefficient and h  is the photon energy (b) Summary of band gap (Eg) 
increase with increase cycle percentage of Nb from 0% to 12.5% 
 

indicative of the crystal structure remaining constant. 
At higher concentrations the dependence goes sub-linear 
possibly due to the films becoming less crystalline as 
demonstrated by XRD in [13,14] and our own measurements 
(not shown). This increase in Eg can be explained by the 
Burstein-Moss effect where the carriers arising from the 
niobium fill the states above the conduction band which in 
turn, itself shifts to higher energies. This effect has been 
confirmed with other Nb:ZnO films [5] and Mg [4] and Ga 
[15] doped ZnO films.  

The standard MOSFET equations were implemented in 
order to benchmark the TFT performance with the literature. 
The threshold voltage (VT) and saturation mobility ( sat) were 
extracted using the MOSFET equation The extracted TFT 
parameters for Nb cycle percentages between 0% and 12.5% 
are presented in Table I, where the channel length (L) and 
width (W) are  40 m and   400 m respectively.      

                  ( )2

2 TGSosatD VVC
L

WI −= μ                              (1) 

 

TABLE I.  COMPARISON OF TFT PARAMETERS FOR NB:ZNO WITH 
VARYING CYCLE FRACTION FROM 0 TO 12.5%  

Nb cycle 
fraction 

(%) 

On/Off 
ratio VT (V) sat 

(cm2/Vs) SS (V/dec) 

0 1.0 × 104 9.32 1.41 2.97 
2.9 6.07× 107 7.63 5.1 1.07 
3.8 1.4 × 108 7.06 5.13 0.51 
4.8 1.5 × 107 4.1 0.88 0.39 

6.67 1.24× 106 2.47 0.78 0.32 
9.1 3.2 × 107 3.59 0.32 0.36 

12.5 1.17× 106 1.05 0.07 1.25 
 
where Co is the gate oxide capacitance per unit area and VGS 
the gate source voltage. The effective subthreshold swing (SS) 
was also extracted at the steepest part of the transfer slope and 
is interpreted here as an indication of the trap concentration, Nt 
in the film and at the interface: 
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Equations (1,2) are commonly adopted in the literature, 

presumably for ease of comparison between reported device 
metrics. It is evident in Table I that for all of the doped 
samples that the On/Off ratio has been dramatically improved 
because the Off-current has been reduced. Cycle percentages 
3.8 to 9.09% have a relatively low sub-threshold swing which 
indicates a reduction of the interface states, density and 
disorder of the film. This reduced SS can be attributed to the 
influence of Nb. Moreover, it is apparent that with increasing 
Nb cycle percentage, the VT shifts to lower voltages and sat is 
initially enhanced by the Nb as saturation is achieved. 
However, as Nb is further increased, sat is reduced. From 
Table I, 3.8% Nb:ZnO has the best TFT characteristics with 
the highest On/Off ratio of 1.4 × 108 and sat = 5.1 cm2/Vs, 
with a low VT =5.1 V and SS = 0.51 V/dec. Fig. 2 shows a 
comparison of the TFT characteristics for the ZnO and 3.8% 
Nb:ZnO TFTs. Fig.2 (a) and (b) both demonstrate good 
saturation of current for the ZnO and Nb:ZnO respectively. 
However, the transfer characteristics in Fig.2(c) illustrate that 
the addition of 3.8% of the cycle ratios of Nb effectively 
reduces the conductivity of the film and in turn drastically 
reduces the Off-current by from 10-8 to 10-12 A: 4 orders of 
magnitude.  

The aforementioned extracted parameters assume the 
validity of standard Si MOSFET theory in these accumulation 
mode devices; a commonly used assumption in the literature 
which allows for easy comparison of technologies. However, 
it is evident from the transfer characteristics in Fig.2(c), that 
the TFT does not follow distinct sub-threshold and quadratic 
regions. Therefore, the transport mechanism MTR model is 
employed to explain the characteristics [9,11]. The MTR 
model involves charge carriers trapped in localized states 
within the bandgap are thermally excited towards the 
delocalized states (conduction band) by hopping between 

EUROSOI-ULIS 2016

ISBN 978-1-4673-8608-1 29 IEEE Catalog number CFP1649D-USB



Fig. 3. Output characteristics for the (a) ZnO and (b) 3.8% NbZnO and 
(c) transfer characteristics of 3.8 % NbZnO and ZnO. The inset shows a 
schematic of the NbZnO TFTs 

Fig. 2. (a) output and (b) transfer fittings of the 3.8% NbZnO TFT using 
the MTR model. The fitting parameters are; VFB= 3.12 V, (model 
parameters are defined in [6]) 

localized states [9]. Once these charge carriers reach the 
conduction band, they can contribute to the charge transport.  

 
 
 

A two term exponential density of defect states is assumed 
in the model  

   
−
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−

=
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EE
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where Ndeep and Ntail are the number of deep and tail states 
respectively, at the conduction band (EC) and Tdeep and Ttail are 
the characteristic temperatures for the deep and tail states 
respectively. It can be noted that for ZnO the deep states are 
dependent on the oxygen vacancies and tail states on the zinc 
interstitials [16]. It can be shown that, (3) can be simplified to 
a single exponential [ ]

okT
EcEEg )(exp~)( − , where To is a 

characteristic temperature which is closely related to the tail 
states [9]. The parameter To provides an indication of the 
degree of disorder in the film. This treatment leads to a power-
law dependence of the transfer characteristics, where the drain 
current equation is defined as  

( ) ( )[ ]γγβ DSFBGSFBGSD VVVVV
L

WI −−−−=            (4) 
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where VFB is the flat band voltage, =2To/T, T is the absolute 
temperature and  is defined as  
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where o is a conductivity pre-factor, s is the permittivity of 
Nb:ZnO (assumed the same as bulk ZnO), Nt is the number of 
traps, q is the charge of an electron, and Vt is the thermal 
voltage (kT/q). The drain voltage VDS is defined in the triode 
region (VDS > VGS-VFB) and VGS-VFB in the saturation region 
 (VDS  VGS-VFB). 

Using this model, a good fit is observed in Fig.3 for both 
transfer and output characteristics. The fitting parameters used 
are VFB= 3.12 V, To=657 K and = 3.32×10-11. All these 
fitting parameters are all related to the physical properties of 
materials, where Nt and To are dependent on the DOS of the 
Nb:ZnO, VFB is determined by the insulator-semiconductor 
interface and deep traps and o is the Nb:ZnO bulk 
conductivity. Furthermore, if we compare the To parameter 
with previously reported values for IGZO, ZnO and MgZnO 
(400 K [17], 710 K [9] and 791 K [18] respectively), it can be 
seen that Nb doping has successfully reduced the disorder of 
the films nearer to that of IGZO. This is also confirmed with 
the lower SS obtained when using the standard MOSFET 
analysis. 

IV. CONCLUSION 
The effectiveness of Nb doping of ALD grown ZnO, with 

regards to enhanced optical properties and electrical 
characteristics for effective TFT performance has been 
demonstrated. The band gap has been increased with added 
Nb content due to the Burstein-Moss effect. The 3.8% cycle 
percentage sample demonstrates the best TFT characteristics 
where a relatively low SS confirms that the disorder of the film 
has been reduced compared to the Mg-doped films [18]. This 
is further confirmed by the lower value of characteristic 
temperature, To than for other doping types.   
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Abstract—Single electron transistors (SET) featuring metal 
(Ni) electrodes and silicon nitride dielectric barriers prepared by 
atomic layer deposition are fabricated and tested. Electrical 
characterization of the devices reveals electrostatic energy 
parameters consistent with the parameters of the designed tunnel 
junctions. In addition, an analysis of temperature dependence of 
conductance confirms the formation of metal-insulator-metal 
(MIM) junctions with negligible in-series contribution of any 
surface native metal oxide. However, the fabricated devices 
exhibit a very high level of electrical noise, far exceeding the 
commonly observed shot noise. Experimental investigation 
reveals the random telegraph signal (RTS) nature of the 
observed excess noise. The RTS noise in electronic devices is 
commonly associated with charging of external traps that are 
electrostatically coupled to the SET island. In the devices under 
study, however, the defects that result in the observed RTS noise 
are demonstrated to reside within the tunnel junctions. Our 
results also indicate the critical importance of interface states 
and surface preparation for achieving good performance of the 
SETs fabricated using ALD to form the tunnel barrier.  

Keywords—single electron transistor, atomic layer deposition, 
silicon nitride, random telegraph signal, single charged defects. 

I. INTRODUCTION  
The downscaling of electronic device dimensions enables 

the use of ultrathin layers down to a few atomic layers which 
requires a good understanding of underlying physical and 
chemical processes that govern each nanofabrication step. In 
single electron transistors (SETs) [1] charge transfer through 
the device is guided by the Coulomb charging energy EC=e2/2C 
where e is an elementary charge and C is the total capacitance 
of the island. The performance of an SET critically depends on 
the quality of a few-atomic-layer thick barrier in the source and 
drain tunnel junctions. For instance, the presence of defects in 
the dielectric will affect the noise exhibited by the SETs, and 
non-uniformities in the dielectric lead to strong variations in 
the SET characteristics. The unique sensitivity of SETs to 
single charge defects in the tunnel dielectric makes them ideal 
sensors for evaluating the quality of ultrathin dielectrics with 
“princess and the pea” sensitivity. Here, we use the electrical 
characterization of SETs to identify the origin of charged 
defects in the devices and to evaluate the strength of the 
observed noise. Additionally, several techniques are explored 
to passivate the defects in the fabricated devices. 

II. FABRICATION AND EXPERIMENT 

A. Device fabrication 
The metal-insulator-metal (MIM) SETs are fabricated using 

a combination of high-resolution electron beam lithography 
(EBL), nanodamascene planarization, and Si3N4 tunnel barrier 
dielectric formation using plasma-enhanced atomic layer 
deposition (PEALD) [2, 3]. Figure 1 shows a micrograph of a 
fabricated device. First, using a Vistec EBPG 5200 100-keV 
EBL system, the pattern of the island is defined in 
polymethylglutarimide (PMGI) spun on the thermal SiO2 
substrate [4].  PMGI is used as a mask for SiO2 etch due to its 
higher etch resistance than polymethylmethacrylate (PMMA). 
The pattern of the island is then transferred into the oxide using 
Ar, C4F8, CHF3, and CF4 chemistry in an inductively coupled 
plasma (ICP) etcher. Next, Ni is deposited by e-beam 
evaporation at the base pressure of <8×10-7 Torr to fill the 
trench in SiO2, while the field is still covered by the remaining 
PMGI mask. The evaporated metal on the field along with the 
underlying PMGI is then lifted off by MR-Rem 400 stripper 
from Micro Resist Technology, heated to 70°C. Chemical 
mechanical polishing (CMP) is then used to remove any 
residual Ni on the oxide field, while leaving the island trench 
filled with Ni. Next, 21 cycles of PEALD of Si3N4 is performed 
in an Oxford FlexAL system, with Bisdiethylaminosilane 
(C8H22N2Si) and H2+N2 plasma to form the Si3N4 dielectric 
barrier covering the island. Finally, Ni source and drain are 
defined by a second EBL and liftoff. Two post-fabrication 
treatments were also investigated: H2 plasma treatment to 
ensure reduction of NiO potentially formed during exposure of 
the junctions to the ambient, and N2 plasma treatment with the 
goal of passivating the nitrogen vacancies that are possibly 
formed in the barrier.  

B. Experiment 
Next, devices are bonded to a chip carrier and electrically 

tested in the range of temperatures from 300K down to 0.4K in 
a closed-cycle 3He refrigerator. For electrical characterization 
we use standard lock-in technique with AC and DC voltage 
sources connected to the drain, and source connected to the 
input of transimpedance amplifier. Differential conductance 
G=dIds/dVds is measured at 8-30 Hz with excitation level of 1 
mV in the temperature range of 300 K-10 K and 100 μV for 
lower temperatures down to 0.4 K. The conductance of 
fabricated devices measured at room temperature exhibits wide 
spread of values, from 10 nS up to 1 μS for nominally identical 
devices. This is likely to originate from non-uniformities in the 
Si3N4 that is formed during the PEALD.  

This work was supported by National Science Foundation grants DMR-
1207394 and CHE-1124762. 
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Fig. 3. Temperature dependence of conductance at Vds=0. Data are 
acquired for Vg bias swinging in the range over five periods of Coulomb 
blockade oscillations for slowly changing temperature. Variation in the 
density of points is the result of non-linear axis transformation. 

 
Fig. 2.  Typical Coulomb diamond plot for SET with 21 layer of SiN 
(sample NT-G1): (a) experiment (b) simulations using orthodox model. 
Gray scale in μS. 

 
Fig. 1. Scanning electron micrograph (SEM) of the fabricated device 

 
  

   Two dimensional maps G(Vg, Vds), a standard test for 
SET characterization, are acquired for more than 10 devices, 
and all of them show “Coulomb diamonds” with the shape 
typical for SETs with MIM junctions and characteristic energy 
gap, 4×EC in the range 1.5 to 2 meV. An experimentally 
obtained diamond plot for a typical device is shown in Fig. 2a. 
To evaluate parameters of the junctions, we perform 
simulations based on orthodox model [5], where the 
capacitance matrix is defined using parameters obtained from 
the shape of Coulomb diamonds [1], and the values of the 
junction conductances are obtained by fitting the shapes of 
experimental G(Vds) measurements to the model. Fig. 2b   
shows the results of simulations with the following parameters: 
Cs=45 aF, Cd=52 aF, Cg=27.6 aF, Gs=0.55 μS, and Gd=0.2 μS. 
Neglecting fringing field, a parallel plate estimate for junction 
capacitance of 30 × 20 nm2 overlap and using SiN with 
dielectric constant of ε=7 and thickness of 1 nm, gives the 
value of the expected junction capacitance ~35 aF, in 
reasonable agreement with the experiment.  

Dissimilar (by a factor of >2) conductance of the junctions 
can be attributed to non-uniformities in the ALD dielectric 
layer where a thinner ”weak spot” in the dielectric may 
drastically change device conductance while not significantly 
affect its capacitance.  An important known issue for MIM 
SET devices with ALD dielectric is the formation of interfacial 
metal oxide during the ALD process [2, 3, 6], resulting in a 
strong temperature dependence of conductance in the peaks of 
Coulomb blockade oscillations (CBOs). To investigate the 
potential presence of NiO in Ni-Si3N4-Ni junctions, we 
measure temperature dependence of the SET zero-bias 
conductance for a slowly increasing temperature. During the 
experiment, the Vg bias is continuously swept over five periods 
of CBOs while temperature slowly increases, so the 
temperature dependence of conductance can be accurately 
evaluated at both peaks and valleys of CBOs. The result of the 
experiment is presented in Fig. 3, where ln G(Vds=0) is plotted 
as a function of inverse  temperature 1/T. According to the 
orthodox theory of Coulomb blockade for MIM SETs [7], as 

the temperature is reduced to T  4Ec/kB, the conductance 

through the device decreases due to Coulomb blockade in the 
island. As the temperature is lowered, the differential 
conductance in the peaks of the CBO stays at a level Gmax=G0/2 
(blue dashed line in Fig.3) where G0 is conductance at high 
temperature (T>>EC/kB), while with lowering T the 
conductance in the valleys is exponentially suppressed with an 
activation energy of EC: G(T)=G0 exp(-EC/kBT). The 
experiment shows exactly this:  for 1/T<0.2 the data are 
merged into a line, while for 1/T>0.2 the line diverges into an 
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Fig. 5. Results of G(Vds) “span average” vs time average at Vg=const:  
(a) – experiment. Red: average of 57 traces at Vg=27 mV. Magenta:  
“diamond average,” i.e. traces averaged over Vg span of three full 
Coulomb diamonds in Fig. 2 a. (b) – simulations. Red: ensemble average 
over 25.5 mV< Vg<27.2 mV span. Magenta: diamond average over Vg 
span of three full Coulomb diamonds in Fig 2 b.(c) Comparison of the 
experiment and the simulations after “diamond average” subtraction. 
Red–experiment; dashed  blue line- simulations 

 
Fig. 4. Two consecutive sweeps of Vds taken at Vg=27 mV (sample NT-
G1). Very strong “switching noise” is clearly visible. 

area with minimal values approaching the red dashed line 
corresponding to the thermal activation over the barrier. A very 
close proximity of the expected CBO maxima to the blue 
dashed line (G0/2) indicate an insignificant contribution of in-
series thermally activated NiO surface oxide in the junctions to 
the total conductance [2, 3] and the activation energy EA≈0.5 
meV extracted from this measurement closely matches the 
charging energy value obtained from Coulomb diamond plot.                                         

The observed Coulomb diamond plot also reveals a very 
large level of excess “switching noise.” An example of such 
noise is shown in Fig. 4, where two traces of G(Vds) were 
measured for the same Vg, showing multiple jumps between 
several states. This is a signature of RTS, a random 
phenomenon stemming from capture and release of charge 
carriers in single traps near the conducting channel of an 
electronic device [8]. In the case of SETs, the RTS can be 
treated as an additional offset charge that modulates 
conductance through the SET, a process that was investigated 
in detail in [9].  If several of such modulators are active 
simultaneously the resulting pattern is identified as “multi-level 
RTS” [10]. To understand the origin of this noise we 
experimentally acquire a large number of G(Vds) traces, in 
addition to those shown in Fig 4, for a fixed value of Vg and 
then calculated the “time averaged”  curve (red line in Fig 5a). 
We also averaged G(Vds) traces over the full span of 3 
experimentally obtained Coulomb diamonds  (magenta line in 
Fig. 5a).  As expected, “diamond average”, i.e. conductance 
averaged over full Coulomb diamond has no oscillatory 
features. In contrast, noticeable oscillatory features are 
observed for time averaged trace at fixed Vg in Fig 5a.  To 
replicate the experimentally observed features with simulations 
we performed iterative averaging over a variable span of Vg, 
centered on the gate bias used in experiment (red line in Fig. 
5b). For simplicity, a uniform distribution was assumed for 
curves weights in the averaging Vg interval. Additionally, a 
diamond average over three full diamonds was calculated 
(magenta line in Fig 5b). Finally, we subtracted respective 
diamond averages from time average (experiment) or narrow 
Vg span average (calculations). The results shown in Fig. 5c are 
in reasonable agreement with each other, indicating the validity 
of the proposed charge offset evaluation technique.  

C. Discussion 
We believe that the observed results shed light on the 

equivalent magnitude of charge offset noise. Experiment 
reveals that the observed time averaged G(Vds) trace can be 
replicated by averaging of multiple traces uniformly distributed 
in the offset charge span of δQg=e (δVg/ΔVCBO)≈ 0.3 e. This is 
a “full swing” of charge fluctuation, meaning that deviation 
from average is up to 0.15 e in a bandwidth of 0.78 Hz, or 0.17 
e/√Hz. This is a very large noise level, exceeding by many 
orders of magnitude both the shot noise caused by charge 
discreteness and 1/f noise that limits the sensitivity of SETs at 
levels 0-4/√Hz at low frequencies. Can a single trap in a 
junction lead to this level of charge fluctuations? The impact of 
charging of a single electron trap depends on coupling of that 
trap to the island. The case of charged traps coupled to gate, 
island and source (or drain) of the SET was studied in [11], 
where it was observed that a single trap can cause an abrupt 
shift in CBO pattern (e.g. from peak to a valley). Note that in 
such a case the appearance of a specific trap is gate voltage 
dependent (i.e. it changes the conductance over specific range 
of gate bias and stays “mute” elsewhere [9, 11]). Here the 
situation is qualitatively different: the switching events are 
“gate independent” i.e. occurring with equal probability at any 
gate voltage. That implies that the source of switching is not 
electrostatically coupled to the gate.  Therefore it is reasonable 
to assume that the source of this noise is located within the 
tunnel junctions - either in the ALD dielectric or in the 
interfacial layers adjacent to the dielectric where it is shielded 
from electric field emanating from the gate. The trap 
charging/discharging process in the junction decoupled from 
the gate nonetheless leads to offsets of Coulomb diamond 
patterns along Vg axis because the action of that trap is 
equivalent to an extra gate potential acting on the island.  The 
strength of coupling from such trap to the island determines the 
strength of the observed shift. If a trap located in the source 
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(drain) junction is equally coupled to the source (drain) and the 
island, the change in its population by one electron will exert a 
0.5 e charge and shift the diamonds by a half of a CBO period. 
The experimentally observed averaged diamond shift of  0.2-
0.3 e can be explained by action of the traps located closer to 
the junction’s interfaces (i.e. asymmetrically coupled, leading 
to smaller charge offsets) or may results from oversimplified 
model used in simulations. Nonetheless, this value is consistent 
with the model of traps acting inside the junctions. Since the 
observed switching noise has no identifiable voltage threshold 
in Vds it is reasonable to assume that several different traps 
located inside the tunnel junction are participating in the 
process: as Vds changes, certain traps become active within 
certain range of Vds resulting in a “multiple RTS” signature. 
The exact number of traps participating in the process is not 
precisely known and remains to be investigated.    

We have previously demonstrated that by using a 
combination of anneal and reducing plasma treatments it is 
possible to nearly completely suppress this type of noise in Ni-
SiO2-Ni junctions [12]. In other words, those charge defects 
could be potentially healed with proper treatments. 

So far, N2 plasma on the finished devices to fill the nitrogen 
vacancies in the nitride or H2 plasma to chemically reduce the 
parasitically formed NiO does not seem to be effective in 
decreasing the observed noise. One potential drawback of such 
treatments after device fabrication is the top Ni source-drain 
electrodes that impede delivery of the chemical elements (H2 
and N2) to the underlying barrier and island.  The abundant 
traps in SiN film are generally obtained by N atoms substituted 
by Si atoms, producing silicon dangling bonds, referred to as 
K-center defects [13]. Other defects can be associated with the 
presence of hydrogen typically present in the Si-N structure 
[14].  It was shown that the number of defects can be reduced 
by high temperature (~1000°C) heat treatment of the layer or 
producing Si-rich compositions [13]. Another source of defects 
which need to be addressed is inadequate surface preparation. 

III. CONCLUSIONS 
In conclusion, the MIM SETs featuring ALD Si3N4 as 

barrier dielectric are fabricated for the first time, to the best of 
our knowledge. Analysis of temperature dependence of 
conductance confirm the formation of MIM junctions with 
negligible in-series contribution of native surface oxide, in 
contrast with the NiO that is observed to parasitically form in 
MIM Ni-SiO2-Ni junctions, [2, 3]. However, very large 
magnitude of observed RTS noise indicates a large density of 
traps inside the tunnel junctions. We are currently investigating 
high temperature and plasma treatments of the Si3N4 ALD 
layers and improved surface preparation to reduce the number 
of defects inside the junctions. Noise analysis technique 
proposed here can be also extended for characterization of 
various single-electron devices and identification of charged 
defects in these structures. 
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Abstract—High-k gate dielectric integration had been one of 

the key technological boosters for 45 nm CMOS technology and 
beyond. Just a couple technology nodes after adopting the 
hafnium-based high-k materials, the high-k scaling have already 
lost its momentum. It is anticipated that the EOT scaling will be 
in the rate less than 0.03 nm reduction/generation in coming 
technology nodes. Putting aside the fabrication and reliability 
issues for high-k integration, high-k films in a couple nanometers 
are facing scalability issues. For half nanometer EOT gate 
dielectric, the physical thickness of high-k film will be less than 4 
nm, large gate leakage will be encountered again. Meanwhile, the 
high-k/metal gate and high-k/silicon interfaces will be the 
primary constraint for achieving gate dielectric film in this EOT 
range. This work, taking La2O3 as example, demonstrates some 
of these issues related to the further subnanometer EOT scaling.  

Keywords—high-k gate dielectric; subnanometer EOT; La2O3; 
interface reaction 

I.  INTRODUCTION 
In downsizing the CMOS gate dielectric film, the 

reduction rate is far slower than that suggested by the constant 
field scaling rule and the technology roadmap prediction even 
in the sense of  equivalent (silicon) oxide thickness (EOT) in 
the last decades [1]. The slow downsizing rate was first due to 
the physical thickness limit of bulk silicon dioxide and the less 
controllable atomic layer uniformity of ultrathin film in mass 
production [2]. These issues were overcome by introducing 
much thicker high-k metal oxide films [3-4]. However, the 
EOT reduction could only proceed by a couple tenths of a 
nanometer. The much poorer properties and less thermal 
stability of the metal oxides hindered the further EOT 
downsizing [1]. The ideal gate oxide EOT for 14 nm gate 
length technology should be less than half nanometer but the 
actual EOT used was still around 0.8 nm [5]. We need to 
produce thinner EOT for maintaining further device 
downsizing, boosting the device characteristics, and 
suppressing the “off current” of CMOS devices [6].  

When scaling towards the subnanometer range, 
especially around half nanometer, it is an issue of whether 
technologically feasible rather than the issues related to 
characteristic, reliability, or variability degradation. The less 
scalable silicon/high-k and the metal gate/high-k interfaces 
pose the ultimate technology constraint on further EOT 
scaling [7-8]. In this paper, we shall discuss, taking lanthanum 
oxide (La2O3) as an example, the issues and challenges of 
fabricating subnanometer EOT gate dielectric. In Section II 
will be discussed some characteristics of high-k films in a 
couple nanometers thick. The interface material interaction at 
the Si/La2O3 and W/La2O3 interfaces that leading to the EOT 
degradation will be discussed in Section III.  

 

II. HIGH-K DIELECTRICS IN NANOMETER SCALE 
When the high-k dielectric is scaled down to a couple 

nanometers, its challenge will be much server than the silicon 
oxide and silicon nitride of the same physical thickness. High-
k oxides are often found to have much higher bulk trap 
(mainly the oxygen vacancies, and some cases the grain 
boundary states of high-k nanocrystallites)[9-10] than the 
silicon oxide ones, as a result the high-k film has much larger 
leakage current for same physical thickness. The advantage of 
“physically thicker” will be dismissed when the physical 
thickness of the high-k film is reduced to a couple nanometers. 
In addition, direct tunneling will take place in high-k films 
with thicknesses in this range as high-k materials have much 
smaller band offsets [1] with silicon and sometimes have 
lighter carrier effective masses [9-11] which made the direct 
tunneling to occur at thicker film. Figure 1 lists the estimated 
thicknesses for direct tunneling to occur for HfO2 and La2O3 
films. In principle, half nanometer EOT could be achieved 
with 3.5 nm thick La2O3, this thickness is far thinner than the 
direct tunneling limit of La2O3 as estimated. Note that the 
effective masses, taken from various sources [11-13], need 
some further confirmation. Data extracted from current-
voltage characteristics usually are inaccurate. Theoretical data 
from first principle calculation may need to be calibrated in 
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some ways [11]. However, it is quite sure that the effective 
masses of different modifications can vary greatly [11]. 
Significant enhancement in gate leakage is expected as result 
of direct tunneling and trap-assisted conduction in the film. 

 

 
 

Fig. 1. Scaling high-k to subnanometer EOT will push the gate dielectric film 
to direct tunneling limit again as high-k metal oxides have much smaller band 
offsets with silicon. 

III. INTERFACING WITH HIGH-K  

A. Lanthanum oxide/silicon interface  
Most high-k oxides can readily react with the interfacial 

silicon oxide or the silicon substrate [14-16]. Depending on 
the process temperature, partial pressure of oxygen, several 
different chemical reactions may take place (see Fig.2) [9, 14-
16]. The reactions can lead to the formation of a silicate layer 
with much smaller k values. It becomes the critical constraint 
for half-nanometer EOT. For HfO2 film, the proposed 
technique for suppressing the interface layer is the scavenging 
process [17-18]. By introducing some metals with positive 
Gibbs free energies and treated at sufficient high temperature, 
the interfacial SiO2 or silicate layer can be scavenged and thus 
improves the EOT [17-18]. The scavenging process requires a 
high temperature (e.g. > 800 °C) which may cause some 
instability issues [1]. In addition, the required processing 
temperature is well above the available thermal budget in 
general. For La2O3/Si stack, no scavenging phenomenon has 
been reported so far. Instead, it is often reported that a high-
temperature treatment on the La2O3/Si stack could result in 
silicates formation via the calcinations process [1]. Figure 3 
compares the cross section view of as-deposited W/La2O3/Si 
and with 600 oC annealing. A thick interface silicate layer was 
found in annealed sample. The existence of interface silicate 
bonding was confirmed with angle-resolved x-ray 
photoelectron spectroscopy (XPS) measurements. As depicted 
in Fig.4 taken from 600 oC thermal annealed sample, highly-
distorted Si 1s XPS peak with notable energy shifts were 
observed near the La2O3/Si interface. Gaussian decomposition 
of the peak reveals that this XPS spectrum is constituted by Si-
O bonding (with peak energy of 153.9 eV) and La-O-Si 
bonding (with peak energy of 150.8 eV). This silicate layer 
causes significant EOT degradation [15]. Unlike the HfO2/Si 
stack where the interface silicate layer can be suppressed with 

the scavenging process, the interface silicate layer in the 
La2O3/Si stack is hard to be suppressed. The substrate Si can 
even be incorporated into the bulk La2O3. It was suggested the 
interfacial layer growth is a consequence of La2O3 and SiO2 
calcinations. Thus suppressing the interface oxidation such as 
reduce the amount of oxygen in ambient and in the metal gate 
should be an effective way to suppress the growth of interface 
silicate layer and the increase of gate dielectric EOT.   

 

Fig. 2. Possible chemical reactions amongst Si, La, SiO2, La2O3, and 
LaSixOy. Direct reaction between La2O3 and Si, interface oxidation, and 
SiO2/La2O3 calcination can lead to the formation of a complex oxide layer 
with a smaller k value. It becomes the lower bound for minimum EOT to be 
achieved. Adopted from [7]. 

 

      
 

(a) As-deposited          (b) 600 oC Annealed 
 

Fig. 3. A thick silicate layer at the La2O3/Si interface make the resulting film 
to have a much large EOT. TEM picture showing the layered structure of 
cross-section view of the W/La2O3/Si stack: (a) as-deposited sample with 
sharp interfaces; (b) annealed sample with a thick silicate layer at the La2O3/Si 
interface. 

B. Lanthanum oxide/metal gate interface  
The interfacial layer at the high-k/metal gate interface may 

also cause the EOT degradation. The metal/high-k interface 
layer can be either an insulating or conducting layer [1]. Yet 
W/La2O3 stack is a good option in the sense of smaller EOT 
and other characteristics [19]. The TEM picture shown in Fig. 
3(b) also reveals the existence of transition layer at W/La2O3 
interface. XPS study on the W bonding states in this region 
indicates that the major bonding states are oxidized tungsten 
phases (WOx) [19]. To perform more precise probing on the 
interface bonding states, the W layer was first thinning with 
Ar sputtering for 4.5 min. Then angle-resolved XPS 
measurement was conducted at take-off angle ranging from 0 

EUROSOI-ULIS 2016

ISBN 978-1-4673-8608-1 37 IEEE Catalog number CFP1649D-USB



to 90o. As shown in Fig. 5, in addition to the W 4f twin peaks 
at 31.5 and 33.5 eV for elemental W, additional board peaks 
were found in the energy ranging from 35 to 39 eV. These 
peaks were due to some oxidized W phases [19]. The signals 
of oxidized W peak become stronger at larger take-off angles 
indicating the presence of larger amount of oxidized states at 
the W/La2O3 interface. As WOx are conductive, it can be 
considered as part of W electrode and should not cause EOT 
degradation [1, 19]. However, if further thermal treatment is to 
be proceeded, the tungsten oxide may be reduced to some 
forms with lower oxidation states and the released oxygen will 
cause the La2O3/Si interface oxidation and results in an 
increase of EOT as mentioned in Sec. IIIA. In addition, when 
the sample was subjected to thermal annealing at 600 oC, W-
O-La bonding was found. As shown in Fig.6, the La 3d XPS 
taken near the W/La2O3 interface is highly skewed. Gaussian 
decomposition of the spectrum indicates that there is a peak at 
energy of 855 eV. This peak was assigned to the La-O-W 
bonding []19] which may cause the EOT degradation and 
needs to be taken care in half nanometer EOT film. 

 

Fig. 4. Angle-resolved Si 2s XPS taken at La2O3/Si interface showing 
significant amount of silicate bonding. 

 

Fig. 5. Typical W 4f XPS spectra at different depths showing strong WOx 
peaks at the W/La2O3 interface. The sample was thermally annealed at 600 oC 
for 30 min. 

IV. CONCLUSION  
The introduction of high-k material has enabled the 

production of subnanometer EOT gate dielectric film for 
recent technology nodes. However, the gate dielectric EOT 
scaling been slowed down again. From device performance 
point of view, scaling of high-k film into half-nanometer EOT, 
which will be used in 6 nm gate length devices, will push the 
physical thickness of the high-k film into direct tunneling 
range and that gives rise a significant increase in the gate 
leakage current. From process point of view, the high-k/Si and 
high-k/metal gate interfaces have become the predominant 
limiting factor in achieving half-nanometer EOT. For La2O3 
data presented in this work, interface reactions which lead to 
the significant increase of EOT were found for sample with 
600 oC thermal annealing. In that sense, better interface 
control will be more important than the introduction of even 
higher k value materials. It is a great challenge for achieving 
gate dielectric with EOT in the half nanometer range.   

 

 

Fig. 6. Gaussian decomposition of the La 3d XPS near the W/La2O3 interface 
reveals the La-O-W bonding. The sample was annealed at 600 oC for 30 min. 
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Abstract—Random Telegraph Noise (RTN) has been studied
in ultrathin SOI MOSFET by introducing a new protocol which
aims to identify unequivocally the single-trap RTN signals in
optimum bias conditions for its electrical characterization. The
methodology combines a modified Weighted Time Lag Plot
algorithm assisted with 1/f spectral scanning by gate bias. The
procedure has been applied to study the influence of the back-gate
bias on the RTN characteristics of the SOI devices with coupled
front and back interfaces, revealing unusual characteristics
compatible with the trap escaping to the gate metal contact.

I. INTRODUCTION

Random Telegraph Noise (RTN) remains as a critical con-

strain when the characteristic dimensions of the semiconductor

devices are shrunk to the deca-nanometer range [1], [2]. Paired

with the decrease of the signal levels, the introduction of Ultra-

thin Silicon-On-Insulator substrates also entails the appearance

of additional effects related with the electrostatic coupling

between the top-channel and the Si-film/BOX interfaces [3],

[4]. Substrate bias is one of the more relevant applications

of interface coupling (great importance for mobility boosting,

VT tuning... [5]), but its role on the RTN characteristics

has not been fully studied yet [6], [7]. A systematic mea-

suring protocol, to cope with the new challenges of RTN

characterization, has been introduced based on a modified

Weighted Time Lag Plot (WTLP) approach combined with the

Spectral Scanning by Gate Bias (SSGB). This method allows

the selection of single traps, identifying the best operation

region to characterize the RTN signature under substrate bias

conditions.

II. CHARACTERIZATION METHOD

The characterization setup is based on an Agilent B1517A

high resolution Source-Measurement-Unit (SMU) monitoring

repeatedly the drain current during periods of 400s at a 2ms
sampling-rate (the schematic is shown in Figure 1.a). The

acquisition periods were repeated until a minimum number

of 100 transitions in the current signal were captured to

guarantee the significance of the statistics. The 1/f noise is

characterized by using a low noise current amplifier connected

to a software-based spectrum analyzer through a high res-

olution A/D converter (Figure 1.b). High-k metal-gate SOI

nMOSFETs, fabricated at CEA-LETI in a 22nm process, were

selected for the experiments [8]. The transistors feature an

ultrathin body of tSi = 7nm, Buried-OXide (BOX) thickness

of tBOX = 145nm, gate length of L = 100nm and gate

width of W = 80nm. The hafnium-based gate oxide has an

equivalent oxide thickness (EOT) of tEOT = 1.3nm.

Fig. 1. (a) Schematic of the experimental setup developed for the RTN
measurements. Each transistor terminal is monitored by an Agilent B1517A
SMU at a rate of 500 samples per second. (b) Schematic of the 1/f
measurement setup based on a programmable low-noise amplifier.
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III. EXPERIMENTS AND DISCUSSION

Identifying the RTN signals corresponding to single traps

is one of the most challenging task during its electrical

characterization. Examples of drain current, affected by RTN,

measured as a function of time are shown in Figure 2 for

different devices. When two current levels are clearly detected

(revealing the existence of a single active trap, Figure 2.a), the

time at the high- and low-current states, in average, corres-

ponds to the capture (τc) and emission (τe) time respectively

[9]. However, the selection of single traps is not straight

forward in cases as the one shown in Figure 2.b, where

the drain current of several devices is monitored revealing

different multi-trapping events.

Fig. 2. Drain current signal presenting RTN as a function of time for different
gate voltages. (a) Device with clear single active trap. (b) Devices with
possible multi-trap situation.

The determination of the traps of interest can be carried

out unambiguously by a modified version of the Time Lag

Plot method (TLP) partially based on the approach described

in [10] and [11]. Each point of the TLP space (events)

(ID(i), ID(i + 1)) is weighted by the appearance function,

A(ID(i), ID(i+1)), which accounts for the number of events

inside a certain circle of the TLP space:

A(ID(i), ID(i+ 1)) =

N−1∑
j=1

ξ(ID(j), ID(j + 1)) (1)

where,

ξ(ID(j), ID(j + 1)) =

=

{
1 if d{[ID(j), ID(j + 1)], [ID(i), ID(i+ 1)]} ≤ r
0 if d{[ID(j), ID(j + 1)], [ID(i), ID(i+ 1)]} > r

(2)

N is the total number of samples inside the time frame

analyzed; d{., .}, is the Euclidean distance function; and r
is appearance radius, r = 10−6σ (A) (with σ the standard

deviation of the samples within the time frame).

Fig. 3. Weighted TLP of the drain current signal: (a) transistor of Figure 2.a
with VG = 0.475V where two lobes (states) result of the single active trap
are clearly shown. (b) Three lobes identifying the characteristic signature of
two traps.

This sample-weighted approach of the conventional Time

Lag Plot method allows to identify the RTN levels clearly as

populated regions in the diagonal of the TLP space, while

populated regions outside the diagonal are related to the

transitions between states. In Figure 3, we show results of the

application of the method. Two lobes indicate the presence of
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a single trap (Figure 3.a) whereas the results in Figure 3.b

reveal the existence of three predominant current levels (two

traps).

Identifying single trap RTN also requires the proper selec-

tion of the gate bias range where the characteristic times of the

trap (τc, τe) are similar enough to each other so the transition

events between states can be observed in a reasonable time

frame. This can be facilitated by obtaining the 1/f curve for a

given bias (preferentially close to the threshold voltage, Figure

4. Inset). The corner frequency is determined by the sum of

the inverse of the characteristic times (fc = 1/τe+1/τc) [12].

Once the corner frequency is located, the spectral density of

the current noise, SI , is measured while VG is swept leading to

a SI − VG curve as shown in Figure 4 (Spectral Scanning by

Gate Bias, SSGB). The bell shaped characteristic identifies

the bias range where the RTN will be easily observable

(VG ∈[0.42V, 0.56V] for this particular case).

Fig. 4. Normalized current noise power SI dependence with the VG (SSGB)
for the transistor shown in Figure 2.a). Inset: SI vs. Frequency for the same
device at a given bias point.

Figure 5 shows typical τc/τe ratios used to extract the

physical parameters of the traps ( [13]) for two different

samples when a substrate bias is applied; the front gate

overdrive voltage range is selected with the SSGB procedure

previously described. As observed, although the curves are

presented as a function of the overdrive voltage (note that

VT will be modified by VSUB when the back interface is in

depletion), the τc/τe ratio depends on the particular value of

VSUB (despite that the inversion charge is the same in all

cases). Note also that this dependence on VSUB , for a given

inversion charge, is different for the particular trap considered

(Figure 5.a vs. 5.b).

Figure 6 shows the values of τc and τe as a function of the

overdrive voltage for the previous devices. From the analysis

of this plot we can appreciate that for a given overdrive

voltage, the capture time (τc) decreases whereas the emission

time (τe) increases as VSUB increases.

From Figure 6 one may also notice that this behavior is

Fig. 5. τc/τe ratios respect to the gate overdrive bias for different negative
and positive substrate biases. Results from two different devices (a) and (b)
and the same physical dimensions.

Fig. 6. τc and τe ratios respect to the gate overdrive for different substrates
biases in the same devices than in Fig. 5.

observed both for attractive (linear dependence of τc and

τe with the gate bias, Figure 6.a) or neutral traps (linear

dependence of τc and constant value τe with the gate bias,

Figure 6.b) [14]. This effect is contrary from the one we

may expect considering classical RTN models relying on the
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inversion charge and the possible intensification of the role of

the electric field in the Si-film while increasing the substrate

bias [15]. In contrast, these results are compatible with the

fact that the trap is escaping to the metal gate contact since,

for this mechanism, the lower the electric field intensity in the

gate oxide, the larger the probability of the trap to be filled

[16].

IV. CONCLUSION

We have introduced an exhaustive method to identify exper-

imentally, single-trap Random Telegraph Noise by combining

the modified Weighted Time Lag Plot method (w-TLP) with

the 1/f Spectral Scanning by Gate Bias technique (SSGB).

The characterization procedure has been implemented in ul-

trathin SOI MOSFETs when a substrate bias is applied. The

results show a non-intuitive tendency leading to an increase of

the emission time (decrease of capture time) when the electric

field in the film is relaxed by increasing the substrate bias,

for a given inversion charge. However this behavior could be

explained by the trap escaping to the gate metal contact.
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Abstract — The AlGaN/GaN omega-shaped nanowire FETs 
with different nanowire widths (W) have been fabricated. The 
effects of varying W on the performance of AlGaN/GaN omega-
shaped nanowire FETs were investigated using low frequency 
noise (LFN) measurement. It was found that the noise 
characteristics of the device with narrow W show improved noise 
performances due to the accumulation of electrons in the volume 
of the nanowire which constricts the electron trapping in GaN 
layer. This volume accumulation of electrons is responsible for 
the mobility fluctuations because it decreases the probability of 
channel electrons at surface being captured into the surface 
traps, and also high carrier concentration screens the effective 
trapping of electrons in the volume of the nanowire. Whereas, 
width increases the LFN characteristics tended to be dominated 
by the carrier number fluctuation because the fin is too wide for 
volume accumulation and are subjected to the bulk trapping. 

Keywords— AlGaN/GaN; heterostructure; omega-FET; 1/f 
noise characteristics; carrier confinement 

 

I. INTRODUCTION  
 

Gallium nitride (GaN) have an excellent potential for high 
frequency and high voltage operations due to its outstanding 
material properties, such as large band gap, high critical field, 
and high saturation electron velocity [1]. AlGaN/GaN fin-
shaped field-effect transistors (FinFETs) benefit from 
enhanced gate control of the channel, which results in 
remarkable on-state and off-state performances [2- 6]: low off-
state leakage, high on-state current, low subthreshold swing 
(SS), and high linearity operation [6].  

Recently, omega-shaped AlGaN/GaN FinFETs exhibiting 
superior off-state performances were demonstrated by our 
group, for the first time [7].The entire active regions of these 
devices were surrounded by the gate metal except the very 
narrow neck regions and hence effectively separated from the 
underlying thick GaN buffer layer, which resulted in excellent 
on- and off-state performances due to the greatly enhanced gate 
controllability. This device features 2DEG conduction at the 
AlGaN/GaN interface and sidewall MOS conduction along the 
fin sidewalls.  

Low frequency noise measurements are important for 
reliability of semiconductor devices and also evaluating the 
nature of defects [8]-[9]. Several groups had already conducted 
the study on the 1/f noise in AlGaN/GaN heterostructure FET 
(HFETs) [8]-[10], metal-oxide-semiconductor HFETs 
(MOSHFETs) [11] and FinFETs [12]. 

In this work, the AlGaN/GaN omega-shaped nanowire 
FETs with different nanowire widths (W) have been fabricated 
and their 1/f noise characteristics have been analyzed for the 
first time to understand the carrier confinement effect and the 
related trapping behavior in the volume of the nanowires as 
well as at the surface channel regions. 

II. DEVICE FABRICATION 
AlGaN/GaN heterostructure was grown by metal organic 

chemical vapor deposition (MOCVD) on sapphire substrate. 
Firstly, SiO2 mask was patterned by e-beam lithography on the 
active region of the device and then, the nanowire was defined 
by transformer-coupled plasma reactive ion etching (TCP-RIE) 
using a BCl3/Cl2 gas mixture. Then, tetramethylammonium 
hydroxide (TMAH) wet etching (5% of solution at 90 °C) was 
directly applied for 30 min. TMAH not only eliminates the 
plasma damage occurred during the plasma etching, but also 
narrows the fin  width and the fin shape changed from a wide 
trapezoid to a narrow rectangle with very steep side-wall 
surfaces. ALD HfO2 layer was then deposited and etched away 
leaving the HfO2 spacer layer on the sidewalls. A second GaN 
etching and TMAH wet etching was employed to partially etch 
the GaN layer to form an omega-shaped nanowire structure. 
The TMAH wet etching was carried out for 10 hrs and the 
sidewall HfO2 spacer effectively protects the narrow nanowire 
during long lateral etching time in TMAH solution. Then, the 
sidewall HfO2 spacer was removed to deposit 20 nm-thick 
Al2O3 layer and 50 nm-thick TiN as a gate dielectric and gate 
metal, respectively was deposited using ALD. The schematic 
and TEM images of AlGaN/GaN omega-shaped nanowire 
FinFETs is shown in Fig. 1(a) and (b). The fabricated nanowire 
FETs has W from 70 to 200 nm, nanowire height (H) of 200 
nm, and 36 number of nanowires.  
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                                      (a) 

                     
                                   (b) 
Fig.1 (a): Schematic illustration of the omega-shaped FinF
(b): Cross-sectional TEM image of the omega-shaped Fin

III. RESULTS AND DISCUSSION

 
The semi-log Ids-Vgs characteristics of 

nanowire omega-FETs with 70 and 200 nm
shown in Fig. 2. Both devices exhibit extrem
leakage current as low as 10-11 mA, low SS
ION/IOFF ratio (~1010 orders). These excelle
attributes not only the enhanced gate controll
the -shaped gate structure, and fully depletio
but also the active region was completely se
underlying thick GaN buffer layer by a very na
as discussed before [7]. In addition, the thresh
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electron gas (2DEG) channel current at t
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 Fig.4: Effective trap density (NT) versus fin width (W) at Vds = 0.1 V. 

NT of ~ 2×1020 eV-1 cm-3 and 3×1020 was extracted from the 
device with W= 70 nm and 200 nm devices, respectively. 

In addition, Hooge parameter (αH) is also calculated using 
the equation [15],  

                  

A value of 100 was obtained for device with wide W and 
10-1 for device with narrow W. The large the  indicates that 
the carrier number fluctuation is involved [16]. 

 More informative results were obtained by plotting (SId/Id
2) 

versus Id as shown in Figure 5. It is noticed that the (gm/Id)2 is 
much higher than SId/Id

2 and varies proportionally with 1/Id for 
the device with narrow W. These facts act against the CNF 
model and it follows that the dominant source of noise is 
unequivocally the carrier mobility fluctuation [17]. In the 
device with narrow W, the conduction band energy across the 
nanowire is significantly lowered due to the overlap of the 
energy profile belonging to each sidewall surface which results 
in electron accumulation in the central part of the nanowire, 
similar to the volume inversion observed in Si-based fin-
shaped FETs (FinFETs) [18]. This volume accumulation of 
electrons in the body can fill the traps, thus 2DEG electrons are 
less subject to bulk-trapping and the screening effect by 
volume electrons is responsible for the mobility fluctuations.  

On the other hand, the (SId/Id
2) and (gm/Id)2 for the device 

with wider W (W = 200 nm) has good correlation with each 
other (SVfb  1). The LFN varies as 1/Id

2, and the noise 
saturation in weak accumulation is clearly visible. This 
explicitly points out that the noise is due to carrier number 
fluctuation. Here, the fin is too wide for volume accumulation 
to take place, thus the 2DEG electrons have higher probability 
of being captured in bulk traps that are typically located in the 
GaN layer. It is noticed that, SVfb  1 from W = 200 nm and 
results in the higher trap density. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
Fig.5: Averaged noise spectral density (SId/Id

2) (black circle) and 
(gm/Id)2 (blue circle) versus Id at Vds = 0.1 V and f = 10 Hz. 

 

IV. CONCLUSION 
 

AlGaN/GaN omega-shaped nanowire FETs from 70 to 200 nm 
widths W have been fabricated and their 1/f noise 
measurements were performed to find the W dependence on 
the carrier confinement. The accumulation of electrons in the 
volume of the nanowire constricts the trapping of electrons not 
only at sidewall surface, but also in the active bulk region. It 
was observed that the noise generated in the device with 
narrow W is governed by the carrier mobility fluctuations in 
the channel, whereas the device with wide W from the carrier 
number fluctuation due to the electron trapping from both the 
surface channel and the active bulk region. The extracted NT 
from the device with narrow W was noticeably less than those 
in wide W devices. The noise characteristics of the device with 
narrow W are having improved noise performances. 
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Abstract—We present simulations by the 2D drift-diffusion
model of a quarter-micron NMOSFET at THz frequencies.
The derivative of the current densities with respect to time
is included in the model, which enables simulations of plasma
oscillations. In contrast to the usual 1D transmission line models
this approach includes all 2D effects of the device (parasitics,
inhomogeneous channel, etc.). In the case of silicon the impact
of plasma oscillations is found to be negligible due to the strong
damping. With respect to numerics it is found that the backward
differentiation formula based on trigonometric functions is very
efficient for simulation of the periodic steady-state.

I. INTRODUCTION

Generation and detection of electromagnetic radiation in
the THz range for remote sensing, security and medical
applications etc. is currently a very active research field [1].
Due to the high frequencies of more than 300GHz (mm
waves) the performance of semiconductor devices is very
poor. By exploitation of plasma waves it might be possible
to boost their performance [2]. In this work we present a new
approach for the simulation of plasma waves in semiconductor
devices beyond the usual transmission line approaches, where
the device is described by a 1D transmission line, which is
assumed to be piecewise homogeneous (e.g. [3], [4]). Both
assumptions do not hold in real devices. First, the structure of a
FET is at least 2D and second, the channel is not homogeneous.
This is especially the case, if a DC drain bias is applied. Our
approach is based on a 2D description of the electron/hole
transport by the drift-diffusion (DD) model, which is sufficient
to capture plasma waves in silicon devices [5].

Since in Ref. [6] quarter-micron silicon NMOSFETs are
used for detection of THz signals, we investigate the impact
of plasma effects in such devices.

II. APPROACH

We solve in the DD model for electrons and holes in 2D [7]

∇Jn − q
∂n

∂t
= 0 (1)

∇Jp + q
∂p

∂t
= 0 (2)

∂Jn

∂t
+

Jn

τn
= −

q2

mn

(n∇ϕ− VT∇n) (3)

∂Jp

∂t
+

Jp

τp
= −

q2

mp

(p∇ϕ+ VT∇p) (4)

together with the Poisson equation for the quasi-static potential

∇ · (ε∇ϕ) = −q (p− n+ND −NA) , (5)

where Jn is the electron current density, n the electron
density, q the positive electron charge, τn the macroscopic
relaxation time of the electron momentum, mn the electron
conductivity mass (mn = 0.286m0 and mp = 0.372m0

for silicon), ϕ the quasi-stationary potential, VT the thermal
voltage, ε the permittivity, and ND the donor concentration.
Corresponding hole quantities are labeled by p and NA is
the acceptor concentration. The electron mobility is given by
μn = qτn/mn.

In order to capture plasma waves, we include in the
constitutive equations for the current densities (3),(4) their
time derivatives [8]. These derivatives are usually neglected in
commercial simulators, because they increase the CPU time of
the transient DD model significantly and the current densities
can no longer be eliminated from the system of equations
resulting in larger memory requirements. In the 2D case of
the DD model for each grid node the electron density, hole
density, the x- and y-components of the current densities and
the potential have to be stored, where the current densities are
defined on the edges of the grid primitives. In the case of a 2D
tensor-product grid we get instead of three variables seven per
grid node. The continuity equations (1),(2) are discretized with
the finite volume method [9] and the constitutive equations
(3),(4) are stabilized by applying the Scharfetter-Gummel
scheme [10] to their right-hand sides together with the usual
dimensional splitting [7]. Thus, this formulation reduces for
the slowly varying case, for which the time derivatives of the
current densities can be neglected (ωτn,p � 1), to the standard
set of discrete equations. The terminal currents are evaluated
with the Ramo-Shockley theorem [11].

Eqs. (1)-(4) are of the form

∂u

∂t
= f(u, t) . (6)

Three different methods for time integration are implemented.
The implicit (backward) Euler scheme (BE), the second or-
der backward differentiation formula based on polynomials
(BDF2) [12] and the modified BDF2 scheme based on trigono-
metric functions (MBDF2) [13]. In all three cases the time
derivative is approximated for a constant time step Δt by

∂u

∂t
|iΔt ≈

a0ui + a1ui−1 + a2ui−2

Δt
= fi (7)
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Fig. 1. Terminal current versus time for a pn junction. The bias changes
abruptly from zero to 0.7V at zero seconds.

with u(iΔt) ≈ ui and f(u(iΔt), iΔt) ≈ fi. The coefficients
are for the BE scheme

a0 = 1 , a1 = −1 , a2 = 0 , (8)

BDF2 scheme

a0 = 1.5 , a1 = −2 , a2 = 0.5 , (9)

and MBDF2 scheme

a0 =
z cos(2z)− z cos(z)

sin(2z)− 2 sin(z)
, (10)

a1 =
z sin(z)

cos(z)− 1
, (11)

a2 =
z

2 sin(z)
(12)

with z = 2π/nT . The MBDF2 scheme is used only for the
periodic steady-state and nT is the number of time steps used
per period, where nT must be larger or equal to eight. All
three formulas are A-stable, but show quite different spurious
damping behavior in the case of plasma waves.

III. RESULTS

The derivation of the DD model from the Boltzmann
Transport Equation (BTE) requires many approximations and it
is not clear how accurately the DD model can describe plasma
effects. In Fig. 1 results are shown for an abrupt pn junction
simulated by the BTE, which is solved by the Monte Carlo
method [8], and the DD model with and without the time
derivative of the current densities. As expected, the DD model
without the derivatives fails and yields the usual diffusive
behavior. The DD model with the derivatives on the other
hands yields plasma oscillations similar to the BTE result.

In Ref. [6] quarter-micron silicon NMOSFETs are used to
detect THz radiation and we use therefore a similar device
in our simulations (Fig. 2). The length of the gate contact is
250nm and the oxide thickness 3nm. The 2D structure captures
the most important parasitics (e.g. the overlap capacitances
between gate and source/drain). In addition, the channel is
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Fig. 2. The 2D structure and grid of the silicon NMOSFET. The ticks indicate
the non-equidistant grid and the dashed thick lines the junctions.
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Fig. 3. Real part of the small-signal gate self-admittance at VG = 2.0V,
VD = 0.1V and room temperature for the NMOSFET.

inhomogeneous, a fact not easily included in 1D transmission
line models.

In Fig. 3 the real part of the gate self-admittance is
shown as a function of the frequency for the NMOSFET. This
small-signal result is calculated by the DD model with and
without the time derivative of the current densities and by a
spherical harmonics expansion of the BTE [14]. In this case the
electron and hole mobilities are given by their respective bulk
values [15] neglecting interface effects to facilitate a simpler
comparison of the models. Again, the DD model and the BTE
show reasonable agreement even at very high frequencies.
Thus, the DD model is able to capture the most salient aspects
of the plasma oscillations.

The NMOSFET is used as a passive mixer in Ref. [6]
and we use an analogous circuit (Fig. 4). The RF signal is
applied to the source terminal and the DC current at the drain
terminal is measured. The applied DC drain/source bias is zero
and a certain DC gate/source bias is chosen. The MOSFET is
operated as a diode and it rectifies the RF signal, which leads
to the DC current. The responsivity of the mixer is given by
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the ratio of the DC drain current and RF power at the source

RI =
IDC
D

PAC
S

. (13)

This responsivity is constant over a wide range of RF powers.
Only for very large AC voltages (above 100mV) the responsiv-
ity depends on the AC power. In the circuit in Fig. 4 the drain
is grounded (AC short). In some detectors the drain is kept
open for the AC signal and the responsivity with respect to
the voltage is calculated. It can be easily obtained by dividing
RI by the small-signal self-admittance of the drain.

In Fig. 5 the transient drain current is shown for an AC
voltage of 1mV at 400GHz applied to the source calculated
by the BDF2 scheme with time steps of 50fs and a constant
electron mobility of 300cm2/Vs. A few periods are required
to reach the periodic steady-state. In the following simulations
a sufficient number of periods is used (depending on the
frequency 50 to 200 periods), and the responsivity is evaluated
for the last period.

In the case of very large AC amplitudes (some hundreds
of Millivolts) negative electron and hole densities can occur
during transient simulations. This seems to be due to the
time derivatives of the current densities, which imply second
derivatives with respect to time in the densities. In this case
the Scharfetter-Gummel stabilization scheme is no longer suf-
ficient to ensure positive densities. Therefore, all simulations
in this work are restricted to the case of sufficiently small AC
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Fig. 6. Responsivity at VG = 1.0V, VD = 0.0V and room temperature for
a 0.25μm NMOSFET with μn = 10000cm2/Vs for 1THz.

amplitudes for which the densities remain always positive. In
experiments the AC amplitudes are anyway small due to the
high frequencies at which it is difficult to generate large RF
powers.

In Fig. 6 the responsivity of the MOSFET is shown for
the different time integration schemes as a function of the
number of time steps per period for a very large electron
mobility in order to emphasize the plasma effects. The different
schemes show different levels of spurious damping. The BE
scheme, which is even stable for certain poles with positive real
parts, shows the usual over-damping and requires a very large
number of time steps per period. Otherwise, the responsivity
is strongly underestimated due to the over-damping. The
standard BDF2 is more efficient than BE, and the modified
one (MBDF2) requires only eight steps for a negligible error.
A smaller number of steps is not possible due to numerical
instabilities.

The responsivity as a function of the frequency is shown in
Fig. 7 for different electron mobilities. For low mobilities no
impact of the plasma waves is seen. On the other hand, for the
highest mobility strong plasma effects occur, which vanish, if
the time derivative of the current density is neglected. These
results show, that plasma effects play no role in silicon devices
with mobilities around 300cm2/Vs. In III-V or graphene
devices the mobility might be sufficiently high for plasma
effects and the responsivity might be higher than in silicon at
high frequencies. At low frequencies the responsivity does not
depend on the mobility, because the AC power at the source
terminal and the DC drain current are both proportional to it.

The dependence on the gate bias and thus on the electron
density is shown in Fig. 8 for a frequency of 1THz. The lower
the gate bias, the lower is the resonance frequency. This leads
to the resonance effects in the responsivity for the highest
mobilities as a function of the gate bias. For low mobilities the
peak responsivity is found near the threshold voltage, whereas
at high mobilities it moves to higher voltages.
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for the NMOSFET at 1THz (black: 300, red: 1000, brown: 3000, blue:
10000cm2/Vs).

IV. CONCLUSION

We have demonstrated that inclusion of the time derivatives
of the current densities in the constitutive equations of the
DD model allows simulating plasma effects in semiconductor
devices. Under periodic steady-state conditions the backward
differentiation formula of the second order based on trigono-
metric functions (MBDF2) yields the best performance.

Due to the strong over-damping of the plasma waves by the
low mobility (high scattering) plasma effects play no role in
silicon devices. On the other hand, in high mobility materials
plasma resonances might occur and the responsivity of such
devices is largely enhanced at high frequencies.
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Abstract—ID-VG characteristics of a 22 nm gate length gate-
all-around (GAA) Si nanowire (NW) obtained from a 3D Finite
Element (FE) Monte Carlo (MC) in-house simulation toolbox
which uses anisotropic 2D Schrödinger equation based quantum
corrections (SEQC) are compared against experimental data with
excellent agreement at both low and high drain biases. We then
scale the Si GAA NW according to the ITRS specifications to a
gate length of 10 nm predicting that the scaled NW will ensure a
required on-current of above 1mA/μm and superior electrostatic
integrity of a nearly ideal sub-threshold slope of 66 mV/dec
and a DIBL of 39 mV/V. The effects of nanowire (NW) line-
edge roughness (LER) on threshold voltage and off-current are
investigated by calibrated 3D FE quantum corrected (QC) drift-
diffusion (DD) toolbox.

I. INTRODUCTION

Gate-All-Around (GAA) nanowire (NW) FETs are considered
to be excellent candidates for future CMOS integration for
sub-10 nm digital technology to continue transistor down-
scaling [1]. The GAA NW FETs have superior electrostatics
and immunity to short channel effects while still delivering
a large on-current [2]–[4]. However, variability of transistor
characteristics induced by material properties and by fabrica-
tion process can affect their performance in circuits. Line-edge
roughness (LER) is one of such sources with a major impact on
variability in NW/FinFETs [3], [5], [6]. In this work, we report
on performance, scaling and variability induced by line-edge
roughness (LER) [3], [5], [6] of GAA NW FETs. We use an
in-house 3D Finite Element (FE) Monte Carlo (MC) toolbox
which includes newly developed integrated calibration-free FE
anisotropic Schrödinger equation based quantum corrections
(SEQC). More details on the 3D FE MC toolbox are in Refs.
[7]–[9].

II. 3D MONTE CARLO SIMULATIONS

In this work, we use the 3D FE method to accurately describe
the complex 3D geometry of the nanoscale devices. The
accurate description of the simulation domain in nanoscale
semiconductor devices is essential in determining quantum
transport at highly non-equilibrium conditions. In our case,
we chosen semi-classical transport technique, a 3D ensemble
MC [10], with calibration-free quantum confinement correc-
tions, the SEQC, along the device channel. Our in-house 3D
FE MC simulation toolbox employs fully anisotropic 2D FE

Fig. 1. Schematic of the 22 nm gate length n-channel Si GAA nanowire,
showing LER and examples of 2D slices.

Schrödinger equation based quantum corrections (QC) which
thus depends on valley orientation. The MC transport engine
considers analytical anisotropic non-parabolic bandstructure
model with the following scattering processes: the acoustic
phonon scattering, non-polar optical phonon scattering (g and
f -processes) [11], ionized impurity scattering using the third
body exclusion model by Ridley [12] and static screening
model self-consistently calculating Fermi energy and electron
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Fig. 2. Cross-section of Gaussian-like doping profile along the transport
x-direction in the 22 nm gate length GAA NW FET.
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temperature [13], and the interface roughness scattering using
Andos model [14]. This combination has been shown to be
a very good compromise between accuracy and speed for ac-
curate physical simulations of carrier transport in nanodevices
which are strongly quantum confined systems at highly non-
equilibrium transport conditions [7]–[9].

We start by comparing results from our 3D SEQC MC toolbox
against experimental data of the 22 nm gate length GAA
Si NW [2] with a 〈110〉 channel orientation. The NW has
elliptical cross-section (Fig. 1) with a shorter diameter of
11.3 nm; a longer diameter of 14.22 nm; with an effective
diameter (elliptical circumference/π) DNW=12.8 nm and EOT
= 1.5 nm which can be only accurately described by the FE
method.
The 3D FE quantum corrected (QC) drift-diffusion (DD)
simulations using density gradient [15] were used to reverse
engineer a doping profile in the sub-threshold region at VD

=0.05 V and VD=1.0 V as shown in Fig. 2. Fig. 3 shows
examples of this engineering process from a sub-threshold
region which achieved excellent agreement with a maximum
doping of 5 × 1019cm−3, a work function of 4.472 eV ,
and a S/D size of 30.8 nm. We then simulate the ID-VG

characteristics of the 22 nm gate GAA Si NW at low and
high drain biases achieving an excellent agreement as can be
seen in Fig. 4. Fig. 5 shows the potential profile in the device
in on-current conditions. Fig. 6 shows the average electron
velocity along the channel at the same on-current conditions.
We see that the electron velocity exhibits a typical behaviour
along the channel. The source injects electrons at relatively
large injection velocity of about 1.5× 104 m/s where they are
quickly accelerated along the gate reaching their maximum
velocity of 1.75 × 105 m/s on a drain side of the gate. Then
electrons rapidly decelerate into a heavily doped drain due to
enhanced optical phonon emission assisted by ionised impurity
scattering [16].

We then scale the Si GAA NW according to the ITRS
specifications to a gate length of 10 nm and an EOT of 0.8 nm.
Fig. 7 compares the first wavefunctions of the three Δ valleys
in the middle of the channel for the 22/10 nm gate length
GAA NW, respectively, at VD =1.0/0.7 V and VG=0.8 V
(note that Δ1 and Δ2 have the same effective mass tensor
in the 〈110〉 channel orientation, so they will have the same
wavefunction). Fig. 8 shows ID-VG characteristics for the
scaled 10 nm gate length NW FET at VD =0.05 V and VD

=0.7 V obtained from the 3D FE SEQC MC. Table I compares
device operating characteristics with gate lengths of 22 nm and
10 nm predicting that the scaling to the 10 nm gate will ensure
superior electrostatic integrity of a nearly ideal sub-threshold
slope of 66 mV/dec and a DIBL of 39 mV/V and satisfactory
on-current (even the on-current increase is relatively small,
≈ 5%). The sub-threshold voltage (VT) for both NW is 0.3 V.
The scaled GAA NW has a better sub-threshold slope (SS) at
both low and high drain biases, and a better drain-induced-
barrier-lowering (DIBL) of only 39 mV/V.

III. LINE-EDGE ROUGHNESS (LER)

The LER variability study in NWs as one of the major
sources of device variability [17] is essential for predicting
device behaviour in digital circuits. The effect of uncorrelated
LER is studied using Fourier synthesis with Gaussian

TABLE I. VT AND SUB-THRESHOLD SLOPE (SS) AT VD = 0.05 V
(LOW) AND 1.0/0.7 V (HIGH) FROM THE DD, DIBL FROM THE DD AND

FROM THE MC, AND DRIVE CURRENTS (IMC) AT VG = 1.0 V COMPARING

22 AND 10 NM GAA FETS.

Gate length [nm] 22 10

VT [V] 0.3 0.3
SSLOW [mV/dec] 74 66
SSHIGH [mV/dec] 77 67
DIBL [mV/V] 48 35
DIBLMC [mV/V] 64 39
IMC [μA/μm] 1150 1196
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Fig. 3. Devising doping profile for the 22 nm GAA NW FET at VD = 0.05 V
and VD = 1.0 V via DD simulations by changing the size of the S/D region
and the doping spread X (open red triangles and orange squares). Final MC
simulations (green open circles and stars) are compared to experimental data
(black full circles and stars).
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Fig. 4. ID-VG characteristics for the 22 nm GAA nanowire from the 3D FE
MC with anisotropic Schrödinger quantum corrections with no free parameter
(full lines) compared against experimental data (dashed lines) [2].

autocorrelation [18] implemented as described in [17], [19].
The simulations of variability for the 22 nm gate length
NW are carried out using the 3D quantum corrected FE DD
with a LER correlation length (CL) of 20 nm and three root
mean square values (RMS=0.6, 0.7 and 0.85 nm) chosen to
represent the RMS observed in experiments [2], [3]. Table II
compares VT,lin and IOFF,lin variability at a low drain bias
VD = 0.05 V due to the LER for the 22 nm GAA nanowire
as a function of the RMS height. The average value of VT
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Fig. 5. Potential profile at VD = 1.0 V and VG = 0.8 V for the 22 nm gate
length GAA nanowire, from drain (+x) to source (−x).
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Fig. 6. Average electron velocity at VD = 1.0 V and VG = 0.8 V along the
22 nm gate length GAA nanowire (3D MC). The zero is set in the middle of
the channel.

Fig. 7. The first wavefunctions of the three Δ valleys, in the middle of the
〈110〉 channel for the 22 nm (top, at VD = 1.0 V) and 10 nm (bottom, at
VD = 0.7 V) Si GAA NW at VG = 0.8 V.
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Fig. 8. ID-VG characteristics for the scaled 10 nm gate length GAA nanowire
predicted by the quantum corrected 3D FE MC.

and σVT are increasing with increasing the RMS height. In
addition, the average value of Log10(IOFF) and σLog10(IOFF)
are increasing with increasing the RMS height as expected.
Fig. 9 shows the scatter plots of VT,lin versus VT,sat for the
22 nm Si GAA NW with CL=20 nm and RMS=0.6 nm. The
threshold voltage at low and high drain biases are strongly
correlated (CC=0.997). The larger the CC value, the less
sensitive the variability is to a change in the drain bias.
Fig. 10 shows IOFF,sat vs. VT,sat at VD=1.0 V for the 22 nm
GAA nanowire with CL=20 nm and RMS=0.6 nm. The log
of the off-current exhibits the typical linear dependence on
the decreasing VT,sat suggesting near-to-Gaussian behaviour.
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Fig. 9. Scatter plot showing the distribution of the threshold voltages at a low
drain bias (VT,lin) against the threshold voltages at a high drain bias (VT,sat)
for the 22 nm GAA nanowire with LER (CL=20 nm, RMS=0.6 nm).

TABLE II. COMPARISON OF THE VT,lin , AND IOFF,lin VARIABILITY

(VD = 0.05 V) DUE TO LER FOR THE 22 NM GAA NANOWIRE AS A

FUNCTION OF THE RMS HEIGHT.

RMS [nm] 0.6 0.7 0.85

avg. VT [mV] 300.54 302.13 302.47
σVT [mV] 8.61 10.12 12.1

avg. Log10(IOFF) [A] -10.02 -10.06 -10.07
σLog10(IOFF) [A] 0.219 0.259 0.312
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Fig. 10. log10(IOFF,SAT) vs. VT,sat at VD=1.0 V for the 22 nm GAA
nanowire with LER (CL=20 nm, RMS=0.6 nm).

IV. CONCLUSION

We have employed our 3D SEQC FE MC simulation toolbox
which accurately describes the nanoscale geometry of multi-
scale transistors using a completely parameter-free model of
carrier transport to obtain the I-V characteristics of the 22 nm
gate length GAA Si NW FET. The ID-VG characteristics at low
and high drain biases obtained from the 3D MC toolbox which
uses fully anisotropic transport model together with fully
anisotropic quantum corrections which dependent on the valley
orientation (how longitudinal and transverse electron effective
masses are oriented along the device channel) demonstrated
exceptional agreement with experimental data [2], [3]. We
have then scaled the GAA Si NW FET to the 10 nm gate
length and predicted that the scaled device will deliver an on-
current of 1196 μA/μm with superior electrostatic integrity of
a nearly ideal sub-threshold slope of 66 mV/dec and a DIBL
of 39 mV/V. Finally, we have found that the LER induced
variability for the 22 nm GAA NW exhibits σVT of about
0.9 − 12 mV and that σ log10(IOFF) of about 0.2 − 0.3 A.
The same σVT of 12 mV has been obtained for UTB-FD-SOI
transistors (with LG = 22 nm; CL = 25 nm and 3σ = 2 nm)
[20].
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Abstract— The GSS ‘atomistic’ simulator GARAND has been 
enhanced with a thermal simulation module to investigate the 
impact of self-heating on FinFET DC operation. This thermal 
simulation module is based on the solution of the coupled Heat 
Flow, Poisson, and Current Continuity Equations, which is 
developed for the benefit of computational efficiency. A new 
formula for the calculation of the thermal conductivity in the fin 
region is employed considering both fin shape and temperature 
dependencies. The heat dissipation through the gate is treated by 
nonhomogeneous Neumann boundary conditions. The electro-
thermal simulation results for an SOI FinFET example, designed 
to meet the specifications for the 14/16nm CMOS technology 
generation, are presented. The lattice temperature profiles under 
different external thermal resistances connected to the gate and 
the corresponding Id-Vg characteristics are investigated and 
analysed. 

Keywords—FinFET; thermal effects; self-heating effects 

 

I.  INTRODUCTION  
Self-heating is one of the major concerns for nanoscale 

semiconductor transistors in terms of performance and 
reliability. As a result, there is a growing demand for the 
development of reliable electrothermal models and tools 
treating more accurately the self-heating effects in nano 
CMOS devices [1-3]. Simultaneously FinFETs, with their 
superior electrostatic integrity, performance and variability are 
replacing the traditional planar MOSFET [4]. However, 
because of its 3D architecture, the FinFETs’ thermal 
properties are significantly degraded. Self-heating effects will 
be exacerbated in SOI FinFETs (a schematic of an SOI 
FinFET is shown in Fig. 1), due to the low thermal 
conductivity of the buried oxide layer beneath the fin. To 
maximize the benefits of FinFET technology, an enhancement 
of TCAD tools is required to allow accurate analysis and 
modelling of self-heating in FinFETs and its influence on 
device performance [1-2]. A progressive electro-thermal 
FinFET simulation study has been presented [5]. 

Recently, the thermal simulation module in the GSS 
‘atomistic’ simulator GARAND [6] has been enhanced to 
capture accurately the fin geometry dependence of the thermal 
conductivity [7-8]. In this paper, GARAND is used to 
investigate the electro-thermal performance of SOI FinFETs 

under different external thermal resistances connected to the 
gate. The paper is organised as follows. In section II we 
provide a brief description of the simulation methodology, 
including the new approximate formula for the calculation of 
the thermal conductivity in the fin region, and the treatment of 
heat dissipation through the gate. In Section III, the electro-
thermal simulation results, for an SOI FinFET example, 
designed to meet the specifications for the 14/16nm CMOS 
technology generation, are presented and analysed. The lattice 
temperature profiles under different external thermal 
resistances connected to the gate and the corresponding Id-Vg 
characteristics are investigated. Finally the conclusions are 
drawn in Section V. 

 
Fig. 1. Schematics of SOI FinFET. 

 

II. SIMULATION METHODOLOGY 

A. Coupled electro-thermal simulations 
Our electro-thermal simulation module, which is 

implemented in the atomistic simulator GARAND, is based on 
the solution of the coupled Heat Flow, Poisson and Current 
Continuity Equations. The heat flow equation may be derived 
using phenomenological considerations, beginning with the 
Fourier law, which relates the heat current and the temperature 
gradient via the thermal conductivity into a linear response 
model, equivalent to Ohm’s law. The heat flow equation can 
be written as: 
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where is the lattice temperature,  is the mass density, c is 
the specific heat of the material,  is the thermal conductivity, 
and H is the heat generation term. This assumes that the 
electrons and holes are in thermal equilibrium with the silicon 
lattice. If Joule heat is considered, the heat generation term 
can be written as:  

           (2) 

where  is the electron current densitiy,  is the electric 
field,  is the lattice heating due to carrier 
recombination/generation. Here we focus on the self-
consistent solution of the steady-state heat-flow equation. The 
current density has three components corresponding to a drift 
term, electron density gradient and temperature gradient 
terms: 

  (3) 

where n is the electron density, is the electron mobility, k is 
Boltzmann constant.  

 

B. Thermal conduction in the fin 
A special thermal conductivity model is developed 

considering the effects of thermal confinement in FinFETs, 
where the thickness and width of the fin are less than 100 nm. 
The thermal conductivity in the fin can be significantly 
reduced compared to bulk Si, due to phonon-boundary 
scattering. A new approximate formula is employed in our 
thermal module for the calculation of the thermal conductivity 
in the fin region, which generalises a previous 1D paradigm 
[9] to 2D confined structures by assuming a similar integral 
dependency in the second direction [7]. For a fin of height h 
and width w, the thermal conductivity in the fin is given by 

 

 

      (4) 
where the offset of the y and z origins is accounted as follows: 
the z-axis is along the direction of fin height with the top and 
bottom surfaces of the fin being at z=0 and z=h, and the y-axis 
is along the direction of fin width with the surfaces of the fin 
being at y=-w/2 and y=w/2. Using this new calculation method 
the fin thermal conductivity is estimated to be 1~2 orders of 
magnitude lower than conventional values for bulk Si. 

 

C. Heat dissipation through the gate 
The thermal environment, where heat is dissipated, is a 

large domain, including transistors, the substrate, the 
interconnect layers, the die, the heat sink and packaging. The 

bulk of the thermal resistance lies outside of the usual electrical 
simulation domain, which is typically restricted to the active 
region of the device in order to maximize computational 
efficiency. The inclusion of external thermal resistances to 
account for heat dissipation into interconnects, the wafer, the 
case etc. is crucial for thermal simulations.  

In FinFETs, the gate almost “wraps” around the channel, 
which gives excellent control of the conducting channel and 
very little current is allowed to leak through the body when the 
device is in the off state. This is beneficial for optimal 
switching speeds and power. However, the heat dissipation 
through the gate is more complicated than the source and drain 
region, because the shape and materials of the gate stack and 
the surrounding region are much more complex. At thermally 
conducting interfaces, nonhomogeneous Neumann boundary 
conditions can be imposed: 

                (5) 
where  is the external thermal resistance, Ta is the ambient 
temperature, N is the unit vector in the direction of the outer 
normal at the interface. 

 

III. SOI FINFET EXAMPLE 
The material and structure of the SOI FinFET used in this 

study are shown in Fig. 2. Its channel length is 25 nm with 
spacers of 6nm on both sides of the gate, while the fin width 
and the fin height are 12nm and 30nm respectively. A high-k 
metal gate stack is used. The device parameters are listed in 
Table I. This SOI FinFET example is designed to meet the 
specifications for the 14/16nm CMOS technology generation. 

 
Fig. 2. Materials and structures of the bulk FinFET’s electrical simulation 
domain, showing a cross section. 

TABLE I.  DEVICE PARAMETERS FOR THE SOI FINFET EXAMPLE 

Parameter Value 
LG 25 nm 

Fin Width, WF 12 nm 
Fin Height, HF 30 nm 

Spacer 6 nm 
highly doped drain (HDD) profile 2nm/dec (σ=2.1nm) 
highly doped drain (HDD) doping 1×1020 cm-3 

Equivalent Oxide Thickness (EOT) 0.8 nm 
Channel doping 1×1015 cm-3

BOX depth 30 nm 
Supply Voltage 0.9 V 
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Following the progressive study of a coupled electro-thermal 
simulation for FinFETs [6], as a further step, in this paper we 
investigate the impact of external thermal resistances 
connected to the gate on the electro-thermal performance of 
the SOI FinFET. Three external resistances are used 
accounting for heat dissipation through the top of the gate, the 
front and the back of the gate. By using GARAND with the 
coupled thermal simulation module, five different cases with 
various external thermal resistances connected to the gate of 
the SOI FinFET example are simulated, as summarised in 
Table II. The external thermal resistances are user-specified 
parameters for the electro-thermal simulation module. The 
values used here demonstrate the effect and importance of the 
choice of relevant thermal resistances. In the simulation, a 
special thermal conductivity model that considers the effects 
of confinement in the fin is employed according to Eq. (4). 
Temperature dependence has been taken into account in the 
mobility models and saturation velocity. The Masetti model is 
used for doping-dependent low-field mobility, the enhanced 
Lombardi model is used for perpendicular field-dependent 
mobility and the Caughey-Thomas model is used for lateral 
field-dependent mobility.  

TABLE II.  FIVE DIFFERENT CASES WITH VARIOUS EXTERNAL THERMAL 
RESISTANCES FOR 3D COUPLED ELECTRO-THERMAL SIMULATION 

 
External thermal resistance connected to 

Top gate Front gate Back gate 

Case 1 4800 32 32 

Case 2 4800 320 320 

Case 3 4800 3200 3200 

Case 4 480 32 32 

Case 5 480 320 320 

 

Joule heat and potential distributions at high drain and high 
gate biases resulting from the 3D coupled electro-thermal 
simulations for “Case 1” are illustrated in Fig. 3. Lattice 
temperature distributions at high drain and high gate biases for 
five cases are illustrated in Fig.4, as well as the temperature 
variation according to gate voltage at high drain bias. The Id-
Vg characteristics at high drain bias from the 3D electro-
thermal simulations are illustrated in Fig.5. Because of the 
much lower thermal conductivity of the fin, a significant hot 
spot is produced near the drain, where the peak lattice 
temperature exceeds 420K in all five cases in this study, and 
strong temperature gradients are also generated in this region. 
As would be expected, the increase of external thermal 
resistances raises the lattice temperature. However, the external 
thermal resistance at different places connected to the gate has 
a different impact. When external thermal resistances 
connected to the front and the back of the gate increase by 10 
times, the lattice temperature increase by approximately 30 K, 
and consequently the on-current decreases by 3~7%. 
Conversely, when external thermal resistances connected to the 
front and the back of the gate are fixed and external thermal 
resistance connected to the top of the gate is increased 10 
times, there is no obvious impact on the lattice temperature and 

the corresponding electrical performance. Peak temperature 
and the average temperature in the fin at the high drain and 
high gate biases, and the on-current are compared in Table III. 

(a) 

(b) 
Fig. 3. (a) Joule heat and (b) potential distributions at high drain and high 
gate biases resulting from the 3D coupled electro-thermal simulations for 
“Case 1”. 

 
(a) Case 1 

 
(b) Case 2 
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(c) Case 3 

 
(d) Case 4 

 
(e) Case 5 

Fig. 4. Lattice temperature distributions at high drain and high gate biases 
(left) and the temperature variation with gate voltage at high drain (right), 
resulting from the 3D couped electro-thermal simulations for five cases. 

 
Fig. 5. Id-Vg characteristics at high drain bias from the 3D electro-thermal 
simulations, comparing five cases. 

TABLE III.  COMPARISON OF RESULTS FROM THE 3D COUPLED ELECTRO-
THERMAL SIMULATION FOR THE SOI FINFET EXAMPLE AT HIGH DRAIN BIAS 

 Peak temperature 
(K) 

Average Temperature 
(K) 

On-current 
( A) 

Case 1 420.30 368.74 97.54 

Case 2 448.94 395.11 94.56 

Case 3 484.13 432.71 88.21 

Case 4 420.06 368.51 97.57 

Case 5 446.25 392.43 95.02 

 

IV. CONCLUSOINS 
The electro-thermal simulation capabilities of the drift-

diffusion simulator GARAND were enhanced by the 
development of a thermal conductivity model taking into 
account the effects of thermal confinement in FinFETs. The 3D 
coupled electro-thermal simulation results for an SOI FinFET, 
targeting the 14/16nm CMOS technology generation, has been 
presented. The lattice temperature profiles under different 
external thermal resistances connected to the gate and the 
corresponding Id-Vg characteristics are investigated and 
analysed. The results show a significant hot spot generated near 
the drain because of the much lower thermal conductivity of 
the fin, as the peak lattice temperature exceeds 420 K for all 
five cases in this study, and strong temperature gradients are 
also generated in this region. The impact of external thermal 
resistances at different places connected to the gate is different, 
consequently affecting the electrical performance of the SOI 
FinFET.  
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Abstract—The impurity-limited resistance in quasi-one dimen-
sional (quasi-1D) nanowires is studied under the framework of
the Lippmann-Schwinger theory. The resistance of a cylindri-
cal nanowire is calculated theoretically under various spatial
configurations of localized impurities with a simplified short-
range scattering potential and the effects of phase interference
are explicitly evaluated. The space-average resistance is then
calculated under the uniform distribution of impurities and we
find that the space-average resistance at room temperature is well
approximated by the uncorrelated series resistance even under
the fully coherent circumstances. This is closely related to the
“self-averaging” and its physical origin is clarified.

I. INTRODUCTION

Si nanowires have been receiving great attention in the past

few decades because of their possible application of future

electronic and photonic devices [1], [2]. However, because of

their small structures in size, the device performance often

fluctuates over great ranges, depending on the configuration of

localized impurities in the substrate [3], [4]. So far, theoretical

studies on such variability observed in mobility or resistance of

nanowires are limited with large-scale numerical simulations

[5]–[10] and it has been demonstrated that the transport

properties are indeed fluctuate in short channel nanowires.

Clearly, the phase interference would be of crucial importance

in understanding the physics behind such variability.

We would also like to point out that the phase interference

plays a dominant role in averaging the transport properties

such as resistance of long channel devices, in which many

impurities are distributed uniformly in the substrate: Many

different configurations of impurities in the substrate allows

us to use the space-average impurity scattering rates, in spite

of the fact that the detail impurity configuration is different for

every device. This is called as “self-averaging” and the phase

interference is deeply involved [11]. Despite its importance,

however, almost no attention has been paid so far on the

interference effects among multiple impurities in nanowires.

In this brief report, we study the interference effects as-

sociated with localized impurities on the impurity-limited

resistance in the quasi-1D nanowires. This is carried out based

on the theory formulated recently by the present author [12]

and we clarify how and why the phase interference leads to the

variability in Rs. Then, the physical origin of “self-averaging”

emerged under the fully coherent condition is clarified.

II. THEORETICAL FOUNDATIONS

A. Impurity-limited Resistance
We consider a cylindrical nanowire with the radius of rs = 2

nm and the impurity density in the substrate is assumed to be

uniform (nimp = 2 × 1019 cm−3), i.e., localized impurities

are distributed uniformly in the channel region. The channel

length L of the wire changes in accordance with the number

of impurities doped in the channel region, namely, L = 4 nm

for one impurity, 8 nm for two impurities, etc. In addition,

the extreme quantum limit, in which only the lowest subband

is involved in electron transport, is assumed as the phase

interference is most effective.
Theoretical expressions of the impurity-limited resistance

due to localized impurities in the nanowires are derived from

the Landauer formula under the linear response regime: The

conductance G through the doped channel region is calculated

from the transmission coefficient of the in-coming electrons

from the reservoirs (source and drain). The transmission and

the reflection coefficients are calculated from the asymptotic

forms of the scattered wave functions by solving the Lipmann-

Schwinger (LS) equation [12]–[14]. It should be noted that

the total resistance Rtot given by the inverse of G consists

of two contributions; the contact resistance and the channel

resistance [15]. The former results from the difference in the

number of modes between the lead and reservoirs, whereas the

latter is due to the scattering potential by ionized impurities,

phonons, surface roughness, and the long-range potential mod-

ulation [12]. This potential modulation is, further, attributed

to the long-range part of the Coulomb potential of ionized

impurities/carriers as well as the applied gate voltage, as

schematically drawn in Fig. 1. In order to extract the impurity-

limited resistance from the total resistance, we consider only

impurity scattering and the resistance caused by the long-

range potential modulation is eliminated by assuming that the

channel potential is flat along the wire axis. As a consequence,

the impurity-limited resistance is obtained by subtracting the

contact resistance from the total resistance, Rs = Rtot − R0,

and, thus, given by

Rs =
πh̄

e2
〈RA(E)〉

1− 〈RA(E)〉
=

πh̄

e2

{
〈RA(E)〉+ (〈RA(E)〉)2 + · · ·

}
(1)
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Fig. 1. Schematic drawings of the nanowire with two impurities doped in the
channel and the corresponding potential profile under the applied gate voltage.
The whole potential modulation is treated as a single scattering potential under
the framework of the scattering theory. The impurity-limited resistance is
attributed to the screened scattering potential (the lowest part of the figure).

with

〈RA(E)〉 =
∫ ∞

−∞
dE RA(E)

(
−∂fFD (E)

∂E

)
, (2)

where RA(E) is the reflection coefficient of the in-coming

electrons with the total energy E in the lowest subband A.

fFD(E) is the Fermi-Dirac distribution in the reservoirs. We

assume that the chemical potential in the reservoirs is well

above the bottom of the lowest subband in the channel. If Rs

is truncated by the first term in the last expression of Eq. (1),

it corresponds to the usual Born approximation.

B. Transmission and Reflection Coefficients

As for the scattering potential due to localized impurities,

we employ the short-range δ-function potential defined by

V (R) =

Nimp∑
r=1

(vcaS) δ
(3) (R−R0r) , (3)

where Nimp is the number of impurities in the channel,

vc is the scattering potential energy, a is the characteristic

length along the axis direction over which the scattering

potential is effective, and S is the cross-sectional area of the

wire. R0r = (r0r, z0r) is the position of the r-th impurity

(r = 1, 2, · · · , Nimp). The exact transmission and reflection

coefficients are derived from the LS equation and, respectively,

given by

TA(E) =
∣∣1 + I−

∣∣2 and RA(E) =
∣∣I+∣∣2. (4)

By employing the matrix representation with respect to the

impurity site indices, I∓ is expressed by

I∓ = −i
m

h̄2k

(
e∓ikz01 e∓ikz02 · · · e∓ikz0Nimp

)

Ξ̂

(
1

1− Σ̂

)⎛
⎜⎜⎜⎝

eikz01

eikz02

...

eikz0Nimp

⎞
⎟⎟⎟⎠ .

(5)

Fig. 2. Exact expression for the reflection coefficient of two correlated
impurities at R01 and R02 derived from the LS equation.

Fig. 3. Impurity-limited resistances of two impurities for 1000 different
configurations as a function of the impurity separation Δ along the wire
axis. The scattering potential energy is vc = 183 meV. The solid symbols
represent similar results from the NEGF simulations for acceptor impurities.

The horizontal (green) dashed line shows 2Rsingle
s , with Rsingle

s being the
single-impurity resistance averaged over the impurity configurations.

The total energy of electron is given by E = h̄2k2/(2m)+εA
and εA is the lowest subband energy. The matrix elements of

Ξ̂ and Σ̂ are, respectively, given by

(Ξ̂)rs = Ξrδr,s and (Σ̂)rs = −i
m

h̄2k
eik|z0r−z0s|Ξs, (6)

where Ξr = vcaS|ξ (r0r)|2, with ξ (r0r) being the subband

wavefunction at the r-th impurity site. As a concrete example,

the exact expression for the reflection coefficient RA(E) of

two correlated impurities is presented in Fig. 2.

III. RESULTS AND DISCUSSION

A. Variability in Rs and Phase interference

We first show the impurity-limited resistance Rs of two

correlated impurities for 1000 different configurations as a

function of the impurity separation Δ in Fig. 3. The scattering

potential energy is set at vc = 183 meV, corresponding to the

screening length of λsc = 2 nm. The resistances Rs greatly

scatter over wide ranges and such large fluctuations result

from two different physical origins: The fluctuations in Rs

at fixed Δ are attributed to the variations in Ξr (the subband

wavefunctions), whereas the fluctuations along the wire axis

direction Δ are due to the phase interference of electrons

among the impurities. The former has nothing to do with

the phase correlation among multiple impurities and, thus, the

fluctuations diminish as the number of ensembles increases,

owing to the central limit theorem [16]. On the other hand,

the variations of Rs along the Δ direction do not generally
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Fig. 4. Impurity-limited resistance of two impurities located on the wire axis
at T = 300 K. Rs from the exact formula (red solid line) and the Born
approximations (black dotted line) are plotted. The horizontal (green) line

shows 2Rsingle
s , with Rsingle

s being the single-impurity resistance located
on the wire axis.

vanish, as noted by Kohn and Luttinger [11]. For comparison,

similar results from more elaborate NEGF simulations [17], in

which the screened Coulomb potential is adopted for acceptor

impurities, are also shown in Fig. 3. Although the device

structure employed in the NEGF simulations is a square

nanowire with the side length of 3.5 nm, the difference in

shape is insignificant here because the cross-sectional area is

very similar in both cases. The fluctuations associated with the

subband wavefunction (and the screened Coulomb potential)

are greatly suppressed due to the long-range nature of the

scattering potential. However, the variations of Rs along the

Δ direction are very similar to those calculated from the LS

equation with the short-range scattering potential.

In order to eliminate the fluctuations associated with the

subband wavefunctions, we carry out similar calculations by

placing two impurities on the wire axis. The calculation results

from the exact formula and the Born approximation are shown

in Fig. 4 along with the uncorrelated value 2Rsingle, where

Rsingle is the resistance of the single-impurity located on the

axis. R0 is the quantum resistance and given by R0 = πh̄/e2.

It is clear that the Born approximation completely breaks down

and, thus, the coupling between the electron and impurity is

indeed enhanced due to the confinement in nanostructures.

More importantly, a large oscillatory behavior in the exact

Rs is observed in the first few nm. This oscillation results

from the trigonometric dependence in the reflection coefficient

RA(E), as shown in Fig. 2, and represents the construc-

tive phase interference among two impurities. However, this

oscillation rapidly damps and Rs approaches 2Rsingle, that

is, the uncorrelated limit. This is a rather surprising result

because no averaging over the configurations of impurities nor

energy dissipating scattering is included in this case. In other

word, the phase randomization is taking place under the fully

coherent circumstances.

B. Self-Averaging

The fact that the impurity-limited resistance of two impu-

rities approaches the uncorrelated value of 2Rsingle implies

that the phase correlation between the impurities is somehow

Fig. 5. (a) Ensemble average resistance of two impurities under uniform
distribution as a function of temperature of the reservoirs. 2Rsingle represents
the uncorrelated limit, where Rsingle is the ensemble average resistance
of the single-impurity under uniform distribution. (b) Energy dependence
of the distribution (−∂fFD(E)/∂E) included in Eq. (2) at four different
temperature of the reservoirs.

washed out as the impurity separation along the wire axis

becomes large, namely, larger than some phase correlation

length Δphase. This is expected to be true for the cases

of three or more impurities. In the present case, Δphase is

about 3 nm and much smaller than the channel length L
(∼ 8 nm). Therefore, if one takes an ensemble average of the

resistance under the uniform impurity distribution, the space-

average resistance becomes very close to the uncorrelated

resistance unless the scattering potential energy vc is extremely

large. In other words, the space-average resistance would be

a simple sum of R̄single, where R̄single is the space-average

resistance of the single-impurity under the uniform impurity

configurations.

In fact, the physical origin of the phase randomization

along the Δ direction is closely related to the broadness of

energy spectrum of the in-coming electrons from the reservoirs

(source and drain). That is, Rs is averaged by the in-coming

electrons with many different kinetic energies (wavelengths)

when the spectrum is broad (or equivalently, temperature of

the reservoirs is high). Therefore, it is conjectured that at

low temperature, at which the energy spectrum of the in-

coming electrons is limited to be very narrow around the

Fermi energy of the reservoirs, the phase coherence would

last much longer distances and the average resistance would

deviate from the uncorrelated resistance. This is confirmed

from Fig. 5(a), in which the space-average resistance of two

correlated impurities under the uniform distribution is plotted

as a function of temperature of the reservoirs. The uncorrelated

average resistance, 2R̄single, is also shown. Figure 5(b) shows

the energy spectrum of the in-coming electrons from the

reservoirs, namely, the distribution (−∂fFD(E)/∂E) included

in Eq. (2), at four different temperature of the reservoirs.

The distribution is normalized to unity and the chemical

potential of the reservoirs is assumed to be the same at

each temperature for simplicity. It is clear that the space-

average resistance of two impurities becomes quite close to

the uncorrelated resistance (the series resistance of single-

impurity, 2R̄single) as temperature of the reservoirs rises.
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Hence, a broad energy spectrum of the in-coming electrons

leads to phase randomization among impurities and as a result,

each impurity could be regarded as an independent scattering

center. This allows us to apply the central limit theorem to

the fluctuations in Rs along the Δ direction and, thus, the

fluctuations would diminish as the number of ensembles (im-

purity configurations) increases. This is equivalent to saying

that in the long channel nanowires where many impurities

are doped, the impurity-limited resistance, that is explicitly

dependent of the impurity configuration, approaches the space-

average resistance as the number of impurity increases. This

is exactly what the “self-averaging” implies, in which the

configuration-dependent quantity such as resistance could be

replaced with the space-averaged quantity if the number of

impurities is large. Therefore, we may claim that the “self-

averaging” under the quasi-1D nanowires is attributed to the

broadness of the energy spectrum of the in-coming electrons

from the reservoirs.

IV. CONCLUSION

We have investigated the phase interference effects on the

impurity-limited resistance due to localized impurities in the

quasi-1D nanowires. We have found that the space-average

resistance of multiple impurities at room temperature is very

close to the series resistance of the averaged single-impurity

resistance and that the phase randomization is induced by the

in-coming electrons from the reservoirs with a broad energy

spectrum. The deviation from the uncorrelated value becomes

significant as temperature of the reservoirs is lowered. In this

case, the whole scattering potential associated with multiple

impurities needs to be treated coherently. We have also pointed

out that the phase randomization observed at room temperature

is equivalent to the ”self-averaging” encountered in long

channel devices under uniform impurity distribution and its

physical mechanism under the quasi-1D nanostructures has

been clarified.
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Abstract—The ongoing scaling of semiconductor devices is
leading to a growing influence of discrete dopants on the
device electrostatics. This discretization is accompanied by an
increasing dependency of the resulting device currents on the
dopant distribution. Hence, the need to consider random dopant
fluctuations (RDF) in compact models is a necessity to predict and
understand present device current variances. In this paper a first
approach is presented to predict device geometry based RDF. The
model is compared to different TCAD simulation methods for
RDF in DG-Tunnel-FETs. Thereby, an untypical behavior special
to Tunnel-FETs is discovered, where decreasing doping levels
result in higher gate voltage variances. Furthermore, a negative
effect of discrete dopants on the steepness of the subthreshold
slope is discussed.

Index Terms—Random Dopant Fluctuation (RDF), Impedance
Field Method (IFM), Randomized Profiles,Gaussian Doping Pro-
files, MOSFET, Double-Gate (DG) Tunnel-FET.

I. INTRODUCTION

Nowadays, Tunnel-FETs have become one of the most

promising candidates to be the successor of the current MOS-

FET technology [1]. Due to the alternative current transport

mechanism, tunneling currents at the channel barriers, it

provides the possibility to overcome the thermionic-emission

based subthreshold slope (S) limitation of 60
mV

dec
. The

combination of high doping concentrations in source (s) and

drain (d) region of Tunnel-FETs with an intrinsic channel leads

to a diffusion of dopants from s/d towards the channel region

(see Fig. 1). This greatly affects the subthreshold slope as

well as the maximum ON-state current of the device [2]. One

downside of the transistor miniaturization nowadays is that

doping concentrations are not constant within specific regions

but have to be considered at discrete locations. Therefore,

these discrete dopants have an increased influence on the

electrostatic potential in the device. Random dopant fluctuation

(RDF) hereby describes the statistical variation of discrete

dopants within the channel region. The model presented in

this paper captures this RDF effect on MOSFET electrostatics

by an equivalent variation of the gate voltage (Vg). The model

can be applied on different conventional double-gate (DG)

transistor structures and in this case it is specifically applied

to the DG Tunnel-FET.

II. TCAD SIMULATION

There are two different methods to simulate the RDF-effect

with a FEM simulator. For these simulations the following

device geometry is used.

A. Device Geometry

With the simulator TCAD Sentaurus a Si DG-n-Tunnel-FET

is investigated. The device consists of a highly p-doped source

region Ns = 1020 cm−3, a slightly reduced n-doped drain

region Nd = 1019 cm−3 and an intrinsic channel. Gaussian

shaped doping profiles are applied at the channel junctions (see

Fig. 1) with a standard deviation σ = 1, 2, 3 nm. Exponentially

distributed traps at the channel junctions are assumed with a

maximum trap concentration NTmax = 1012 cm−2eV −1 [3].

Due to an improved electrostatic control on the gate region the

high-κ oxide material HfO2 is used [1]. The device dimensions

are chosen to be: tox = 2 nm, t = 10 nm, lch = 22 nm and

lsd = 20 nm. A nonlocal tunneling model was used in the

simulation.

Figure 1. Geometry of a DG-n-Tunnel-FET, showing the doping profiles at
the channel junctions and structural parameters.

B. Impedance Field Method

At first RDF was simulated in 2D using the impedance field

method (IFM). This method is comparable to noise modeling

[4]. Hence, for each point of the device, RDF is described by

the second-order statistical moments of the dopant distribution.
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These moments are modeled using an analytical function.

Using IFM, it is possible to describe the influence of small

dopant fluctuations on the applied terminal voltages [5]. Figure

2 shows the simulation results for the device. The plot shows

the device current Id, its standard deviation σId , the relative

standard deviation of the device current rel.σId =
σId

Id
and the

resulting standard deviation of the gate voltage σVg . Due to the

constant current in the devices OFF-state (0.1 V≤ Vg ≤ 0.5
V), a small current change leads to a significant gate voltage

variation σVg .

Figure 2. 2D TCAD results for a DG n-Tunnel-FET using IFM for σ = 1
nm and Vd = 0.5 V. The results for σVg are scaled for w = 30 nm using
equation (9).

C. Randomized Profiles

Another method of simulating RDF is with the use of

randomized profiles. Therefore, the device is extended in the

3rd dimension (w = 30 nm) and discrete dopants are used for

the simulation. This is done for a specific number of samples

N . The average current IdAvr is calculated with

IdAvr(Vg) =
1

N

N∑
k=1

Ikd (Vg) (1)

and for standard deviation of Id follows

σId(Vg) =
1

N

√√√√ N∑
k=1

(
Ikd (Vg)− IdAvr(Vg)

)2
. (2)

The standard deviation of Vg can be calculated using the

inverse expressions of Id: Vg(Id)

σVg
(Vg(IdAvr)) =

1

N

√√√√ N∑
k=1

(
V k
g (IdAvr)− Vg(IdAvr)

)2
. (3)

In figure 3 the results are shown for N = 10 random

samples, therefore only general trends can be observed.

One can see that the gate voltage deviation σVg is much

higher in the ambipolar-state in contrast to the ON-state of

the device. The reduced drain doping leads to less discrete

dopants, which makes their distribution much more sensitive

on the device electrostatics. Therefore, dopants located near

the gate oxide at the drain/channel junction (Fig. 4 a), b))

Figure 3. TCAD results for a DG n-Tunnel-FET using randomized doping
profiles with w = 30 nm, σ = 1 nm and Vd = 0.5 V.

may cause a spike in the band diagram (Fig. 4 c)), which

could massively reduce the tunneling distance. Note that

the tunneling current has a exponential dependency on the

tunneling distance [6]. The effect of an increasing σVg for

a decreasing doping level seems to be characteristic special

to Tunnel-FETs. In [7] a similar behavior was observed in a

SiGe-Tunnel-FET, where a change of the tunneling direction

was suspected to be the reason of the σVth
increase.

In general, fabricated devices show a worse subthreshold

slope than their associated simulations. The reasons for that

were suspected to be the trap assisted tunneling or doping

profiles at the channel junctions. However, figure 3 shows

an additional reason for an significant degradation of the

subthreshold slope. Considering discrete dopants instead of

homogeneous doping within the simulation could lead to more

realistic simulation results for a better fitting subthreshold

slope estimation.

The high σVg in the OFF-state is caused by the constant

current in said state.

III. MODELING APPROACH

The aim of the model is to capture the influence of random

dopants in the channel region on the gate charge. Therefore, for

every dopant, the associated gate charge is calculated, followed

by an estimation of the equivalent change in Vg using the oxide

capacitance Cox. This can be done discretely for every dopant

or in general, using the expected dopants in a small area of

the channel region. Considering the variation of the doping

concentration in the discrete volume this directly leads to the

variation of Vg . At first the channel region has to be meshed

(see Fig. 5).

The expected total number of dopants can be calculated for

every central point of a mesh element:

N = Δy

∫
Δx

Ns · e
−

x2

√
2σ2 · dx+

Δy

∫
Δx

⎛
⎜⎝Nd · e

−
(x− lch)

2

√
2σ2 +Nch

⎞
⎟⎠ · dx

(4)

Assuming a Poisson distribution for the dopants, the expected

value N equals the variance of the dopants σ2
N [5]. Con-
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Figure 4. Influence of single dopants on the band structure at Vg = −0.5
V, Vd = 0.5 V. a) DG-Tunnel-FET device with blue source, yellow drain and
green channel region, applying cut 1. b) 2D cut through the single dopant
located near the drain/channel-junction and below the oxide, applying cut
2. c) Band structure along cut 2, showing the dopant caused spike and the
massive reduction of the tunneling distance.

Figure 5. Meshing of the channel region and calculation of the D-field
components below the gate oxides for a specific position in the channel.

sidering a point charge without boundaries, the electric field

variance of these charges is given through:

|σ2−→
E
(−→r −−→r0)| = q · σ2

N

2πε|−→r −−→r0 | (5)

In order to get the equivalent charge variance σ2
Q, the D-field

variance (σ2−→
D

= ε · σ2−→
E

) orthogonal to the gate oxides has to

be integrated (see Fig. 5) [8].

σ2
Q(x0, y0) =

∫ 2

1

|σ2−→
D
(x0, y0)| · cos(α) · dx+∫ 4

3

|σ2−→
D
(x0, y0)| · cos(α) · dx

(6)

Considering cos(α) =
y − y0

|−→r −−→r0 | and |−→r − −→r0 | =√
(x− x0)2 + (y − y0)2 eqn. (6) simplifies to

σ2
Q(x0, y0) =

∫ 2

1

q · σ2
N

2πε|−→r −−→r0 | ·
y − y0

|−→r −−→r0 | · dx+∫ 4

3

q · σ2
N

2πε|−→r −−→r0 | ·
y − y0

|−→r −−→r0 | · dx

=
q · σ2

N

2πε

∫ 2

1

(y − y0)

(x− x0)2 + (y − y0)2
· dx+

q · σ2
N

2πε

∫ 4

3

(y − y0)

(x− x0)2 + (y − y0)2
· dx

=
q · σ2

N

2πε
·
[
arctan

(
x− x0

y − y0

)]2
1

+

q · σ2
N

2πε
·
[
arctan

(
x− x0

y − y0

)]4
3

(7)

For the calculation of the gate voltage variance σ2
Vg

of the

device follows from integration over all discrete point charges

σ2
Vg

=

∫ tch−tinv

tinv

∫ lch

0

Qfit

σ2
Q(x, y)

Cox
dx · dy, (8)

with Cox = εox/tox ·2 · lch, the assumed inversion layer thick-

ness tinv and a fit factor Qfit, which compensates the assumed

point charge without boundaries. The standard deviation of the

gate voltage is then given through σVg =
√

σ2
Vg

. The width

of the device can be considered with [5]

σ3D
Vg

= σ2D
Vg

·
√
1cm/w. (9)

The consideration of the inversion layer thickness results in

a slight increase of σVg
in the devices ON- and ambipolar-

state. Therefore, the devices threshold voltages are estimated

using its band structure parameters VthON
≈ 0.527 V and

Vthamb
≈ −0.065 V. The inversion layer is then assumed to

expand linearly

tinv,ON =
tmax,ON

1V − VthON

· (Vg − VthON
) (10)

tinv,amb =
tmax,amb

−0.5V − Vthamb

· (Vg − Vthamb
) (11)

IV. MODEL VERIFICATION

The model is compared to the TCAD simulation data for

different standard deviations of the doping profiles σ. At first,

figure 6 shows the comparison of the model with the IFM

simulation data. Therefore, the device width was converted

to w = 30 nm using equation (9). Due to the single dopant

sensitivity at the drain-to-channel junction σVg is increased in

the ambipolar region (see Fig. 6).
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Figure 6. Comparison of the IFM TCAD Simulation data for the standard
deviation of Vg with the model at Vd = 0.5 V, Qfit = 1.4, tmax,ON = 2
nm and tmax,amb = 1 nm. The device parameters are listed in section II-A.

As mentioned above, this is a typical effect special to

TFETs, which is not yet captured in the model. Nevertheless, it

is able to give a first estimation of σVg and predict its trend in

the ON-state of the device. In Figure 7 the model is compared

to the randomized profile TCAD simulation.

Figure 7. Comparison of the Model with the randomize simulation data at
Vd = 0.5 V, Qfit = 1.4, tmax,ON = 2 nm and tmax,amb = 1 nm. σVg

calculation with eqn. (3) using N = 10 samples.

Due to the small number of samples the randomize simula-

tion data only shows a general trend for σVg . One can see that

the reduced drain doping is also resulting in a much bigger

gate voltage variation in the ambipolar-state in comparison to

the ON-state of the device. In the last plot a comparison of the

model with the IFM- and randomize simulation data is shown.

Figure 8. Comparison of the Model, IFM- and Randomize data.

In figure 8 the comparison shows an underestimation of the

randomize simulation data in the ON-state, which maybe due

to the small number of samples. The model is able to predict

the gate voltage variation in the ON-state of the device. Since

the reduced doping influence is not yet captured in the model,

it is underestimating σVg in the ambipolar state.

V. CONCLUSION

In this paper the influence of RDF in Tunnel-FETs is

investigated and a first model is introduced to calculate the

gate voltage variance in the ON-state of such devices.

The simulations have brought up effects, which are unique

to the Tunnel-FETs RDF behavior. Firstly, a reduction of the

doping in Tunnel-FETs is leading to an increasing gate voltage

variation. Due to an increased single dopant sensitivity (for

lower doping levels) at the channel junctions, the tunneling

distance may massively decrease, thus leading to huge device

current variations. This effect is not captured by IFM TCAD

simulations.

The second effect is a worsening of the subthreshold slope

due to discrete dopants, which again is not captured in IFM

TCAD simulations. However, this slope degradation shows up

in simulations with randomized discrete dopants. The tunnel

current flow starting at a specific band overlap is expected to be

the advantage of the Tunnel-FET, resulting in a steep switching

behavior. The dopant related spikes in the band structure of

the device may question this positive effect of the energy

limited band-to-band tunneling at the channel junctions, thus

leading to an increased subthreshold slope. The introduced

model for calculating the standard deviation of the gate voltage

is reproducing the general trend in the ON-state of the device.
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Abstract— Several types of floating-body capacitorless 1T-

DRAM memory cells are reviewed and compared. We focus on 
the recently proposed concepts (MSDRAM, A2RAM and 
Z2FET), by addressing the device architecture and fabrication, 
operating mechanisms, and scaling issues. Experimental results 
together with numerical simulations indicate the directions for 
performance optimization, and their implementation in FDSOI 
28nm (FD28) and FDSOI 14nm (FD14) technological nodes. 
These memory cells are the basis for the recently started 
European Project REMINDER “Revolutionary Embedded 
Memory for INternet of Things Devices and Energy Reduction”. 
REMINDER aims to develop an embedded DRAM solution 
optimized for ultra-low-power consumption and variability 
immunity, specifically focused on Internet of Things (IoT) cut-
edge devices. 

Keywords—semiconductor memory; Internet-of-Things; 
floating-body DRAM; low-power 

I.  INTRODUCTION  
The Internet of Things (IoT) is a rapidly evolving field that 

involves the interconnection and interaction of smart objects 
(objects or devices with embedded sensors, on-board data 
processing capability, and a means of communication) to 
provide automated services that would otherwise not be 
possible. IoT is not a single technology, but rather involves the 
convergence of memory, sensor, information, communication, 
and actuation technologies. Today, most of what we consider 
as IoT is a variety of largely stand-alone devices and isolated 
systems, such as wearable fitness monitors, home thermostats 
and lighting, remote video streaming, smartphones, and smart 
watches. Emerging IoT implementations are expected to be 
ubiquitous, and they will use smaller and more energy efficient 
embedded sensor technologies, enhanced communications, 
advanced data analysis, and more sophisticated actuators to 
collect and aggregate information and enable intelligent 
systems that understand context, track and manage complex 
interactions, and anticipate requirements. New markets involve 
new memory requirements that in the case of IoT should 
handle extreme miniaturization and radically lower energy 
consumption. IoT memory, sensors and processors are 
conceptually different from current devices because must be 
kept in live mode all of the time rather than in standby mode, 
waiting to be awakened. As a result, developers have to 
reconsider their design goals, by using memory in new and 
innovative ways. In many cases, this involves using new, or 
less familiar, memory technologies and examining memory 
much earlier in their design cycles. The vast majority of 
embedded memories are currently charged based (DRAM, 
FLASH) or flip-flop based (SRAM), the last one penalized by 

its huge area consumption. The other alternative storage 
options (which are not yet mature from and commercial 
perspective) can be grouped into three categories, ReRAM 
(resistive) or MRAM (magnetic), and body charged memories 
(so called floating-body DRAMs, FB-DRAM). 

II. DRAM MEMORY CELLS 

A. Standard approach for dynamic memory storage: 1T+1C 
LPDDR4 (low power double data rate 4) DRAM [1] is the 

current incarnation of the traditional solution of one-transistor 
+ one-capacitor memory (1T+1C) technology. It provides 
improved speed and power savings, with iterative 
improvements expected in the future. LPDDR4 offers up to 
3200-MHz performance with a 1.2V draw with clearly 
outperforms the 1.5V power management of LPDDR3[2]. 
However, in general, the memory cell needs to become smaller, 
more power efficient, and more cost efficient (complicated 
technology process). This is the ultimate encumbrance for 
LPDDR4 integration in the IoT devices, since embedding 
1T+1C cells inside the chip remains as a paramount challenge. 
The use of embedded DRAMs is accelerating due to the 
tremendous advantages eDRAM offers in chip functionality, 
chip size and bandwidth for system-on-chip applications. Logic 
or standalone DRAM technologies have been used to realize 
eDRAMs. Logic-based technologies offer the advantages of 
addressing high-end system design needs. They are and of 
being compatible with existing standard-cell libraries and cores 
that can just be plugged in, but suffer from high-added cost. A 
25 percent cost increase, related to five to eight added masking 
steps, are typical for standard one-transistor, one-capacitor 
(1T+1C) DRAM cells integrating complex stacked or trench 
capacitors. 

B. Floating-body DRAMs 
Despite Floating-Body Effects (FBE) on SOI are known 

since the early 90’s, the application to FB-DRAM cells did not 
come out until 2001, when the start-up company Innovative 
Silicon presented the so-called ZRAM® [3] (commercial name 
of a FB-DRAM approach). The most appealing feature of FB-
DRAMs is its compatibility with the CMOS process and 
materials, encompassed also with promising performance in 
terms of density, operation speed and low-power conduction. 
However, FB-DRAM is yet the most unexplored alternative, 
essentially because the FDSOI technology was not wide spread 
commercially. By exploiting the floating-body effect of silicon-
on-insulator transistors a one-transistor memory cell can be 
integrated in a pure standard SOI technology without 
modifications. The data retention, device operation principles 
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and reliability make it ideal for high-performance embedded-
DRAM [4]. In the last decade different research teams have 
shown that by using Fully-Depleted SOI transistors, simple 
capacitorless eDRAM cell can be made without adding a single 
process step to the CMOS technology. The resulting FB-
DRAM cells have an area comparable to regular logic-based 
eDRAM cells but without being ballasted by and external 
capacitor. One of the most critical parameters of a new DRAM 
cell is its data retention. For standalone DRAM applications, 
retention times of a few hundred milliseconds to a few seconds 
are targeted at 85ºC. For eDRAM applications, more relaxed 
constraints are tolerated as a result of the substantially higher 
bandwidth, and retention times of a few milliseconds are 
targeted. This is one of the critical aspects that FB-DRAMs 
need to address to become a mainstream technology. Multiple 
approaches have shown retention time that can exceed the 
previous prerequisites, but they are based on relative large 
devices[5]. When the gate length is reduced to the 
decananometer range the retention time diminishes 
substantially[6]. However, most of the tested devices were not 
optimized for memory operation. It is expected that with 
advances in the junction and gate engineering the retention 
characteristics could be improved. Other concepts of single 
transistor memory cells have been recently proposed: ARAM, 
A2RAM, MSDRAM, and Z2FET [6-10]. REMINDER project 
will focus on the latter 3 approaches. All have been 
demonstrated experimentally to have great potential, albeit 
their merits (speed, power, scalability) may differ. 

III. 1T-DRAM MEMORY CELLS IN REMINDER 
Previous attempts to introduce FB-DRAMs in industry 

have not been materialized for several reasons: i) insufficient 
performance of the preconized solution; ii) successful move to 
the next generation of standard 1T+1C DRAMs; and iii) 
immature FDSOI technology with restricted access.  

However, the situation has dramatically changed and, in our 
opinion, at the present moment, there are two reasons that 
make possible the industrial development of embedded 
memory products based on FB-DRAM solutions: 

-At the beginning of FB-DRAM, the need of ultralow 
power, small footprint and low cost memory was not as 
dramatic as nowadays is, in the rise of the IoT era. This means 
that existing embedded SRAM and even eDRAM were yet 
competitive solutions, difficult to replace, which is no longer 
the case. 

-The first prototypes of FB-DRAM were based on standard 
transistors and had modest performance compared to present 
solutions (A2RAM, Z2FET and MSDRAM) [6-10]. 

A. A2RAM 
Concept - The A2RAM memory cell was proposed in 2011[7] 
as a new device with potential application as capacitorless 
DRAM. The simulation results predicted large current ratio 
between states ‘1’ and ‘0’, low-voltage operation, single-gate 
control and a superior scalability. Apart from these generic 
assets, the A2RAM features direct compatibility with SOI and 
bulk substrates without changes in design, whereas most of FB-
DRAMs cells are tied to SOI substrates or require major 

modifications to bulk technology. The first preliminary 
demonstration came out in 2012 [8] on SOI substrate (Fig. 1a). 
The principle of operation of the A2RAM is summarized in 
Fig. 1b&c. The device is an SOI N-channel transistor (although 
it may also be a bulk transistor) with a buried N type layer (N-
Bridge) which short-circuits the source and drain regions. A 
negative gate bias is applied to accumulate holes at the top 
interface; the presence of this accumulated charge defines the 
‘1’ state bit. Under these circumstances, the gate electric field 
is screened by the accumulated charge and the carrier 
concentration in the N-Bridge is hardly affected by the gate 
bias. The electron concentration in the undepleted N-Bridge 
corresponds to the doping level leading to a current flow 
between source and drain (Fig. 1b). If holes are temporarily 
removed from the top interface, while negative gate bias is 
maintained, the gate-induced field is no longer screened, 
affecting the electron concentration of the N-Bridge. If the 
device dimensions and doping concentrations are well 
calibrated, the N-Bridge will become fully depleted, therefore 
preventing any current flow between source and drain (‘0’ 
state, Fig. 1c). 

 
Figure 1. (a) TEM cross section of A2RAM cell fabricated in 22 nm 
SOI process with superimposed doping regions in dashed lines. (b) 
The accumulated holes in the top P-body screen the electric field: an 
electron current can flow between source and drain. (c) If the P-type 
body is in deep depletion, the gate electric field is no longer 
screened, fully depleting the N-Bridge from electrons and 
suppressing the drain current [7]. 

Three main advantages stand out immediately from this 
concept: 

1. there is no need for biasing the bottom gate (substrate 
bias, VB = 0 V) to create an electron channel 

2. the reading of the cell state requires very low drain 
voltage. 

3. the same concept can be extrapolated to FinFET or 
Nanowire technology. 

Expected performance: 

• Less than 10 ns writing time (only demonstrated by 
simulation). 

• Retention times in the 100 milliseconds range at 85ºC 
(so far, only achieved with large cells or in small cells 
at 25ºC). 

• Ultralow operation voltage (demonstrated by 
simulations). 

• Large range between ‘1’ and ‘0’ states (already 
demonstrated experimentally) 
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B. MSDRAM 
Concept – The MSDRAM (Meta-Stable DRAM) memory cell 
uses the double-gate action in regular FD SOI MOSFETs, 
namely the dynamic coupling between front and back 
interfaces which gives rise to a hysteresis in ID(VG) curves 
(MSD effect, Fig. 2a). The two gates have distinct missions: 
frontgate voltage VG1 is swept between accumulation and 
depletion, and the difference in front-surface potential is 
reflected, by coupling effect, in the backchannel current which 
is monitored. The MSD hysteresis[9] defines the programming 
and reading voltages[9]. The ‘0’ state corresponds to the case 
where both interfaces are in depletion and the drain current is 
off. ‘1’ state, defined when an inversion channel is formed at 
the back interface, is programmed by B2BT generation. Cell 
reading is performed by applying a low VD with VG1 in the 
memory window (Fig. 2a), where the ‘0’ and ‘1’ currents can 
differ by more than 4 orders of magnitude. The difference 
between states ‘1’ and ‘0’ is that an accumulation region is 
present or not at the front interface. The accumulation layer 
guarantees that the back channel is inverted and since 
equilibrium is established, bit ‘1’ does not require refresh. In 
‘0’ state, (Fig. 2b), the system is in non-equilibrium deep 
depletion and requires refresh. However, the generation of 
majority carriers is a slow process, meaning a ‘long’ retention 
time. 

 
 

Figure 2: (a) Measured drain current ID versus decreasing (Reverse) 
and increasing (Direct) front-gate bias VG1. (b) Experimental data 
retention at 85°C in 150 nm long MSDRAM cell [9]. 
 
Experimental proof-of-concept was achieved on non-
optimized FD MOSFETs with channel length down to 30nm. 
The MSDRAM demonstrates longer retention time, negligible 
current in '0' state and a '1' state current level higher than those 
obtained with ZRAM programming methods like impact 
ionization (Fig.2b). The main advantages of the MSDRAM 
memory cell are: Wide memory window, high sense margin, 
negligible ‘0’-state current implying very low power 
consumption, non-destructive reading, adaptability to double-
gate FinFETs and 3D nanowires. 
Expected performances: 

• 1-3ns programming time, 
• up to 10s range retention time at room temperature, 
• low power consumption 
• large sensing margin between ‘0’ and ‘1’ state 

currents.  

C. Z2FET 
Concept – The Z2FET (Zero-ionization, Zero-swing FET) is a 
forward-biased PIN diode with the undoped channel partially 
covered by the front gate (Fig.3a) [10]. The front gate (VG < 0) 
and the back gate (VBG > 0) emulate a PNPN structure where 
two energy barriers block the injection of electrons and holes 
from terminals into the body. As |VD| increases, the device is 
instantly turned on due to the positive feedback between the 
carriers flow and the lowering of injection barriers. In reverse 
mode, the ON state is kept until the |VD| decreases to around 
0.8V, where the device is sharply turned off. Thanks to its VG-
controlled hysteresis (Fig.3b), the Z2FET can be directly used 
as 1T-DRAM by holding the logic states at low |VD| and 
reading them out at higher |VD|. 

 
Figure 3. (a) Schematic view of Z2FET built on FD-SOI substrate. 
(b) ID-VD characteristics under different VG show VG-controlled 
hysteresis. (c) DRAM operations of the Z2FET with LG=400 nm, 
LIN =500 nm, Tsi =20 nm, Tox = 3 nm HfO2 and TBOX = 140 nm[10] 
 
The logic states ‘1’ or ‘0’ are represented by the charges 
stored or not in the channel under the front gate. To read ‘1’, 
the device is turned on by the transient current generated when 
the gate capacitor is discharged: the drain current I1 is large 
(Fig.3c). In ‘0’ state, since there is no charge stored and no 
transient discharging current, the transistor remains blocked 
(I0  0). Measurements were performed on un-optimized FD 
SOI devices with the gate length (LG) ranging from 400nm to 
100nm. The retention time was 5s at room temperature. The 
read/write time was 100ns (as limited by equipment). 
Preliminary TCAD simulations showed that an accessing 
speed below 1ns can be reached [10]. The main advantages of 
the Z2FET memory cell are: 

• Low operation voltage: Operation voltage as low as 
1.1V has been demonstrated experimentally on long 
devices and can be reduced below 1V by scaling. 
Z2FET does not use impaction ionization or band-to-
band tunnelling for programming, and thus needs 
lower voltage. 

• Ultra-fast accessing speed: In all DRAMs, large 
amount of charge Q is stored for direct read-out. 
Much less charge is needed in Z2FET, where the 
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feedback is triggered by the transient current Q/ t 
and not by Q.  

• Non-destructive reading. 
• Long retention: While state ‘1’ is stable in time, 

state’0’ needs refresh. However, frequent memory 
reading regenerates state ‘0’ by eliminating the 
parasitic population of holes under the gate. 

• High current margin between ‘1’ and ‘0’: The 
readout of logic ‘1’ turns on the Z2FET and the 
current is high (>100 A/ m), whereas in logic ‘0’ the 
leakage OFF current is below 0.1pA/ m.  

• Regarding the availability, Z2FET devices are 
currently being fabricated with 28FD technology at 
STMicroelectronics for other applications (ESD 
protection) and can be used for memory tests. 

Expected performance:  
• Read/write time less than 1ns and retention time 

above 10s. 
• The Z2FET is expected to scale down to sub-40nm, 

as demonstrated by preliminary simulations. A 
possible extension is to use FinFET, PD-SOI and 
bulk substrates. 

IV. THE EU PROJECT REMINDER 
The semiconductor industry needs, more than ever, new 

memory paradigms to tackle with the storage, processing, 
energy consumption and cost demands of the integrated circuits 
oriented to the IoT. The project REMINDER is ultimately 
focused to develop an embedded DRAM solution for IoT cut-
edge devices, i.e. the pursued memory block will be optimized 
for ultra-low-power consumption, variability immunity, and 
low cost, in addition to the footprint miniaturization. The 
pragmatic approach for quick lab-to-market demonstration is to 
use the established FDSOI technology, without introducing 
alternative materials or new steps in the fabrication process 
(different from the ones already necessary to fabricate the rest 
of blocks in the system). In parallel, we will also define longer-
term FB-DRAM solutions using emerging technologies that are 
not yet stabilized (III-V), NWs, and SiGe). To achieve the 
objectives of REMINDER the project structure is founded on 
three main pillars: 

1. Investigation (concept, design, characterization, 
simulation, modelling), selection and optimization of a 
Floating-Body memory bit cell in terms of low power and 
low voltage, high reliability, robustness (variability), 
speed, reduced footprint and cost. Fabrication of selected 
bit cells with FDSOI and III-V technologies. 

2. Design and fabrication in FD28 and FD14 technology 
nodes of a memory matrix based on the optimized bit-
cells developed in the first pillar. Matrix memory 
subcircuits, blocks and architectures will be carefully 
analysed from the power-consumption point of view. In 
addition variability tolerant design techniques 
underpinned by variability analysis and statistical 
simulation technology will be considered. 

3. Demonstration of a system on chip (SoC) application 
using the developed memory solution and benchmarking 
with alternative embedded memory blocks. 

 
Figure 4. REMINDER project approach. 
 

The eventual replacement of Si by strained Si/SiGe and III-
V materials in future CMOS circuits would also require the 
redesign of different applications, including memory cells, and 
therefore we also propose the evaluation of the optimized bit 
cells developed in pillar i) in FD28 and FD14 technology nodes 
using these alternative materials. REMINDER consortium is 
composed by University of Granada, STMicroelectronis, CEA-
LETI and Grenoble INP, University of Glasgow, Gold-
Standard Simulations, SureCore Inc., IBM-Research, and 
Korea Institute of Science and Technology (KIST).  
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Abstract— A new spin-transfer torque (STT) magnetic tunnel 
junction (MTJ) using an inverse magnetostriction (IMS) material 
for the free layer is proposed for low-voltage MRAMs. The MTJ 
is surrounded by a piezoelectric gate structure so that a pressure 
for introducing the IMS effect can efficiently be applied to the 
free layer without any high-yield-strength support structure. 
During STT-induced magnetization switching, the energy barrier 
height for the switching can be lowered by the IMS effect, and 
thus a critical current density (JC) for the magnetization 
switching can dramatically be reduced. Energy performance of a 
low-voltage MRAM cell using the proposed MTJ and a FinFET 
is also demonstrated. 

Keywords—Magnetic tunnel junctions (MTJ), Magnetostriction 
materials, inverse-magnetostrictive effect, spin transfer torque, 
current-induced magnetization switching (CIMS) 

I.  INTRODUCTION 
Low-voltage (or near-threshold voltage) operations of 

CMOS logic systems have attracted considerable attention 
owing to the ability of dramatic reduction of dynamic and static 
power dissipation [1].  In particular, low-voltage (~0.3-0.4V) 
operations can minimize the energy dissipation (or maximize 
the energy efficiency) of logic systems [1], and thus this 
operation mode is promising for always-on applications such as 
various wearable devices [2].  Nonvolatile data retention 
adaptable to low-voltage operations is highly requested for 
these applications.  Spin-transfer torque (STT) magnetic tunnel 
junctions (MTJs) are expected to be a promising nonvolatile 
memory element for low-voltage operations owing to the 
current-driven operation behavior of the MTJs, i.e., as far as 
the critical current density (JC) for their current-induced 
magnetization switching (CIMS) can be obtained at a desired 
low-voltage, there is no limitation for the (write-) operation 
voltage.  Various efforts including perpendicular magnetic 
anisotropy electrodes have been paid to reduce JC [3].  
However, the reduction of JC still is not enough to operate at a 
low-voltage for minimizing energy dissipation.  

JC can be reduced by lowering the energy barrier (EB) of 
MTJs.  However, this degrades the thermal stability.  Energy 
barrier reduction techniques applied only during CIMS would 
be promising for managing low JC and high thermal stability.  
Saito et al. [4] proposed a switching field reduction technique 
based on the inverse magnetostriction (IMS) effect for field-
induced magnetization switching of MTJs using a super 
magnetostriction material for the free layer.  This technique 

would also be applied to JC reduction for CIMS of STT MTJs.  
Note that pressures (<1 GPa) required for energy barrier 
deformation of the IMS layer of such MTJs would be obtained 
using a piezoelectric (PE) material with a low voltage bias 
(discussed later). 

In this paper, we propose a new STT MTJ using an IMS 
material for the free layer (hereafter, referred to as an IMS-
MTJ) and computationally investigate IMS-induced switching 

       
Fig. 1. (a) Schematic device structure and (b) cross section of a proposed 
IMS-MTJ. The dielectric polarization of the piezoelectric (PE) gate is 
parallel to the z axis. One of possible structures consists of a 
CoFeB/MgO/CoFeB/SmFe2 MTJ and a surrounding PMN-PT gate. 

TABLE I.  SIMULATION PARAMETERS FOR IMS-MTJ 

Tunneling magnetoresistance: TMR 100 % 
Resistance-area product: RA 2 Ω⋅μm2 
Voltage at half-maximum TMR: Vhalf 0.5 V 
JCT without the IMS effect 2.5×106 A/cm2 
JCT with the IMS effect 0.1×106 A/cm2 
Resistance:  RP(0) (Parallel mag.) 6.36 kΩ 
 RAP(0) (Antiparallel mag.) 12.7 kΩ 
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current reduction of the IMS-MTJ.  Energy performance of a 
low-voltage MRAM cell using the proposed IMS-MTJ and a 
high performance FinFET is also demonstrated. 

II. PROPOSED IMS-MTJ 
Fig. 1 shows a schematic device structure of the proposed 

STT MTJ using an IMS material for the free layer.  The device 
is comprised of ferromagnetic electrodes (pinned and free 
layers), a tunnel barrier (TB), and a PE gate surrounding the 
MTJ part.  The free layer consists of the IMS layer and high 
spin-polarization interfacial layer facing the TB.  These two 
layers are magnetically coupled, i.e., the magnetization 
direction of the interfacial layer is governed by that of the IMS 
layer.  The PE gate acts as a stressor to the free layer, which 
applies a compress pressure (P) in the free layer plane.  The PE 
gate electrodes that apply an electric field to the PE material 
are also placed.  In this study, SmFe2 [5] is adopted as the IMS 
material, and a device structure consisting of a CoFeB / MgO / 
CoFeB / SmFe2 MTJ part and a PMN-PT [6] gate surrounding 
it is employed. 

III. MODELLING AND CALCULATION PROCEDURE 
Calculations for IMS-induced MTJ behaviour were carried 

out using the LLG (Landau-Lifshits-Gilbert) equation with 
Slonczewski’s STT term [10,11].  We developed a model 
representing the STT term as an effective energy.  The IMS 
effect was also treated as a magnetoelastic energy.  These 
energies were incorporated in the LLG equation.  Critical 
current densities for magnetization switching without/with 
thermally excitation [12,13] were analysed.  The material 
constants and device parameters used in this study are shown in 
Tables I and II, which were determined by reference to 
reported data of IMS materials, perpendicular 
CoFeB/MgO/CoFeB MTJs, and piezo electronic devices [5-9].  
Note that  is defined by the energy barrier height for the 
switching at P = 0 MPa,  i.e., EB(P=0) = .  Operations of 
proposed MRAM cells (shown later) were analysed by 
HSPICE with a 20-nm-technology FinFET PTM [14] and our 
developed MTJ macromodel [15].  This macromodel can 
closely fit experimentally observed electrical characteristics of 
ordinary MTJs within an error of 1.5% [15].  

IV. IMS-MTJ CHARACTERISTICS 
Fig. 2 shows the calculated effective energy barrier for the 

IMS free layer as a function of tilt angle  of the magnetization 
(also see Fig. 1 (a)).  The energy barrier can be reduced by P 
applying to the free layer owing to the IMS effect (Fig. 2(a)).  
The STT magnetization switching (CIMS) occurs when the 
energy barrier disappears, and thus the IMS-induced barrier 
lowering is effective at reducing the critical current of the 
CIMS, as shown in Fig. 2(b).  Here, the critical current density 
JC0 is defined by a switching current just when the energy 
barrier becomes zero.  Note that when P = 0, this quantity is 
completely identical with Slonczewski’s JC0 [11].  The 
effective barrier decreases with J depending on P, and JC0 can 
be reduced with increasing P, as shown in Fig. 3(a).  For 
ordinary STTT-MTJs, JC0 can be reduced by lowering , which 
degrades thermal stability. However, JC0 also diminished by P 
without reducing  for the proposed IMS-MTJ.  Fig. 3(b) 
shows CIMS efficiency of IMS-MTJs as a function of P.  The 
CIMS efficiency is given by a ratio of the effective energy 

TABLE II.  MATERIAL CONSTANTS AND DEVICE PARAMETERS FOR IMS-MTJ 

MTJ part  PE gate part 
Ku

 M   R lm   0 YMTJ  YPE  S
33 d31 

(MJ/m3) (T) (ppm)  (nm) (nm)   (ns) (GPa)  (GPa)   (nm/V) 
0.56 0.64 -1258 0.005 10 2 60 1 1 40  0 0.3 741 -0.852 

Ku: Uniaxial magnetic anisotropic energy density, M: Saturation magnetization, : Magnetostrictive constant, : Damping constant, R: Radius of the MTJ pillar, lm: Thickness of the IMS layer, : Spin transfer 
efficiency, 0: Attempt time, YMTJ, YPE: Young modules of the MTJ and PE parts, : Poisson’s ratio, S

33: Relative permittivity, d31: Piezoelectric strain constant. 
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Fig. 2. Energy curves for the IMS free layer of the IMS-MTJ, in which (a) 
P is varied with J = 0, and (b) P is varied with J = 1 MA/cm2.  J and P 
represent current density passing through the device and pressure applied 
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Fig. 3. (a) Energy barrier as a function of J, in which P is varied from 0 to 
200 MPa in steps of 50 MPa (b) Spin-transfer torque magnetization 
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barrier EB(P) for the switching to the critical current IC0(P). 
[16] The CIMS efficiency remains constant at a reasonable 
value regardless of P.  To clarify the impact of the switching 
error rate of the IMS-MTJ on the critical current, the thermal 
excitation effect is included in our calculations using a model 
proposed by Koch et al. [12].  Fig. 4(a) shows the bit error rate 
(BER) as a function of J at room temperature, in which P is 
varied and the pulse width tp for J and P are fixed at 30 ns.  The 
BER rapidly increases with decreasing J for each P condition, 
when J is lower than JC0.  Therefore, the critical current density 
JCT determined by a given BER is important in practice and 
used for the following discussion.  Fig. 4(b) shows JCT as a 
function of P, in which BER is varied.  JCT decreases with 
increasing P depending on BER.  Fig. 5 shows JCT as a 
function of tp for BER = 10 6.  The non-linear behaviour of the 
JCT-tP curve appears for all the pressure conditions and JCT 
increases with decreasing tP.  The magnetization switching with 
JCT = 0.1 MA/cm2 and BER = 10 6 can be achieved for a 
moderate tP (several tens of nanoseconds). 

V. LOW-VOLTAGE MRAM APPLICATION 
Figs. 6(a) and (b) show two types of MRAM cells using an 

IMS-MTJ.  The cell shown in Fig. 6(a) is the same 
configuration as conventional MRAM cells, i.e. the cell 
configuration with the drain-side MTJ connection (DSM cell).  
The cell shown in Fig. 6(b) has a configuration with the source-
side MTJ connection (SSM cell), in which the connected MTJ 
feeds back its voltage drop to the gate of the MOSFET.  Since 
the degree of this negative feedback depends on the resistance 
states of the MTJ, the cell currents of the SSM cell can be 
effectively controlled by the magnetization configuration of the 
MTJ (shown later).  In this study, a FinFET is used for both the 
cells.  Table III shows an operation architecture of these cells.  
Note that the IMS effect is not induced during the read 
operation, and it is employed only during the write operation.  
Fig. 6(c) shows P as a function of VPE (that is a bias voltage of 
the PE gate; see Fig. 1(b)).  P required for the IMS-induced 
switching current reduction described above (several hundreds 
of MPa) can easily be yielded by VPE = 0.2 V or less.  Figs. 7(a) 
and (b) show cell currents as a function of VDD for the DSM 

and SSM cells, respectively, during the read operation, in 
which VPE and VG are set to zero and VDD, respectively.  
Although the cell currents of the SSM cell is lower than those 
of the DSM cell, its magnetocurrent ratio (that is a rate of 
change of the cell currents in the parallel and antiparallel 
configurations: MC = (IP IAP)/IAP) is sufficiently high to 
distinguish the parallel and antiparallel states even at VDD = 0.3 
V, as shown in Fig. 8.  In addition, the magnetocurrent ratio 
can be enhanced by the number of the fin channel of the 
FinFET (Fig. 8).  On the other hand, the magnetocurrent ratio 
of the DSM cell is severely degraded for lower VDD operations.  
Note that when VDD is less than 0.4 V, the magnetization 
switching does not occur during the read operation (since the 
cell currents do not exceed JCT for VPE = 0 V; see Table II).  
Fig. 9 shows cell currents during the write operation for the 
SSM cell (in which VPE is applied).  The cell current can 
exceed JCT for the IMS-induced switching when VDD ≥ 0.2 V.  
Fig. 10 shows the write energy of the SSM cell.  By reducing 
VDD from 0.9 V to 0.2V, the write energy can be considerably 
reduced to 1/400. 

VI. CONCLUSION 
We proposed a new STT MTJ using a super 

magnetostriction material for the free layer and the 
piezoelectric gate for applying a pressure to the free layer. The 
effective switching current reduction of the proposed device is 
theoretically revealed.  A low-voltage MRAM cell using the 
proposed MTJ can largely reduce the write energy without 
degradation of the thermal stability. 
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TABLE III.  READ/WRITE OPERATION ARCHITECTURE. 

 Read Write (AP P) Write (P AP)
BL H L H
SL L H L
WL H H H
PE L H H
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Abstract—In this work, a comparison between 1T-1R RRAM
4kbits arrays manufactured either with amorphous or polycrys-
talline HfO2 in terms of performance, reliability, Set/Reset op-
erations energy requirements, intra-cell and inter-cell variability
during 10k Set/Reset cycles is reported. Polycrystalline array
shows higher current ratio, lower switching voltages, lower power
consumption, minor endurance degradation and higher overall
yield than amorphous array. The drawbacks are represented by
the higher Forming voltage, the larger read current distribution
after Forming and the higher Reset voltage dispersion.

I. INTRODUCTION

Resistive Random Access Memories (RRAM) technology
gathered significant interest for several applications [1]–[3].
RRAM behavior is based on the possibility of electrically
modifying the conductance of a Metal-Insulator-Metal (MIM)
stack: the Set operation moves the cell in a low resistive state
(LRS), whereas Reset brings the cell in a high resistive state
(HRS) [4], [5]. To activate such a switching behavior, some
technologies require a preliminary Forming operation [6]–[8].

The choice of a proper MIM technology for RRAM cells,
exhibiting good uniformity and low switching voltages, is
therefore a key issue for array structures fabrication and reli-
able electrical operation [9]. Such a process step is mandatory
to bring this technology to a maturity level. In this work,
a comparison between 1T-1R RRAM 4kbits arrays manu-
factured either with amorphous [5] or polycrystalline [10]
HfO2 is performed. In amorphous HfO2 the conduction mainly
occurs through a conductive filament created during the Form-
ing operation with highly variable concentration of defects,
whereas in polycristalline HfO2 the conduction occurs only
through grain boundaries with a very low defect concentration.
These differences in terms of conduction properties and defect
concentrations translate into different switching properties [9],
with several implications on inter-cell (variations between
cells) and intra-cell (cycle-to-cycle variations of any given cell)
variability. In this work a comparison in terms of performance,
reliability, Set/Reset operations energy requirements, intra-
cell and inter-cell variability during 10k endurance cycles is
reported.

(a) (b)

Fig. 1. Cross-sectional STEM image (a) and schematic (b) of the 1T-1R cell
integrated in the arrays.

II. EXPERIMENTAL SETUP

The 1T-1R memory cells in the 4kbits arrays are constituted
by a select NMOS transistor manufactured with a 0.25 μm
BiCMOS technology whose drain is in series to the MIM
stack. The wordline (WL) voltage applied to the gate of
the NMOS transistor allows setting the cell current com-
pliance. The cross-sectional Scanning Transmission Electron
Microscopy (STEM) image of the cell and the 1T-1R cell
schematic are reported in Fig. 1. The variable MIM resistor
is composed by 150 nm TiN top and bottom electrode layers
deposited by magnetron sputtering, a 7 nm Ti layer, and a 8
nm HfO2 layer deposited with two different Atomic Vapour
Deposition (AVD) processes resulting either in amorphous
(A) or polycrystalline (P) HfO2 films, respectively. The re-
sistor area is equal to 0.4 μm2. For amorphous films it has
been integrated also a resistor with larger area that shows
improved reliability and performance (i.e., 1 μm2) [4]. The
Forming/Set/Reset operations on the arrays were performed
by using an Incremental Pulse and Verify algorithm [11].
The bitline (BL), sourceline (SL) and WL voltages applied
during Forming, Set, Reset and Read operations are reported
in Tab. I. Reset operations were performed by applying the
WL voltage that allows maximizing the cells switching yield
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TABLE I
FORMING, SET, RESET AND READ VOLTAGE PARAMETERS.

Operation VSL [V] VBL [V] VWL [V]
Forming 0 2-3.2 1.5
Set 0 0.2-3.2 1.5
Reset 0.2-3.2 0 2.5 (A)/ 2.8 (P)
Read 0 0.2 1.5

(2.8 V on array A and 2.5 V on array P) while avoiding
the breakdown of the HfO2 [12]. Pulses were applied during
Forming by increasing VBL with ΔVBL=0.01V, whereas
during Set and Reset ΔVBL=0.1V and ΔVSL=0.1V have been
used, respectively. Each pulse featured a duration of 10μs, with
a rise/fall time of 1μs to avoid overshoot issues. Set operation
was stopped on a cell when the read-verify current reached
at least 20μA, whereas Reset was stopped when reached al
least 10μA. Forming, Set and Reset BL/SL voltages necessary
to reach the requested read-verify current targets are extracted
from the characterization data and labelled as VFORM , VSET ,
and VRES , respectively.

III. EXPERIMENTAL RESULTS

1T-1R cell arrays integrated with A-HfO2 (A-array) with
small (0.4 μm2) and large (1 μm2) resistor area, and P-
HfO2 (P-array) resulted in a Forming Yield (calculated as
the cell percentage having a read verify current after form-
ing Iread ≥ 20μA) of 58%, 90%, and 95%, respectively.
Fig. 2 shows the average current ratios between Low Resistive
State (LRS) and High Resistive State (HRS) read currents
(ILRS/IHRS), calculated on the entire cells population during
Set/Reset cycling, and their relative dispersion coefficient. The
dispersion coefficient, defined as (σ2/μ), has been used to
evaluate the cell-to-cell variability. The minimum current ratio
that allows to correcly discriminate between HRS and LRS
(ILRS/IHRS >2) is indicated for comparison purposes [5].
Due to the faster cell degradation, the average ratios of A-
arrays with resistor area of 0.4 μm2 and 1 μm2 cross the
minimum ratio limit after 200 and 1k cycles, respectively.
P-array showed higher ratio (≈ 2.8) even after 10k cycles,
but also a higher dispersion coefficient after Forming (i.e.,
cycle 1). The grain boundaries conduction mechanism in the
polycrystalline HfO2 structure could be the reason of the
higher cell-to-cell variability in P-arrays [13]. A-array with
resistor area of 1 μm2 shows a slightly higher average ratio
and a slower degradation than A-array with resistor area of
0.4 μm2. In smaller cells the presence of defects in the HfO2

stack has a stronger impact on the performance since makes
the switching operations more difficult to control, speeds up
the degradation and increases the overall inter-cell variability
[14].

Fig. 3 shows a comparison between ILRS and IHRS cu-
mulative distributions measured at cycle 1 and after the 10k
Set/Reset cycling test: A-arrays show more compact distribu-
tions at cycle 1, however after cycling P-array shows a higher
percentage of correctly switching cells reaching the Set/Reset
verify targets. IHRS cumulative distribution in P-array shows
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Fig. 2. ILRS /IHRS current ratio average values (a) and dispersion coefficients
(b) calculated during cycling.
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Fig. 3. IHRS and ILRS cumulative distributions at cycle 1 (a) and at cycle
10k (b).

a larger distribution tail at cycle 1 compared to A-arrays.
After 10k cycles the cells degradation makes more difficult
to break or re-create the filament, hence the voltage requested
to reach the verify target increases as well as the number of
cells not able to reach the verify target. An enlargement of the
upper tail in P-array HRS distribution can be observed whereas
on A-arrays a strong shift of the distributions towards higher
currents occurs, since a higher number of cells is not able reach
the Reset threshold. The reason of the lower ratio in A-array
with small resistor area can be explained by the cumulative
distributions, since they show lower ILRS and higher IHRS

than cells with larger resistor area either at cycle 1 and after
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Fig. 4. VSET and VRES average values (a,c) and dispersion coefficients
(b,d) calculated during cycling.

10k cycles. In ILRS cumulative distributions the cells not able
to reach the Set verify target generate a lower tail on P-arrays
after 10k cycles, whereas on A-arrays a higher number of
cells is not able to reach the Set verify target especially when
cells with resistor area of 0.4 μm2 are considered. This results
into a strong shift of the distributions towards lower currents,
especially in A-array with small resistor area that shows a high
number of cells not reaching the Set verify target even at cycle
1.

Fig. 4 shows the average Set and Reset switching voltages
(VSET , VRES) and their relative dispersion coefficients: lower
VSET and VRES are required on P-array which also shows
no variations during Set/Reset cycling, whereas VSET , VRES

increase on A-arrays during cycling. VRES on P-array shows
the highest variability: such operation is critical and very
difficult to control in RRAM arrays since it strongly depends
on how the filament is created: over Forming, as well as
endurance degradation, can make the filament difficult to
disrupt, increasing the VRES variability [11]. A-arrays show
similar behavior of the average VSET and VRES (a lower
average VSET is observed on A-array with larger resistor
area only up to 500 cycles), while a higher VSET and VRES

dispersion can be observed in A-array with smaller resistor
area.

Fig. 5 shows the cumulative distributions of switching
voltages during Forming, while Fig. 6 shows the Set and Reset
switching voltages cumulative distributions at cycle 1 and after
the Set/Reset cycling. Forming, Set and Reset incremental
pulse algorithms starting point and last attempt are indicated,
corresponding to the first and the last voltage pulse available
in the incremental pulse and verify procedure [11]. P-array re-
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Fig. 6. VSET and VRES cumulative distributions at cycle 1 (a) and at cycle
10k (b).

quires lower VSET and VRES but higher VFORM if compared
to A-array with the same resistor area. A-array with larger
resistor area requires higher VFORM . Moreover, it can be
observed that ≈ 40% of the devices with smaller resistor area
reached the forming threshold at VFORM=2 V, corresponding
to the first attempt of the Forming Algorithm. Since P-array
shows a more compact distribution on VSET and a larger
VRES than A-arrays, faster Set operation could be reliably
used on P-array, whereas on Reset an incremental pulse with
verify technique is required to ensure good reliability. A-arrays
show large distributions on both VSET and VRES , hence
the adaptation of incremental pulse with verify techniques is
mandatory on such arrays.
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Fig. 7. Energy required to perform Set (a) and Reset (b) operations as a
function of the Set/Reset cycle number.

Fig. 7 shows the average energy required to perform Set and
Reset operations on a single cell. The overall energy required
to create/disrupt the conductive filament during Set/Reset
operations has been calculated as [11]:

E =

n∑
i=1

Vpulse,i ∗Ipulse,i ∗Tpulse+Vread∗Iread,i∗Tread (1)

Where n is the number of reset pulses applied during
incremental pulse operation, Vpulse,i is the pulse voltage
applied at step i, Ipulse,i is the current flowing through RRAM
cell during pulse i application, Tpulse = 10μs is the pulse
length, Vread =0.2 V is the read voltage applied during verify
operation, Iread,i is the current read on the RRAM during read
verify step i, and Tread = 10μs is the verify pulse length. P-
array shows lower power consumption with a lower increase
during cycling thanks to a lower VSET and VRES . A-arrays
with different resistor area show similar power consumption
during Reset operation, whereas a lower consumption during
Set is observed on A-array with larger resistor area only up to
500 cycles since cells with larger resistor area require lower
VSET .

IV. CONCLUSIONS

1T-1R RRAM arrays manufactured with P-HfO2 shows
several advantages compared to A-HfO2 even considering their
improved process: higher current ratio, lower switching volt-
ages, lower power consumption, minor endurance degradation
and higher overall yield. Moreover, P-array show very low
VSET variability, hence faster Set operation could be reliably
performed. P-array disadvantages are represented by the larger
HRS distribution after Forming, the higher Reset voltage
dispersion and the higher VFORM if compared to A-array
with the same resistor area, however but it must be pointed
out that Forming operation is performed only once. The
grain boundaries conduction mechanism in the polycrystalline
HfO2 structure could be the reason of the higher cell-to-cell
variability in P-arrays.
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Abstract—Variability of the currents associated to both low 
and high resistance states is an inherent characteristic of the 
resistive switching phenomenon. This variability could be critical 
for the use of these devices for memory applications, so that it is 
necessary to develop models that account for it and help 
predicting its effect.  In this work, we present a method based on 
an electrical model to reproduce the resistive switching currents, 
at both low and high resistive states, including variability. This 
allows analyzing the impact of device variability on circuit 
performance.   

Keywords—Resistive Switching; variability; circuit-based 
model; model fititng; model parameter statistical distributions; RS 
array analysis tool; leakage current; 

I. INTRODUCTION

Resistive Switching (RS) devices have become potential 
candidates for nonvolatile memory applications and promising 
basis of new reconfigurable computing architectures [1-4]. To 
explore circuit and memory designs based in RS devices, 
electrical models are needed, implementable in circuit 
simulation tools, to evaluate characteristics like power 
consumption or performance in large RS arrays [5-10]. In this 
scenario, one of the challenges is to develop models that 
account for the large variability observed in the RS devices 
electrical characteristics. This work is focused on the intra-
device variability of the RS devices. The statistical 
distributions of the model parameters in an equivalent circuit 
model are obtained from the experimental data and their main 
properties have been analyzed. A procedure is developed to 
correctly reproduce these distributions and obtain realistic 
current values associated to the RS phenomenon. 

II. MODELLING OF THE RS I-V CHARACTERISTICS

RS devices suffer from large intra-device variability 
(cycle-to-cycle variability), both at low resistive state (LRS) 
and high resistive state (HRS), which must be properly 
accounted for in SPICE-like models. This variability is 

observed in the spread of the current values in each state at 
low voltages and also in different switching voltages in the 
switching events between states. In this work, we focus the 
attention on the current levels at low voltages (reading 
window). For example, Figure 1 shows typical RS current-
voltage (I-V) curves obtained during 400 cycles on a 
Ni/HfO2/n+Si device structure with 20nm HfO2 layer and area 
of 5x5 m2. Note the large cycle-to-cycle variability in the 
device electrical characteristics, especially in the HRS. 

To model the RS I-V curves (at both LRS and HRS) we 
use a Diode-Resistor circuit (Figure 2) whose output is fully 
defined by three parameters: the resistance value (R), the 
diode saturation current (Is) and diode ideality factor (n) [11, 
12]. 

Spanish MINECO and ERDF (TEC2013-45638-C3-1-R, TEC2014-
52152-C3-1-R, and TEC2014-54906-JIN), and the Generalitat de Catalunya
(2014SGR-384) have partially supported this work. 

Figure 1: Typical Resistive Switching I-V curves obtained 
during 400 cycles in Ni/HfO2/n+Si devices with 20nm HfO2
layer and area of 5x5 m2. A current limit of 100uA was used 
during Set to allow reset events. Large variability is observed in 
both states at low voltages (reading window). 
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An automatized fitting process has been developed to 
extract the three circuit parameters corresponding to the I-V 
curve measured on a device during cycling (as those in figure 
1), within operation regime (V<1). Figure 3 shows several 
examples of fittings of the experimental I-V curves, where it 
can be observed that the circuit is able to correctly reproduce 
the measurements, regardless of the device state and current 
magnitude. 

The fitting of all the curves (3000 for each RS state in the 
example shown) allows obtaining the statistical distributions 
of the model parameters. Dots in Figure 4 a, b and c show the 
experimental cumulative probability distributions of the ‘R’, 
‘Is’ and ‘n’ parameters, respectively, for the LRS and HRS 
states. Clearly, two different ranges of values are obtained for 
the ‘R’ and ‘Is’ parameters, ascribed to the LRS and HRS. 
However, the ‘n’ parameter distributions for the HRS and LRS 
overlap, being the spread larger for the HRS case. This is 
because the fittings are very sensitive to the value of this 
parameter.  

An important point to be analyzed is the correlation 
between the model parameters. Figure 5 shows a 3D plot of 
the complete set of parameters, for the LRS (top) and HRS 
(bottom). The projections on the three planes show that the 
correlation between parameters cannot be neglected, being 

Figure 2: Equivalent model for the RS device based on a Diode-
Resistor circuit. Resistance value (R), saturation current (Is) 
and ideality factor (n) of the diode are used to fit the conduction 
of the RS devices at both resistive states.  

Figure 3: Examples of LRS and HRS I-V curves fittings. Circles 
correspond to the experimental results and lines to the model 
fittings. With the suitable parameter sets, the model reproduces 
properly the experimental curves at both states.  

Figure 4: Statistical distributions of the circuit model 
parameters obtained by fitting the experimental curves (dots), a) 
Resistance (R), b) Saturation current (Is) and c) Ideality factor 
(n) of the diode. In the HRS and LRS, two different ranges of 
values are obtained for R and Is indicating a clear change of the 
electrical properties of the conductive filament. Lines 
correspond to the distributions generated using the proposed 
method.
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larger for the HRS. This correlation between them is a key 
point to accurately model the current variability. Since, if it 
was not taken into account, larger values of current (larger 
variability) could be obtained. For example, not all values of 
the ‘Is’ parameter range can be included in the model, when a 
low ‘R’ is considered. If this restriction was not taken into 
account, an unrealistic larger current variability would be 
predicted. For this reason, any new set of parameters must 
follow the same statistical distribution, but also the same 
correlation between parameters than the experimental results.  

III. STATISTICAL GENERATION OF MODEL PARAMETER

To accurately include the RS currents variability into 
circuit simulators, the statistical distributions of the Resistor-
Diode model parameters (Fig. 4) have to be properly 
described. However, the complexity of these statistical 
distributions makes difficult to take advantage of analytical 
expressions. It is because the obtained distributions are not 
related to typical distributions, and cannot be described by a 

simple equation. Then no seed for typical distributions can be 
considered for easily generate random values of the model 
parameters. For this reason, we have used a random number 
generator implicit method, which correctly reproduces the 
statistical distributions of all the parameters (black lines in 
Figure 4) and also the correlation between them. This method 
consists in obtaining a 3D discrete cumulative probability 
function that describes the statistics and correlation, by 
meshing the range of the three parameters at the same time.  

Figure 6 shows the 3D plot of the generated values for 
LRS (top) and HRS (bottom). As it can be observed, 
distributions and correlations reflected in the projections in 
figures 5 and 6 are statistically identical. Larger set of 
parameters can be generated than experimentally obtained. 
Moreover, the extrapolation of the experimental distributions 
to extreme percentiles allows increasing the statistical sample 
size, reaching a proper statistical description even in the least 
probable cases of parameter combinations. 

Figure 5: 3D plot of model parameter sets (black points) 
obtained from the fitting of the experimental curves for the LRS 
(top) and the HRS (bottom). Projections show the correlation 
between parameters separately. Correlation between 
parameters at HRS is larger than at LRS. 

Figure 6: 3D plot of parameter sets (black points) generated for 
the LRS (top) and the HRS (bottom). Projections show the 
correlation between parameters separately. Good agreement is 
obtained between the correlation obtained from the data fitted 
(figure 5) and that generated with the proposed method. 
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The Diode-Resistor circuit and the generated statistical 
parameters have been introduced into a circuit simulator, and 
the resulting currents have been compared to the experimental 
results (Figure 7). The good agreement between the 
experimental and simulated current distributions allows 
concluding that with the presented procedure the intra-device 
RS I-V curves variability can be properly reproduced in circuit 
simulators, even when complex distributions are obtained, 
such is the case.  

IV. CONCLUSIONS

A diode-resistor equivalent circuit model has been used to 
describe the RS electrical characteristics, for both LRS and 
HRS. The fitting of a large number of I-V experimental curves 
(obtained during device cycling) has allowed evaluating the 
statistical distributions of the model parameters, which cannot 
be described by simple analytical expressions. A method has 
been proposed to correctly reproduce the experimental 
distributions, which accounts for the observed parameter 
correlation that must be not neglected to reproduce the 
observed variability. The model (and the suitable model 
parameters) can be introduced into circuit simulators to 
analyze the impact of device variability on circuit 
performance. Moreover, this method allows generating a large 

number of sets of parameter values for the analysis of a large 
RS device arrays. 
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Figure 7: Cumulative probability distributions of experimental 
(circles) and generated (lines) for LRS and HRS currents at 1V. 
The observed experimental variability can be properly described 
with the generated statistically distributed parameters sets.
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Abstract— The introduction of SiGe channel for pMOSFETs 
in FDSOI technology enables to achieve high performance. 
However, it has been demonstrated that such a global stressor 
induces layouts effects. In this paper, we present an exhaustive 
study of layout impact on threshold voltage. Especially, 
dissymmetric layouts, non-rectangular active areas and 
multifinger transistors are investigated. We propose an analytical 
model based on stress profile to reproduce the layout 
dependences. This model reproduces the experimental data with 
good accuracy, whatever the shape of the active area. 

Keywords— FDSOI; SiGe; Stress; Layout effects; Threshold 
voltage;  

I.  INTRODUCTION 
A UTBB-FDSOI (Ultra-Thin Body and Buried oxide - 

Fully Depleted Silicon On Insulator) technology has been 
developed at the 14nm node. It highlights a -34% delay (or 
+50% frequency) improvement along with a 100mV supply 
voltage reduction (0.8V vs. 0.9V) over the 28nm FDSOI 
technology [1]. This performance is mainly achieved thanks to 
the introduction of a high-k metal gate first, a 6nm thin SiGe 
channel and SiGe sources/drains in pMOSFETs. Even if some 
literature papers already evidenced layout effects induced by 
such a global stressor [2,3,4], no exhaustive study was reported 
up to now about the impact of design layouts on the electrical 
characteristics, whatever the shape of the active area.  

For this purpose, we have extracted the threshold voltage 
(Vth) of transistors down to Lg=20nm gate length as a function 
of several layout parameters. The length and shape of the active 
region, as well as the number of gate fingers have been 
investigated. We have developed an analytical model based on 
the physical mechanical behavior, which reproduces accurately 
the experimental data. 

II. ACTIVE EXTENSION LENGTHS 
First, we have studied the effect of the active extension 

lengths, i.e. the gate-to-STI distances on active, called SA and 
SB (Figure 1a). The threshold voltage for both nMOS (Figure 
2) and pMOS (Figure 3) have been extracted at a given current 
and here in the case of a symmetric layout (SA=SB). 

 

Figure 1. (a)  Typical layout of tested devices. SA and SB are the 
distances between the gate and the active area edge on the left and 
right sides, respectively. (b)  Scheme of non-rectangular layouts. 
Symmetric case (T-shaped) on the left and dissymmetric case ( -
shaped) on the right. 

 
The threshold voltage of nMOS devices does not depend 

on SA/SB, evidencing that the channel of nMOS devices is not 
stressed, especially by the Shallow-Trench-Isolation (STI). On 
the other hand, the pMOS threshold voltage strongly increases 
with the reduction of the active length. Unlike nMOS with 
silicon channel, the pMOS channel is made of Si0.75Ge0.25, 
obtained by enrichment process. The threshold voltage shift 
when active length is reduced (short SA/SB) suggests a 
modification of the stress in the channel of the transistor. For 
long and large devices, the stress from SiGe is compressive 
biaxial, whereas it becomes highly uniaxial for short SA/SB 
[2]. This change of stress configuration leads to a threshold 
voltage increase of 88mV from SA=SB=980nm to 
SA=SB=80nm. We have also extracted the Vth for 
dissymmetric layouts (SA SB). Figure 4 shows a similar trend 
for SA SB as on Figure 3 for SA=SB. In these dissymmetric 
layouts, the distance from one edge of the active area (SB) is 
fixed at either 80nm or 980nm, whereas the distance with the 
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other edge (SA) varies. It demonstrates that the threshold 
voltage is directly limited by the shorter gate-to-STI distance, 
which is the minimum of SA, SB, in agreement with 
mechanical simulations.  

 
 

 
Figure 2. Threshold voltage of nMOS device as a function of SA=SB. 
No change of Vth is observed since nMOS active is made of 
unstrained Si and evidencing no stress from STI. 

 
Figure 3. Threshold voltage of pMOS device as a function of SA=SB. 
The threshold voltage is strongly impacted by the reduction of active 
length. This is due to the change of SiGe channel stress configuration 
and level close to the active edge. 

 

 
Figure 4. Threshold voltage variation vs. extension length for 
dissymmetric layouts (SA SB). The distance of only one edge (SA) 
varies while the distance of the other edge (SB) is fixed at either 80nm 
or 980nm from the gate. The threshold voltage value is limited by the 
shortest extension length. 

In order to establish a model of threshold voltage variation 
with layout, we use a stress model similarly as in [5]: 

 
(1) 

where 0=2.1GPa is the sum of the initial level of stress from 
Si0.75Ge0.25 channel and the stress from Si0.7Ge0.3:B Source and 
Drain. x is the position along the active length Lac, and  and  
are fitting parameters, image of the impact of the edge 
promiscuity on stress level. The value of stress along active 
length is plotted on Figure 5, showing that the level of stress is 
impacted by edge effects when active length is reduced 
(SA=SB=80nm).  

 
Figure 5.  Stress value along the active position from the model of Eq. 
(1) with fitting parameters used to reproduce experimental data 
( =112nm and =0.124). The level of longitudinal stress is impacted 
when extension lengths are reduced. 
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The threshold voltage is then derived from the model of 
stress, using a first order linear longitudinal stress sensibility:  

 

 

(2) 

 
where Vth0 is the threshold voltage of totally relaxed channel, S 
is the stress sensibility (S=-113mV/GPa, extracted from our 
measurements). The stress value of interest is taken at the 
middle of the channel (x=SA+Lg/2), which is a relevant 
approximation for short channels (Lg=20nm compared to 
minimum active length Lac=180nm for the case 
SA=SB=80nm). As shown in Figure 3 and Figure 4, our model 
well reproduces the experimental data for both symmetric and 
dissymmetric layouts. 

III. NON-RECTANGULAR ACTIVE AREA 
Non-rectangular active areas have also been studied in 

symmetric or non-symmetric layouts (Figure 1b). In these 
cases, the extension length in the X direction differs along the 
channel width (i.e. along the Y direction). The level of stress in 
such non-rectangular active area is more complex.  

A first approach consists in modelling the transistor by 2 
sub-transistors (T1 and T2) in parallel, whose SA/SB and width 
(W) are different: SA1, SB1, W1 for sub-transistor 1 (T1) and 
SA2, SB2, W2 for sub-transistor 2 (T2). In this so-called “2-
transistor model”, the weight of each sub-transistor in the total 
conduction is directly linked to the so-called width ratio (W 
ratio = W2/(W1+W2)). This model does not take into account 
any shear stress at T1/T2 transition. Under the assumption that 
the threshold voltage is extracted in the subthreshold regime 
and the subthreshold swing is independent of the stress, the 
threshold voltage of the transistor with non-rectangular area is 
expressed as: 

 (3) 

 
where Vth1 and Vth2 are the threshold voltages of the transistors 
T1 and T2 with layout parameters SA1, SB1, W1 and SA2, 
SB2, W2, respectively (cf. Figure 1) and SS is the subthreshold 
swing (SS=80mV/dec). 

Another approach can be used in order to get simple netlists 
extracted after the Layout Versus Schematics (LVS). It consists 
in the extraction of only one transistor of equivalent SA and 
SB. Equivalent SA and SB are calculated by a Matthiessen’s 
law in this so-called “1-transistor model” : 

 (4) 

 

 

  

Figure 6 illustrates both approaches for modelling 
transistors built on non-rectangular active area.  

 

 
Figure 6. Illustration of the 2 approaches for non-rectangular area 
modelling, the “2-transistor” and “1-transistor” models. 

 
Figure 7. Threshold voltage vs. the width ratio of transistor 2 in the 
case of symmetric non-rectangular active (T-shaped). Experimental 
data are compared with the “2-transistor” and “1-transistor” models. 

The threshold voltage increases with the W ratio for both 
symmetric (also called T-shaped, Figure 7) and dissymmetric 
(also called –shaped, Figure 8) non-rectangular active areas. 
Indeed, the part of the channel with short gate-to-STI distance 
increases with the W ratio, impacting the threshold voltage of 
the transistor.  

The “2-transistor model” allows reproducing the layout 
dependence with good accuracy whereas the “1-transistor” 
model could be a good tradeoff between model predictability 
and time/complexity of SPICE (Figure 7 and Figure 8).   
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Figure 8. Threshold voltage vs. the width ratio of transistor 2 in the 
case of dissymmetric non-rectangular active ( -shaped). Experimental 
data are compared with “2-transistor” and “1-transistor” models. 

 

IV. MULTIFINGER TRANSISTORS 
In a design, transistors can be built on a same active area. 

Especially, multifinger MOSFETs consist of different 
transistors in parallel and on the same active region, sharing 
Source and Drain nodes as illustrated in Figure 9. Each 
elementary transistor is not the same because of different 
extension lengths. Similar methodology as in §3 is used to 
model the threshold voltage of multifinger transistor (Eq. 5) 
and well reproduces experimental data (Figure 10). This figure 
shows that the transistor closest to the STI impacts the 
threshold voltage of the whole structure, when compared to the 
1-finger transistor reference, located at the middle of the active 
area (SA=SB) (i.e. Figure 1a and 3). 

 (5) 

 

 
Figure 9. Illustration of multifinger transistors layout built in parallel (in this 
example, N=5). Each elementary transistor exhibits different extension lengths 
SA/SB.  

 

 
Figure 10. Threshold voltage of multifinger pMOSFETs as a function 
of the number of fingers. The transistor closest to the STI impacts the 
Vth of the whole structure. 

V. CONCLUSION 
The threshold voltage of SiGe short channel FDSOI 

pMOSFETs with different layout parameters (active area 
length, shape and number of fingers) have been deeply 
characterized and analytically modelled. This analysis confirms 
the need to properly model the layout effects in order to 
accurately predict/assess circuit performance.  
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Abstract — In this work the impact of the source - drain series 
resistance mismatch on the drain current variability has been 
investigated for 28nm Bulk MOSFETs. For the first time a 
mismatch model including the local fluctuations of the threshold 
voltage, the current gain factor and the source – drain series 
resistance both in linear and saturation region is presented. 
Furthermore, it is proved that the influence of source – drain 
series resistance mismatch is attenuated at the saturation region, 
due to lower drain current sensitivity to series resistance 
variation. The experimental results were further verified by 
Monte Carlo simulation with normally distributed MOSFET 
parameters. 

Keywords — mismatch; local variability; threshold voltage; 
gain factor; SD series resistance; modeling; 28nm BULK; CMOS 

I.  INTRODUCTION 
Usually process variations are categorized into global and 

local variations. Concerning the global variations, the device 
parameters change smoothly all over the wafer. On the other 
hand, for local variability or mismatch, each transistor is 
affected differently even from its close neighbor. Mismatch is 
by nature an uncorrelated stochastic process, which is 
increasing due to the scaling down of CMOS technology. As a 
result a crucial issue in MOSFETs and especially in advanced 
nano-scaled devices is the study of drain current local 
variability as it affects the performance of analog but also 
digital circuits. 

According to the first mismatch studies, the main sources 
of drain current, ID mismatch are the local fluctuations of the 
threshold voltage, Vt and the current gain factor,  [1-2]. The 
phenomenon of the source – drain (SD) series resistance 
mismatch and its impact on drain current variability was 
investigated in a previous work performed on FDSOI devices 
[3]. 

In this work, we studied this phenomenon on bulk NMOS 
transistors processed with 28nm Gate-first technology and 
extended for the first time the drain current local variability 
model to the saturation region as well. 

II. THEORETICAL BACKGROUND 
In [3] the existence of the SD series resistance mismatch 

and its impact on the drain current variability with regard to 
the other mismatch components has been verified. Indeed, it 
has been shown that there is a noticeable difference in the 

drain current between two paired transistors, whose mismatch, 
Id/Id, is given by, 

1

2ln
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D
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I
I

I  (1) 

In the same work, as shown in Eq. 2 an expression including 
the SD series resistance mismatch impact was proposed for the 
calculation of the drain current mismatch: 
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where ( Vt) ( / ) and ( RSD) are the standard deviations 
of threshold voltage, gain factor and SD series resistance 
mismatch and gD is the channel conductance in linear region. 

III. RESULTS AND DISCUSSION  

A. Devices and Experimental Details 
The devices measured in this work are bulk n-MOS 

transistors, issued from 28nm planar CMOS technology with 
channel width (W) varying from 10 down to 0.08 m and 
channel length (L) varying from 5 down to 0.03 m. The 
devices are fabricated by ST Microelectronics in France and 
present also pocket implants. A sample of 65 pairs of identical 
MOS transistors spaced by the minimum allowed distance and 
laid out in an identical environment, was necessary for 
matching measurements. Drain current measurements both at 
linear (VD = 30mV) and saturation region (VD = 1V) were 
performed with Agilent B1500 Semiconductor Device 
Analyzer. 

B. Measurement Results 
In Figs. 1(a) and (b) the normalized standard deviation of 

the drain current mismatch, ( D/ID), is plotted as a function 
of the gate voltage, VG for various geometries at the linear and 
saturation region, respectively. Note that, at low drain voltage, 
there are clearly cases at strong inversion where an increase of 

( D/ID) with VG is observed. This increase, which is not 
observed in all geometries, was attributed to SD series 
resistance variability in FDSOI devices [3]. Therefore, it 
appears that this phenomenon also exists in bulk devices. On 
the other hand, we observe that, for the same geometries, no 
such behavior is clearly observed at saturation region (see Fig.  
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1(b)). In order to interpret these results, we extended the 
model described in [3] so that the saturation region can be 
included in the calculation of the drain current mismatch (see 
Eq. 3).  
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As a result, we used Eq. 3 to fit the experimental data with 
3 fitting parameters, the threshold voltage mismatch, ( Vt), 
the current gain factor mismatch, ( / ) and the RSD 
mismatch, ( RSD), in all operation regions. The value of RSD 
was extracted using the Y-Function method using several gate 
lengths [4]. The results are displayed in Fig. 2(a). Concerning 
the saturation region, we extracted nearly the same values for 

( Vt)  and ( / ), consistently with those of the linear 
region. As it is shown in Fig. 2(b) we achieved a good 
agreement between the experiment and the model. This 
indicates that the influence of RSD can be significantly 
attenuated in saturation region. This feature can be understood 
through the last term of Eq. 3, which is related to the drain 
current sensitivity to RSD and which indicates that ID is at 
least twice less sensitive to RSD in saturation, where gD=0. 
This observation is confirmed in Figs. 3 (a) and (b) where the 
individual matching parameter iA Vg(VG) (Eq. 4) is presented 
for various geometries at the linear and saturation region, 
respectively. 
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The plateau at low gate voltages nearly corresponds to the 
individual matching parameter iA Vt (Eq. 5). 

LWViA tVt  (5) 

As we can see in more detail in Fig. 4, ( Vt) has almost 
the same value for both linear and saturation region. The 
difference observed between the two regions at high VG values 
is because of the RSD difference, while the slight increase of 
iA Vg at strong inversion is due to ( / ). From Fig.4 it is  

 

 

 
also clear that the parameter iA Vg is smaller at VD=1V since 
there is less RSD impact in saturation (Eq. 3).  

Figs. 5 and 6 present the individual matching parameters 
iA Vt and iA /  respectively, as a function of the gate length 
(Eqs 5 & 6). 

LWiA //  (6) 

 

 
Fig. 1. Normalized standard deviation of the drain current mismatch versus 
gate voltage, VG for different geometries in linear (a) and saturation (b) 
region. 

 
Fig. 2. Experimental results (symbols) of 2( D/ID) versus gate voltage, VG 
for small and large area devices in linear (a) and saturation (b) region and 
Model (lines). 

 
Fig. 3. Individual matching parameter iA Vg versus gate voltage, VG 
extracted by experimental data in linear (a) and saturation region (b) for 
different geometries. 

 
Fig. 4. Individual matching parameter, iA Vg versus gate voltage, VG in 
linear (black symbols) and saturation region (red symbols). 
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The values corresponding to the iA Vt parameter are 

ranging between 2 and 6.5 mV m, in agreement with [5] and 
they increase slightly with the gate length. Moreover, iA /  
ranges from 0.4 to 0.6 %. m verifying that our fitting with the 
gain factor mismatch was correctly done. Last but not least, 
the standard deviation of the SD series resistance mismatch 
versus the channel width is presented in Fig. 7. As can be 
seen, the RSD and the ( RSD) follow the same trend and more 
specifically their values decrease as the channel width 
increases. Furthermore, a dependence on the gate length is 
observed at fixed width. Finally, it was found that the 
normalized series resistance local variability, ( RSD)/RSD, is 
around 5-15%, which is similar to FDSOI technologies [3].  

C. Simulation Results 
To further verify the findings presented above, we 

performed Monte Carlo simulations. Using the MOSFET 
compact model based on Lambert W function [6] the 
variability curves of the devices were reproduced. Based on 
the experimentally extracted matching parameters, the 
MOSFET parameters were randomly generated by a Monte 
Carlo process using a normal distribution. 

Fig. 8 shows that the smaller impact of RSD occurs at the 
saturation region, thus verifying the experimental results 
behavior. 

 

 

 
This finding is also supported by the simulated individual 

matching parameter, iA Vg which is smaller at the saturation 
region (see Fig. 9).   

IV. CONCLUSION 
The impact of the SD series resistance mismatch on the 

drain current variability has been investigated for 28nm Bulk 
MOSFETs. A mismatch model that takes into consideration 
the RSD local variability  was developed and used to extract all 
mismatch parameters, including ( Vt), ( / ) and ( RSD), 
in linear and saturation regions. This phenomenon was proved 

 
Fig. 5. iA Vt versus channel length, L in linear (black symbols) and 
saturation region (red symbols) for 28nm BULK nMOSFETs. 

 
Fig. 6. iA /  versus channel length, L in linear (black symbols) and 
saturation region (red symbols) for 28nm BULK nMOSFETs. 

 
Fig. 7. Source – Drain, SD series resistance (red symbols) and its mismatch 
(black symbols) versus channel width, W for  28nm BULK nMOSFETs. 

 
Fig. 8. Simulation results of ( D/ID) versus gate voltage, VG for nMOS 
devices with channel length L=1um and channel width W=1um. 

 
Fig. 9. Simulation results of parameter iA Vg versus gate voltage, VG for 
nMOS with channel length L=1um and channel width W=1um. 
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to be reduced in saturation region for high drain voltage 
values, due to lower drain current sensitivity to series 
resistance variation. Finally, as in FDSOI devices, the SD 
series resistance mismatch, ( RSD), was found to scale down 
with gate width as RSD, and the normalized series resistance 
local variability parameter ( RSD)/RSD takes similar values, 
demonstrating very good access resistance control in bulk 
technology. 
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Abstract— We investigate the BSIM4 parameter extraction 
procedure for Multi Gate Oxide-Dual Work Function MOSFET 
by using the SPICE modeling tool. Process parameters were 
carefully derived from the measured and simulated data. 
Parameter sets for total channel length down to 130nm were 
obtained, as long as process parameters are well defined. Larger 
transconductance, smaller drain conductance, and parasitic 
capacitance in the drain side can be observed on the extracted 
parameters. The extracted parameters will be a useful tool for 
characterizing the circuit performance of Multi Gate Oxide-Dual 
Work Function MOSFET. Furthermore, our extraction 
procedure is applicable to extract the BSIM4 model parameters 
for Multi Gate Oxide-Dual Work Function MOSFET as well as 
other structures and materials. 

Keywords—dual work function-MOSFET; multi gate oxide; 
parameter extraction; BSIM4; SPICE model 

I. INTRODUCTION 
Dual Work Function (DWF)-FETs have been proposed 

[1,2,3] for RF/analog circuit applications, which show a larger 
transconductance (gm) and a smaller drain conductance (gd) 
because of work function (WF) difference in the gate electrode. 

 

 

 
We fabricated Multi Gate Oxide (MGO)-DWF-FET with 

LV-MOSFET in the source side region and HV-MOSFET in 
the drain side region and enhancement of FMAX was observed 
in the scaled devices [4]. As for SPICE modeling, conventional 
MOSFET models cannot be used straightforwardly for MGO-
DWF-FET due to the asymmetric source/drain (S/D) structures. 
In this study, we investigated BSIM4 based DC and 

 

Fig.3 Measured LG_D dependence on DIBL. LG_D=170nm, LG_S=30nm, 
W=500nm. SCE immunity was guaranteed to the channel length of 
200nm.

 
Fig.2 (a) Measured Id-Vg and gm-Vg characteristics of n-channel MGO-
DWF-FET with LG_D=170nm, LG_S=30nm and W=500nm. Vd=3.3V. (b) 
Extracted LG_D dependence on Gmmax from measurement data with 
LG_S=30nm and W=500nm. Higher gm was obtained for shorter LG_D 
devices. 

 

(a)

  
(b)

 
Fig.1 (a) Schematic device structure and (b) cross sectional TEM image 
of MGO-DWF-FET. 
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capacitance model parameter extraction procedure for MGO-
DWF-FET with different geometries on the basis of the 
measurement data. 

 

 

II. DEVICE STRUCTURE AND CHARACTERISTICS 
We fabricated MGO-DWF-FET by using Toshiba’s 65nm 

CMOS technology. Fig. 1 shows the schematic device structure 
and cross sectional TEM image. Gate oxide thickness of source 
side gate (tox_S) was thinner than that of drain side gate (tox_D), 
and asymmetric S/D extension was formed. Fig. 2(a) shows the 
measured Id-Vg and gm-Vg curves of n-channel MGO-DWF-
FET with drain side gate length (LG_D) of 170nm and source 
side gate length (LG_S) of 30nm. Higher gm was obtained for 
shorter LG_D devices, as shown in Fig. 2 (b). Fig. 3 shows LG_D 
dependence on drain induced barrier lowering (DIBL). Short 
channel effect (SCE) immunity was guaranteed to the channel 
length of 200nm, which is corresponds to the results obtained 
from in-house 2D device simulation of Fig. 4. 

 

 

III. DC PARAMETER EXTRACTION 
We applied BSIM4.6.0 [5] in order to extract the model 

parameter from the measurement data of MGO-DWF-FET. 
SPICE modeling tool, UTMOST IV [6], was used. The 
targeted device geometries for parameter extraction are (LG_D, 
LG_S) = (530, 30), (230, 30), (170, 30), (130, 30) [nm] and 
W=500nm. P+ poly/SiO2 gate stack with tox_S=2.0nm and n+ 
poly/SiO2 gate stack with tox_D=7.4nm were fabricated. Before 
the parameter extraction, process parameter of ‘L’ (channel 
length) and ‘TOXE’ (gate oxide thickness) were carefully 
derived. Although the total channel length is a sum of LG_D and 
LG_S, L  was set to be LG_D in this study. TOXE  was 
extracted from the maximum capacitance (Cmax) with gate area 
defined by LG_D W. As shown in Fig.5, although the total 
channel length is a constant value of LG_S+LG_D=100nm for all 

 
Fig.7 (a) Typical optimization results for gm-Vg and Id-Vg curves with 
Vd=50mV (liner). 

 

Fig.6 Rsd was determined from measured Ron-LG_D plot with W=500nm, 
LG_S=30nm. Rsd can be obtained from the y-axis intercept of the 
observed straight line. 

 
Fig.5 Normalized Cmax extracted from simulated CV curves. The 
device with the data for LG_D/(LG_S+LG_D)=1 shows single work 
function MOSFET. Cmax has LG D dependence. 

 

Fig.4 Simulated (a) Id-Vg at liner region and (b) DIBL characteristics 
with W=100nm, LG_S=25nm. In this simulation, gate work function 
difference was a constant condition for all devices. 
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Fig.9: Measured CV characteristics of capacitor TEG for MGO-
DWF-FET by using high frequency measurement [4]. 

 
Fig.8: (a) Simulated gate capacitance (Cgg), gate-to-drain capacitance 
(Cgd) and gate-to-source capacitance (Cgs) curves with high Vd and (b) 
Vd dependence on Cgd. Unlike MOSFET, only Cgd was increased when 
Vg is applied. 

devices, Cmax has the LG_D dependence because  inversion area 
under n+ gate was determined by LG_D W.  

 

 
Therefore, since TOXE  has the LG_D dependence, 

multiple DC parameter sets for various LG_D down to 130nm 
were obtained for n-type MGO-DWF-FET. In Id-Vg 
optimization procedure, initial value of ‘VTH0’ was obtained 
from the measurement data of LG_D=500nm. In Id-Vd 
optimization procedure, parasitic resistance (Rsd) was simply 
determined from Ron-LG_D plot in the long channel regime, as 
shown in Fig. 6. Rsd can be obtained from the y-axis intercept 
of the observed straight line. When ‘L’, ‘TOXE’, ‘VTH0’ and 

Rsd were determined, local optimization strategies and 
rubberband method were used for parameter extraction. Fig. 7 
shows the typical results of the measured and simulated gm-Vg, 
Id-Vg and Id-Vd curves. The behavior in gm curves and smaller 
gd characteristics were optimized to match the characteristics of 
MGO-DWF-FET. Good fitting with maximum error < 5% for 
the targeted voltage range was achieved for n-channel MGO-
DWF-FET with sub-200nm gate length. 

 
Fig.7 (c) Typical optimization results for gd-Vg and Id-Vd curves. SPICE 
simulation was performed by using extracted patrameter. Good fitting 
with maximum error < 5% for targeted voltage range was achieved for 
n-channel MGO-DWF-FET. 

 
Fig.7 (b) Typical optimization results for gm-Vg and Id-Vg curves with 
Vd=3.3V (saturation). 
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Fig.10 TCAD and SPICE simulation results for Cgg characteristics. (a) 
“CAPMOD=0” and (b) “CAPMOD=1”. ‘CGDO’, ‘CDGL’ and 
‘CKAPPAD’ were useful parameter to optimize the CV characteristics. 
When “CAPMOD=1”, optimized CV was obtained. 

IV. PARASITIC CAPACITANCE CHARACTERIZATION 
Figure 8 shows simulated capacitance-voltage (CV) 

characteristics of MGO-DWF-FET. Since a capacitance 
coupling between the gate electrode and the drain side 
inversion layer, which indicates an increase of parasitic 
capacitance (Cpara) in the drain side, was observed when Vg is 
applied, a total gate capacitance was observed before the 
transistor is turning on. This trend corresponds to the result 
obtained from measurement data (Fig. 9). Cgd-Vg characteristics 
also have Vd dependence, as shown in Fig.8 (b). Therefore, we 
used a bias-dependent Cpara model of BSIM4. When 
‘CAPMOD=1’ had been selected, it was found that ‘CGDO’, 
‘CDGL’ and ‘CKAPPAD’ were useful parameter to optimize 
the CV characteristics (Fig.10). In particular, ‘CDGL’ and 
‘CKAPPAD’, which have bias-dependent in order to treat LDD 
structure for conventional MOSFET, show the Cpara reduction 
at the low-Vg and Vd region. 

V. CONCLUSION 
SPICE model parameters of BSIM4 were successfully 

extracted for MGO-DWF-FET by using UTMOST IV. ‘L’ was 
set to be LG_D and ‘TOXE’ were carefully derived from the 
maximum capacitance with LG_D dependence. Parameter sets 
for LG_D down to 130nm were obtained, as long as process 
parameters are well defined. Larger gm, smaller gd, and Cpara in 
the drain side can be observed on the extracted parameter. The 
extracted parameters will be a useful tool for characterizing the 
circuit performance of MGO-DWF-FET. Furthermore, our 
extraction procedure is applicable to extract the BSIM4 model 
parameters for MGO-DWF-FET as well as other structures 
(e.g. SOI, double gate) and materials (e.g. high-k) for MGO-
DWF-FET.  
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Abstract—The most extensive research of scaled electronic
devices involves the inclusion of quantum effects in the transport
direction as transistor dimensions approach to nanometer scales.
Moreover, it is necessary to study how these mechanisms affect
different transistor architectures to determine which one can be
the better candidate to implement future nodes. This work imple-
ments Source-to-Drain Tunneling mechanism (S/D tunneling) in
a Multi-Subband Ensemble Monte Carlo (MS-EMC) simulator
showing the modification in the distribution of the electrons in
the subbands, and, consequently, in the potential profile due to
different confinement direction between DGSOIs and FinFETs.

I. INTRODUCTION

The study of alternative technical approaches for electronic

devices is necessary to fulfill the requirements of power

consumption, delay time and scalability demanded by ITRS

[1]. On the one hand, the inclusion of quantum effects in the

transport description is mandatory when the dimensions of

the electronic devices are reduced. In particular, Source-to-

Drain tunneling (S/D tunneling) allows electrons to go from

the source to the drain through the potential barrier. It has been

presented as a scaling limit effect in ballistic non-equilibrium

Green’s Function (NEGF) approach [2]. This phenomenon is

of special interest when operation regime is near-threshold

because leakage current increases and Vth decreases [3]. On

the other hand, new transistor architectures based on multiple

gates [4] are considered to replace standard technology and

to extend the end of the Roadmap. If we consider a double

gate device, these gates can be oriented horizontally, Double-

Gate Silicon-On-Insulator (DGSOI), or vertically, FinFET.

This work presents a meticulous comparison between DGSOI

and FinFET by means of a Multi-Subband Ensemble Monte

Carlo (MS-EMC) simulator when S/D tunneling mechanism

is taken into account. It will be shown the influence of the

orientation on the S/D tunneling and, consequently, on the

device characteristics.

II. SIMULATION SET-UP

The model presented in this work is included in a MS-

EMC simulator which is based on the mode-space approach

of quantum transport [5]. The device structure is divided

into slices along the confinement direction where the 1D

Schrödinger equation is solved, whereas the 2D Bolzmann

Transport Equation is solved in the transport plane as showed

in Figure 1. Both equations are coupled with the 2D Poisson

Equation to keep the self-consistency of the simulator. This

simulator has already demonstrated its capabilities studying

different advanced nanodevices [6]–[9] where scattering mech-

anisms and quantum effects are taken into account in the

simulations with a reasonable computational effort.

Fig. 1. DGSOI and FinFET structures analyzed in this work. 1D Schrödinger
equation is solved for each grid point in the transport direction and BTE is
solved by the MC method in the transport plane.

In this work, the performance of DGSOI and FinFET de-

vices were analyzed when S/D tunneling is included in order to

determine the impact of such phenomenon. The considered ori-

entation of these devices on standard wafers changes between

(100) for planar DGSOI and (01̄1) for vertical FinFET as the

confinement direction, whereas the transport direction remains

constant <011> as depicted in Figure 1. The differences in the

confinement direction modify the distribution of the electrons

in the subbands, and, consequently, the potential profile. Also,

the carrier transport effective mass is modified [10]. Table I

summarizes the masses of each device and Table II shows

their numerical values. Taking into account that in silicon,

ml = 0.916m0 and mt = 0.198m0 are the longitudinal and

traverse effective masses, respectively, m0 is the electron free-

mass, mx is the transport mass, mz is the confinement mass,

and Δ2 and Δ4 represent the degeneration factors of each

valley Δ. In addition, the lower energy subband changes from

Δ2 in DGSOI to Δ4 in FinFET.

These devices have been parametrized for gate length

ranging from 5 nm to 20 nm. The rest of the technological

parameters remains constant, channel thickness TSi= 3 nm,

gate oxide with Equivalent Oxide Thickness EOT= 1 nm and
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Device Valley mx my mz

DGSOI Δ2 mt mt ml

(100)<011> Δ4
2mlmt
ml+mt

ml+mt
2

mt

FinFET Δ2 mt ml mt

(01̄1)<011> Δ4
ml+mt

2
mt

2mlmt
ml+mt

TABLE I
EFFECTIVE MASS IN SILICON FOR DGSOI AND FINFET DEVICES

STUDIED IN THIS WORK WHERE mx IS THE TRANSPORT MASS AND mz IS

THE CONFINEMENT MASS.

Device Valley mx my mz

DGSOI Δ2 0.198 0.198 0.916

(100)<011> Δ4 0.326 0.557 0.198

FinFET Δ2 0.198 0.916 0.198

(01̄1)<011> Δ4 0.557 0.198 0.326

TABLE II
NUMERICAL VALUES OF EFFECTIVE MASS IN SILICON FOR DGSOI AND

FINFET DEVICES STUDIED IN THIS WORK WHERE mx IS THE TRANSPORT

MASS AND mz IS THE CONFINEMENT MASS.

work function of 4.385 eV. It should be highlighted that the

FinFET is a 3D structure whereas our MS-EMC simulator

make use of a 2D description. However, it was demonstrated

that FinFETs with a big enough aspect ratio show similar

behavior in all transport regimes when 2DMS-EMC and other

3D codes are used [11].

The fundamentals of the free-flight technique of an electron

used in Monte Carlo algorithms calculate the positions of

each electron after a flight. In a semiclassical approximation

if the total energy of this electron was lower than the potential

barrier at this position, the electron would rebound at the

potential barrier. When S/D tunneling was taken into account,

the electron would rebound at the potential barrier or would go

from the source to the drain through it. To determine whether

the electron is going to suffer this quantum effect or not, firstly,

it is necessary to calculate the probability of tunneling of the

electron through the barrier at a specific energy Tdt using the

WKB approximation [12]:

Tdt(E) = exp

{
−2

�

∫ b

a

√
2m∗

tr(Ei(x)− E) dx

}
(1)

where a and b are the starting and ending points, E
and m∗

tr are the energy and transport effective mass of

the electron, respectively, and Ei(x) the energy of the i-th
subband. Secondly, a rejection technique is used to determinate

whether the particle will tunnel or not. A uniform distributed

random number rdt is generated and compared to Tdt. On

the one hand, if rdt > Tdt, the electron will turn back with

vx = −vx. On the other hand, if rdt ≤ Tdt, the electron will

go through the barrier. The motion inside the barrier obeys

Newton mechanics considering an inverted potential profile

and ballistic transport. This classical trajectory could be found

by the following steps [3]. Firstly, an imaginary particle is

placed at the starting point a with zero kinetic energy. Then,

it accelerates in this system according to Newton’s second law

of motion:

�a =
qξ

m∗
tr

(2)

where ξ is the electric field. Lastly, it reaches the ending

point b. Thereafter, the electron continues flying into the

device with the same transport properties. This simulation

approach is an extension for non-local band-to-band tunneling

algorithm [13].

III. RESULTS AND DISCUSSION

A set of simulations including lineal and saturation bias

condition has been performed to determine the importance

of S/D tunneling on each of the devices. The modifications

caused by the difference in the confinement directions in the

energy profile of the lower energy subbands is shown in Figure

2 and in the carrier transport effective mass corresponds to

mx in Table II. As we can extract from Equation 1, the higher

exponential the smaller Tdt is. Assuming similar energy profile

(Figure 2), which means similar tunneling length at a specific

starting point a, the higher m∗
tr for the FinFET orientation

reduces the effectiveness of this phenomenon compared to

DGSOI orientation.

Fig. 2. Energy profile of the lower energy subband in the 10nm device for
DGSOI (valley Δ2) and FinFET (valley Δ4) with and w/o S/D tunneling
with VGS = 0.6V and VDS = 100mV .

As a result, higher Tdt implies higher probability of an

electron suffering S/D tunneling. For this reason, the number

of particles affected by S/D tunneling is higher for the DGSOI
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than for the FinFET as depicted in Figure 3. The same effect

is also shown in the percentage of electrons affected by S/D

tunneling near the potential barrier, which is lower for FinFET

(Figure 4 top) than for DGSOI (Figure 4 bottom). In addition,

there is a maximum of this percentage for the FinFET due

to a reduced height of the potential barrier. Consequently,

the number of electrons near the potential barrier with lower

energy is also reduced. By way of contrast, this maximum

percentage also appears in DGSOI devices but it is shifted to

higher gate voltages (not shown).

Fig. 3. Electron distribution in the lower energy subband as a function of
total energy in the 10nm device including S/D tunneling for FinFET (top) and
DGSOI (bottom) with VGS = 0.6V and VDS = 100mV .

This quantum effect produces a noticeable modification of

Fig. 4. Percentage of electrons affected by S/D tunneling near the potential
barrier as a function of LG at low bias drain for FinFET (top) and for
DGSOI(bottom).

the ID − VGS characteristic (Figure 5). As it is shown, the

influence of the S/D tunneling is lower in the FinFET (Figure

5 top) compared to DGSOI (Figure 5 bottom). The impact

of the S/D tunneling on the threshold voltage variation ΔVth

of a simulation considering S/D tunneling and a simulation

without taking it into account is shown in Figure 6. This effect

is exacerbated as the dimensions of the device are reduced.

Moreover, this phenomenon is not affected by Tsi at low bias

drain.

IV. CONCLUSIONS

This work presents the implementation of S/D tunneling in

a MSB-EMC simulator for the study of its impact in DGSOI
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Fig. 5. IDSvs.VGS as a function of LG at low bias with and w/o considering
S/D tunneling for FinFET (top) and DGSOI (bottom).

and FinFET. Our simulations show important differences fully

caused by the change in the confinement directions in both

DGSOI and FinFET when S/D tunneling is taken into account

due to the subband redistributions ans the variation of trans-

port effective mass. Nevertheless, FinFET devices show less

degradation in their subthreshold characteristics, and therefore

are better candidates to implement future nodes, especially for

ultra low power applications.
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Abstract— Doped InGaAs were characterized using a 
revisited pseudo-MOSFET configuration. Two different 
conduction mechanisms were evidenced: volume and interface. 
The impact of film thickness, channel width and length is 
evaluated. Measurements at low temperatures complete the 
analysis. 

Keywords—III-V; SOI; pseudo-MOSFET; static ID-VG; low-
field mobility 

I. INTRODUCTION 
The extension of Moore’s law and the fabrication of small 

devices with large carrier mobility are possible thanks to new 
materials that replace silicon in the transistor channel [1]–[3]. 
According to ITRS predictions [4], III-V compounds are 
promising candidates for the next generation n-type MOSFETs 
[5]–[7]. Furthermore, devices fabricated on semiconductor-on-
insulator (SOI) substrates have better electrostatic control with 
decreased short channel effect and reduced leakage current [8]–
[10]. Merging III-V and SOI yields III-V on insulator as 
starting substrate for device fabrication. In this work, 
In0.53Ga0.47As layers transferred on oxide were characterized 
using a modified version of the well-known pseudo-MOSFET 
( -MOSFET) configuration [11]. Section 2 presents the 
characterized structure and details the measurement set-up. 
Section 3 shows a suitable procedure to extract the electron 
mobility based on extension of Y-function technique. The 
carrier mobility is extracted in Section 4, where also the 
temperature dependency is investigated. 

II. MEASUREMENT SET-UP 
Fig. 1 shows the schematic of the tested structures. InGaAs 

layers with different thicknesses tIII-V (25 nm, 50 nm, 100 nm 
and 200 nm) were transferred on buried oxide (BOX composed 
of 10 nm Al2O3 over 25 nm SiO2). The target doping of the III-
V film was of 2·1016 cm-3. The technological steps are 
presented elsewhere [12]. The static analysis was performed by 
sweeping the gate bias VG applied on the substrate and 
measuring the resulting drain current (ID) between source and 
drain contacts. Instead of the standard pressure probes of the 

-MOSFET, implanted N+ regions are used as source and 

drain. This configuration is preferable because the impact of 
series resistance and probe-induced defects on the mobility is 
reduced. The channel dimensions are also well defined by the 
inter-contacts distance (representing the length L) and film 
width (W). 

Substrate

25nm SiO2

III-VN+

10nm Al2O3BOX
N+

VS VD

VG  
Fig. 1. Schematic view of back-biased InGaAs film on insulator, used for 

electrical characterization. 

Fig. 2 presents the measured drain current ID versus drain 
bias VD for thick film (tIII-V = 200 nm). A linear trend is 
obtained, confirming the ohmic contacts present in the 
structure. 

 
Fig. 2. Measured drain current ID versus drain bias VD for gate bias VG = 0. 

L = 200 m and W = 20 m. 

Fig. 3a shows ID (plain symbols) and associated 
transconductance gm (empty symbols) versus gate bias in thick 
InGaAs film (200 nm). A plateau is evidenced in ID(VG) curve 
for VG  0 and double peaks appear in the gm(VG) characteristic. 
The derivative of transconductance with respect to gate bias 
presents two clear peaks which lead to the extraction of flat-
band voltage VFB and threshold voltage VT (see Fig. 3b) [13]. 
These signatures are a clear evidence of double conduction 

This work is supported by European projects COMPOSE3 and III-V 
MOS. 
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mechanisms in the III-V film. Since the films are highly doped, 
volume conduction is possible even in absence of VG. A 
negative gate bias induces a depletion region at the interface 
film-BOX, which modulates the thickness of the conduction 
volume. Beyond flat-band voltage (VG > VFB  +1.1 V), an 
accumulation channel forms at the InGaAs-BOX interface and 
adds to the volume conduction. 

         (a) 
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Fig. 3. (a) ID (plain symbols) and gm (empty symbols) versus gate bias. tIII-V 

= 200 nm and W = 20 m. The dashed line represents IVol. (b) Corresponding gm 
derivative with respect to VG. 

The double peak of transconductance tends to disappear in 
thinner films where the volume conduction is less pronounced 
as shown in Fig. 4. 
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Fig. 4. ID (plain symbols) and gm (empty symbols) versus gate bias for W 

= 20 m and tIII-V = 25 nm. 

 

III. 3. METHODS FOR MOBILITY EXTRACTION 
Before applying any model for mobility extraction, we need 

to evaluate whether the films are fully depleted or not. 
Knowing the doping level Nd, it is possible to compute the 
maximum width of depletion region in the III-V film [14]: 

 

d
III V

i
d _ max 2

d

N4 k T ln
n

w
q N

  (1) 

where III-V and ni are the InGaAs dielectric constant and the 
intrinsic doping concentration. According to the film quality, 

III-V can vary between 13.1· 0 and 14.1· 0 [15], where 0 is the 
vacuum permittivity. 

Considering ni = 6.3·1011 cm-3 [15], the maximum depletion 
width is between 197 nm and 205 nm, which means that thin 
films (tIII-V < 200 nm) are fully depleted. For tIII-V = 200 nm, a 
light variation in the doping concentration or III-V film quality 
(i.e., III-V variation) can modify the film status from partially 
depleted to fully depleted. Fig. 5 presents the measured ID(VG) 
curves in devices with tIII-V = 200 nm, same length (L = 200 
m) and different widths. Full depletion is only reached for 

narrow width (W = 2.5 m), suggesting a 2D mechanism: 
depletion due to interface states from sidewalls adds to the 
vertical depletion induced by the gate. 

 
Fig. 5. Drain current ID versus gate bias VG for tIII-V = 200 nm. The device 

length L was 200 m. The samples had different widths W: 2.5 m, 5 m, 10 m 
and 20 m. VD = 200 mV. 

To investigate the material quality, we used the approach 
proposed by Liu et al. [16]. In volume conduction regime, the 
drain current in the neutral (undepleted) region of the film can 
be written as: 

 D BOX Vol D G 0
WI C V (V V )
L

  (2) 

where CBOX is buried oxide capacitance [12] and V0 is the 
characteristic voltage which enables full depletion of the 
channel [17]: 

 d
0 FB III V

BOX

q N
V V t

C
  (3) 

Nd is the active doping concentration and Vol represents the 
volume mobility. 
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The surface mobility S at the film-BOX interface is 
obtained from the Y-function (Yfun) in accumulation regime, 
after removing the contribution of the volume current IVol (Fig. 
6 and dashed line in Fig. 3a) [17]: 

 D Vol
fun BOX S D G FB

m

I I WY C V V V
Lg

  (4) 

The slope of the linear fit performed on the Yfun(VG) leads to the 
mobility in the accumulation channel, at the film-BOX 
interface: 

 
2

S

BOX D

slope
W C V
L

  (5) 
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Fig. 6. Example of calculated Y-function as a function of VG for different 

lengths L: 200 m, 150 m, 100 m and 50 m. tIII-V = 200 nm. 

IV. MOBILITY TRENDS 
The extracted Vol (Fig. 7) is almost constant with the gate 

length L for all devices tested. The lowest mobility is measured 
for tIII-V = 25 nm. 

 
Fig. 7. Extracted volume mobility using Eq. (2) versus with different 

thickness, and length. 

Fig. 8 shows the surface mobility S versus L. S is 20% 
lower than Vol due to stronger scattering phenomena at the 
interface film-BOX [5], [10]. S versus L curves obtained for 

thick films (tIII-V = 50-200 nm) overlap showing less impact of 
the intrinsic field induced by the coupling between top surface 
and bottom interface, and suggest the unchanged interface 
quality between the III-V film and the BOX. This confirms the 
stability of the fabrication process. The lowest mobility is 
measured for tIII-V = 25 nm. Since charged defects exist on the 
free surface, the difference between the front and back surface 
potentials induces a vertical field, Eint = ( S1 - S2)/tIII-V, that 
obviously increases in thinner films [18]. Even if the influence 
of the gate-induced field is removed in Y-function, the mobility 
is still affected by the intrinsic field. In other words, the low-
field mobility is not accessible. 

 
Fig. 8. Extracted surface mobility versus L for different tIII-V. 

Fig. 9a shows the measured drain current versus gate bias 
for different measurement temperatures T. The device had tIII-V 
= 25 nm. As reported for junctionless devices [19], [20], in 
accumulation regime the measured drain current increases for 
lower temperature because of larger mobility. At the same 
time, the flat-band voltage (empty symbols in Fig. 9b) 
decreases for higher T. 

Fig. 9b also presents the subthreshold swing S (plain 
symbols) versus T. A strong decrease of S with temperature is 
found, as reported for undoped MOSFETs [10], confirming the 
dependency of subthreshold swing with temperature. 
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(b) 

        
Fig. 9. (a) Drain current as a function of gate bias measured versus 

temperature. (b) Associated S and VFB traced versus T. The device had tIII-V = 25 
nm and W = 5 m. The device length L was 100 m. 

V. CONLUSIONS 
The evidence of two conduction mechanisms (volume and 

interface accumulation) in InGaAs layer has been reported. The 
measured ID(VG) curve presents a clear plateau followed by a 
current increase, proving the transition from volume 
conduction to surface one. Material quality was investigated for 
different geometry of the film structures (thickness, device 
width and length) pointing out their impact on the extracted 
carrier mobility. The volume mobility is slightly higher than 
the surface one. The lowest mobility is measured for tIII-V = 25 
nm due to stronger coupling between top interface and 
conduction channel.  
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Abstract—We performed 2D full-quantum simulations of ultra-
thin InAs nMOSFETs and address a supply-voltage scaling
investigation to evaluate the performance of such devices at
different channel lengths. By adopting an 8×8 k · p Hamilto-
nian within the non-equilibrium Green’s functions formalism in
the presence of phonon scattering, we take into account non-
parabolicity, band-to-band tunneling and strain effects, we find
that at VDS> 0.6V the transfer characteristics in the off-state are
strongly deteriorated by hole-induced barrier lowering, while at
VDS= 0.5V, the simulated device reaches on-currents (Ion) close to
500A/m, along with subthreshold swings (SS) as low as 65mV/dec.

I. INTRODUCTION

High-mobility III-V compounds are nowadays extensively

investigated as channel materials to replace Si and SiGe with

the aim to fulfill the ITRS requirements for the sub-10nm

technological nodes [1]. Indeed, by combining materials from

groups III and V of the periodic table, it is possible to obtain

various compounds which present better transport properties

than silicon (mainly due to their high mobility), but which also

suffer from increased short channel effects (SCE). Recently,

promising results have been reported in terms of Ion values

and DIBL for InAs thin layer [2] [3] [4]. In this work, we

will thus investigate the interest of this material as a channel

material in a MOSFET device.

II. DEVICE

The device under investigation is similar to that of [2]. As

shown in Fig. 1, it consists of an ultra-thin InAs channel of

2.4nm thickness deposited on an In0.52Al0.48As surface. This

Al molar fraction ratio allows this ternary compound to match

the InP substrate lattice constant, thus avoiding dislocations.

Since aInAs > aInP, the InAs layer undergoes compressive

strain (ε
||

=-0.0311, ε
⊥

=0.0338), while the deformation of the

InAlAs surface is neglected in our simulations.

The gate length (LG) ranges from 8 to 40nm, with a main

focus on the 25nm gate length case. The InAs layer is doped

on a 20nm length in both the source and the drain sides,

with a donor concentration of ND=3×1019 cm−3. 17nm length

undoped spacers have been added on both sides of the gate

to prevent source-to-drain tunneling (STDT) at small gate

lengths. The gate oxide is composed of 0.5nm of Al2O3 on top

of 2nm of ZrO2, for an EOT of 0.52nm. All the dimensions

of the device are listed in Tab. I.

TABLE I
GEOMETRICAL PARAMETERS OF THE STUDIED DEVICE. THE

CORRESPONDING LENGTHS ARE SHOWN ON THE SKETCH OF FIG. 1

Thicknesses (nm) Lengths (nm)
tInAs tInAlAs tAl2O3

tZrO2
LG Ldop Lsp

2.4 100 0.5 2 8, 15, 25, 40 20 17

Fig. 1. Sketch of the InAs MOSFET.

III. MODEL

In such structures, the small channel thickness generates

a strong confinement, which leads to effects that have to be

taken into account for an accurate prediction of the device

behaviour. In our study, we consequently adopted a full-

quantum approach to account for any leakage mechanism and

quantum effect linked to the small dimensions of the device.

We use the Non-equilibrium Green’s functions (NEGF)

formalism, where the quantum electron transport is computed

thanks to the Keldysh-Green’s functions, described by a set of

matrix equations which read:{
(EI −H− Σ)G = I

G< = GΣ<G†

(1)

Where G is the retarded Green’s function, E is the energy,

I is the identity matrix, and Σ is the retarded self energy

term. The matrices marked with the ”<” symbol represent the

lesser-than quantities describing the carrier statistics (charge

and currents) [5]. Equations (1) are solved with the coupled-

mode space approach in order to reduce the computational

burden [6].
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To finish, H is the Hamiltonian of the system which is,

in our study, a 8×8 bands k · p Hamiltonian [7]. Such an

Hamiltonian enables us to consider transport within the Γ
valley, which governs most of the carrier transport, and offers

a decent balance between accuracy and computational burden.

It consists in a semi-empirical approximation of the band-

structure, and can be tuned to fit various III-V materials thanks

to a set of parameters found in [8].

As explained in section II, the strain is an other phenomenon

affecting the transport. To model it, we add a so-called strain

interaction matrix to the 8×8 k · p Hamiltonian: H8,k.p +
H8,strain [9]. The deformation potentials used in H8,strain

are taken from [8]. In order to compute the value of the axial

strain ε
||

, we compare the lattice parameters of the stacked

materials. The transverse strain ε
⊥

is then simply obtained

with a macroscopic approach, using the material’s Poisson’s

ratio (ν = ε
⊥
/ε

||
).

To model the electrostatics of the system, this whole Hamil-

tonian is then coupled with Poisson’s equation in a self-

consistent loop. Indeed, the carrier concentrations obtained

after solving Schrödinger and Green’s equations is linked to

the electric potential φ, computed with Poisson’s equation:

∇ · ε∇φ = −q(ND − n−NA + p) (2)

where ε is the material permittivity and ND, n, NA and

p are the donor, electron, acceptor and hole concentrations,

respectively.

Scattering mechanisms are also very relevant when consid-

ering transport in nanodevices. Phonon scattering is imple-

mented via the self-consistent Born approximation (SCBA)

and local self-energies Σ<(>) = D
<(>)
0 G<(>), where D

<(>)
0

is to the Green’s function of the unperturbed phonon bath

[10]. Acoustic phonons are treated within the elastic approx-

imation, whereas polar optical phonons are assumed to be

dispersionless. In the NEGF formalism, the phonon scattering

is modeled through the self-energy term, which can then

be written Σ = ΣSD + Σph, where ΣSD accounts for the

interaction with the source and drain contacts, and Σph, for

the electron-phonon interaction. For acoustic phonons, the

corresponding lesser-than quantity at the i-th slice and for the

n-th mode reads:

Σ<n,n
ph,ac (xi, E) =

D2
ackBT

ρν2S

∑
m

Im,n(xi)G
<m,m(xi, E) , (3)

where Im,n(i) =
∫
dz|χm|2(xi, z)|χn|

2(xi, z) is the form

factor, χn the n-th transverse mode, Dac stands for the

acoustic deformation potential, ρ is the InAs density, νS is

the sound velocity and kBT is the usual Boltzmann constant

times temperature. Likewise, the lesser-than self-energy term

for the optical phonons is written:

Σ<n,n
ph,op(xi, E) =

h̄D2
op

2ρω

∑
m

Im,n(xi)G
<m,m(xi, E ± h̄ω)

[
NBE(h̄ω) +

1

2
±

1

2

]
,

(4)

Fig. 2. Transfer characteristics at VDS=0.1, 0.3, 0.5, 0.7 and 0.9V for a
device with LG=25nm. The gate work-function is chosen in order to have
Ioff=0.1uA/um for VDS=0.5V.

where Dop is the optical deformation potential, ω is the optical

phonon frequency and NBE is the Bose-Einstein phonon den-

sity. Deformation potentials and optical phonon frequencies

have been taken from [9].

IV. RESULTS

Transfer characteristics for different VDS values varying

from 0.1 to 0.9 V and LG=25nm are shown in Fig. 2. This

plot is characterized by a significant increase of the off-

current (Ioff ) and SS degradation as VDS increases. To gain

physical insight on this behavior, we plot, in Fig. 3, the lowest

conduction (LC) and the highest valence (HV) subband for

different VGS at VDS=0.7V. We note that the effective gap

is larger than in bulk InAs due to quantum-confinement and

strain effects [11]. A first observation which can be made

from this figure is that − for low values of VGS − the LC

subband is energetically lower than the HV subband near the

channel/drain junction area. This condition enhances band-to-

band-tunneling BTBT of valence electrons in the channel and

conduction electrons in the drain (see also the local density of

states in Fig. 5(a)). However, such a BTBT does not directly

contribute to the overall IDS current: the electrons tunneling

towards the valence band balance those tunneling towards

the conduction band (see the spectral current distribution in

Fig. 5(b)).

Importantly, the HV subband at the source remains lower

that the LC subband at the drain. Thus, this localized BTBT

does not enhance direct STDT. However, it is still detrimental

for the device performance, since it induces a positive charge

in the channel and therefore decreases the gate control on the

channel barrier, especially when VGS is low (since the BTBT

window is then larger). This hole-induced barrier lowering

(HIBL) results in a degraded sub-threshold swing (SS) for

VDS>0.5V [12]. As shown in Fig. 5 the Ioff is therefore

dominated by the thermionic component at energies higher

than the top of the barrier (the conduction subband). However,

the InAs MOSFET works properly at VDS<0.6V, for which
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Fig. 3. Spatial profile of the highest valence subband and of the lowest
conduction subband at different VGS and VDS=0.7V for a device with
LG=25nm. Dashed lines indicate the energy window where BTBT occurs.
EFS and EFD are the Fermi levels in the source and in the drain.

the HV subband is always smaller than the LC subband for

the VGS of interest (see Fig. 4).

Fig. 4. Same as Fig. 3, but at VDS=0.5V. The BTBT window is smaller to non-
existant, suppressing parasitic charges in the top of the HV and subsequently
enhancing the gate control and the SS.

Fig. 5. (a) Local density of states and (b) spectral current density as a function
of the position along the transport direction and of the energy at VGS=-0.5V
and VDS=0.7V for a device with LG=25nm. The OFF-current flows normally
over the top of the LC, without tunneling through the barrier.

Fig. 6 shows the output characteristics of a device with

LG=25nm presenting an ideal linear behavior at small VDS and

high saturation currents, demonstrating the excellent transport

properties of this ultra-thin InAs MOSFET.

Fig. 6. Output characteristics a VGS=0.1, 0.3, 0.5 and 0.7V for a device with
LG=25nm.

An optimal electrostatic integrity can be also appreciated

in Fig. 7 showing the SS and the DIBL as a function of

LG. Relatively acceptable SS and DIBL values are reported

even at LG=8nm. These are due to the use of an aggressive

oxide with an EOT=0.52nm and by the absence of significant

interface traps, which otherwise can strongly degrade the SS

[11], [13]. We remark that this result is consistent with the

characterization data reported in [2]. In Fig. 8 we show the Ion
(computed as the IDS at VGS=VDS=VDD=0.5V) dependence

on LG for Ioff=0.1uA/um, which is the ITRS specification

for high-performance (HP) applications. A maximal value

of Ion 0.5 mA/um compatible with the experimental value

measured in [2] is found. It is worthwhile to remark that the

Ion decreases as LG is essentially reduced due to the worst

electrostatic integrity and the consequent SS deterioration,

whereas tunneling current is negligible even at LG=8nm,

mainly because of the use of large spacer regions that suppress

direct source-to-drain tunneling, which is often the main

source of the Ioff degradation in such devices [14].

Finally, to summarize these results, we estimated the intrin-

sic switching time Tsw and switching energy Esw of a digital

inverter, defined as

Tsw =
Qon −Qoff

Ion
(5)

and

Esw = VDD(Qon −Qoff) , (6)

where Qon and Qoff are the channel charge at the ON and

OFF states. As expected, in Fig. 9 the switching delay of

the 25nm InAs MOSFET decreases with VDD, while the

switching energy increases. Even if more factors, such as the

parasitic capacitances, which are here neglected, should be

taken into consideration to realistically predict these metrics,
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Fig. 7. (a) Sub-threshold swing (SS) evaluated at VDS=0.5V and (b) DIBL
evaluated between VDS=0.5V and VDS=0.1V as a function of LG.

Fig. 8. On current (Ion) as a function of LG computed assuming VDS=0.5V
and Ioff=0.1uA/um.

2×10-17 4×10-17 6×10-17

Esw (J/um)

3×10-13

4×10-13

5×10-13

T sw
 (s

)

LG = 25nm

VGS = 0.3V

VGS = 0.4V

VGS = 0.5V

Fig. 9. Intrinsic switching time Tsw verus switching energy Esw of a device
with LG=25nm, estimated for different supply voltages and assuming Ioff=0.1
uA/um.

Fig. 9 shows very promising performances for HP applications

at VDD=0.5V.

V. CONCLUSION

Our 2D full-quantum simulations of ultra-thin InAs channel

MOSFETs have shown that for VDS<0.6V such devices can

provide Ion values compatible with the ITRS requirements

even at small gate lengths, but they suffer from significant

HIBL and BTBT, degrading their SS at larger VDS. Direct

STDT is however avoided thanks to the use off spacers on both

sides of the gate, which allow relatively small OFF-currents

for low bias voltages.
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Abstract—We compute the contact resistances in Trigate and
FinFET devices using a Non-Equilibrium Green’s Functions
approach. Electron-phonon, surface roughness and Coulomb
scattering are taken into account. We show that the contact
resistance represents a significant part of the total resistance of
devices with sub-30 nm gate lengths. The analysis of the quasi-
Fermi level profile reveals that the spacers between the heavily
doped source/drain and the gate are major contributors to the
contact resistance. We analyze the impact of different design
parameters (cross section and doping profile in the contacts) on
the electrical performances of the devices. The simulations are
compared to experimental data.

I. INTRODUCTION

As the gate length L of field-effect transistors is reaching

the sub-20 nm range, the contact resistances are increas-

ingly limiting the electrical performances of the devices.

The ”apparent” contact resistance Rc can be defined as the

extrapolation to zero gate length of the total resistance of

the device, R(L) = Vds/Ids, where Ids is the drain current

and Vds the source-drain voltage. In the low Vds regime, this

contact resistance is dominated by i) the quality of the metal-

semiconductor contact, ii) the transport through the lowly

doped regions of the devices such as the spacers, and iii) the

ballistic resistance of the channel [1], [2]. Although the latter

can be intrinsic to the channel, it is usually mixed into the

apparent contact resistance as it is independent on the gate

length.

While the transport through the transistor channel has been

extensively studied, there is much less literature on the contact

resistances [3], [4], [5], [6]. Most models are based on drift-

diffusion equations needing carrier mobilities as input, which

might not be well characterized in the very inhomogeneous

source/drain extensions.

In this work, we compute components ii) and iii) of

the contact resistance in Fully-Depleted Silicon-on-Insulator

(FDSOI) Trigate and FinFET devices in a Non-Equilibrium

Green’s Functions (NEGF) framework [7], which explicitly

accounts for confinement and scattering by phonons, surface

roughness, and dopants in the inhomogeneous source and

drain. The contact resistance extraction is based on the R(L)
data extrapolation. It can be supplemented with a quasi-

Fermi level analysis, which highlights where the potential

drops in the device. It shows, in particular, that the contact

resistance is dominated by the lowly doped spacers between

the source/drain and the channel. We next discuss the impact

of some design parameters (channel cross section and doping

profile) on the contact resistance. We finally provide experi-

mental support for the main conclusions of this work.

II. SIMULATION METHODOLOGY

A. Devices

The channel is a rectangular [110] oriented silicon nanowire

with width W and height H in the 4 to 24 nm range, etched

in a (001) SOI layer [8]. It is lying on a 25 nm thick buried

oxide (BOX) and a n-doped Si substrate (donor concentration

Nd = 1018 cm−3). The gate stack is made of 0.8 nm SiO2

and 2.2 nm HfO2. The gate is separated from bulk source and

drain contacts by 6 nm long Si3N4 spacer regions (see Fig. 1).

Planar devices corresponding to the limits W → ∞ (FDSOI)

and H → ∞ (double gate) are also considered.

Point-like dopants are added to the source and drain ac-

cording to the different target distributions plotted in Fig.

2, in order to capture impurity scattering in these regions.

Surface roughness, Remote Coulomb Scattering (RCS) in the

channel, and electron-phonon interactions are also included in

the simulations. The interface roughness parameters for the top

and bottom interfaces are chosen to reproduce the experimental

mobility in planar FDSOI devices (along the lines of Ref. [9]).

The parameters of the side facets as well as the density of

RCS trapped charges are chosen to reproduce the experimental

mobility in W = 10×H = 10 nm Trigate devices.

B. The NEGF approach

The current is computed in a self-consistent NEGF frame-

work [7] within the effective mass approximation. The NEGF

equations are solved in a fully coupled mode space approach.

Details can be found in Ref. [10]. Electron-phonon scattering

is described by an acoustic deformation potential Dac = 14.6
eV, and by the three f and three g inter-valley processes

of Ref. [11]. One of the main advantages of NEGF is that

all structural scattering mechanisms (SR, impurity and RCS

scattering) are treated explicitly. There is no need for models

for the interactions with these disorders. As a matter of fact,
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Fig. 1. A W = 10×H = 10 nm Trigate device, with overgrown source and
drain contacts. Silicon is in red, SiO2 in green, HfO2 in blue and the gate in
gray. The dots in the contacts are single dopant impurities. The spacers are 6
nm long.

Fig. 2. Target doping profiles in the source of Fig. 1 (doping profiles
are symmetric in the drain). They are used to generate random dopant
distributions.

such models are still missing under the spacers, which are very

inhomogeneous but critical regions on the resistive path. Also,

at variance with most previous NEGF calculations, the source

and drain contacts are chosen wide enough with respect to the

channel to act as bulk reservoirs (with a 3D-like density of

states). This is essential for a quantitative description of the

contact resistances.

C. Contact resistance extraction

At the low drain bias Vds = 10 mV chosen in the

simulations, the resistance R(L) of the devices is linear with

L in the 20-100 nm range and can therefore be extrapolated

to L = 0 (Fig. 3) to obtain the contact resistance Rc. Also,

the long channel mobility is deduced from the slope of R(L).
To perform the R(L) fits, we prepare a series of devices with

lengths L = 30, 60, and 90 nm, sharing the same contacts

(source/drain/spacers geometry and dopant distributions). In

order to limit the noise on the R(L) data that might arise from

Fig. 3. The resistance R̄(L) as a function of channel length L for a particular
realization of the ”Reference” doping profile of Fig. 2. The carrier density in
the channel is n = 1013 cm−2. The contact resistance is the extrapolated
R̄c = R̄(L → 0), while the slope gives an estimate of the carrier mobility
in the channel.

different disorders at different L’s, we repeat the 30 nm long

sample of surface roughness and RCS charges along the 60 and

90 nm long channels. We can extract that way the resistance

of the chosen contact geometry and dopant distribution very

accurately. We then average the contact resistance over 3 to

5 surface roughness profiles and dopant distributions in order

to assess local variability. In order to ease the comparison

between devices with different cross sections, the carrier

densities n2d = n1d/Weff and the resistances R̄ = RWeff

are normalized to the total effective width of the channel

Weff = W + 2H .

III. CONTACT RESISTANCE OF A W = 10×H = 10 NM

TRIGATE DEVICE

The contact resistance R̄c in a 10 × 10 nm Trigate is

plotted as a function of the carrier density in the channel

in Fig. 4 (red line with dots), for the ”Reference” doping

profile of Fig. 2. It is compared to the ballistic resistance

of the channel (no scattering), and to the contact resistance

extracted in a device without surface roughness nor impurity

scattering in the source/drain (continuous background dopant

distributions). The contact resistance is much larger than

the ballistic resistance, and is clearly limited by scattering

by dopant impurities and surface roughness. It represents a

significant part of the total resistance of a L = 30 nm long

device (green line with diamonds).

The physical origins of the contact resistance are further

clarified by a quasi-Fermi level analysis, which highlights

where the potential drops in the system. At low bias, the

local distribution function f(r, E) of the carriers remains close

to a Fermi-Dirac distribution. The quasi-Fermi level εf (r) is

defined as the chemical potential that reproduces the NEGF

carrier density n(r) assuming local Fermi-Dirac statistics. It

is plotted in Fig. 5 for the 10×10 nm Trigate with gate length

L = 30 nm, at different gate voltages. The potential drop is
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Fig. 4. The normalized contact resistance R̄c extracted from Fig. 3 as a
function of the carrier density n in the channel. It is compared to the ballistic
resistance of the channel, to the contact resistance extracted without surface
roughness nor impurity scattering, and to the total resistance of a L = 30 nm
long device.
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Fig. 5. Quasi-Fermi level in a 30 nm long, W = 10×H = 10 nm Trigate
device with the reference doping profile of Fig. 2, at different gate overdrives.
The drain bias is Vds = 10 mV. The shaded gray area delimits the segment
where the slope dεf/dz of the quasi-Fermi level is nearly constant.

much larger under the spacers than in the highly-doped source

and drain regions. Hence the spacer regions give the main

contribution to the contact resistance. At moderate to high

inversion, the regular slope of the quasi-Fermi level in the

channel (gray region in Fig. 5) indicates a diffusive transport

regime. Moreover, the mobility extracted from this slope is

close to the mobility extracted from the R(L) fit. Hence the

concept of mobility remains relevant here.

IV. INFLUENCE OF TECHNOLOGICAL PARAMETERS ON THE

CONTACT RESISTANCE

A. Channel cross section

The normalized contact resistances for different nanowire

cross sections are plotted in Fig. 6. The results can be largely

explained by the transition from volume carrier density under

the spacers to surface inversion (at high gate overdrive) in

Fig. 6. The normalized contact resistance R̄c as a function of n for different
nanowire cross sections W ×H . The target doping profile is the ”Reference”
profile of Fig. 2. The data are compared with reference (001) FDSOI (H = 8
nm, W → ∞) and (110) double gate devices (W = 8 nm, H → ∞).

Fig. 7. The normalized contact resistance R̄c as a function of n for the
different doping profiles of Fig. 2.

the channel region. The contribution of the spacer regions to

the contact resistance is basically proportional to the cross

sectional area S = WH . Hence FinFET devices, which

maximize the effective width Weff = W + 2H at a given S,

show a larger normalized contact resistance R̄c = RcWeff .

B. Doping profile

The contact resistances for the different doping profiles of

Fig. 2 are plotted in Fig. 7. Slower decay of doping under the

spacers slightly decrases the contact resistance, at the expense

of a larger drain-induced barrier lowering at high bias. The

problem of contact resistances at high field is, however, beyond

the scope of the present work and will be discussed in another

paper.

V. COMPARISON WITH EXPERIMENTAL DATA

The simulations are compared with experimental data on

Trigate devices fabricated at CEA/LETI [12]. The contact
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Fig. 8. Total resistance measured as a function of length in W = 40×H =
12 nm Trigate devices, for different gate overdrives.

resistances are extracted using the same R(L) method as in the

simulations, in the L = 50−200 nm range. The fits at different

gate overdrives Vgt are shown in Fig. 8. The mobilities

obtained from the R(L) slopes are in very good agreement

with the long channel mobilities measured on similar Trigate

devices and with NEGF simulations. The obtained contact

resistances are plotted in Fig. 9 for W = 40 × H = 12 nm

and W = 14 × H = 12 nm devices. They are compared to

simulations performed for these specific devices, which have

9 nm thick spacers. The experimental data show the same

near 1/Vgt dependence as the simulations. The quantitative

agreement between experiments and simulation is pretty good

for the W = 14 nm device. The simulations miss the

metal/semiconductor contact resistance, which is expected to

appear as a rigid shift. The experimental data for the W = 40
nm device lie, as expected, between the simulations for the

W = 14 nm device and for the planar (001) FDSOI device.

The experimental data therefore support the main conclusions

of this work about the dependence of the contact resistance

on the gate bias and on the cross section.

VI. CONCLUSION

We have computed the contact resistance Rc of Trigate and

FinFET devices using Non-Equilibrium Green’s Functions. At

low drain bias, Rc can represent a very large fraction of the

total resistance of these devices. The spacers between the

heavily doped source/drain and the gate are the most resistive

parts. The conductance under the spacers is typically limited

by the poor electrostatic control over the charge density in

these areas. As a consequence, the resistance of the spacers

has a near 1/Vgt dependence, which, if not properly accounted

for, can partly explain the apparent dependence of the channel

mobility on length in short devices [13], [14], [15]. We have

investigated the impact of the channel width W and height

H , and the impact of the source/drain doping profiles on the

device performances.

0.2 0.4 0.6 0.8 1.0

Vgt (V)

102

R̄
c
(
Ω
.μ
m
)

(b)

W = 14 nm Exp.

W = 14 nm NEGF

W = 40 nm Ecp.

(001) FDSOI NEGF

Fig. 9. Measured contact resistances in W = 40 ×H = 12 nm and W =
14×H = 12 nm Trigate devices, as a function of gate overdrive. They are
compared with simulations for a planar (001), 12 nm thick FDSOI device and
for a W = 14×H = 12 nm Trigate device.
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Abstract— The Drain Induced Barrier Lowering (DIBL) 
behavior in Ultra-Thin Body and Buried oxide (UTBB) 
transistors is investigated in details in the temperature range up 
to 150ºC, for the first time to the best of our knowledge. The 
analysis is based on experimental data, physical device 
simulation, compact model (SPICE) simulation and previously 
published models. Contrarily to MASTAR prediction, 
experiments reveal DIBL increase with temperature. Physical 
device simulations of different thin-film fully-depleted (FD) 
devices outline the generality of such behavior. SPICE 
simulations, with UTSOI DK2.4 model, only partially adhere to 
experimental trends. Several analytic models available in the 
literature are assessed for DIBL vs. temperature prediction. 
Although being the closest to experiments, Fasarakis’ model 
overestimates DIBL(T) dependence for shortest devices and 
underestimates it for upsized gate lengths frequently used in 
ULV (ultra-low-voltage) applications. This model is improved in 
our work, by introducing a temperature-dependent inversion 
charge at threshold. The improved model showed very good 
agreement with experimental data, with high gain in precision for 
the gate lengths under test. 

Keywords— Fully-Depleted Silicon-On-Insulator (FD SOI); 
UTBB; DIBL; temperature dependence. 

I.  INTRODUCTION 

The Ultra-Thin Body and Buried oxide (UTBB) SOI 
MOSFET is widely considered for future technology nodes 
thanks to its improved electrostatic and variability control [1]. 
The scalability of UTBB devices can reach the 8 nm node, 
considering DIBL (Drain Induced Barrier Lowering) values < 
100 mV/V as the electrostatic criterion [1]. 

Studying the temperature effects in UTBB SOI MOSFETs 
is important even for room-temperature applications, as these 
devices can be affected by self-heating with channel 
temperature reaching ~ 100ºC under normal operation 
conditions [2-3]. In [4-5], the DIBL of 0.4-1.5 μm-long bulk Si 
MOSFETs showed increase with temperature and stronger 
dependence for shorter devices. For 28 nm long UTBB devices 
[6], an increase of DIBL by about 20 mV/V over 100°C was 
observed. However, in-depth analysis of DIBL evolution with 
temperature in such devices was not performed. 

The present work investigates the experimental DIBL 
behavior and compares the observed results to physical 
simulations (Atlas), compact modelling (SPICE) and several 
published analytical models. In order to reproduce the 
experimental DIBL dependence on temperature, an upgrade of 
the most adequate model to date is proposed. 

II. EXPERIMENTAL DEVICES 

The experimental devices were fabricated at ST 
Microelectronics [7], with a BOX thickness (tBOX) of 25 nm 
and silicon body (tSi) of 7 nm. The metal gate stack is 
composed of 2.3 nm of HfSiON with an equivalent oxide 
thickness (tOX) of 1.3 nm. The measured devices are n-channel 
MOSFETs with gate lengths (L) from 34 to 500 nm and 
channel width (W) of 1 μm. The channel is left undoped. Both 
standard VT (STDVT) and low VT (LVT) devices were 
measured up to 150ºC. 

III. RESULTS AND DISCUSSION 

Fig. 1 shows the experimental DIBL as a function of 
temperature. The DIBL values were calculated from ΔVG/ΔVD, 
where VG is the gate voltage at the constant current value of  
10-7.(W/L) for low drain voltage (VDL) of 50 mV or high drain 
voltage (VDH) of 1 V. The increase of DIBL with temperature 
can be clearly observed for both LVT and STDVT transistors. 
Moreover, this increase is stronger in shorter devices. DIBL 
values calculated using MASTAR software [8] are plotted on 
the same graph for the sake of comparison and are independent 
of temperature. 

Fig. 2 presents the DIBL for different thin-film FD 
structures simulated with Atlas [9]. This simulation analysis 
aims at verifying whether some particular process features 
could generate such DIBL behavior. An ideal double gate (DG) 
structure was also studied to remove any possible channel 
position and substrate depletion effects. For all structures, the 
trend is the same as for experimental results of Fig. 1, 
highlighting that this DIBL behavior is physical and not 
specific to the measured UTBB devices. 
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Fig. 1. Measured DIBL as a function of temperature for STDVT and LVT 
devices of different lengths. 
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Fig. 2. DIBL as a function of temperature from Atlas simulations of 
different SOI structures. 

 

Fig. 3 shows the DIBL variation with temperature from 
circuit-level simulations using UTSOI DK2.4 model from ST 
Microelectronics [10] compared to experimental data for 
devices with L of 42 and 60 nm. The UTSOI DK2.4 model 
qualitatively reproduces the experimental DIBL dependence on 
temperature for L = 60nm. However, the modeled DIBL(T) 
incorrectly lowers with reduced L and is underestimated for 
L=42nm. 

We then assessed the ability of different analytic models to 
reproduce DIBL vs. temperature increase in UTBB devices. 
Fig. 4 shows the DIBL as a function of L for different models 
published in literature, for T = 25ºC (Fig. 4(a)) and T = 150ºC 

(Fig. 4(b)). Three models are considered: 1°) MASTAR 
software [8], which is based on Voltage Drop Transformation 
(VDT) model [11]; 2°) Arshad’s model [12] an improved 
version of MASTAR model, which takes into account the 
effective length (LEFF) and the mean channel position in the 
thin film (YMEAN); 3°) Fasarakis’ model [13] which is a 
threshold voltage model, defining the DIBL as the difference 
between the VT for low and high drain voltage. Though 
MASTAR software can calculate the drain current and SCE 
(Short-Channel Effects) as a function of temperature, the DIBL 
equation does not include dependence on temperature (Fig. 1). 
Arshad’s model can be adapted for different T by considering 
LEFF(T) and YMEAN(T) extracted from simulations. The YMEAN 
shifts towards bottom interface and LEFF becomes shorter with 
T increase. Both these trends naturally result in DIBL increase 
at higher T. However, incorporation of these dependences is 
not sufficient to reproduce actual DIBL(T) results. Fasarakis’ 
model has a good accuracy for room temperature but deviates 
at higher temperature. 
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Fig. 3. DIBL increase with temperature for lengths of 42 and 60 nm from 
measurements and SPICE simulations. 

 

Fig. 5 shows the ΔDIBL/ΔT as a function of L for 
measurements and the analytic models presented in Fig. 4. It 
can be noticed that both Arshad’s and Fasarakis’ model 
describe the trends, featuring enhanced DIBL vs T increase 
with L shortening. Fasarakis’ model shows better results 
comparing to other models. However, it gives stronger 
dependence than experimentally observed one, particularly 
overestimating ΔDIBL/ΔT values in shorter devices and 
underestimating in long ones. The reason is that the 
temperature dependence of the inversion charge defined at the 
threshold condition (QTH) in Fasarakis’ model was not taken 
into account. Hence, our proposal in this work is to extract the 
QTH from Atlas electron concentration taking into account the 
YMEAN for each temperature considering low and high drain 
biases. Then, we introduce these values in Fasarakis’ original 
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model. The result is shown in Fig. 5, referred as “Fasarakis et 
al + QTH(T) dependence”. It can be observed that the proposed 
upgraded model reproduces well the experimental data in the 
whole L range under consideration and can be used to estimate 
the temperature dependence of DIBL with temperature for 
UTBB devices. In some applications, especially ULV, the use 
of channel lengths above the minimal length of the technology 
is common to minimize current leakage [14] and to have better 
analog performance [15]. 
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Fig. 4. DIBL as a function of channel length for temperatures of (a) 25ºC  
and (b) 150ºC. 

 

Fig. 6 shows the comparison between Fasarakis’ model and 
its improved version for the devices with L of 38 and 120nm. 
Notice that the proposed improvement is the most accurate 
with experimental data, presenting a precision gain of 35% for 

L=120nm. Such results show that the QTH is significantly 
temperature dependent. 
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Fig. 5. ΔDIBL/ΔT up to 150ºC as a function of channel length. 
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Fig. 6. DIBL as a function of temperature for the devices with L=38 and 
120nm. 

 

Fig. 7 shows the inversion charge (QTH) as a function of 
temperature for Fasarakis’ model (lines) and the extracted 
values from simulations (symbols) used to generate DIBL 
values presented in Fig. 6. It can be observed that the QTH 
values from Fasarakis’ model do not have temperature 
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dependence. However, the extracted QTH values are different 
for each temperature. 
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Fig. 7. QTH as a function of temperature for Fasarakis’ model and extracted 
from simulations for L = 38 and 120nm. 

 

IV. CONCLUSIONS 

The DIBL dependence on temperature in UTBB FD SOI 
MOSFETs was analyzed. The experimental results revealed 
increase of DIBL with temperature. This trend is confirmed by 
both physical and SPICE simulations. The fact that physical 
devices simulation of different thin-film architectures provides 
the same trends emphasizes generality of such DIBL 
temperature behavior. Existing models, however, do not allow 
to reproduce DIBL(T) dependence properly. We proposed a 
way to upgrade the voltage model of Fasarakis et al, by 
including inversion charge (accounting for channel position) 
dependence on temperature in order to correctly 
reproduce/predict DIBL variation with temperature for devices 
with different lengths. The obtained results show very good 
agreement with experimental data and significant gain of 
precision for both shortest devices and for longer ones with 
channel lengths in the range used for low leakage ULV digital 
or good output conductance analog applications for this 
technology. 
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Abstract—We present a computationally inexpensive one-
dimensional method to model the neutral flux in high aspect
ratio holes for three-dimensional plasma etching simulations. The
benefit of our approach lies in the fact that the computational
costs of a three-dimensional plasma etching simulation are, for
the most part, determined by calculating the surface flux of the
relevant species. We propose a one-dimensional radiosity model
for the neutral flux by assuming an ideal cylindrical shape as well
as ideal diffuse sources and surfaces. Our model reproduces the
results obtained by a three-dimensional ray tracing simulation
and is therefore suited to be used as a drop-in replacement
for cylinder-like hole structures to speed up three-dimensional
plasma etching simulations.

I. INTRODUCTION

During a plasma etching simulation the local fluxes of

the etching species are used to model the surface reactions.

The local flux must be recalculated for each simulation time

step, because the interface positions are changing due to the

evolving surface. For high aspect ratio (HAR) features, the

local flux originating from re-emission is predominant and the

local flux rates can easily vary by orders of magnitude along

the feature depth.

Considering the computational costs of a three-dimensional

plasma etching simulation, the calculation of the local flux

is dominant. The efficient calculation of the neutral flux is

therefore essential, especially considering the fact that HARs

further increase this dominance, because with a high aspect

ratio the average number of re-emission events per particle is

also increased.

Common approaches for three-dimensional flux calculation

are Monte Carlo ray tracing [1] and radiosity based [2]

methods. Ray tracing supports bi-directional reflectance distri-

bution functions, whereas radiosity inherently favors diffusely

reflecting surfaces. The rotational symmetry allows to use a

one-dimensional radiosity method which is intended to be a

drop-in replacement for modeling the neutral flux in cylinder-

like hole structures in three-dimensional simulations, with the

benefit of decreased computational complexity.

In this work we consider an ideal cylindrical shape of the

feature, a neutral flux source with an isotropic distribution,

ideal diffuse reflections, and a flux-independent sticking prob-

ability s. Ballistic transport is assumed for the neutral particles.

The diffuse re-emission mechanism is a common assumption

for neutral particles [3] and cylinder-like shapes are a key

prerequisite for HAR holes in the context of, for instance,

three-dimensional NAND flash cell processing [4].

In the following sections, we first define our simulation

domain with all relevant parameters (II-A) and explain the

applied discretization (II-B); subsequently we describe how

to adopt the general radiosity method to our problem (II-C)

and how we compute the relevant view factors (II-D). We

apply the Jacobi method to solve the resulting linear system

of equations (II-E) and apply a normalization to the resulting

flux distributions (II-F). Finally, we discuss the results (III) of

our model and compare them with results obtained using a

three-dimensional ray tracing simulation [5].

II. ONE-DIMENSIONAL RADIOSITY

FOR CYLINDRICAL HOLES

A. Simulation Domain

The simulation domain (Fig. 1a) is a circular cylinder with

its aspect ratio (AR) defined by depth
diameter

. We model the source

of neutral particles by an ideal diffusely-emitting disk closing

the cylinder at the top without re-emission (s = 1). The wall

of the cylinder is an ideal diffuse reflector with a constant

sticking probability (s = sw). The bottom of the cylinder does

not have any re-emission (s = 1). This setup is a reasonable

approximation for the neutral flux in a HAR plasma etching

environment.

B. Domain Discretization

Our approach is based on a subdivision of the cylinder

into rotationally symmetric surface elements (Fig. 1b): The

inner surface of the cylinder wall is sliced into nw cylinder

rings with height depth
nw

and the disk closing the cylinder at the

bottom is divided into nb annuli with ring width radius
nb

. The

disk closing the cylinder at the top is not subdivided, as it

is fully adsorbing and the distribution of the flux leaving the

cylinder at the top is not of interest.

C. Applying the Radiosity Method

Our assumptions, particularly that all sources/surfaces are

ideal diffuse and that the transport of the neutral particles is

ballistic, allows to employ the radiosity method. By assuming

a constant flux and a constant sticking probability over each

surface element, the problem can be formulated using the
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(a) Domain (b) Discretization

top disk

bottom disk

cylinder 

wall

Fig. 1. (a) The simulation domain is decomposed into a fully adsorbing source
(black), a partly adsorbing wall (blue), and a fully adsorbing bottom (red).
(b) The wall and bottom are subdivided into ring elements. The top disk is
not subdivided as the flux distribution leaving the cylinder is irrelevant.

discrete radiosity equation: for a surface element i the equation

reads

Bi = Ei + (1− αi)
∑
j

(Fj→iBj) , (1)

where B is the radiosity (sum of emitted and reflected energy),

E is the emitted energy, α is the absorptance and Fj→i is the

view factor (proportion of the radiated energy which leaves

element j and is received by element i). We adapt (1) to

our problem by substituting the absorptance α by the sticking

probability s and identifying the local flux as the adsorbed

energy A. The radiosity B is then related to the adsorbed

energy A by

Ai = (Bi − Ei)
si

1− si
. (2)

Since we are also interested in the adsorbed flux at the fully

adsorbing bottom, (1) and (2) are not applicable because

limsi→1 Ai = ∞. For this reason we use the following

formulation for the received energy R:

Ri =
∑
j

(EjFj→i) +
∑
j

((1− sj)RjFj→i) , (3)

where the relation to the adsorbed energy is

Ai = Risi. (4)

Rewritten in matrix notation and resolved for the vector of

received energies R we obtain

FT · E + diag (1− s)FT ·R = R,(
I− diag (1− s)FT

) ·R = FT · E, (5)

with vectors of source energies E, a vector of sticking proba-

bilities s, and a matrix of view factors F (where entry Fij is

the view factor from i → j).

(a) Cone-like Segments

afar

anear

bnear

bfar

(b) Cylinder Rings

afar

anear

bnear

bfar

(c) Disk and Annulus

bnear bfar

anear

(d) Cylinder and Annulus

afar

anear

bnearbfar

Fig. 2. (a) Configuration of two cone-like segments opened towards each
other. The inner surfaces are mutually completely visible. (b) Configuration
of two coaxial cylinder rings with the same radius. (c) Configuration of a disk
and an annulus. (d) Configuration of a cylinder element and a annulus. The
outer radius of the annulus is not greater than the cylinder radius.

D. Computing the View Factors

To assemble the matrix F we need to evaluate the view

factors between all possible pairs of surface elements. The

view factor between two coaxial disks at a distance z of

unequal radii r1 and r2 is defined by

F1→2 =
1

2

(
X −

√
X2 − 4(R1/R2)2

)
, (6)

where Ri = ri/z and X = 1 + (1 + R2
2)/R

2
1 [6]. Using this

relation and the reciprocity theorem of view factors

S1 · F1→2 = S2 · F2→1 (with Si = Areai), (7)

we derive a general formula for a view factor between two

cone-like segments whose surfaces are mutually completely

visible.

Fbx→a = Fbx→anear
− Fbx→afar

(8)

Fa→bx =
Sbx

Sa
· Fbx→a (9)

Fa→b = Fa→bnear
− Fa→bfar

(10)

Fig. 2a shows the geometric configuration of two cone-like

segments opened towards each other with mutually completely

visible surfaces; the four limiting disks which enter Eqs. (8)-

(10) are designated. Fig. 2b, Fig. 2d and Fig. 2c show the

main types of configurations as they occur in our problem.

The view factors on the diagonal of F (i.e., the view factors

of the elements to themselves) are computed by

Fa→a = 1− Fa→anear
− Fa→afar

. (11)

If the element is a disk or annulus, the view factor to itself is

zero.
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To reduce the computational costs for assembling F we can

make use of the fact that the cylinder rings are regular and

the (nw)
2 view factors amongst them can be affiliated with

only nw different view factors, as only the relative distance

matters. Reciprocity (7) allows the computation of the view

factors in the upper triangle of F by using the view factors in

the lower triangle and the element areas.

To prove a closed domain and as indicator for correctly

computed view factors we compute the sum for each row of

F, which must always result in one.

E. Solving the Linear System of Equations

We approximate the solution of the resulting diagonally-

dominant linear system of equations (5) using the Jacobi

method. Each iteration of the Jacobi method can be imagined

as a concurrent diffuse re-emission of each element to all other

elements. The adsorbed flux A is obtained by multiplying the

entries in the solution for R with the corresponding sticking

probability s of the element (4). To reveal computational

mistakes and to have an indicator for an equilibrium state the

relation ‖ A ‖ − ‖ E ‖= 0 can be applied; it holds for closed

surfaces, e.g., our domain (the inner surface of a cylinder

closed with two disks at the top and bottom).

F. Normalization

To provide a good qualitative comparability we normalize

the results to only depend on the aspect ratio of the hole and

the sticking probability. The adsorbed flux A is divided by the

area of the element (An
i = Ai

Si
) and normalized to the flux

which a surface of the same sticking probability would absorb

if it is fully planar-exposed to the source (Ansrc
i =

An
i

En
isrc

·si ).

III. RESULTS

To evaluate the quality of our one-dimensional radiosity

model, we analyze different simulation setups where we vary

the sticking probability between sw = 0.02 and sw = 0.2; the

top disk (source) and bottom disk are fully adsorbing for all

of the following results.

Fig. 3 plots the normalized flux distribution along the wall

and the at bottom for holes with ARs 5 and 45. The results

show that the flux along the wall of a HAR hole decreases by

several orders of magnitude, e.g., about five orders for AR=45

and one order for AR=5. The non-continuity of the sticking

probability causes a jump at the wall-bottom interface. The

effect of the fully adsorbing bottom is also visible in the wall

flux distribution, which is most prominent for AR = 45 and

s = 0.02, where a strong decrease towards the bottom interface

is visible.

Fig. 4 compares the flux distributions for AR = 5 obtained

using the proposed one-dimensional radiosity approach with

results generated with a reference Monte Carlo ray tracing

tool [5]. Similarly, Fig. 5 compares the flux distributions

for AR = 45. The results show a good agreement, besides

the deviation at the wall-bottom interface, caused by the

discretization which is used in the ray tracing simulation.

In Fig. 5a two flux distributions are plotted for the ray
tracing results along the wall: they represent the minimum and

maximum along the cylinder radius. The separation of the flux

distributions, particularly visible for sw = 0.2 (Fig. 5a), and

the visible noise in Fig. 5b, reflect the stochastic nature of the

ray tracing approach.
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Fig. 3. Normalized flux distribution along the wall (left) and the bottom
(right) of holes with aspect ratios AR=5 (upper group) and AR=45 (lower
group). The sticking probability of the wall sw is varied from 0.02 to 0.2.

IV. SUMMARY AND OUTLOOK

We provide an approximation of the local neutral flux in

three-dimensional plasma etching simulations of HAR holes

using a one-dimensional radiosity approach. A radiosity for-

mulation from a receiving perspective (3) is derived, which

allows to model fully adsorbing surface elements. We compute

all relevant view factors by establishing a general formula (10)

between coaxial cone-like segments. Comparing the results

for cylinders with ARs 5 and 45 using a rigorous three-

dimensional Monte Carlo ray tracing simulation shows good

agreement (Fig. 4a and Fig. 5b). Our radiosity model thus

serves as a computationally inexpensive drop-in replacement

for three-dimensional simulations.

Our approach allows for an extension of the model to handle

any rotationally symmetric convex features.
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(a) Cylinder Wall
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Fig. 4. Comparison of the results obtained by one-dimensional radiosity and three-dimensional raytracing for a hole with aspect ratio 5. The sticking probability
of the wall sw is varied between 0.02 and 0.2. The differences are visible near the wall-bottom interface. (a) Normalized flux distribution along the wall. (b)
Normalized flux distribution at the bottom.

(a) Cylinder Wall
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Fig. 5. Comparison of results obtained by one-dimensional radiosity and three-dimensional raytracing for a hole with aspect ratio 45. The sticking probability
of the wall sw is varied between 0.02 and 0.2. The differences are visible near the wall-bottom interface. The ray tracing results reveal noise over the entire
domain. (a) Normalized flux distribution along the wall. Along the depth, the minimum and maximum ray tracing results are plotted; the difference increases
towards the bottom interface. (b) Normalized flux along the bottom.
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The first few decades of the previous century have 
witnessed a revolution in the physical sciences due to the 
advent of quantum mechanics. Now, a hundred years later, 
quantum mechanics is about to drive a new revolution in 
technology. As a matter of fact, quantum mechanical 
phenomena have already found numerous applications in 
different areas (metrology, sensing, imaging, etc.). Atomic 
clocks and superconducting quantum interference devices 
(used for magnetometry), are just a few examples of 
commercial quantum devices. Yet these examples can be 
regarded as basic-level quantum technology. The next step is to 
exploit the inherent complexity of quantum systems, whose 

origin lies in the basic principle of superposition, namely the 
property of a quantum object to be simultaneously in two or 
more possible states.  If we consider the simplest case of a 
quantum particle, e.g. an electron, with two possible states, say 

state ‘0’ and state ‘1’, the superposition principle allows for 
that particle to be in both 0 and 1 at the same time (see Fig. 1 
and corresponding caption). In a way, a quantum particle can 
thus encode much more information than a classical device 
(e.g. a transistor) with only two possible states. A second key 
property of quantum particles is their ability to couple among 
each other without necessarily requiring reciprocal interaction. 
This property, known as quantum entanglement together with 
the principle of superposition, forms the key elements of 
quantum information processing. They result in a naturally 
built-in parallelism that could be exploited to achieve 
computational powers unaffordable by any classical computer. 

What could one do with a quantum computer? Since the 
concept of quantum computing was proposed in the early 
eighties, this basic question has been the subject of intensive 
studies. In 1994, Peter Shor proposed an algorithm that would 
allow a quantum computer to factorize large integer numbers, 
in principle much larger than those affordable by the most 
powerful classical computer [1]. This apparently futile 
application of quantum computing may have a significant 
impact on society, since integer factorization is currently at the 
core of most cryptography systems (e.g. the RSA 
cryptosystem). As suggested by Nobel Prize winner Richard 
Feynman, a quantum computer would allow the simulation of 
quantum phenomena (e.g. chemical processes), well beyond 
what can be afforded by classical computers [2]. This would 
likely have many applications, e.g. providing guidelines for the 
development and engineering of new materials, chemical 
reactions, etc. The list of already known possible applications 
of quantum computation could be continued with several other 
examples. However the entire impact that quantum computer 
may actually have remains hard to predict. In his well-known, 
visionary lecture about “nanoscience”, entitled “There is plenty 
of room at the bottom” [3], Richard Feynman said at some 
point: “I can't see exactly what would happen, but I can hardly 
doubt that when we have some control of the arrangement of 
things on a small scale we will get an enormously greater range 
of possible properties”. A similar argument holds for the 
quantum computer, since it is very likely that we will discover 
its full potential only after getting it to work. 

Quantum computation and quantum communication 
represent the holy grail of quantum technology, and hence one 
of the most ambitious technological challenges today. Their 
realization, regardless of the approach or type of material 
system, implies putting together many different quantum 

 
Figure 1: Geometric representation of a spin qubit state. In a magnetic 
field, say along the z axis, the two-fold spin degeneracy of a spin-1/2 
particle, say an electron, is lifted resulting in two energy states, 0  and 
1 , corresponding to parallel and antiparallel orientation of the particle 

magnetic moment, respectively. The energy splitting between 0  and 1 , 
the so-called Zeeman energy, is equal to g BB , where g is the particle 
gyromagnetic factor, B the Bohr magneton, and B the magnetic field 
amplitude. Quantum mechanics allows for the particle spin state  to 
generically be in an arbitrary combination of 0  and 1 , i.e.  = a0 0  
+ a1 1 , where a0 and a1 are complex numbers that can be expressed in 
terms of the polar coordinates ( , ). (Note: a0

2 and a1
2 correspond to 

the probabilities of finding the qubit in state 0  and 1 , respectively. 
Therefore, a0

2 + a1
2 = 1.)  As a result, a quantum two-level system 

such as a spin-1/2 particle carries much more information than a classical 
two level system, whose states can be represented by a single binary digit. 
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ingredients and facing a variety of new problems at both 
scientific and engineering level. If up till now quantum 
computing devices have been a matter for basic experimental 
research, it is fair to say that we have reached the point where 
their further development requires resources well beyond those 
owned by small academic-level laboratories. The increasing 
complexity of quantum circuits demands larger scale research 
efforts combining a wide range of competences, from quantum 
science to material science, nanotechnology, engineering, 
circuit design, etc. 

What do we need to make a quantum computer? This 
question is addressed in an article by David DiVincenzo, where 
he identifies five key requirements, now known as the 
DiVincenzo criteria [4]:  

1. A scalable physical system with well 
characterized qubits 

2. The ability to initialize the state of the qubits to a 
simple fiducial state 

3. Long relevant decoherence times, much longer 
than the gate operation time 

4. A “universal” set of quantum gates enabling the 
implementation of any quantum algorithm.  

5. Individual qubit readout, i.e. the ability to 
measure specific qubits.    

Qubits can be made out of a large variety of material 
systems. When it comes to a crucial issue such as large-scale 
integration, however, the range of possible choices becomes 
much narrower. To this respect, solid-state qubits are in 
principle well positioned. Among solid-state approaches, qubits 
based on superconducting elements have so-far reached the 
most advance level of development. Recently, research teams 
at UCSB-Google, QuTech, and IBM were able to implement 
the first fault-tolerant devices consisting of 9, 5, and 4 
superconducting qubits, respectively [5-7]. These devices, in 
which quantum errors can be detected and corrected, may 
become the building blocks of larger scale quantum computing 
architectures. 

An alternative solid-state approach relies on 
semiconducting elements. Here the elementary bit of quantum 
information is encoded in a spin degree of freedom, such as the 
magnetic moment of an electron or that of a nucleus [8,9]: 
Though the development of spin qubits has been lagging 
behind, recent experimental breakthroughs have sparked a 
renewed interest. Last year, an Australian research team 
showed that an electron spin qubit defined in an isotopically 
purified 28Si crystal exhibits exceptionally long coherence 
times, T2, ranging from 30 ms to 0.5 s! [10, 11] (This is much 
larger than in superconducting qubits where the coherence 
time, limited by energy relaxation processes, is at most around 
100 s). In essence, T2 is the characteristic time over which a 
spin, thought of as a (quantum) oscillator, loses its (quantum) 
phase due to uncontrolled interactions with its environment. 
For electron-spin qubits the critical interactions come from the 
nuclear magnetic moments of the host crystal, which explains 
the enormous benefit of isotopic purification (28Si, which 

happens to be by far the most abundant isotope, has zero 
nuclear spin thereby causing no hyperfine interaction).   

 In addition to long coherence times, silicon spin qubits 
have other potential advantages. The first one is size: a spin 
qubit with its readout device can be comfortably fitted within a 
square micron (superconducting qubits are typically made of 
superconducting waveguide resonators whose size is about a 
square millimeter). The second advantage lies in the inherent 
compatibility with silicon technology. The exceptional control 
on the fabrication processes of silicon devices is definitely an 
asset for qubit large-scale integration. In addition, qubits may 
be straightforwardly coupled to CMOS-based on-chip 
electronics for qubit driving and readout. Owing to the above-
mentioned properties, silicon spin qubits provide one of the 
most promising pathways to scalable quantum computers. 

Silicon-based spin qubit devices reported so far were 
fabricated on either bulk silicon [10-12] or SiGe 
heterostructures [13, 14]. In all cases, several metal electrodes 
were deposited on the semiconductor surface in order to define 
and electrically control the qubit. Extending these approaches 
to large-scale integrated quantum circuits will imply exporting 
the developed device fabrication processes onto an industrial 
silicon technology platform.  

Our approach towards silicon spin-qubit devices is 
different. It consists in using an industry-standard CMOS 
platform from the start. More specifically, we rely on the 300-
mm silicon-on-insulator (SOI) technology available in 
Grenoble. As a first important step, we aim at elaborating on 
the design and fabrication processes of silicon nanowire 
transistors in order to transform them into fully functional spin 
qubit devices. Low device complexity with minimal control 
and readout overhead will be a leading paradigm in the 
development of CMOS spin qubits. We believe this is 
important for future up scaling to complex quantum computing 
circuits. Minimizing the number of gates per qubit down to one 
or two is desirable and, to our view, feasible.  

The ability to couple qubits to each other and to tune their 
coupling in time is another essential requirement for the 
realization of a quantum computer. In the first instance, tunable 
coupling is required for the implementation of two-qubit 
quantum gates. So far, direct spin-spin coupling was shown for 
the case of two electron spins sitting on adjacent silicon 
quantum dots [12], up to the recent demonstration of the first 
silicon-based C-NOT quantum gate [15]. In this case, the spin-
spin coupling mechanism relies on direct (short-range) 
exchange interaction. Some ideas for long-range coupling 
schemes have been proposed but remain to be experimentally 
tested.  In the prospect of developing spin qubit devices, some 
important progress has been made over the last few years.  We 
have shown that: 

1. At low temperature (i.e. below a few degree 
Kelvin), tri-gate nanowire transistors can be 
operated as quantum dots hosting only one or a 
few electrons [16](see Fig. 2). This achievement is 
relevant to the first DiVincenzo’s criterium. 
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2. In the specific case of hole-confinement quantum 
dots, a promising possibility exists for performing 
fast electrically driven spin resonance. This 
possibility, which is pertinent to the forth 
DiVincenzo’s criterium, arises from the anisotropy 
and the gate dependence of hole g-factors [17]. 
More details are given in Fig. 3 and relative 
caption. 

3. Both n-type and p-type dual-gate transistors (such 
as the one shown in Fig. 4) can be tuned to a 
regime where they operate as double dot devices. 
Some first signatures of the Pauli spin blockade 
effect, useful for spin read-out, have been 
observed (unpublished).    
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Figure 2: Calculated carrier distribution in the channel of a trigate SOI 
transistor showing charge accumulation in the upper edges of the 
channel. Top panel: cross-sectional view perpendicular to the channel 
axis. Bottom panel: top view. The calculation, based on self-consistent 
nonequilibrium Green’ s functions and the effective-mass 
approximation, is carried out for a gate voltage just above threshold 
yielding an integrated carrier density of only one electron in the channel 
volume. For a channel width W = 40 nm the two electron ‘pockets’ 
have negligible overlap (top panel). In the case of long spacers, 
electrons are confined also along the longitudinal axis resulting in 

 
Figure 3: Hole transport in a p-type trigate transistor. Measured 
differential conductance taken at zero bias as a function of gate voltage 
(Vg) at a temperature of T = 4 K showing Coulomb oscillations (×5 
and ×10 indicate that the corresponding current peaks have been 
multiplied by, respectively, 5 and 10 times for visibility). Inset shows 
the transistor characteristic, current versus Vg at room temperature at 
Vb = 10 mV. The subthreshold slope close to 60 mV per decade 
indicates an excellent electrostatic control. 

 
Figure 4: SEM micrograph of a dual-gate transistor. The gates have been 
fabricated with e-beam lithography. At low temperature, two quantum 
dots can be formed by charge accumulation below gates 1 and 2. 
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Abstract— We report the first RF characterization of 
short-channel replacement metal gate (RMG) InGaAs-OI 
nFETs built in a 3D Monolithic (3DM) CMOS process. 
This process features RMG InGaAs-OI nFET top layer 
and SiGe-OI fin pFET bottom layer. We demonstrate 
state-of-the-art device integration on both levels. The 
bottom layer SiGe-OI pFETs are fabricated with a Gate-
First (GF) process with fins scaled down to ~15 nm width 
and featuring epitaxial raised source drain (RSD) and 
silicide. The top layer InGaAs nFETs are fabricated with a 
RMG process featuring a self-aligned epitaxial raised 
source drain (RSD). We show that the 3D monolithic 
integration scheme does not degrade the performance of 
the bottom SiGe-OI pFETs owing to an optimized thermal 
budget for the top InGaAs nFETs. From the RF 
characterizations performed (post-3D monolithic process) 
on multifinger-gate InGaAs-OI nFETs, we extract a cut-
off frequency (Ft) of 16.4 GHz at a gate-length (Lg) of 
120 nm. Measurements on various gate lengths shows 
increasing cut-off frequency with decreasing gate-length. 

Keywords—3D Monolithic; InGaAs; RMG; High-
frequency; FinFET  

I.  INTRODUCTION  
3D Monolithic (3DM) integration is attracting much 

attention owing to density scaling benefits and the 
potential to stack independently optimized 
multifunctional layers at transistor level [1]. However, 
due to the inherently high thermal budget of Si MOSFET 
process, Si(Ge)-on-Si 3DM integration scheme faces 
major challenges in top layer optimization without 
degrading bottom layer performance. This necessitates 
development of low temperature top layer Si/SiGe 
process which presents further challenges to obtaining 
high-performance MOSFETs on top layer. As the 
InGaAs MOSFET processing thermal budget is 
significantly lower, it is well-suited to be used as the top 

layer channel material. Moreover, InGaAs also has 
higher mobility which enables high performance at lower 
voltages and is also a widely used material for high-
frequency devices. This aspect is of great interest as it 
can enable RF devices required for high-frequency 
analog or mixed signal circuits integrated on top of 
Si/SiGe MOSFETs and can provide transistor level 
granularity. As a step towards such a multi-functional 3D 
monolithic integration, here, we show RF characteristics 
of InGaAs nFETs fabricated with RMG process on top of 
SiGe-OI finFETs. We perform RF characterization of 
InGaAs-OI nFETs of various gate-lengths designed with 
optimized ‘multi-finger gate’ layout to enable efficient 
characterization. We demonstrate a cut-off frequency of 
16.4 GHz for gate length (Lg) of 120 nm. Also, cut-off 
frequency is shown to increase with decreasing gate-
lengths. We also demonstrate that the impact of 3DM 
integration on the bottom pFET performance is 
negligible, despite the top nFET RMG process featuring 
a self-aligned raised source drain epitaxy (with relatively 
high thermal budget). Thus we demonstrate the 
robustness of the InGaAs-on-SiGe 3DM integration. 

II. DEVICE FABRICATION 
The 3DM process flow is shown in Fig. 1. Firstly, 

bottom layer SiGe-OI fin pFETs are fabricated with a 
gate-first (GF) process as in [2, 3]. The process begins 
with thinning of silicon layer of an 8 inch SOI wafer 
followed by Ge condensation to obtain SiGe-OI layer 
(with ~25% Ge content). Then active pFET areas are 
patterned and gate stack (with high-k dielectric and metal 
gate) is deposited. This is then followed by gate 
patterning and spacer deposition. After forming the 
spacers with anisotropic dry etching, in-situ doped SiGe 
epitaxy is carried out to form self-aligned raised source 
drain (RSD) regions. Then NiPt salicidation (self-aligned 
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silicidation) is performed to obtain low contact resistivity 
on the pFETs. This silicide sets the thermal budget limit 
for the top nFET processing. The top layer nFET 
fabrication starts after this silicidation step of SiGe-OI 
finFET process. It begins with InGaAs layer transfer on 
top of processed pFETs. Firstly, the inter-layer oxide is 
deposited and chemical-mechanical-polish (CMP) 
planarization is carried out. The InGaAs layer is 
transferred on to this oxide with direct wafer bonding 
from 2 inch InP donor wafers [4]. InGaAs nFET 
fabrication is now performed with the RMG process 
described in [5]. This involves patterning the active 
transistor regions followed by a dummy gate stack 
deposition. After patterning the dummy gate, spacers are 
formed on either side similar to the bottom pFET process. 
Then comes the critical step of self-aligned in-situ doped 
InGaAs epitaxy to form RSD regions. This step has 
relatively high thermal budget and therefore, has been 
optimized to minimize the process temperature while 
obtaining high doping in the layer as described in [6]. 
RMG process steps follow thereafter. An oxide layer is 
first deposited and planarized to expose the top of 
dummy gate. Then the dummy gate stack is selectively 
etched out. An optimized high-k/metal gate stack [5] is 
deposited followed by metal CMP. Finally, oxide 
encapsulation is deposited and contact holes are opened 
to both top and bottom layers. Metallization is completed 
to create contact pads for both layers.  

The schematic of the so completed 3D monolithic stack 
is shown in Fig. 2. 

The layout of InGaAs nFETs on top layer used for RF 
characterization features multi-finger gate structures as 
shown in Fig. 2. This allows lowering the gate-resistance 
owing to multiple parallel gates. Also, the layout of 
devices characterized in this work has dense features with 
gate-to-contact spacing of 100 nm. 

III. ELECTRICAL CHARACTERIZATION 
Fig. 3 shows the DC Id-Vg characteristics of a top InGaAs 
planar nFET with Lg = 120 nm. This device features 10 
finger gates in parallel and is so designed to enable RF 
characterization with coplanar waveguide pad structures. 
DC characteristics show competitive electrostatic control 
with drain-induced-barrier-lowering (DIBL) of 
100 mV/V and SSsat = 100 mV/dec due a scaled high-k 
gate stack with CET of 1.6 nm and low Dit [5]. Fig. 4 
shows the Id-Vd characteristics for the same device. Fig. 5 

 
Fig. 1. InGaAs-on-SiGe 3D Monolithic integration process 
flow. 

Fig. 2. Schematic of the InGaAs-on-SiGe 3DM stack 
showing multi-finger gate nFETs on top layer. 
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Fig. 3. DC Id-Vg  characteristics of top layer InGaAs-OI 
planar nFET with Lg = 120 nm. 
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shows the Id-Vg characteristics of the bottom layer SiGe-
OI finFET with Lg = 36 nm and fin width ~ 15 nm, 
before (black-dash) and after (blue-solid) top nFET 
fabrication. Owing to the lower thermal budget of the top 
layer InGaAs process, very minimal impact is observed 
on the bottom pFET, even for a scaled gate length. 
Nearly the same drain current (Id) is maintained at both 
linear and saturation regime in the pFET indicating no 
degradation of the bottom silicide. RF characterization of 
the top nFET is performed on the devices with 10 parallel 
finger gates, each with a width of 2 m (= total width of 
20 m), and having a ground-signal-ground (GSG) pad 
configuration. LRRM calibration with a vector-network-
analyzer (VNA) is first carried on a standard reference 
calibration substrate, to move the reference plane to 
probe tips. Dedicated on-chip ‘open’ pad structures are 
used to de-embed the device. S-parameters are measured 
from 45 MHz to 40 GHz. From the measured S-
parameters, current gain (|h21|) is calculated and shown 

in Fig. 6, for a device with Lg = 120 nm. A cut-off 
frequency (Ft) of 16.4 GHz is obtained for Vds = 1V. 
Lower Ft value is probably due to higher access 
resistance in the device and high parasitic capacitance 
between the gate-source/drain contacts due to short 
separation of 100 nm. Cut-off frequency vs. Lg plotted in 
Fig.7 shows an increase in cut-off frequencies with 
decreasing Lg. Scaling down Lg further, along with 
improving access resistance and a relaxed gate-contact 
spacing could provide a way to increase the cut-off 
frequency. 

IV. CONCLUSION 
We show, for the first time, RF characterization of 
InGaAs RMG nFETs fabricated on top of SiGe-OI 
finFETs in 3D Monolithic integration. A cut-off 
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Fig. 4. DC Id-Vd  characteristics of InGaAs-OI top layer 
planar nFET with Lg = 120 nm. 
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frequency of 16.4 GHz is obtained for Lg = 120 nm nFET 
with negligible impact on the bottom pFET performance. 
The InGaAs nFETs also feature a scaled gate stack and 
tight pitch design (gate-contact spacing = 100 nm). Thus 
we demonstrate the benefit of InGaAs-on-SiGe 3D 
monolithic integration, showing that independently 
optimized multi-functional layers can be fabricated 
exploiting the advantages of both device layers. 
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Abstract—A systematic study of a novel band modulation 
device (Z3-FET: Zero gate, Zero swing slope and Zero impact 
ionization) fabricated in most advanced Fully Depleted Silicon-
On-Insulator technology is presented. Since the device has no 
front gate, the operation mechanism is controlled by two buried 
ground planes. Characteristics such as sharp switching, low 
leakage, and controllable triggering are measured and discussed. 
We explore several variants (thin and thick silicon film) and 
show promising results in terms of high current and switching 
performance. 

Keywords—Fully Depleted Silicon-On-Insulator (FDSOI); 
Zero Impact Ionization, Zero Gate and Zero subthreshold slope 
FET (Z3-FET); Sharp Switch; Electro-Static Discharge (ESD).  

I.  INTRODUCTION 
Devices with ultra-thin silicon film on insulator (UTSOI) 

attract increasing attention for RF and IoT applications. Fully 
Depleted Silicon On Insulator technology (FDSOI) features 
high performance by reducing the parasitic capacitances, 
varying the threshold voltage with back-gate biasing, 
improving the leakage, mobility and subthreshold swing (SS) 
[1, 2]. In addition, this technology benefits from simpler 
(planar) manufacturing process than FinFETs, offering lower 
power consumption at reduced cost [3, 4]. 
First introduced at the CMOS 28 nm node [1], the Z3-FET [5] 
(Zero gate, Zero swing slope and Zero impact ionization) is a 
band-modulation device, like FED [6–8] and Z2-FET [9–11], 
but without top gates. It exhibits vertical switch, low leakage 
current (ILeak), tunable triggering voltage (Vt1), and high ON 
current (ION). For better electrostatic control, improved power 
consumption and pursuing the CMOS scaling down, it has 
been proposed in [12] to decrease the BOX and silicon film 
thickness with some constraints on the electrodes (S/D). The 
impact of these parameters on our devices will be discussed. 
The device has no front gate and is operated with the back-gate 
voltage applied on two independent ground planes (GP). 

The paper is organized as follows. First, the architecture 
description and the operation principle of Z3-FET, in advanced 
FDSOI technology [12], are presented. Then, we discuss the 
performance of our device with DC measurements. Finally, the 
high current performance is explored by TLP measurements. 

II. DEVICE STRUCTURE AND OPERATION PRINCIPLE 
The Z3-FET is a forward biased P-I-N diode with an 

undoped ultra-thin silicon film (tSi = 6 nm, Fig. 1a). The source 
(N+ doped) is grounded and the drain (P+ doped) is positively 

biased (VA > 0 V). Sharp switching is controlled by two 
separated ground planes that act as back-gates (GP-N/P in Fig. 
1). The heavily doped GPs are respectively positively (GP-N) 
and negatively (GP-P) biased, which keeps the device in OFF 
state by forming potential barriers and blocks the injection of 
electrons (from N+ source) and holes (from P+ drain) into the 
body. The two GPs induce ‘electrostatic’ doping within the 
body which emulates a virtual NPNP thyristor structure.  The 
placement and the biasing of the two ground planes is selected 
to form adequate injection barriers while maintaining the 
buried N+/P+ diode underneath the BOX in reverse mode for 
low leakage current. The triggering is achieved by increasing 
the anode voltage. When VA reaches Vt1, a positive feedback 
mechanism occurs due to the flow of carriers from the anode to 
the cathode and vice versa, leading to a sudden collapse of 
barriers. This band-modulation mechanism results in 
remarkable sharp transition from low to high current, enabling 
an ION/IOFF ratio of 8 decades (Figs. 2, 4). Comparing to Z2-
FET, the Z3-FET does not have high-k metal gate stack which 
eliminates any issues related to high voltage reliability. The 
free surface can be functionalized for various applications like 
bio and light sensing. Another important feature of Z3-FET that 
benefits from the BOX as a gate oxide is the ability of 
sustaining high back-gate bias. 

Three variants have been fabricated. The first one has an 
ultra-thin silicon film (tSi = 6 nm), Fig. 1a. The second (Fig. 1b) 
and the third (Fig. 1c) variants feature thicker Si film (tSi = 
12 nm). The Ln part of the third variant received light doping. 
All structures have thin buried oxide (tBOX = 20 nm) and fixed 
width (300 m). 

    
(a)                                               (b) 

                     (c)   
Fig. 1. Schematic of Z3-FET architecture in advanced FDSOI 
technology: (a) tSi = 6nm, (b) tSi = 12nm and (c) partially  
N-doped channel.   
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III. DC LEAKAGE CHARACTERISTICS AND TRIGGERING 
Typical output characteristics with sharp switch, low 

leakage current and tunable Vt1 are presented in Figs. 2-4. The 
ultrathin device features a very low leakage current (ILeak < 10-

11 A) in OFF state but no sharp switch (SS = 60 mV/dec, Fig. 
2a). The feedback between the barriers is affected by the 
silicon film thickness. In this case, the recombination rate of 
carriers increases, as dominated by the interfaces, and the 
effective carrier lifetime decreases. Numerical simulations 
with reduced carrier lifetime confirm the degradation of 
switch sharpness [5]. In order to consolidate the barriers and 
recover the feedback mechanism between them, the film 
thickness has been increased from 6 nm up to 12 nm leading 
to a steep switch (Fig. 2b). Moreover, the GPs serve in tuning 
the triggering voltage. In long devices (Lp = Ln = 200 nm) with 
ultrathin film, the Lp barrier is strong enough even at 
VGbP = 0 V preventing the injection of electrons (Fig. 2a), 
while with thicker tSi it is needed to reinforce the electrons 
barrier by negatively biasing the GP-P (VGbP = -2 V), as 
shown in Fig. 2b. 

 (a) 

 
(b) 

 
Fig. 2. Experimental DC IA-VA characteristics for variable GP-
N voltage and VGbP = -2V. Z3-FET (Ln = Lp = 200nm) with (a) 
tSi = 6nm (slow switch) and (b) tSi = 12nm (sharp switch). 

 
As VGbN increases, the holes injection barrier is stronger, 

hence a higher Vt1 is needed to turn on the device. The 

evolution of triggering voltage with VGbN is presented in Figs. 
3a-b, showing that Vt1 is very sensitive to the back-gate bias 
( Vt1/ VGbN = 900 mV/V). For ultrathin tSi, the device length 
has a modest effect on the triggering voltage Vt1 (Fig. 3a). On 
the other side, short devices with thicker tSi are blocked at 
VGbP = -2 V and feature a sharp switch in long devices but 
with reduced triggering voltage Vt1. 
 
(a) 

 
(b) 

 
Fig. 3. Variation of triggering voltage Vt1 with GP-N bias for 
(a) tSi = 6nm at VGbP = 0V and (b) tSi = 12nm at VGbP = -2V. 

 
The IA-VA characteristics of the doped variant are presented 

in Fig. 4. The Ln part of the channel is highly doped (N-type) 
forming a natural strong injection barrier avoiding the positive 
bias of the GP-N. By contrast, the Lp region is left undoped and 
shows a strong dependence on GP-P bias (Fig. 4b). Thanks to 
the channel doping, the device is blocked without back-gate 
bias. In short devices, the GP-N barrier is narrow and cannot 
prevent completely the pass of holes into the cathode. Since at 
VGbP = 0 V the GP-P barrier is weak the leakage current is 
higher. In order to decrease the leakage, two solutions are used. 
The first one is by increasing the device length (Fig. 4a). The 
second is by negatively biasing the GP-P (Fig 4b). In long 
devices, where the barriers are broader and higher, the 
triggering voltage increases as shown in Fig. 4a. 
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(a) 

 
(b) 

 
Fig. 4. Current versus drain voltage measured (a) for different 
geometries at VGbN = VGbP = 0V and (b) for Ln = 200nm, Lp = 150nm 
at VGbN = 0V and various VGbP. Doped Z3-FETs with tsi = 12nm. 

IV. TLP MEASUREMENTS 
The ESD behavior was investigated with transmission line 

pulse characterizations (TLP) [13, 14] for different pulse 
width (tPW = 5&100 ns) and native rise time (~300 ps) in OFF 
state. The high current regime is dominated by self-heating 
where the temperature rise limits the mobility and eventually 
leads to thermal runaway causing device breakdown. As 
noticed in Fig. 5, the heating is reduced for shorter pulse 
widths, where the failure current It2 of short Z3-FET (Lp = Ln = 
200 nm) is improved from 4.9 mA/ m for tpw = 100 ns up to 
7.6 mA/ m for tpw = 5ns. The maximum current value and the 
triggering voltage Vt1 change from a device to another 
according to its length. Shorter devices show improved 
performance: easier triggering with smaller Vt1 and higher 
current capability (Fig. 5). 

        
Fig. 5. TLP characterization results (IA-VA) for 5ns pulse width 
(open symbols) and 100ns (closed symbols) with native rise time 
(~300ps). Lp = Ln is 200nm and 500nm. VGbN = 2V and VGbP = -2V. 
tSi = 12nm. 

 
Fig. 6 shows an S-shaped negative-resistance characteristic 

for the partially N-doped device with no back-gate bias which 
is an important feature for ESD chip designers. Compared to 
undoped device with the same length (Lp = Ln = 200 nm), the 
doped Z3-FET exhibits a higher triggering voltage (Vt1 = 2.5 V 
in Fig. 6) but slightly reduced failure current It2 = 7.2 mA/ m. 
Regrettably, the dynamic resistance RON is increased in doped 
devices due to the high recombination rate in the channel. 

      
Fig. 6. TLP IA-VA characteristics for 5ns and 100ns pulse width and 
native rise time ~300ps. N-doped Z3-FET with Lp = Ln = 200nm and  
VGbN = VGbP = 0V. tSi = 12nm. 

 
Fig. 7 confirms that the triggering voltage of the device is 

tunable by GP bias and device length. The barrier formed by 
GP-N is strengthened at VGbN = 2 V and the higher the |VGbP| 
bias, the larger the triggering voltage. Thus our devices are 
able to fulfill the ESD design window requirements, showing 
ultra-low leakage current and adjustable triggering voltage 
capability. 
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Fig. 7. Non-destructive TLP measurements for 100ns pulse width 
with ~ 300ps rise time: IA-VA for VGbN = 2V and various VGbP.        
Z3-FET with Lp = Ln = 200nm (solid lines) and Lp = Ln = 500nm 
(dotted lines).   tSi = 12nm. 

V. CONCLUSION 
For the first time, a gateless band-modulation device (Z3-

FET) was demonstrated experimentally in most advanced 
FDSOI technology. Several variants with different silicon film 
thickness and doping level were studied. Performances in 
terms of triggering, leakage current and failure current have 
been reported. Thanks to the absence of the top gate, the Z3-
FET can serve as a robust ESD protection element and also as 
ion-sensitive, photo-sensitive and memory devices. 
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Abstract—Effective work function and equivalent oxide 
thickness are fundamental parameters for technology 
optimization. In this work, a comprehensive study is done on a 
large set of FDSOI devices. The extraction of the gate stack 
parameters is carried out by fitting experimental CV 
characteristics to quantum simulation, based on self-consistent 
solution of one dimensional Poisson and Schrodinger equations. 
A reliable methodology for gate stack parameters is proposed 
and validated.  This study identifies the process modules that 
impact directly the effective work function from those that only 
affect the device threshold voltage, due to the device architecture. 
Moreover, the relative impacts of various process modules on 
channel thickness and gate oxide thickness are evidenced. 

Keywords—Effective work function; equivalent oxide thickness; 
channel thickness; buried oxide thickness; fully depleted  silcon on 
insulator. 

I.  INTRODUCTION  
The effective Work function (WFeff) and the Equivalent 

Oxide thickness (EOT) are key parameters for FDSOI device 
characterization. They directly influence Capacitance 
Equivalent thickness (CET), Threshold voltage (VT) and 
therefore on-current. Both are strongly related to the process: 
dielectric thickness, metal gate work function and dielectric 
interface dipole [1]. Former methodologies [2, 3] for automatic 
and statistical extraction of WFeff and EOT were fitted for bulk 
but no longer sufficient for FDSOI technology. Capacitance–
Voltage extraction of the flat band voltage (VFB) in the 
accumulation region has traditionally been the method for the 
WFeff extraction for the bulk technology. The absence of CV 
signal in the accumulation and flat band regions compared to 
standard bulk capacitance pushes us for alternative solution of 
WFeff and EOT extraction. Indeed the inversion region (VT) 
still available in FDSOI can be exploited to extract the Weff and 
EOT. The extraction difficulties come out with the complexity 
of the FDSOI structure (Fig. 1) and the strong influence on VT 
of several technological parameters such as: channel thickness 
tsi, buried oxide (BOX) thickness tbox and well doping level of 
substrate at BOX backside. We will present a comprehensive 
study on numerous devices (Table I) combining the process 
modules on metal gate, dielectric, channel material (Si & SiGe) 
and well implantation type (P & N doped). Reliable parameter 
extraction is presented by comparison between quantum 
simulations and experimental CV characteristics allowing the 

identification of the process modules that really influence EOT 
and WFeff. 
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PGate

Drain Body

(a) Standard PMOS (b) Standard NMOS

Source

PWell

Gate
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Drain Body

 
Fig. 1 Standard (a) PMOS and (b) NMOS FDSOI devices: both feature a gate 
stack TiN+Poly on a bilayer oxide HfON+SiON but (a) with SiGe channel and 
N-Well substrate and (b) with Si channel and P-Well substrate. 

 Device Definition (GO1 & GO2) GO1 GO2 

Device Channel Metal Well Vt 
[mV] 

Vt 
[mV] 

NMOS 
Si N P Ref. Ref.
Si N N 45 115 
Si P P 90 45 

PMOS 

SiGe P N Ref. Ref. 
SiGe N P 60 90 
SiGe N N 100 45 

Si P N 320 250 
Si N N × 295 

TABLE I 
Set of different FDSOI devices featured by combining different process 
modules on metal gate, dielectric, channel (Si & SiGe) and well (P & N doped). 
The 4th and 5th columns report on the VT shift evidenced in figs. 2 and 3. 

II. PROCESS TECHNOLGY AND EXPERIMENTAL RESULTS 
Fig.1 shows two standard FDSOI MOS devices (P (a) & N 

(b) MOS) that feature a gate stack characterized by a metal 
bilayer (Poly and TiN) on the top of oxide bilayer (High-k 
dielectric HfON & SiON). To get such devices, the process 
starts from an ultra-thin silicon body over a buried oxide. The 
strained Si0.75Ge0.25 channel (cSiGe) is selectively processed in 
PMOS areas by epitaxy growth process followed by a Ge 
condensation, before shallow trench isolation (STI) are 
patterned and the back side wells are implanted. The channel 
thickness is around 6-8 nm of Si or Si0.75Ge0.25 over a 20 nm 
BOX with a P or N-Well with 1018cm-3 doping level at its 
backside. Two different interlayer (SiON) dielectrics, can be 
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deposited corresponding to two different final oxide 
thicknesses: EOT=1 nm for GO1 and EOT=3 nm for GO2. The 
bilayer high-k HfON/SiON is deposited by Atomic Layer 
Deposition, Metal Organic Vapor deposition and decoupled 
plasma nitridation. To obtain N and P gate types, before the 
final metal gate, a sacrificial gate is deposited, specifically to 
each N or P gate type. Sacrificial gates includes specific 
additives which are diffused by thermal annealing in order to 
adjust dipole at oxide bilayer inner interface [1, 4]. After final 
gate etching, the Source-Drain implantations (specific to each 
FDSOI MOS type) are carried out, followed by final annealing. 
From these standard FDSOI MOS, a wide set of devices has 
been obtained by combining the process modules on metal 
gate, dielectric, channel and well type (Table I). Their relative 
gate to channel capacitances (Cgc) are reported in Fig. 2 for 
GO1 devices and Fig. 3 for GO2 devices. VT shift with respect 
to the reference architecture are evidenced and summarized in 
the last two columns of Table I.  

III. SIMULATIONS AND EXTRACTION 
The extraction of gate stack parameters (EOT and WFeff) of 
these devices (Table I) is obtained by fitting Quantum 
Simulation to experimental capacitance-voltage characteristics 
(CV). The simulations are based on the self-consistent 
solutions of one dimensional Poisson and Schrodinger 
equations (PS), carried out by TCAD Simulator (UTOXPP 
[5]). To qualify the quality of parameter extraction, various 
hypotheses on physical parameters (tbox, tsi) have been 
compared on the same experimental device (Standard PMOS 
GO2). A good fit can be obtained for the three different set of 
parameters (Fig. 4) leading to three different values for EOT 
and WFeff. Whereas, EOT is found to be independent of tbox 
and tsi values (with precision below 0.01 nm), a precision on 
WFeff below 5 mV is questionable. Such a result evidences the 
importance of a previous extraction on tbox and tsi in order to 
accurately extract WFeff. To extract tbox, we have recently 
proposed a new CV measurement with back side wafer contact 
as Gate [6]. Fig. 5 shows the experimental configuration of the 
back-gate-to-channel capacitance. 
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Fig. 2 Gate to channel capacitance at back bias Vb=0V for PMOS and NMOS 
FDSOI GO1 with VT shift to reference architecture. 
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Fig. 3 Gate to channel capacitance at back bias Vb=0V for PMOS and NMOS 
FDSOI GO2 with VT shift to the reference architecture. 
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Fig. 4 Standard PMOS GO2 Gate to channel capacitance compared with 
Simulation (UTOXPP) with different channel and BOX thicknesses (each fit 
leads to a certain WFeff and EOT extraction). 
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Fig. 5 Experimental standard PMOS GO1 & GO2 back-gate-to-channel 
capacitance compared to Simulation (UTOXPP) leading to tbox extraction. 
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Fig. 6 Standard PMOS GO2 Gate to channel capacitance vs Simulation 
(UTOXPP) with two different channel thicknesses (7.9 nm tsi is mandatory for 
fitting all CV’s). 
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Fig. 7 Fitting between simulations and experiments for two MOS devices 
having two different well types at back side of buried oxide. 
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Fig. 8 Fitting between simulation and experimental for two different MOS 
having a same gate stack and two different Source and Drain implantation 
(GO2 NMOS with N-Well & GO2 PMOS with N-Well and N-Gate metal and 
Si channel). 

 
The low bias contact of the capacitance meter is connected to 
Source-Drain terminals, the high bias contact at the well 
(Body) terminal and finally the offset bias contact at the Gate 
terminal. The corresponding CV for GO1 and GO2 (Fig. 5) 
shows similar characteristics to the standard gate-to-channel 

capacitance but significantly at a lower level. Adjustment with 
quantum simulation makes possible a reliable extraction of the 
box thickness, independently of tsi and EOT [6]. A 20 nm box 
thickness is necessary in order to fit Cbc capacitances for both 
the standard PMOS (GO1 and GO2). Concerning tsi, it can be 
obtained by comparison between simulations and experiments 
on a large set of CV characteristics for which back biases vary 
from 0V to large back interface inversion (Fig. 6). We can 
notice that there is only one channel thickness that takes into 
account the proper capacitance deformation for large back 
interface inversion.  If tbox and tsi are expected to shift VT but 
also WFeff, Source and Drain type as well as back substrate 
well should only impact VT. Indeed, during the device 
fabrication, the implantation of the Source-Drain as well as the 
back substrate well are carried out without any influence on the 
of the MOS stack (Metal/Oxide/Semiconductor). A reliable 
parameter extraction must verify the independence of WFeff 
and EOT with variations on Source and Drain implantation or 
Well implantation types. It has been confirmed on three 
different MOS devices, corresponding to two different well 
types (Fig. 7) and two different MOS types (Fig. 8). 

IV. RESULTS 
In Fig. 9, WFeff and EOT extraction for the fifteen different 
tested MOS devices (Table I and figs. 2-3) are summarized. 
The agreement reported above on WFeff & EOT for three 
different MOS (Fig. 7-8) is identified in Fig. 9 with a blue 
arrow. Among the fifteen different devices, other 
configurations correspond to same gate stack and channel 
material but different Source and Drain or back side well types. 
They all lead to a good agreement which are identified with 
green arrows on Fig. 9.  
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Fig. 9 WFeff versus EOT for different structures PMOS and NMOS FDSOI. 
Impact of Ge and sacrificial Metal gate and coherence of WFeff and EOT 
extraction are shown. 
 

tbox is not reported on these figures. In fact, tbox is found at the 
same 20 nm value for all the different MOS devices, a value 
corresponding to the target of the SOI substrate. 
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We report on Fig. 10 the dependence of tsi with EOT. It appears 
to depend only on channel and oxide type. Indeed it is equal to 
6.1 nm for Si and 7 nm for SiGe for all GO1 devices and 6.8 
nm for Si and 7.9 nm for SiGe for all GO2 devices. SiGe 
channel is found to be 1 nm thicker than Si channel and in both 
cases, GO2 process leads to less channel consumption. 
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Fig. 10 tsi versus EOT for different structures PMOS and NMOS FDSOI. 
Impact of Ge and coherence of tsi and EOT extraction are shown. 

 
EOT is reported in Fig. 9-10. It depends primarily on oxide 
type (GO1 and GO2) but also on channel material. As already 
evidenced in previous studies [7], gate oxide formation leads to 
a slight interlayer regrowth on SiGe substrate. We notice here 
an interlayer regrowth around 0.12 nm for GO1 and 0.3 nm for 
GO2.  

WFeff appears to depend on gate type, channel material and 
oxide (GO1 and GO2). Considering first GO1, we notice an 
average shift of 100 mV from N to P metal gate. It is the 
expected effect of Al dipole created at HfON/SiON interface 
by the sacrificial gate process [1]. With SiGe channel, WFeff 
report an additional shift of 145 mV. In fig. 2 we can notice 
that VT shift with SiGe channel reaches 320 mV. It is partially 
explained by the shift of valence band for SiGe semiconductor, 
but an addition WFeff shift of 145 mV is required to account of 
the whole VT shift. It has been identified as an interface dipole 
at SiGe/SiON interface [7]. For GO2, both dipoles at 
HfON/SiON and SiGe/SiON device interfaces decrease 
respectively of 45 and 95 mV.  

V. CONCLUSION 
Robust EOT and WFeff extractions on FDSOI devices have 
been proposed through a methodology based on comparison 
between experimental CV characteristics and simulations. To 
be reliable, it requires a first identification of buried oxide 
thickness (tbox) and channel thickness (tsi). It has been validated 
on a large set of devices. Such analysis evidence the relative 
impact of process modules on tsi, EOT and WFeff. Channel 
thickness and equivalent oxide thickness appear to depend on 
the channel material and the gate oxide interlayer process. 
Whereas effective work function is a combined effect of 
interlayer, channel interlayer and sacrificial gate type. 
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Parameter Al0.05Ga0.95Sb  InAs 

EG (eV) 1.04 0.59 
 (eV)  4.01 4.9 

Apath (cm 3s 1) 1.51·1020 1.44·1020 
Bpath (V/cm) 9.54·106 2.94·106 
NC (cm 3) 1.26·1018 5.22·1017 
NV (cm 3) 1.8·1019 6.6·1018 

 

Table I: Parameters used to calibrate the TCAD 
simulation deck. EG and  are extracted from [1], the BtBT 
model parameters Apath and Bpath are computed using 
effective masses from [9]. NC and NV are used as fitting 
parameters. 

(a) NTFET (b) PTFET

7n
m

 
Fig.1: AlGaSb/InAs TFET structures implemented in the 
TCAD to reproduce the full-quantum simulations of the 
devices proposed in [2]. Dimensions, materials, and 
doping levels (in cm-3) are the same as in [2]. 

Benchmarks of a III-V TFET technology platform 
against the 10-nm CMOS technology node 

considering 28T Full-Adders 
 

S. Strangio1,2,*, P. Palestri1, M. Lanuzza2, D. Esseni1, F. Crupi2, L. Selmi1 
1DIEG, Università degli Studi di Udine, Via delle Scienze 206, 33100 Udine, Italy. 

2DIMES, Università della Calabria, Via P. Bucci, 42C, 87036 Arcavacata di Rende (CS), Italy. 
*email: seb88str@gmail.com; phone: +39 329 8227198

 
Abstract — This paper presents a benchmark of a virtual III-V 

TFET nanowire technology platform against the predictive models of 
CMOS FinFETs for the 10-nm technology node. The standard 28T 
full adder and the 32-bits ripple carry adder are  used as vehicle 
circuit/architecture for the comparison, respectively. Figures-of-
merit including delays, energy and energy-delay plots are discussed. 

Keywords — TFET, III-V compounds, VLSI , full adder.  

I.  INTRODUCTION  
Tunnel field-effect-transistors (TFETs) featuring a 

potential sub-threshold-swing SS < 60 mV/decade have been 
proposed as an alternative to conventional MOSFETs [1-4]. 

A virtual III-V TFET technology platform has been 
recently designed by using 3D full-quantum simulations [1,2], 
and benchmarked against a future CMOS technology [5,6] 
considering inverters [2]. Since the full quantum modeling 
approach used in [2] does not allow to perform circuit 
simulations, inverter figures-of-merit have been extracted 
through approximate estimations, by considering the device 
drain current characteristics and assuming effective capacitive 
loads instead of the bias-dependent device capacitance. 

In this paper, we use TCAD device modeling and circuit 
simulations to extend such a benchmark to standard 28T Full-
Adders (FAs) [7]. 

II. METHODOLOGY 
The proposed analysis relies on a multi-level simulation 

approach, including device and circuit simulations. TCAD 
Sentaurus Device [8] has been used to bridge these levels of 
abstraction, in the sense that the full-quantum simulation 
results in [2] have been used to calibrate the parameters of the 
AlGaSb/InAs hetero-structure simulated in TCAD. Then ID-
VGS-VDS, Cgs-VGS-VDS and Cgd-VGS-VDS look-up-tables 
(LUTs) were setup using the TCAD results and finally 
imported as Verilog-A models in the Cadence simulation 
environment. 

III. DEVICES 
As shown in Fig. 1, the III-V TFET technology platform 

[2] consists of AlGaSb/InAs TFET nanowires (NWs). Due to 
quantum confinement in the 7×7 nm2 square cross-section of 
the NWs, parameters as the energy-gap (EG), the electron 
affinity ( ), the effective valence and conduction band density 
of states (NV and NC), and the dynamic nonlocal-path Band-to-
Band Tunneling (BtBT) model parameters (Apath

dir and Bpath
dir, 

see [8]) need to be recalibrated. 

The calibrated TCAD models have allowed us to 
reproduce the ID-VGS in [2] (parameters in Table.I [1,8,9]), as 
illustrated in Fig.2 by the matching of our TCAD simulations 
(lines) to reference simulations from [2] (symbols). 
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Fig.2: Simulated ID-VGS for the TFETs in Fig.1 (red and 
blue lines) and for the 10 nm node CMOS FinFETs of the 
predictive models [6] (grey). The full-quantum TFET 
simulations from [2] are indicated by bullets. VDS=0.4V. 
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Fig.3: Simulated TFET capacitances versus VGS at VDS=0V 
for the (a) PTFET and (b) NTFET. The symbols in the plot 
represents the total gate capacitances (CGG) reported in 
[2], estimated as CGG = (QON QOFF)/VDD. 
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Fig. 4: Inverter self-loading condition. (A) Only the ID-VGS-
VDS Verilog-A LUTs of Tp1 and Tn1 (driving inverter) are 
considered, whereas the Cin of the load and the Miller 
capacitances of the driver are replaced by an equivalent 
effective capacitor. (B) Full description of the devices (full 
ID/Cgs/Cgd-VGS-VDS LUTs activated). 
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Fig. 5: Rise and fall transient simulations for the (A) and 
(B) test conditions sketched in Fig.4. Delays are extracted 
considering the time at which the output voltage crosses 
the 90% (10%) of VDD for the low-to-high (high-to-low) 
transitions. 

For the same off-current (IOFF) of 35 pA (corresponding to 
an IOFF/sideNW = 5 nA/ m, in agreement with the LOP target 
of the ITRS [10]), the PTFET features a lower on-current (ION) 
(about 1/4) than the NTFET at VDD = 400mV. Despite this 
asymmetry, we keep a 1/1 ratio between the size of the 
NTFETs and PTFETs in the following circuit analysis. 

Regarding the MOSFET counterparts, we consider 
FinFETs projected to the 10 nm node: spice Predictive-
Technology-Models of Multi-Gate transistors (PTM-MG) 
have been presented in [5] and are available in [6]. The PTM-
MG ID-VGS curves are also reported in Fig.2 (grey lines), 
where all the transfer characteristics have been aligned to the 
same IOFF current (in A, not in A/ m) to assure a fair 
comparison. Unlike TFETs, the n- and p-MOSFET 
characteristics are practically symmetric. 

Fig.3 shows the capacitance characteristics (Cgs-VGS, Cgd-
VGS and the total Cgg-VGS). The symbols in the plot represent 
the Cgg reported in [2], which have been estimated as the net 
charge difference between the on and off states divided by 
VDD (Cgg = (QON QOFF)/VDD). The resulting values have been 
used in [2] to calculate the total input capacitance of an 
inverter (Cin). 

IV. INVERTER DELAY 
Fig.4 sketches the self-loading condition for an inverter 

whose load is an inverter equal to the inverter under study. 
Here, we have simulated such a circuit with two approaches, 
as sketched in Fig.4: (A) follows the approximations in [2], 
where a constant load is representative of both the loading 
inverter Cin and the Miller capacitance (CM) of the driving 
inverter; (B) describes the self-loading condition by taking 
into account the actual bias dependence of the device 
capacitance (i.e. employing current and capacitance LUTs for 
each device). 

Fig.5 shows the transient voltage waveforms for both the 
simulation options sketched in Fig.4. The output waveforms 
simulated with the approximated approach (A) differs 
considerably than the ones simulated with the approach (B), 
which show voltage under/overshoots as well as plateaus due 
to Miller effect and input-to-output coupling. 
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Fig. 6: (a) Rise and fall times for the self-loading case 
computed either as in Fig.4(A) or as in Fig.4(B). (b) Rise 
and fall times for the constant loading case as a function of 
the capacitance of the load. 
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Fig. 7: Standard 28T full-adder topology. 
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Fig. 8: Test-bench for 1-bit full adders (FAs). Besides the 
FA under test (green box), the overall test-system is 
implemented with two further FAs and four inverters. The 
FA on the right and the three inverters on the top are 
employed to feed the FA under test with realistic 
waveforms, whereas the FA on the left and the inverter at 
the bottom are used as realistic loads. Both the driving 
and the loading FAs are kept in the "propagate" mode. 
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Fig. 9: Sum (S) and carry-out (Co) delays as a function of 
VDD for the standard 28T FA implemented either in (a) 
CMOS or (b) TFET. The delay of the Co is reported for 
different cases: P1/P0 (propagation of 1/0), D (delete), G 
(generate). 

Fig.6a compares the rise and fall times extracted from 
transient simulations in Fig.5 with the ones reported in [2]. 
The rise/fall times simulated for (A) match well with the data 
in [2], but in the following of this paper we will use the 
approach (B), that we judge more accurate in the description 
of the overall time dependent waveforms. Fig.6b reports the 
rise/fall times as a function of an external constant capacitance 
load much larger than the intrinsic capacitances. In this case, 
since CL  Cin (CM), the dynamic response is dominated by 
the external load and our simulations match well with results 
in [2]. 

V. FULL ADDERS 
Schematic circuits reproducing the standard 28T FA 

topology in Fig.7 have been implemented with TFETs, by 
means of the Verilog-A models extracted from the TCAD 
deck, as well as with the spice models for the 10-nm PTM-
MG FinFETs.  

The test-bench in Fig.8 allows simulating a FA (the green 
box is the circuit under test) under normal operating 
conditions, since it is placed in a framework including driving 
and loading blocks. The AN, BN and CN signals consist of 
random binary waveforms with a length of 100 bits, each bit is 
held for a bit-time (Tbit) of 100 ns. For such a Tbit, the TFET 
(CMOS) circuit operates down to a VDD of 75 mV (175 mV). 

Fig.9 reports the worst-case delay for sum (S) and carry-
out (Co) bits versus VDD. For each transition of S, the delay is 
computed taking as a reference the specific input signal 
triggering the transition (i.e. the latest switching signal among 
A, B and C). The delay of Co is calculated for different cases: 
propagation of '1' or '0' (P1 and P0), generate (G), delete (D). 
In the “propagate” mode (i.e. when A B), Co follows the 
value of C. In the “generate” and “delete” modes (i.e. when 
A=B), we have Co=A=B, regardless of the value assumed by 
C. Thus, for each transition of Co, the delay is computed 
taking as a reference either C (when the Co transition happens 
in the “propagate” mode) or the latest signal to flip between A 
and B (when the Co transition happens in the “generate” or 
“delete” modes). The propagation delay (tProp.), corresponding 
to the worst case delay between Co(P1) and Co(P0), is the 
bottleneck for an n-bit FA in the Ripple-Carry-Adder (RCA) 
implementation [7], since the theoretical minimum clock-
period Tbit is given approximately by n×tProp.. 
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Fig. 10: Energy per operation - propagation delay plot 
computed at Tbit = 100 ns for 1-bit FA blocks. Points 
correspond to different VDD (steps of 50 mV). 
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Fig. 11: Energy per operation as a function of VDD 
projected for 32-bit ripple carry adders. The energy is 
evaluated at the minimum Tbit for each VDD. 

Focusing on limited energy budget applications, pure 
performance figures-of-merit are less important than the 
overall energy necessary to complete one operation. The 
energy per operation versus the propagation delay computed at 
Tbit = 100 ns for 1-bit FA blocks is reported in Fig.10. Here, 
for simplicity Tbit is kept constant over the whole VDD range, 
rather than adjusting it to the minimum value fixed by tProp.. 
Taken as a single instance, the TFET FA features a much 
lower minimum energy point (<10 aJ/cycle) than its CMOS 
counterpart, that is however more energy efficient in 
applications with more stringent timing constraints (i.e. tProp. < 
160 ps). 

In Fig.11, 1-bit FA simulation results are projected to 32-
bit RCAs to compute the minimum energy necessary to 
complete a sum operation (EOp) between two 32-bit words. 
Such projection is performed by separating the static and 
dynamic energy components (SE and DE, respectively) for 
each VDD. Then the SE is re-scaled relying on the minimum 
Tbit at which the 32-bit RCA can operate, whereas the DE is 
essentially independent of Tbit. In the CMOS case, there is a 
Minimum Energy Point (MEP) at VDD

MEP,CMOS = 250 mV, 

since a further scaling of VDD below VDD
MEP results in a higher 

energy consumption because the SE contribution becomes 
dominant. At any VDD the EOp is much lower in the TFET 
implementation (it is dominated by the DE component down 
to VDD = 200 mV), basically because the increase of tProp. is 
less pronounced than the reduction of the leakage current with 
the VDD scaling. Thus, the MEP in the 32-bit TFET RCA 
corresponds to a lower VDD (VDD

MEP,TFET = 150 mV). 

VI. CONCLUSIONS 
A III-V TFET technology platform has been benchmarked 

against the predictive models for the 10 nm node CMOS 
FinFETs considering full-adders as test circuits. Concerning 1-
bit full adders, taking into account both energy per operation 
and propagation-delay figures-of-merit, the one implemented 
with TFETs features a much lower minimum energy per 
operation (below 10 aJ/op.), whereas the CMOS one is more 
energy efficient in fast applications requiring tProp. < 160 ps. 
Considering 32-bit ripple carry adders, the TFET architecture 
allows to save energy at any VDD in the considered range; 
from 550 mV down to 300 mV, for the same VDD (but 
different propagation delay), there is more than a factor of 2 
for the energy consumed per operation between the two 
implementations. Furthermore, a minimum energy point of 
135 aJ/op is found at VDD = 150 mV for the TFET case, well 
below the minimum energy point of 976 aJ/op (at VDD = 250 
mV) for the CMOS implementation. The effects of device 
variability, not included in this study, may become however 
relevant at such low VDDs. 
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Fig. 4.  (a) Maximum DC transconductance and (b) minimum output 
conductance values measured at different back gate voltages for BIGFETs 
with a gate length of 12 m and channel width of 60 m each. The data, 
normalized per unit width, is compared with monolayer and bilayer GFETs 
reported in [7]. Both the monolayer and bilayer graphene in [7] were 
exfoliated whereas the devices reported in this work were fabricated from 
CVD graphene. The magnitude of minimum output conductance values was 
observed to be closer to Bernal stacked bilayer GFET case. 

TABLE I.  COMPARISON OF MAXIMUM INTRINSIC VOLTAGE 
GAIN FIGURES FOR VARIOUS DEVICE TYPES 

Device type Maximum intrinsic gain (dB) 
Monolayer GFET 6 [7] 

BIGFET Between 2.5 to 28.84 
Bilayer GFET 35 [7] 

 

 
Using the simple model proposed in [17] for monolayer 
graphene FETs, the carrier densities were calculated from 
transfer characteristics with reference to the measured Dirac 
point voltage. For initial studies the same equation was 
assumed valid for the mechanically stacked bilayer case as 
well. The peak carrier density, in a BIGFET channel, was 
found to increase by an order of magnitude from ~1012 to 
~1013 cm-2 with applied VBG. A summary of the calculated 
maximum induced carrier density values are shown in Table 2. 
According to drift-diffusion transport model, an increased 
carrier density would mean a decrease in carrier velocity in the 

channel, which might be one of the possible reasons for 
enhanced saturation tendency observed in these devices. 
 

 

 

Fig. 5. (a) Maximum DC transconductance and (b) minimum output 
conductance values measured at different back gate voltages for BIGFETs 
with different gate lengths & channel widths. The data is normalized per unit 
width in order to make it comparable with each other. One GFET with Al2O3 
gate dielectric is also compared. It was observed that devices with Al2O3 
dielectric demonstrated smoother trends than devices with SiO2 dielectrics. 

TABLE II.  COMPARISON OF MAXIMUM INDUCED CARRIER 
DENSITIES IN BIGFET CHANNELS 

Device Back gate 
voltage [V] 

Maximum induced 
carrier density [cm-2] 

BIGFET-1 -60 2x1013

BIGFET-2 -60 1.79x1013

BIGFET-3 -60 1.64x1013

 

IV. CONCLUSIONS 
Randomly stacked bilayer graphene FETs have been 
experimentally investigated with regards to the intrinsic 
voltage gain as a figure-of-merit for analog circuit design. We 
observe back gate tunable gm,max behavior, which is much less 
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pronounced when compared with Bernal stacked bilayer FETs 
[7]. Nevertheless, the intrinsic voltage gain is higher than in 
monolayer GFETs, which may offer an improved maximum 
oscillation frequency (fmax) performance in radio frequency 
GFETs. In conclusion, these preliminary results indicate that 
stacked bilayer graphene can be a potential candidate for 
analog circuits working at higher operation frequencies. 
Nevertheless, further experiments and analysis will be needed 
to gain more insight into the observed saturation tendency in 
BIGFETs.  
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Abstract—We present a simulation framework which allows
thorough performance evaluation of ultra-scaled devices. Our
simulation approach is based on the full solution of the Boltz-
mann transport equation (BTE) on subbands as calculated from
a k·p-Hamiltonian and including all relevant scattering mecha-
nisms which occur in semiconductors at room temperature. We
employ the simulation framework to investigate the performance
limits of silicon-based technology for ultra-scaled field-effect
transistors in logic applications.

I. INTRODUCTION

〈110〉-oriented channels have been reported to exhibit su-

perior performance due to their lower transport-effective-

mass and thus higher low-field mobility compared to

〈100〉-orientation channels - both for electrons [1] and holes

[2]. However, 〈110〉-oriented channels also exhibit higher

non-parabolicity which counteracts the mobility enhancement

when high-field transport is considered.

The first objective of this study attempts to give a more

comprehensive comparison between 〈100〉 and 〈110〉-oriented,

based on device characteristics rather than channel mobilities.

The second objective of this study is to shed some light

on the prospective device performance of silicon as channel

material towards the end of scaling, exploring what the limits

to silicon-based transistors can be expected down the road.

II. MODELING TOOLS

The simulation framework is based on our previous work

on mobility modeling in nano-device channels [3, 4, 5], where

we developed the representation of the full scattering operator

in k-space based on either an effective-mass or a k·p subband

structure.

We have also extended the above methods to non-Si ma-

terials and to include entire devices using a channel-slicing

technique combined with low-field coupling [6]. However,

low-field coupling is not sufficient to model current at high

source-drain bias and, in particular, the on-current of a device.

To enable the simulation of the high-VDS characteristics of a

device, one additional ingredient to the simulation framework

has been developed: a subband-BTE solver. The solver oper-

ates in phase space, i.e. tensor product of real and k-space.

For a nano-device, the effective dimension is reduced by

confinement; e.g. for a nanowire-device both real and k-space

are 1D, comprising a 2D phase space.

Fig. 1. Test device - a gate-all-around nanowire transistor; the gate stack is
comprised of SiO2/HfO2 layers and a metal gate. The colors indicate doping
which is 1×1020 cm−3 in the source and drain regions and 1×1012 cm−3 in
the channel.

The BTE is discretized on the phase-space grid using k
rather than energy as coordinate. The phase-space formalism

allows simulation on any numerically obtained dispersion re-

lation, such as one provided by a k·p or tight-binding subband

structure tool. The k-space discretization also applies to the

scattering operator. This accurately captures a number of band-

structure-related effects: (i) anisotropy of band structure, (ii)

non-monotonicity or subband warping commonly occurring in

valence subbands, and (iii) strain effects on subband energies

and curvatures within k·p theory.

Non-polar phonon scattering (acoustic and optical), polar-

optical phonon scattering, remote phonon scattering, ionized

impurity scattering, remote Coulomb scattering, and surface

roughness scattering can be included.

All the involved components - subband structure, scattering

operator, subband-BTE, self-consistent iteration - have been

implemented in the simulators Minimos-NT [7] and VSP [8, 9]

as provided by GTS Framework [10].

III. RESULTS

We examined Si nanowire transistors of both NMOS and

PMOS type, as depicted in Fig. 1. The channels are 4 nm

wide, 8 nm long, and fitted with a SiO2/HfO2/metal gate stack.
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Fig. 2. Transfer characteristic of the n-type device at VDS = 0.7V; applying
tensile stress of 1.5 GPa along the 〈110〉 channel reduces the transport mass
and thus increases on-current. The unstrained ballistic current is also shown
for reference.
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Fig. 3. Transfer characteristic of the p-type device at VDS =−0.7V; applying
compressive stress of 1.5 GPa along the 〈110〉 channel reduces the transport
mass and thus increases on-current. The unstrained ballistic current is also
shown for reference. Although 〈110〉 channel orientation improved PMOS
performance, the improvement is not sufficient to match the NMOS device.

Two channel orientations, 〈100〉 and 〈110〉, were considered

for both types of devices.

The transfer characteristics for 〈110〉-oriented devices of

both n and p-type, computed at a source-drain bias of 0.7 V,

are shown in Figs. 2 and 3. The calculations were done self-

consistently with the electrostatic potential. For both devices,

the characteristic was obtained (i) for an unstrained device

including scattering (non-polar phonons, impurities, surface

roughness), (ii) for the ballistic limit of the unstrained device,

and (iii) for a device with 1.5 GPa stress applied along the

channel axis - tensile for NMOS, compressive for PMOS.

The distribution functions at VG−Vth = 0.05V are shown in

Figs. 4 and 5 for n and p-type device, both with and without

scattering.

momentum

p
o
si

ti
o
n

Fig. 4. Phase-space plot of the distribution function in the lowest subband
for the 〈110〉-oriented n-type transistor; gate bias is set to 0.05 V above
threshold. The ballistic (top) and dissipative (bottom) transport regimes are
shown. The horizontal axis corresponds to momentum or k, while the vertical
axis corresponds to the position along the channel.

A. Strain-induced current enhancement

Figures 2 and 3 shows that in both cases the applied stress

along the 〈110〉-oriented channel increases the output current,

although the question remains whether there is a mechanically

stable way to apply compressive stress to a nanowire channel.

The on-current increase for both types of devices is roughly

20 % at 1.5 GPa stress. However, even with the increase, the

PMOS current is below that of the NMOS device by roughly

a factor of two. To achieve a balanced CMOS circuit, two

PMOS transistors are required to complement one NMOS.

B. Scaling behavior

To investigate the limits of integration for silicon-based

gate-all-around transistors, a series of differently sized tran-

sistors were simulated. Both device types, NMOS and PMOS,

were considered, as well as both channel orientations, 〈100〉
and 〈110〉. The ratio of channel length to channel diameter

was kept constant at 2:1 to preserve behavior in the off-state.

Figures 6 and 7 show the ballistic and dissipative on-

currents of the n and p-type devices, respectively, as a function

of channel length. As the channel length (and, proportionally,

the channel diameter) becomes smaller the on-current in the

device degrades. It is important here to separate the current
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Fig. 5. Phase-space plot of the distribution function in the lowest subband
for the 〈110〉-oriented p-type transistor; gate bias is set to 0.05 V above
threshold. The ballistic (top) and dissipative (bottom) transport regimes are
shown. The horizontal axis corresponds to momentum or k, while the vertical
axis corresponds to the position along the channel.
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degradation from a shift in threshold voltage. The latter occurs

due to an increase of the ground state energy as the channel

diameter decreases. To avoid the confusing the two effects

all devices were biased well beyond their respective threshold

voltages and kept at high saturation.

Both the ballistic and dissipative currents degrade with
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Fig. 7. Drain current of the PMOS transistors for different channel lengths
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Fig. 8. Ballisticity of the NMOS transistors for different channel lengths

decreasing device size, which means that scattering is not the

main source of degradation. Figures 8 and 9 show the ballis-

ticity or ballistic ratio, i.e. the ratio of dissipative to ballistic

current, for the NMOS and PMOS devices, respectively, where

ballisticity is also shown to degrade for very small devices.

However, the ballisticity degradation happens at a different

rate than the overall current degradation and appears to peak

around 15 nm channel length (10 nm for 〈110〉 PMOS). Also,

the ballisticity degradation is much stronger for 〈100〉-oriented

than for 〈110〉-oriented channels in both the NMOS and PMOS

case. 〈110〉-oriented PMOS transistors show less ballisticity

degradation but a lower peak ballisticity the 〈100〉-oriented

ones.

Generally, for 12 nm channel length and above

〈100〉-oriented devices show equal or slightly better on-

current than their 〈110〉-oriented counterparts. However,

below 12 nm, the 〈110〉-oriented device exhibit a significant

performance advantage.
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IV. DISCUSSION

The on-current degradation effects described in the previous

section are a result of decreasing density of states for shrinking

channel diameters. The effect is also known as quantum resis-
tance and has been discussed in [11]. Experimental evidence

of this effect has been reported for InGaAs [12] and Si [13]

channels.

In the ballistic limit, each populated subband contributes a

conductance quantum of 2q2
0/h. Thus the quantum resistance

of the channel wiht N subbands reads

Rq =
h

2Nq2
0

.

This is consistent with our observations for the ballistic cur-

rent. Here 〈110〉-oriented channels show somewhat less degra-

dation than the 〈100〉-oriented channels - for both electrons

and holes. This can be explained by the closer energy-spacing

between subbands for 〈110〉-oriented channels compared to

〈100〉-oriented channels [14], resulting in more populated

subbands.

V. CONCLUSION

First, we presented a novel computational framework that

includes all relevant band structure, scattering, and high-field

transport effects in a self-consistent simulation. The purpose

of the developed framework is the predictive evaluation of

device current at high source-drain biases. The capabilities of

the framework have been demonstrated on the examples of

next-gen Si NMOS and PMOS transistors.

Second, we have investigated the performance limits for

ultra-scaled silicon-based GAA MOSFETs. We demonstrated

that while on-current degrades for all devices due to quantum

resistance, 〈110〉-oriented channels provide a significant per-

formance advantage compared to 〈100〉-oriented devices below

12 nm channel length.
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Figure 7: Device1 TLP measurements for different rise times: 100ns and 10ns.  
 

 
 
Figure 8: Device2 TLP measurements for different rise times: 100ns and 10ns.  
 

 
 
Figure 9: Device3 TLP measurements for different rise times: 100ns and 10ns. 
 

 
 
Figure 10: Device4 TLP measurements for different rise times: 100ns and 
10ns.  
 

 
 
Figure 11: Device5 TLP measurements for different rise times: 100ns and 
10ns.  

 
 
Figure 12: Device6 TLP measurements for different rise times: 100ns and 
10ns.  
 

 Vt1 It1 It2 Vhold VBR

DEV1 GND NA NA <20mA NA 3.1V 
DEV1 FLT NA NA <180mA NA NA 
DEV2 GND NA NA <20mA NA 4.2V 
DEV2 FLT NA NA <180mA NA NA 
DEV3 GND NA NA <20mA NA 4.8V 
DEV3 FLT NA NA <120mA NA NA 
DEV4 GND 4V NA >160mA 4V 4.3V 
DEV4 FLT 4V NA >140mA 4V NA 
DEV5 GND 3.5V NA >160mA 3.5V 4.3V 
DEV5 FLT 3.5V NA >140mA 3.5V NA 
DEV6 GND 4.5V NA >160mA 4.5V 4.9V 
DEV6 FLT 4.3V NA >140mA 4.3V NA 

 
Figure 13: Extracted results for different gate biasing and configurations. We 
observe the improved performance with last 3 implementations. These devices 
exhibit higher It2, improving robustness during an ESD event. 
 

 
 
Figure 14: Device5 DC sweep with grounded MG and DG for breakdown 
voltage extraction at room temperature. 
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Figure 15: Device6 DC sweep with grounded MG and
voltage extraction at room temperature. 
 

 
Figure 16: Device6. TLP 100ns, 10ns rise time with diffe
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Figure 17: ACS I-V TCAD simulation for devices 5 and
Right: Semi log plot 
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Abstract—In this paper, we report a lateral silicon-on-
insulator (SOI) P+P-N+ (PIN) photodiode suspended on a micro-
hotplate platform, with aluminum (Al) layer deposited on 
backside. Voltage applied to the Al back gate can modify the 
depletion condition in the intrinsic (I) region. The device output 
photocurrent reaches a maximum under fully-depleted (FD) 
condition achieved by the positive back-gate bias. Moreover, the 
backside Al acts as a excellent reflector, which for specific 
wavelength ranges (around 500, 600, 770 nm) significantly boosts 
optical response of the SOI PIN photodiode. Over 2~3× 
improvements of responsivity (up to R = 0.1 A/W at 590 nm) have 
been achieved and validated in the measurements at 490, 590, 760 
nm. Full optoelectronic two-dimensional (2-D) device simulations 
are conducted in Atlas software to comprehensively validate the 
device performance and improvement. 

Keywords—silicon-on-insulator (SOI); lateral PIN photodiode; 
fully-depleted (FD) condition; back gate; aluminum reflector; 
numerical simulation; Atlas. 

I.  INTRODUCTION 
A wide interest emerges from monitoring systems in 

environmental [1] and biomedical [2] fields, for high-
responsivity photodetectors embedded in CMOS integrated 
circuits. In silicon-on-insulator (SOI) technology, thin-film 
lateral P+/P-/N+ (PIN) photodiode was often presented as an 
efficient photodetector to specifically absorb low wavelengths 
[3]. In such device, a PN junction is separated by an intrinsic 
(I) region which corresponds in practice to a weakly p-type 
doping.  

Since light absorption of the thin-film SOI photodiode 
dramatically decreases with the increasing light wavelength 
(e.g. above 450 nm for 100 nm film thickness) [4], several 
methods have been proposed to improve device optical 
response: attaching gold nanoparticles for SOI lateral 
photodiode within 400-800 nm wavelength range [5], anti-
reflective coating (ARC) on the front surface of device [6], 
resonant cavity effect (RCE) enhanced photodetector with a 
buried SiO2 reflector [7] (achieving a peak responsivity of 
about 50 mA/W at 650 and 709 nm). 

A lateral SOI PIN photodiode suspended on a micro-
hotplate platform was presented in [8] and further investigated 
in [9], where a method using a standard device package with a 
gold finish layer was proposed to improve optical response of 

the suspended photodiode. In this work, we present the 
suspended lateral SOI PIN photodiode with Aluminum (Al) 
layer deposited on backside, where the backside Al is used as 
a gate electrode and also a back reflector. 

The operation of the PIN photodiode, i.e. generation and 
collection of charge carriers, is strongly influenced by the 
depletion condition present in the I-region and also affected by 
the reflectance of the backside Al. Depletion regime in the I-
region is induced by both positive back-gate voltage (i.e. 
vertical depletion region from the bottom to the top of silicon 
film) and reverse anode bias (i.e. lateral depletion region from 
the P-N+ junction) [10]. Carriers generated by light radiation in 
the I-region can be collected efficiently under fully-depleted 
(FD) conditon, maximizing the device output photocurrent. 
Taking advantage of excellent reflection of Al across the 
visible spectrum [11], the Al layer is also expected to act as a 
backside reflector and reflect light back into the active silicon 
film to improve light absorption. 

Performances of the suspended lateral SOI PIN photodiode 
with backside Al layer deposited are comprehensively 
investigated in this paper, including electrical (with back gate 
bias) and optical (with backside reflection) characteristics. 
Full optoelectronics two-dimensional (2-D) device simulations 
are performed to further analyze and validate the device 
performance and potential improvement. 

II. DEVICE FABRICATION 
The micro-hotplate platform was originally designed for 

gas [12] and humidity [13] sensing with interdigitated 
electrodes and specific sensing layers implemented at the 
device surface. A schematic cross section of lateral SOI PIN 
photodiode suspended on the micro-hotplate platform is 
depicted in Fig. 1, with Al layer deposited on device backside. 
Table I lists the superposed materials and their thicknesses. 
The PIN photodiode and micro-heater are embedded in a thick 
SiO2 membrane (~5 m) which was released by a post-CMOS 
deep reactive ion etching (DRIE) of the silicon substrate, 
where the 1 m-thick buried oxide (BOX) acts as an effective 
etch-stop layer [14], ensuring high membrane uniformity. The 
additional 1 m-thick Al layer was deposited on the backside 
of device samples in UCL clean rooms (WINFAB).  
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The photodetectors consist of several PIN finger diodes 
interdigitated in parallel over a given sensing area, with device 
geometries specified in Table II. Photodiodes with 3 different 
intrinsic lengths (Li = 5, 10 and 20 m) are investigated in this 
paper, with 6, 4 and 2 parallel finger PIN diodes, respectively. 

 

Fig. 1. Cross sectional view of SOI diode suspended on a micro-hotplate 
platform with Al back gate. 

TABLE I.  LIST OF MATERIALS AND THICKNESSES  

TABLE II.  PHOTODIODE GEOMETRIES 

 

III. EXPERIMENTAL CHARACTERIZATION 
Device chips were mounted in a dual-in-line (DIL) 16 

ceramic package and embedded in a printed circuit board 
(PCB) for the test. Muller LXH 100 light source and a 
monochromator were used to select single wavelength  
illumination with bandwidth of ~10 nm and light power 
density on the level of 10-5 W/cm2. For the electrical 
measurements, we used semiconductor parameter analyzer 
(Agilent, HP4156) and low leakage switch mainframe 
(Agilent, E5250A) to obtain the current-voltage curves at 
room temperature (RT). 

A. Fully-Depleted (FD) Condition by Back-Gate Voltage 
Fig. 2 presents the measured photocurrents, normalized for 

one finger of each suspended photodiode (M5, M10, M20 with 
Li = 5, 10, 20 m), as a function of the applied back-gate 
voltage (VG), under 590 nm incident light and different reverse 
anode bias (VD). The variation of VG modifies the operation 
mode of the active silicon film back interface, from 

accumulation to depletion and inversion for negative to 
positive bias, leading to FD condition in the I-region. It is 
clearly seen that, to the first order, the photocurrents are 
modulated by the vertical depletion width WD, i.e. roughly 
with the square root of positive VG above flat band voltage VFB 
[15] (i.e. in this case, FBDGD VVVW −−∝ ), and achieve a 
maximum under FD condition whose value is directly 
proportional to Li as is expected from carrier collection over 
the full I-region volume. 

 

Fig. 2. Normalized photocurrent for single-finger diode as a function of 
applied back-gate voltage with 590 nm illumination (at 8.92×10-5 W/cm2), 
under different reverse anode bias VD. 

B. Non-Fully-Depleted (NFD) Regime 
The diode photocurrents also vary with reverse anode bias 

(VD), but only in the non-fully-depleted (NFD) intermediate 
regime. In this case, Fig. 3 shows that at constant VG – VD (to 
avoid modulating the vertical depletion width from back 
interface with VD), the photocurrent indeed increases with the 
lateral depletion width Lzd (as indicated by black dashed curve 
in Fig. 3) at the P–N+ blocked junction, which is roughly 
following the square root of V0 – VD (i.e. Dzd VVL −∝ 0 ) 
where V0 is the built-in contact potential [3]. This cannot occur 
anymore once FD condition is achieved by increasing VG (Fig. 
2) or when very negative VG (e.g. M20 at -12.0 V, M10 and 
M5 at -20.0 V in Fig. 2) impedes carriers collecton. Similar 
behaviors, i.e. current-voltage characteristics with back-gate 
and reverse anode voltages, were observed at all wavelengths 
in the visible spectrum. 

C. Responsivity at Room Temperature (RT) 
Under FD condition, responsivities R (i.e. R = Iph/Pin where 

Iph is the device photocurrent flowing through the I-region and 
Pin is the optical power incident to the total device area) of 
M20 at RT for 3 different wavelengths (490, 590 and 760 nm) 
are 0.07, 0.1, 0.05 A/W respectively. Compared to the 
photodiodes lying on substrate [9] and the suspended 
photodiodes without Al, more than 2~3× responsivity has been 
achieved in the suspended photodiode with back Al, due to the 

Function Material Thickness 
Passivation Si3N4 PECVD 550 nm 
Membrane SiO2 PECVD 2.5 m 

Heater Aluminum 500 nm 
Implantation protection Polysilicon 300 nm 

Gate dielectric SiO2 25 nm 
Active thin film Silicon 250 nm 

BOX SiO2 1 m 
Substrate Silicon 375 m 

Devices Li 
( m) 

Fingers Wfingers 
( m) 

Effective area 
( m × m) 

Total area 
( m × m) 

M5 5 6 60 30 × 60 58 × 60 
M10 10 4 60 40 × 60 60 × 60 
M20 20 2 60 40 × 60 52 × 60 
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efficient collection of photo-generated carriers under the FD 
condition and the improvement of light absorption from the 
backside Al layer. Moreover R increases with Li (0.061, 0.079, 
0.1 A/W at 590 nm for device M5, M10, M20, respectively), 
due to the increasing percentage of photo-sensitive area 
(defined by Li) over the total device area (including P+ and N+ 
contact regions). 

 

Fig. 3. Photocurrent for single-finger diode as a function of reverse anode 
voltage, under non-fully-depleted operation at proper back-gate bias VG. 

IV. NUMERICAL ANALYSIS 
To get further insight in the investigation and analysis of 

the experimental device performances, full two-dimensional 
(2-D) numerical simulations were conducted in Atlas software 
[16] from SILVACO Int., on a 2-D physical device model 
with Li = 10 m. A schematic view of device under study is 
depicted in Fig. 4, showing notably 300 nm-thick polysilicon 
layer and 250 nm-thick silicon film. The intrinsic (P-), P+ and 
N+ doping levels are about 5×1015, 1×1020, 1×1020 cm-3, 
respectively. Ohmic contacts are implemented onto the anode 
and cathode electrodes, while Schottky contact is specified for 
the back gate electrode with Al workfunction of 4.10 eV. No 
fixed oxide charge, nor interface charge density, is specified at 
this stage. 

 

Fig. 4. Schematic view of lateral SOI PIN diode under study: FD1 = region 
depleted by reverse anode bias, FD2 = region depleted by back-gate voltage, 
NFD = undepleted part. 

A. Depletion Regime 
Depending on the back gate VG and anode VD biases, the I-

region features an undepleted zone (NFD) and two main 
depletion zones, one arising from P-N+ junction (FD1), one 
from BOX interface (FD2) (Fig. 4).  

Fig. 5 presents the simulated depletion conditions in the I-
region at temperature of 300 K, where the red curve represents 
the depletion region edge. Negative VG (-8.0 V) suppresses the 
depletion region FD2 in (a); increasing VG to positive (3.0 V), 
FD2 develops in (b) and full depletion in (c) is achieved under 
sufficiently positive VG (10.0 V), which confirms the first-
order interpretation of our measurements in Fig. 2. However 
the depletion region is affected by positive VG and reverse VD, 
from cases (a) and (b) we observe that VG also influences FD1 
extension, while from (b) and (d) with the same VG – VD, 
reverse VD modulates FD2. 

  
(a) VG = - 8.0 V, VD = 0.0 V 

 
(b) VG = 3.0 V, VD = 0.0 V 

 
(c) VG = 10.0 V, VD = 0.0 V 

 
(d) VG = 1.0 V, VD = -2.0 V, with the same VG – VD as (b) 

Fig. 5. Depletion region edges (red curves) modulated by back-gate VG and 
anode VD biases. 

B. Light  Absorption 
Setting optical index and thickness of all the materials and 

layers into the device model as obtained from ellipsometry 
measurements [17] [18], light absorption in the active silicon 
film of the lateral SOI PIN photodiode was simulated within 
the 450-900 nm range. Fig. 6 shows the detailed results of 
absorption averaged over a bandwidth of 10 nm, for the 
suspended diode with 1 m-thick backside Al layer (blue 
curve), for the diode lying on substrate (green) and for the 
suspended photodiode without Al (brown). Light absorption 
below 480 nm is impaired due to high absorption in the 300 
nm-thick polysilicon layer that is used here to protect the I-
region of the PIN photodiode from implantation in SOI CMOS 
technology. In comparison with the two other diodes (i.e. with 
light reflected from the silicon substrate or air), light 
absorption in the suspended diode with Al appears obviously 
boosted at specific wavelength ranges, e.g. around 500, 600 
and 770 nm, due to the excellent reflectance from the back Al 
reflector. A strong responsivity increase (over 2~3× 
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improvement) has been observed and validated in our 
measurements at 490, 590, and 760 nm. 

 

Fig. 6. Light absorption averaged on a bandwidth of 10 nm for the suspended 
diode with backside Al (blue curve), the diode lying on substrate (green 
curve) and the suspended diode without Al (brown curve) with Li = 10 m. 

V. CONCLUSIONS 
With 1 m-thick Al deposited on the backside of 

suspended SOI PIN photodiodes, electrical and optical 
performances of the photodiode have been improved and 
optimized. Photodiode output photocurrents indeed reach a 
maximum under the FD condition achieved by the positive 
voltage applied to the Al back gate. The device optical 
response appears significantly boosted for specific wavelength 
ranges (e.g. around 500, 600, 770 nm) due to the excellent 
reflectance of the backside Al layer. Under FD condition, 
more than 2~3× improvements of responsivity (up to 0.1 A/W 
at 590 nm) have been achieved experimentally at 490, 590, 
760 nm wavelengths. Optoelectronic 2-D device simulations 
are performed to fully validate the device performances and 
improvement.  
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Abstract—In this work 3 different types of 

UNIBOND™ Silicon-on-Insulator (SOI) wafers including 
one standard and two types of trap-rich high resistivity 
HR-SOI substrates provided by SOITEC are studied. The 
DC and RF performances of these wafers are compared by 
means of passive and active devices, coplanar waveguide 
(CPW) lines and partially-depleted (PD) SOI MOSFETs, 
respectively.  

Keywords—High resistivity silicon; trap-rich high 
resisitivity silicon; substrate effective resistivity; Silicon-on-
Insulator; DC and RF performance; Partially-depleted (PD) 
SOI MOSFETs. 

 

I. INTRODUCTION 
 

During last decades, CMOS technology scaling-
down has enabled millimeter wavelength operation and 
low-cost integration of digital, analog and RF systems 
on the same wafer for system-on-chip or in system-in-
package applications [1-3]. In this context, the most 
special advantage of SOI CMOS compared to bulk Si is 
the availability of high-resistivity silicon (HR-Si) 
substrate to achieve low crosstalk between passive and 
active devices and high-quality passive elements thanks 
to effective reduction of substrate coupling and losses in 
RF circuits [4-5]. Moreover, SOI technology has 
simpler fabrication process than bulk and hence is more 
cost-effective. However, HR-SOI substrate suffers from 
resistivity degradation due to the formation of parasitic 
surface conduction (PSC) beneath the buried oxide layer 
(BOX) [6-9] due to fixed oxide charges (Qox) within the 
oxide. One of the most efficient techniques to overcome 
this problem is to introduce a trap-rich layer at the 
Si/SiO2 interface compatible with industrial SOI wafer 
production and thermal budget of standard CMOS 
process [8] which captures the free carriers forming the 
PSC and thus makes the substrate retrieving its nominal 
high resistivity. Since thermal resistance is proportional 
to the square root of the BOX thickness, BOX thinning 
is desired to improve thermal properties. Moreover, 
threshold voltage control by means of back-gate biasing 
voltage Vbg could be a useful feature provided by thin 
BOX in fully depleted devices [10]. Therefore, trap-rich 
HR-SOI with thinner BOX could be considered as a 
promising candidate. 

 
 

II. DEVICES DESCRIPTION 
 

In this work two types of trap-rich HR-SOI 
substrates denoted eSi1 and eSi2 as 1st and 2nd 
generations with 400nm and 200nm-thick BOX 
respectively and one standard HR-SOI with 1 m BOX 
(all provided by SOITEC) are characterized and 
compared for non-linearity effects and DC/RF 
MOSFET behaviors. The test structure devices include 
0.52 m-thick CPW lines and PD SOI nMOSFETs 
fabricated using TowerJazz 0.18 m SOI CMOS 
process. The dimensions of the CPW lines are 
respectively 20, 18 and 100 m for the central 
conductor, slot space and ground plane. The PD SOI 
MOSFETs have 145 nm of thin active silicon film of 10 
Ω-cm resistivity and 5 nm of gate oxide thickness. The 
studied RF body-tied MOSFET has a 0.24 m gate 
length (Lg) with 16 gate fingers of 2 m each (Wf). The 
studied single finger DC MOSFET has a 0.26 m of 
gate length (Lg) with 1.5 m width (Wf). 
 

III. MEASUREMENT RESULTS 
 

A. PD SOI RF and DC MOSFETs  
 
The DC/RF on-wafer measurements have been 

done using an Agilent N5242A for high-frequency 
measurement from 10 MHz to 26.5 GHz and Agilent 
B1500 for DC measurements. As shown in Fig. 1, the 
ID-VG and gm-VG curves in linear regime for DC 
transistor on the 3 different wafers are very close. To 
eliminate the threshold voltage variations effect and 
fairly compare these results, gm/ID ratio versus ID/(W/L) 
curves for the same transistors are plotted in Fig. 2. 
Similar DC characteristics are obtained for all substrate 
types. Fig. 3 shows a good similarity of current cut-off 
frequency fT as one of the main RF figures of merit as 
expected on all 3 wafers.  

 
B. Substrate Effective  Resistivity and Harmonic 

Distortion 
 
By means of a 2100 m-long CPW line S-

parameters measurement, the effective resistivity (ρeff) 
and total loss (α) on the 3 different types of substrate, 
plus quartz, considered as the best reference, have been 
extracted. Fig. 4 shows that as stated before, due to the 
formation of PSC, the standard HR SOI substrate loses 
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its nominal high resistivity and sho
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Fig. 3. Current gain cutoff frequency fT at VDS 
which gm (transconductance) is maximum for bo
for 3 different wafers of 1st generation of trap-rich
(eSi1), 2nd generation of trap-rich high resistivity
resistivity SOI (HR).  
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Abstract— Germanium pFinFETs are evaluated from the 
viewpoint of effective hole mobility and low frequency noise 
performance. These parameters are measured for different fin 
widths and backside substrate bias in order to get a better insight 
in the underlying scattering mechanisms. For narrow devices, it 
was found that the peak effective mobility and the Coulomb 
scattering coefficient are limited due to the charges in the gate 
oxide sidewalls or interface layer, resulting in similar effective 
mobility values for narrow and planar-like devices. On the other 
hand, the substrate biasing played a role only in planar-like 
devices, which moves the effective mobility and Coulomb 
scattering coefficient values toward the opposite direction. 

Keywords—Ge pFinFET; effective mobility; low-frequency 
noise; fin width; substrate biasing 

I. INTRODUCTION 
Many research efforts have been spent recently for 

alternative high-mobility materials for the channel region, 
regarding especially future high-performance applications, i.e., 
germanium (Ge) and III/V instead of silicon [1]. Ge is 
particularly relevant for p-channel devices thanks to the 4 
times higher bulk hole mobility than Si [2]. On the other hand, 
there are some challenging issues that must be overcome to 
optimize the Ge transistor performance [2]. Apart from that, 
considering the fact that the main semiconductor industries 
have been investing in multiple gate devices, such as e.g. 
FinFET triple-gate (3D-transistors) [3] [4], thanks to their 
electrostatic improvements and short-channel effect control 
[5], it is very relevant evaluating the combination of a future 
candidate channel material with the current mainstream device 
architecture.  

Therefore, this work analyses the effective hole mobility 
and low frequency noise behavior for different fin widths of 
inversion-mode Ge pFinFETs, which are schematically 
represented in Fig 1. 

II. EXPERIMENTAL DETAILS 
The main fabrication steps are summarized in Fig. 2. The 

p-type strained germanium FinFET devices used in this work 
have been fabricated at imec/Belgium on 300 mm Si (100) 
wafers via the Shallow Trench Isolation (STI) first process. 
The main FinFET device dimensions are fin widths (Wfin) of 
20 nm; 30 nm; 50 nm and 100 nm, a geometric channel length 

(LG) of 1.03 m and a fin height (Hfin) of 20 nm. The channel 
and n-type in situ doped relaxed buffer (Si1-xGex x=75 %) have 
a doping concentration of around 1×1017 cm-3 and 5×1018 cm-3, 
respectively. The gate stack is composed by 0.7 nm SiO2, 
2.5 nm HfO2 and 5 nm TiN. The work is based only on 
experimental data, which were obtained from measurements 
with an HP 4146C - Semiconductor Device Parameter 
Analyzer, Agilent E4980 A – High frequency CV and the 
hardware/software systems from ProPlusSolution for IV, CV 
and low frequency noise measurements, respectively. The 
peak effective mobility and Capacitance Equivalent Thickness 
(CET) were extracted by the split CV technique [6], while the 
threshold voltage is derived at [7]. The input-referred voltage 
noise spectral density was determined from the ratio drain 
current noise spectral density over square of the 
transconductance, i.e., SVG = SID/gm2. 

 

 

 
Fig. 2: Process flow description of the Ge pMOSFET studied in this work. 

Fig. 1: Germanium FinFET structure (A) and cross section in the middle of the 
fin (B). 

Si recess in STI 
 

SiGe75% epitaxial growth + Phosphorus in-situ doping+anneal 
 

Strained Ge epitaxial growth 
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S/D SiGe 75% epitaxial growth 
Boron implantation +anneal 
 

Spacer formation 
 

ILD0 (field oxide) formation + CMP 
 

Dummy gate removal and Si passivated/high-k/MG/W fill + CMP 

EUROSOI-ULIS 2016

ISBN 978-1-4673-8608-1 162 IEEE Catalog number CFP1649D-USB



III. RESULTS AND DISCUSSION 
Fig. 3 presents the threshold voltage as a function of fin 

width. It clearly reveals a Wfin dependency of the threshold 
voltage (VT). First of all, it is a consequence of a higher 
leakage current underneath the channel from source to drain 
regions for the narrow devices. Moreover, it is associated with 
a negative charge in either the gate oxide or interface layer, 
since the VT is shifted towards more positive values [8]. In 
addition, the VT behavior is quite consistent with the frequency 
normalized noise Power Spectral Density (PSD), showing 
Lorentzian components with a VGS-dependent corner 
frequency. This originates from VGS dependent generation-
recombination (GR) noise, which indicates the presence of 
traps in the gate dielectric, owing to a strong relation between 
the VGS and the SRH lifetime [9]. 

 

 
Fig. 4 shows the Capacitance Equivalent Thickness (CET) 

as a function of fin width for longer channel length device 
(LG=1μm).  

 

The CET has a mean value around 1.5 nm for the studied 
fin width range, taking into account five samples for each 
width. It points to a relatively good uniformity of the gate 
stack dielectric for the process under evaluation.  

Fig. 5 presents the peak effective hole mobility as a 
function of fin width. It noticeably shows that the average 
effective hole mobility (μeff) is quite Wfin independent. On the 
other hand, the μeff should be higher for small Wfin compared 
with planar-like pMOSFETs, since the low-field hole mobility 
of the FinFET <110> sidewalls is superior over the value for 
the top <100> plane [10]. The fact that there is no Wfin 
dependence of μeff is related to a higher oxide trap density in 
the sidewalls, which limits the μeff for narrow devices.  

 

 
Fig. 6 shows the peak effective hole mobility as a function 

of temperature. It is possible to observe that the μeff presents 
only a slight temperature dependence, which indicates that the 
surface roughness scattering might be dominant, since it is 
known that the dominant mobility scattering mechanism plays 
a role in the μeff value. 
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The drain current noise power spectral density (SID) as a 
function of the frequency presented in Fig. 7 for different fin 
widths and it tells that the flicker noise (1/fγ) is dominant in 
the frequency range evaluated. Furthermore, the γ factor is 
around one for all Wfin. The observed 1/fγ can be modeled in 
terms of the carrier number and correlated mobility 
fluctuations [11]. From the input-referred voltage noise (SVG) 
one can extract the Coulomb scattering coefficient ( SC) and 
the slow oxide trap density (Nt), at flat-band voltage region 
[12] as presented in (1). Where gm is the transconductance, μ 
is the effective mobility and CEOT is the capacitance density. 
On top of that, the narrowest device (Wfin = 20 nm) presents 
Generation-Recombination (GR) noise component, which is 
not studied in this work. 

2)1( gm
DSI

EOTSCVGfbVG CSS μα+=  (1) 
 

 
Fig. 8 presents the effective mobility (μeff) and the 

Coulomb scattering coefficient ( SC) as a function of the 
substrate bias (VBS). 

 

As the backside VBS increases, the SC of the planar-like 
device (Wfin = 100 nm) decreases, demonstrating that SC is 
less efficient, since the distance between the interface with the 
gate stack and the inversion layer charge centroid becomes 
larger, resulting in the increase of μeff, as in planar Ge 
MOSFETs [13]. On the other hand, there is no significant 
impact of VBS on μeff and SC for narrow devices, due to the 
strong electrostatic coupling, which is confirmed in Fig. 9, 
where the VT for narrow devices is VBS-independent for the 
studied channel length range. 

 

The oxide trap density (Nt) is proportional to the input-
referred voltage noise at flat-band voltage region (SVGfb). The 
latter can be calculated as in (2). Where kBT is the thermal 
energy, Weff is the is the effective width, LG is the geometric 
channel length, f is the frequency and t is the attenuation 
tunneling parameter noise. 

fEOTCtGLeffW
tTNBkq

VGfbS 2

2

α
=  (2) 

Fig. 10 presents the normalized input-referred voltage 
noise spectral density in the flat-band voltage region as a 
function of threshold voltage. It is noticeable that there is a 
correlation between the Nt and the VT.  
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Moreover, the narrower the device, the higher is the oxide 
trap density, resulting in a hole mobility degradation, which is 
consistent with the results presented in Fig. 5 (the narrow 
devices), when higher μeff  values were expected due to the 
FinFET <110> sidewalls predominance. 

IV. CONCLUSIONS 
Ge pFinFETs with a 1.5 nn-CET using a conventional STI-

first scheme have been characterized and reported in this 
work. Instead that the effective mobility follows the expected 
behavior, i.e., higher for narrow devices than for planar-like 
ones due to the higher μeff of the <110> sidewalls, this work 
revealed that the μeff  was limited due to the predominance of 
charges in the gate oxide sidewalls or interface layer, which 
also degraded the threshold voltage for narrow devices. 
Considering the low-frequency-noise behavior, it is shown 
that a 1/fγ behavior (γ~1) is observed for all fin widths. 
Moreover, the Coulomb scattering coefficient ( SC) showed to 
be dependent on the substrate bias (VBS) only for the planar-
like devices, resulting in a μeff increase and SC reduction, as a 
consequence of a larger distance between the interface with 
the gate stack and the inversion layer charge. The oxide trap 
density (Nt) presented a correlation with the threshold voltage, 
which reinforces the effective hole mobility limitation for 
narrow devices by the Nt. 
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Abstract — In this paper, a novel S
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I.  INTRODUCTION 
Single-Photon Avalanche Diodes (SPA

extensively studied and implemented for the 
optical signals in the visible and near-infrare
[1] and, during the last few years, in the fiel
Physics and Medical Physics for the dete
particles in tracking applications [2]. A SPAD
junction which is reverse biased above the b

 by an excess bias . When an electron-
generated in the space charge region (SCR) 
self-sustained charge multiplication pro
ionization could be triggered, giving rise 
electric current. Such a high current usually
high current density which could cause perm
the device. For this reason, every pixe
“quenching” electronics responsible for 
multiplication process right after the avala
promptly lowering the reverse bias of the j
breakdown threshold. The electronics will
junction to the initial bias (reset phase) aft
time (hold-off time) during which the pixel
incoming photon. The whole quench / rechar
the information that an event has occurred [1]

In this work, a novel SPAD architecture c
pixel with associated quenching electronics 
pixel is conceived for advanced Silicon-O
CMOS technology and it is suitable for 
ionizing particles as well as light (visible 
range) in backside illumination (BSI) mode.
structure, the proposed solution is expected to
pixels (down to a few ) while enablin
Moreover, the pixel read-out electronics as 
detector electronics can benefit of the well-k
brought by SOI technology such as higher
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Fig.8: Estimated DCR per unit surface for the simulated
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Abstract—This work aims to present the analog performance 
of silicon n-type and p-MOSFET SOI nanowires. Analog 
parameters are shown at room temperature for both n- and p-
type, long and short channel devices with different channel 
width. Results for long channel n-MOS nanowires are 
investigated for the first time for low temperatures down to 
100K. Moreover, an analysis is shown comparing the intrinsic 
voltage gain in nanowires and quasi-planar transistors. The 
mobility dependence on the temperature is found to be the key 
parameter to describe the behavior of both transconductance and 
output conductance when decreasing temperature. 

Keywords—analog performance; nanowires; low temperature; 
mobility dependence 

I.  INTRODUCTION 
The scaling of transistors is a request for the continuity of 

the CMOS roadmap. Reducing the short channel effects is then 
a matter of necessity to allow good performance of the devices. 
Following this idea, multiple gate field effect transistors have 
been developed in order to improve the gate electrostatic 
control over the channel charges, allowing scaling beyond the 
limits imposed by usual planar devices [1]. 

Due to their excellent performance recently reported [2, 3], 
nanowires (NWs) have shown to be of great interest. Many 
works have demonstrated their efficiency concerning digital 
applications [4], transport characteristics [5] and fabrication 
process [3], but not much attention has been paid concerning 
analog applications [6]. The study of analog performance is 
important for integration of such ultimate devices in mixed 
analog-digital circuits.  

In this work we extend the results of [6] and present for the 
first time an experimental study of analog properties for both n- 
and p-MOS SOI NWs with long (L = 10μm) and short (L = 
40nm) channel lengths as a function of the fin width (WFIN), 
where the long channel n-MOS are analyzed down to 100K. 
The analog performance of NWs and quasi-planar MOSFETs 
are compared through the following figures of merit: 
transconductance (gm), output conductance (gD), intrinsic 
voltage gain (AV), transconductance over drain current ratio 
(gm/IDS) and Early voltage (VEA). Moreover, effective mobility 
(μeff) as a function of temperature is also explored in order to 

justify the behavior observed for gm and gD. 

II. DEVICES AND MEASUREMENTS 
The studied transistors are silicon [110]-oriented triple gate 

NWs fabricated at CEA–Leti. Devices were fabricated using 
Silicon-On-Insulator (SOI) substrate with 145nm thick buried 
oxide. A multi finger structure with 50 fins in parallel is 
implemented. Gate stack is composed by HfSiON/TiN (EOT = 
1.4nm) and silicon thickness (tSi) is found to be around 11nm. 
Details about the fabrication of the transistors can be found in 
[2] and [7]. Fig. 1 presents a cross-section TEM image and a 
schematic of the studied Si NW FET.  

The drain current normalized by effective channel width 
(Wef = 2tSi + WFIN) as a function of gate voltage (VGS) with 
drain voltage (VDS) of 40mV for long channel n-MOS NWs 
(WFIN = 14.5nm) and quasi-planar (WFIN = 10μm) devices from 
room temperature down to 100K are shown in Fig. 2. At 300K, 
long channel n- and p-type devices present subthreshold slope 
(S) of 61mV/dec. For the narrow n-MOS, S is equal to 
28mV/dec at 100K and the threshold voltage variation with 
temperature ( VTH/ T) is around 0.6mV/K, while S = 
25mV/dec at 100K and VTH/ T = 0.74mV/K for the quasi-
planar n-MOS. From Fig. 2, from 100K to 300K, it is observed 
higher IDS/Wef for the quasi-planar n-MOS in comparison to the 
NW, due to the higher μeff. Table 1 reports results for n-MOS at 
300K and 100K of μeff, extracted at NINV = 0.8×1013cm-2 
through the split C-V method [8], and series resistance (RS), 
extracted according to [9]. From Table 1, it is observed that μeff 
of quasi-planar is 31% and 34% higher in comparison to the 
NW, at 300K and 100K, respectively. 

Acknowlegdements to the IBM/STMicroelectronics/Leti Joint 
Development Alliance, CNPq, CAPES and FAPESP. 

Fig.1.    Si SOI NW cross section TEM image and schematic. 
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TABLE I.  EFFECTIVE MOBILITY AT NINV = 0.8×1013CM-2 AND SERIES 
RESISTANCE FOR N-MOS AT 100K AND 300K. 

 μeff [cm2/V.s] RS [k ] 
WFIN 100K 300K 100K 300K 

10μm 626 283 0.9 1.8 

14.5nm 466 216 8.7 14.8 

 

Fig. 3 shows the IDS × L for long (L = 10μm) and short (L= 
40nm) channel p-MOS devices with narrow WFIN of 15nm and 
25nm  at room temperature. For p-MOS with L = 40nm and 
WFIN = 15nm, S is slightly degraded to 71mV/dec, while S = 
83mV/dec for WFIN = 25nm. As WFIN increases, the short 
channel effects increase as well, due to the lower electrostatic 
control. The VTH roll-off from L = 10μm to 40nm is similar for 
both WFIN = 15nm and 25nm, being around 115mV. The short 
channel devices present lower IDS × L than long channel p-
MOS as |VGS| increases, indicating strong influence of series 
resistance effects.  

III. RESULTS AND DISCUSSION 

A. Channel Width Influence for n- and p-MOS 
Fig. 4 presents both transconductance (gm/Wef) (A) and 

output conductance (gD/Wef) (B), normalized by the effective 
channel width, as a function of WFIN. Devices operate in 

saturation regime with |VDS| = 0.9V, and gate voltage overdrive 
(VGT = VGS – VTH) of 0, 200 and 400mV, at room temperature, 
for L = 10μm.  

From Fig. 4.A, one can note higher values of 
transconductance for n- than in p-MOS and a decreasing of gm 
(degradation) for n-MOS as WFIN is reduced, in comparison to 
p-MOS results. These effects are related to the electrons and 
holes mobility. While the effective mobility of holes is higher 
in (110)/[110], the effective mobility of electrons is higher in 
(100)/[110]. Being (110) the surface related to the fin height 
and (100) related to the fin width, reducing WFIN favors 
mobility in (110) plan in comparison to (100) plan [10]. For 
this reason p-MOS nanowires show improvements (increase) 
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Fig.7.    Simulation results for the potential along the channel length for n- and
p-MOS at 300K, L = 40nm, WFIN = 15nm, |VGT| = 200mV, |VDS| = 0.5,
0.9 and 1.2V. 

on the transconductance over wide planar FETs, while n-MOS 
show the opposite behavior. For n-MOSFETs, gm degradation 
is 19% and for p-MOSFETs the improvement is 52%, 
comparing the narrowest and the widest transistors for VGT 
equal to 400mV.  

Fig. 4.B shows the decreasing of the output conductance 
(which means an improvement of gD) as WFIN is reduced for 
both n- and p-MOS. Comparing the narrowest and the widest 
transistors, this improvement almost reaches one order of 
magnitude. As gD indicates the relation between IDS and VDS 
(gD = δIDS/δVDS), its behavior is mainly related to the channel 
modulation effect (CME), where CME is expected to be 
reduced in NWs in comparison to planar transistors due to the 
better electrostatic gate control over the charges.  

From gm and gD, the intrinsic voltage gain has been 
calculated through the gm/gD ratio and the results for AV as a 
function of WFIN, at |VDS| = 0.9V, and |VGT| = 0, 200 and 
400mV is shown in Fig.5 for L = 10μm and in Fig.6 for L = 
40nm. Due to the behavior of gm and gD, it is observed an 
strong improvement for nanowires in comparison to wide 
transistors. As AV follows the trend of the inverse of gD, for 
both n-type and p-MOS, it is observed an increase of AV 
decreasing WFIN. The narrowest NWs allow an intrinsic voltage 
gain 20dB higher than the wide planar device for both n- and p-

MOS with L = 40nm. 

Although n-type and p-MOS present different values for 
gm, their results obtained for gD are close, mainly for short 
channel transistors, which leads to similar values for AV, 
varying WFIN. In order to explain this effect, tridimensional 
numerical simulations have been performed with Sentaurus 
Device Simulator, from Synopsys [11]. In Fig. 7 it is presented 
the simulated results for the potential extracted at the interface 
SiO2/Si of n- and p-MOS with L = 40nm and WFIN = 15nm, 
varying VDS from 0.5 to 1.2V. It is observed that the potential 
distribution inside the channel is similar for both n- and p-
MOS, varying VDS, suggesting similar CME, which can 
explain the fact that gD and, as a consequence, AV behaves 
similarly comparing n- and p-MOSFETs.  

B. Temperature Influence 
In Fig. 8, gm/IDS is presented as a function of VGT for long 

channel n-MOS, at VDS = 0.9V. Wide and NW FETs are 
compared from 300K to 100K. It is observed an increase of 
gm/IDS by reducing either temperature or WFIN from 10μm to 
14.5nm. According to [10], gm/IDS at saturation regime can be 
estimated by  
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Fig.10.    gm/Wef (A) and gD/Wef (B) as a function of T for n-MOS, L = 10μm,
at VDS = 0.9V and VGT = 400mV. 
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Fig.11.    AV (A) and VEA (B) as a function of T for n-MOS, L = 10μm, at VDS
= 0.9V and VGT = 400mV. 

The parameters that are WFIN dependent are RS, μeff and 
Wef. From Table I, it is observed a variation for RS of a factor 
close to 10 for n-MOS, as WFIN goes from 10 m down to 
14.5nm. This decrease of the series resistance with temperature 
is associated to the effective mobility increase [12]. The 
increase of μeff while increasing WFIN is smaller than a factor of 
2. On the other hand, WFIN reduces almost 3 orders of 
magnitude, being the key parameter in (1), where it is observed 
that gm/IDS varies with the inverse of RS×μeff×Wef. This is why 
NWs show higher gm/IDS than wide planar FETs.  

Fig. 9 presents μeff as a function of T, for long channel n-
MOS with several values of WFIN, extracted at NINV = 
0.8×1013cm-2. The temperature dependence coefficient of eff is 
found to be around 0.88 for all devices, above 100K, where 
phonon scattering is dominant at moderate inversion.  

Fig. 10 presents both gm/Wef (A) and gD/Wef (B) as a 
function of T, extracted at VDS = 0.9V and VGT = 400mV, for 
long channel n-MOS. By decreasing temperature, it is observed 
an increase of gm and gD with similar rate for both parameters, 

which is close to the same 0.88 factor obtained for the effective 
mobility dependence with T, in Fig. 9. It means that the most 
part of the variation of gm and gD with temperature is due to the 
effective mobility behavior. 

As a result, in Fig. 11 we observe that the influence of T in 
gm and gD is almost annulated one by each other and AV shows 
a soft increase with T. As gD decreases with a rate higher than 
gm, increasing T from 100K to 300K, AV shows an increase of 
3.6dB and 2.1dB for WFIN = 14.5nm and 10μm, respectively. 
The Fig. 11 also shows high values of Early Voltage (VEA = 
IDS/gD) for n-type NWs due to smaller CME. 

IV. CONCLUSIONS 
This work has presented an experimental analysis of analog 

parameters for nanowires SOI MOSFETs considering long and 
short channel devices, n- and p-type devices and temperature 
down to 100K.  

It was observed great improvements on the performance of 
NWs in comparison to wide planar transistors concerning AV, 
due to improvements on the output conductance. The intrinsic 
voltage gain is similar for both n- and p-MOS varying WFIN. 
AV is around 30dB for both short channel n- and p-MOS with 
WFIN = 15nm at room temperature.  

Concerning temperature decrease, the effects on the 
effective mobility variation change both gm and gD with the 
same rate, leading to values approximately constant for the 
intrinsic voltage gain.  
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Abstract—Focusing on the channel length scalability, this 

paper analyzes the coupling coefficient (body factor) in thick 
(25nm) and thin (7nm) UTBB SOI devices. Experimental data 
and simulations demonstrate that the supercoupling effect 
further improves the device scalability and operation in thin 
silicon films. The impact of thinning the gate oxide and body on 
the inter-channel coupling is also documented. 

Keywords—UTBB SOI, supercoupling, body factor, coupling 
coefficient, channel length 

I.  INTRODUCTION 

UTBB (ultrathin body and buried oxide) SOI device has 
been considered a good candidate for the sub-28nm technology 
node [1-4]. The body and buried oxide (BOX) thinning, 
together with a ground plane (GP) implantation beneath the 
BOX, improves the channel control. Enhanced inter-gate 
coupling occurs, offering a more efficient threshold voltage 
tuning by the back-gate bias (VG2) and reduced source- and 
drain- fringing field effects [5-6]. UTBB devices can also 
operate with lower voltage for better power efficiency [3,4,7-
8]. 

Si-film thinning below 10 nm enables extreme inter-gate 
coupling effects, like the supercoupling, to develop. 
Supercoupling prevents the independent operation of the front 
and back interfaces [9-11]. Reference [10] shows the channel 
length impact on the critical thickness, i.e., the thickest silicon 
film at which the supercoupling effect is present. Differently, 
the following analysis investigates the dependence of the 
coupling coefficient with the gate length to demonstrate that 
supercoupling helps to mitigate short-channel effects (SCE) in 
UTBB devices enabling a more aggressive downscaling. 

II. DEVICE CHARACTERISTICS 

The UTBB SOI transistors under test were processed at 
LETI and STMicroelectronics. The SOI wafers have a 25nm-
thick BOX. The silicon film thickness (tSi), effective oxide 
thickness (EOT) of the high-k/metal gate stack, channel length 
(L) and channel doping (NCH) of the measured and simulated 
devices are presented in Table I. The simulations parameters 
follow the characteristics of the measured devices, considering 
quantum model. 

TABLE I.  MEASURED DEVICES DETAILS 

From tSi (nm) EOT (nm) L (nm) NCH (cm-3)
LETI 25 3.1 50-1000 2x1017 
ST 7 1.3 30-1000 1x1015 
2D-Numerical 
Simulations 

25 3 50-1000 2x1017 
7 1 and 3 20-1000 1x1015 

III. RESULTS AND ANALYSIS 

Fig. 1 presents the experimental front-channel threshold 
voltage (VT1) as a function of the back-gate bias (VG2) for thick 
and thin silicon films. Fig. 2 shows the simulated front 
VT1(VG2) (figs. 2C and 2D) and the back VT2(VG1) (figs. 2A 
and 2B) coupling curves. Experimental and simulated VT1 are 
extracted by the 2nd derivative method. The slope yields the 
coupling coefficients (α1=ΔVT1/ΔVG2 and α2 = ΔVT2/ΔVG1), 
which are compared in figs. 3A and 3B for different channel 
lengths and body thicknesses. Figs. 2 and 3 show that the 
coefficient α2 is higher than α1 because of the thinner front 
oxide compared to the BOX. 

 

-2.0 -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

0.3

0.4

0.5

0.6

0.7

0.8

V
T1

 (V
)

VG2 (V)

    L (nm)
 50
 60
 70
 80
 100
 500
 1000

tSi=25nm
EOT=3.1nm

A

Experimental Data

 

-2.0 -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

0.3

0.4

0.5

0.6

0.7

0.8

   L (nm)
 30
 60
 90
 500
 1000

V
T1

 (V
)

VG2 (V)

tSi=7nm
EOT=1.3nm

B

Experimental Data

 
Fig. 1. Measured front-gate threshold voltage as a function of the back-gate 
bias for various channel lengths in thick (A) and thin (B) Si-films. 
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Fig. 2. Simulated threshold voltage of the back (A and B) and front (C and 
D) channels versus front (A and B) and back (C and D) gate biases for various 
channel lengths in thick (A and C) and thin (B and D) films. 
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Fig. 3. Front and back coupling coefficients (α1, α2) versus channel length 
for thick (tSi=25nm) and thin (tSi=7nm) devices obtained by measurements (A) 
and simulations (B). 

 

As the device length is downscaled, a reduction in VT1,2 
and coupling coefficients is observed due to SCEs (figs.1-3). 
This drop is more remarkable in thick SOI devices. For 
ultrathin Si-films, although the roll-off is still present, the 
coupling coefficient remain almost constant (figs.1-3), 
indicating that UTBB transistors can be further scaled down. 
This constant body factor is a consequence of the 
supercoupling effect.  

The lower coupling coefficient α1 for thinner Si-film (see 
figs. 1-3) can be explained by fig. 4. The thinner front-gate 
oxide (open symbols), which is the case of the measured 
samples, degrades the back-gate impact on the VT1. If the Si-
film thickness were the only difference between the samples 
(half-filled and full symbols), the coupling would be stronger 
for thinner device. It follows that both, the front- and back-
gate oxide, should be downscaled together to keep the 
coupling coefficient constant. 
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Fig. 4. Simulated coupling coefficient α1 as a function of channel length. 

 

In order to analyze how the supercoupling benefits the 
scalability, the potential along the structure (at mid-channel 
from front to back gate) can be seen in fig. 5 for various 
channel lengths at VG1=VT1. For 25nm Si-film (fig. 5A), the 
potential at the back interface is enhanced in shorter channels 
due to the threshold voltage roll-off. The loss of the back 
interface control is caused by the fringing field spreading 
through the BOX. 
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Fig. 5. Simulated potential for various channel lengths in 25nm- (A) and 
7nm-thick (B) Si-film at mid-channel from front to back gate. 

 

On the other hand, figs. 5B and 6 show that the front-gate 
coupling increases in thin SOI devices and the back interface 
tends to follow the potential at the front one, counteracting the 
fringing field impact. The result are: (i) a higher back-
interface potential (ΦS2) than for 25nm-thick transistor, (ii) a 
ΦS2 reduction as the channel length is decreased down to 
60nm and (iii) a slight increase in ΦS2 for channel lengths 
shorter than 60nm. Fig. 6 demonstrates how UTBB devices 
are more resilient against short-channel effects thanks to the 
limited source and drain charge sharing but also to the 
supercoupling effect. 
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Fig. 6. Simulated back surface potential versus gate length for thick (25nm) 
and thin (7nm) films. 

 

IV. CONCLUSIONS 

Measurements and simulations show the supercoupling 
impact on the back-surface potential as well as the variation of 
the coupling coefficient in UTBB SOI for different gate 
lengths. A stronger coupling in thin Si-films was observed by 
maintaining the same front-gate oxide thickness. Therefore, the 
thinner silicon film is a more scalable structure due to the limited 
charge sharing but also to the supercoupling effect. 
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Abstract—  In this work, we present a simple current 
mirror based on two single nanowire strained silicon Schottky 
barrier (SB) MOSFETs with gate-all-around (GAA) structure. 
B+ implantation into NiSi2 with dopant segregation at source 
and drain was  used to decrease the Schottky barrier height for 
holes at the metal/channel junctions. The current mirror shows 
a very good Mirror Ratio MR = 0.99 and high output 
resistance of 100M .  

Keywords—Si nanowire schottky barrier MOSFET, NiSi2, 
Implantation into silice, analog performance, current mirror  

I.  INTRODUCTION  
As MOSFET reaches its physical scaling limit, new device 
concepts are required to overcome scaling problems in 
CMOS technology. One candidate is Schottky barrier (SB) 
MOSFET using metallic contacts that have lower parasitic 
source/drain (S/D) resistances with abrupt junctions at 
silicon/metal interfaces which overcome scaling limitations 
for short channel devices[1]. This can also improve energy 
efficiency over conventional MOSFETs. Moreover, 
replacing S/D with silicide requires low thermal budget and 
is silicon process compatible. One of the issues concerning 
this technology is optimization of line edge roughness 
quality of the silicide to prevent contact property variation, 
especially for analog circuits that need high matching 
between devices to perform properly. Improved control over 
silicide/channel interface by introducing  ultra thin silicides 
on different SOI substrates has been exhibited [2], [3]. It has 
been shown that NiSi2 is a promising candidate due to its 
small lattice mismatch with respect to silicon, high 
temperature stability and lower contact resistivity compared 
to NiSi and Ni1-xPtxSi [2]. However, these contacts still 
suffer from large SB heights that result in comparatively 
low on current and poor subthreshold swing. It has been 
shown that dopant implantation into silicide (IIS)  can be 
used to tune Schottky barrier height (SBH) [4], [5], while 
preventing dopant diffusion far into the channel, the so-
called dopant segregation [6]. Electrical properties of 
SBMOSFETs fabricated with IIS for planar [3] and NW-
array gate-all-around (GAA) [7], [8] devices have been 
already investigated, showing improved current  and sub-  
 

 
 
 
 
 

 
 
 
 

 
 
 
 
 
 

 
 
threshold slope for both n-type and p-type by dopant 
segregation. In this work, we aim to analyze the analog 
circuit performance of single NW strained silicon GAA 
SBMOSFETs by fabricating a simple current mirror based 
on two connected transistors. We demonstrate SBMOSFETs 
with high on-currents and good slopes. We also extract 
mirror ratio and output resistance of the fabricated current 
mirror circuit. It is shown that using SBMOSFETs, simple 
current mirrors with high output resistance can be 
fabricated, eliminating the need for more complex current 
mirror designs to achieve the same performance. 
 
 
 

Fig.1: (a) cross section schematic of the single NW sSi SBMOSFET with 
TiN/HfO2 – gate stack and tilted IIS-process of Boron for source and drain. (b) The 
process flow of the device. 

(a) 

(b) 
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II. SBMOSFET FABRICATION PROCESS 
Single nanowire SB-MOSFETs were fabricated on 15nm 
thick biaxial tensely strained sSOI ( biax = 0.8%) substrates 
with 145 nm BOX using electron beam lithography and dry 
etching technique. After mesa definition and RCA cleaning, 
a 3nm thick HfO2 layer was grown by atomic layer 
deposition (ALD), followed by atomic vapor deposition 
(AVD®-process) of 40nm TiN. The gate was defined by E-
beam lithography and etched back using dry and wet 
etching. 2nm Ni was deposited using sputter deposition. 
Epitaxial NiSi2 layers at S/D areas were formed by 
annealing the samples at 550°C in forming gas for 30 
seconds. Excessive Ni was then removed by selective wet 
etching. Ref.[3] shows that NiSi2 formation with this 
method has good gate alignment with no encroachment of 

the silicide into the channel region. Then  B+  ion 
implantations (1e15cm-2, 1.5keV) at titled angle of 45° and 
135° were performed for both source and drain junctions as 
shown in Fig.1(a), followed by a low temperature anneal   at 
450°C for 10s in RTP in N2 environment to drive out the 
dopants out of the silicide and make  dopant pockets by 
dopant segregation. Fig.2 shows the SEM images of 
fabricated device viewed from different position. The gate is 
marked in green while the silicide and the NW are marked 
in red. It is clear that the nanowire is suspended and is 
completely wrapped by the high-k/MG stack.  
 

III. SBMOSFET CURRENT MIRROR 

A. Circut layout 
Using the fabrication method explained in the previous 
section, simple current mirrors based on two connected 
transistors were fabricated as exhibited in Fig.3. The source 
contacts of both transistor M1 and M2 are directly 
connected through the silicide and both M1 and M2 share 
the same gate contact with each other using the gate fingers. 
The drain and gate contacts of transistor M1 are connected 
through an aluminum contact fabricated with a lift-off 
process to form the diode connected transistor M1. The 
Aluminum was deposited using evaporation process. 
 

B. Biasing scheme  
The transistors were biased according to the biasing scheme 
shown in Fig.4. VDD was connected to the source of both 
transistors. To drive the diode connected transistor M1, a 
current input, IREF, was applied to the drain of the transistor. 
IREF was increased step by step for each consecutive 
measurement.  Output current Iout was measured while 
sweeping the drain voltage of transistor M2.  
 
 
 

IV. DEVICE CHARACTERISITICS 
Fig.5 shows the transfer characteristics at Vds=0.1 V of the 
fabricated sSi GAA single NW SB MOSFETs with and 
without IIS  shown by the blue and red curves, respectively. 
The minimum off current is shifted to positive Vgs because 
the silicon channel is slightly p-doped (1e16 cm-3) and the 
unadjusted workfunction of the gate. To compensate this 
voltage shift work function engineering would be needed. It 
is evident that IIS increases the drain current and improves 
the inverse subthreshold slope of the device from 
135mV/dec to 80mV/dec, which is constant over a wide 
range of Id values. This is due to reduction of Schottky 
Barrier Height (SBH) for holes by the boron dopant 
segregation at NiSi2/Si channel interface.  The transistor 
shows  a high Ion/Ioff > 106. The ambipolar behavior in both 
cases is relatively small because the SBH for electrons is 
higher than SBH for holes for NiSi2 on SOI substrate.  
 

Fig.2: (a) SEM image of a single sSi NW SB MOSFET with TiN/HfO2 gate 
stack. The gate length is 150 nm. (b) SEM image of the device from a 

different view.

(b) 

(a) 
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The output characteristics of the current mirror is shown in 
Fig.6. Here Vout represents the Vds of transistor M2. Blue 
curves exhibit Iout and red curves correspond to IREF current 
values. As it is shown, by increasing IREF, the output current 
also increases and exhibits good saturation at the respective 
IREF value. The super-linear characteristics of Iout  at small 
absolute Vout indicate that the effective SB height can be 
further improved by optimization of the annealing process 
for the dopant segregation. The Mirror Ratio (MR) = 
Iout/IREF was calculated to be 0.99 at IREF = 1uA which 
indicates both transistors are well matched.  
The mirror ratio is close to 1, because the junction between 
epitaxial NiSi2 and the channel has high quality with low 
edge roughness. This means that the Schottky barrier height 

is highly uniform along source/drain contacts and is 
reproducible. 
 
Another important figure of merit of a current mirror is the 
output resistance Ro. A high output resistance is essential to 
achieve stable output currents under different load 
conditions. One can represent the small signal model of a 
diode-connected SBMOSFET by a resistor of value 1/gm1. 
In this arrangement the output resistance of current mirror is 
the output resistance of transistor M2 (Fig.7).   
 
It is possible to calculate Ro from the output characteristics 
of the current mirror. Fig.8 shows a zoomed view of the 
output curve for IREF = 1uA. As shown in the figure, the 
inverse slope of the output curve in the saturation region is 
the output resistance of the current mirror. The output 
resistance of current mirror was calculated to be more than 
100M  at IREF = 1uA. Due to high output resistance, a 
cascade current mirror can be replaced with simple current 
mirror which allows for lower supply voltage [9]. 
 

 
 
 
   
 
 

 
                   

Fig.3: Circuit layout of the single sSi NW SB MOSFET current mirror. The 
drain and gate of M1 are connected through an Al contact. 

 

Fig.4: Biasing scheme of the p-SB MOSFET based current mirror. 

Fig.5: Transfer characteristics of a SB MOSFET before (red) and after 
(blue) B+ implantation into silicide and annealing, showing improved 

performance of the device by IIS and dopant segregation. 
 

Fig.6: Output characteristics of the current mirror. The red line shows 
the IREF value. The output current exhibits good saturation at IREF values, 

indicating a very good match of both transistors. 
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V. CONCLUSION 
We have fabricated single NW sSi GAA SB MOSFETs 
with B+ implantation into NiSi2 source/drain and dopant 
segregation. The lowered effective SBH for holes by dopant 
segregation increases the on-current and improves the 
subthreshold swing. A simple current mirror employing two 
transistors exhibits a good MR of 0.99 and high output 
resistance of 100M . These properties and low operating 
voltages of fabricated SB MOSFETs makes them suitable 
for low-power analog circuit applications 
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Fig.7: Equivalent circuit for output resistance of the p-SBMOSFET
current mirror. 

Fig.8: Zoomed view of the output characteristics in the saturation
region for IREF = 1uA. Ro is the inverse slope in the saturation 

region as indicated. 
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Abstract—A method for an extraction of a MOSFET 
threshold voltage has been proposed. It is based on an analysis of 
the MOSFET source-bulk junction capacitance behavior along 
the gate-source voltage variation. A channel current effect on the 
threshold voltage extraction is fully eliminated. In parallel the 
junction capacitance and its planar and sidewall components are 
determined. A non-iterative method for extraction of the junction 
capacitance has been proposed. The proposed method operation 
has been demonstrated using series of MOS transistors. 

Keywords—MOSFET, threshold voltage, junction capacitance 

I. INTRODUCTION 
MOSFET threshold voltage (Vth) models are typically 

based on a 1D solution of a Poisson equation in the MOSFET 
below the gate. In this approach the current flow is neglected. 
On the other hand standard threshold voltage extraction 
methods are based on measured I-V characteristics [1]. So an 
electric field effect on mobility and a voltage drop at the source 
and drain resistances in real devices affect Vth extraction. 
Methods aimed at minimization of these effect have been 
proposed, e.g. in [2,3]. However they do not fully eliminate the 
channel current effect on Vth extraction. 

In the presented work we describe a method based on 
measurements of the MOSFET source-bulk (SB) junction 
capacitance Cbs vs the gate-source voltage VGS. The drain 
terminal remains open, so the channel current effect is 
eliminated. 

II. DESCRIPTION OF THE METHOD 
A potential distribution in a space charge area of the SB 

junction below the gate is different than in the area outside the 
gate. Simulation results from Silvaco Atlas for a simplified p-
channel structure are shown in Fig. 1. As the VGS voltage varies 
the potential distribution below the junction remains constant, 
whereas below the gate changes. At the accumulation below 
the gate it is rather insensitive to gate bias, so the Cbs 
capacitance does not change with VGS. However at the onset of 
strong inversion a channel is formed as an expansion of the 
source. It is followed by a steep increase of the Cbs capacitance. 
This observation is a basis of the proposed method. 

a) 

 

b)

 
Fig. 1. a) Potential distribution in p-channel MOSFET for VBS=VGS=0V; b) 

Potential distributions along lines as in a) for VBS=0, 1, 2V, VGS=0, -0.5, 
-1V 

The method consists in measurement of the Cbs(VBS) 
characteristics for a series of VGS voltages. Next Cbs(VGS) 
characteristics are constructed. At the accumulation and 
depletion below the gate the Cbs capacitance should be constant 
irrespective to VGS variation. It is expected, that on the 
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Cbs(VGS) curves there is a clearly visible transition point 
between the accumulation/depletion and inversion ranges. 

III. EXPERIMENTAL RESULTS 
For the experimental validation of the method described in 

the previous section the n- and p-channel MOSFETs fabricated 
in a single p-well, polysilicon gate CMOS process have been 
used. The Cbs(VBS) characteristics of a number of large size 
devices have been measured using a Keithley 4200-SCS 
parametric analyzer equipped with a 4200-CVU card. The size 
of the devices, in particular the size of SB junction areas is 
limited by the LCZ meter minimum range which is 1 pF. The 
Cbs(VBS) characteristics of the p-channel MOSFET, W=50μm, 
L=50μm measured for different VGS voltages are shown in 
Fig. 2. As expected, a strong influence of the gate voltage 
variation is clearly visible. Enlarged bottom parts of these 
curves are shown in the inset. Though in a full-scale plot they 
appear to be constant, however if enlarged a noticeable 
curvature is revealed. An "envelope" of the whole family has 
been calculated as a mean of Cbs capacitances measured for 
a series of four VGS voltage corresponding to the 
accumulation/depletion conditions below the gate 
(0 V≤VGS≤-0.5 V). It corresponds to the Cbs(VBS) 
characteristics of the BS junction including its edge. 

Based on the Cbs(VBS) curve family, Cbs(VGS) 
characteristics with VBS as a parameter have been constructed. 
They are shown in Fig. 3. As expected, three regions may be 
distinguished in these curves. In the first region the Cbs 
capacitance is the lowest and does not depend on the gate 
voltage. In this gate bias range the area below the gate is 
accumulated or depleted and the Cbs capacitance is determined 
only by the space charge of the SB junction. If the gate voltage 
becomes more negative and exceeds the threshold voltage, 
a steep increase of the Cbs capacitance is observed. This effect 
is caused by the expansion of the source region in a form of 
a highly conductive inversion layer. Similarly to the real source 
area, below the gate-induced virtual source there is also 
a depletion area which separates the source plate from the 
bottom quasi-neutral substrate. In the inset in Fig. 3 four curves 

  

Fig. 2. Cbs(VBS) characteristics for p-channel MOSFET, W=50μm, L=50μm; 
VGS=-2..0 V 

  

Fig. 3. Cbs(VGS) characteristics for p-channel MOSFET retrieved from data in 
Fig.2; in the inset the "envelope" is subtracted; points of the strong inversion 
onset are clearly visible 

are plotted after subtracting the "envelope" value taken from 
Fig. 2. Points of the Cbs(VGS) sharp increase are clearly visible. 

The Cbs(VGS) characteristics allow to derive the Vth(VBS) 
characteristics of the MOSFETs. On each Cbs(VGS) curve the 
threshold voltage is determined as the VGS value, at which the 
Cbs capacitance rapidly changes. The accuracy of this method is 
limited by the gate voltage step size. So a direct measurement 
of the Cbs(VGS) characteristics where the gate voltage is swept 
while the substrate bias VBS is stepped is a better solution. 
However, in the frame of this work we have used a simpler 
approach involving Cbs(VBS) measurements for a reasonably 
dense series of the VGS voltages. In Fig. 4a the Vth(VBS) data 
obtained using the proposed method are set together with the 
Vth(VBS) curves obtained using the standard current-based 
methods, namely a linear extrapolation of ID-VGS 
characteristics at transconductance gm maximum, and a linear 
extrapolation of ID/gm

0.5-VGS characteristics [2]. It has been 
found that the proposed C-V based approach gives results very 
close to the standard method based on the linear extrapolation 
of ID-VGS characteristics at transconductance gm maximum. 
This observation is illustrated in Fig. 4b. In Fig. 4c there are 
plots correlating directly [4] the threshold voltage values 
determined using the methods mentioned above. The threshold 
voltages for a set of substrate bias are listed in Table 1. 

In Fig. 4a,c several "humps" are visible on the Vth(VBS) 
curves corresponding to C-V based method for Vth extraction. 
They are due to too coarse grid of the VGS voltage. This 
confirms a need for the mentioned above direct measurement 
of the Cbs(VGS) characteristics with the stepped VBS voltage. 

TABLE I.  THRESHOLD VOLTAGE EXTRACTED VALUES 

VBS 
Method 

ID-VG ID/gm
0.5-VG Cbs-VG 

3.0 -1.425 -1.457 -1.402 
2.0 -1.283 -1.318 -1.283 
1.0 -1.107 -1.146 -1.097 
0.0 -0.860 -0.892 -0.845 

EUROSOI-ULIS 2016

ISBN 978-1-4673-8608-1 183 IEEE Catalog number CFP1649D-USB



 

 a) 

 

 b) 

 

 c) 

 

Fig. 4. Threshold voltage extracted with three methods: a) dependence on 
VBS voltage, b) extraction of Vth based on I-V characteristics, c) direct 
comparison between Vth values extracted with different methods 

IV. PARAMETER EXTRACTION 
In the case of the long-channel enhancement-mode 

MOSFETs the threshold voltage Vth is given by a well known 
formula (1). 

 Vth=Vth,0 + t⋅ γ⋅ [ ( 2φF - t⋅ VBS )0.5  ( 2φF )0.5 ] (1) 

where Vth,0 – threshold voltage at VBS=0 V, γ – body factor, 2φF 
– double Fermi voltage. A variable t is a switch determined by 
the MOSFET type, namely t=+1 for the nMOSFETs, t=-1 for 
the pMOSFETs. Using a method described in [5] for Vth(VBS) 
data, parameters of Vth in (1) may be determined with (2a) and 
(2b), which is subject to a linear regression between terms 
Vth-Vth,0 and (dVth/dVBS)-1. 

 Vth,0 = Vth (0) (2a) 

 φγγ F
BS

th2
0,thth 2t

Vd
Vdt5.0VV ⋅⋅−⋅⋅−=−  (2b) 

The regressions for the Vth(VBS) data extracted using two I-V 
based and Cbs-VGS methods are illustrated in Fig. 5. The 
threshold voltage parameter values have been calculated based 
non the fittings (Table II). The parameters γ and 2φF have 
rather low values due to the fact that the doping concentration 
in the substrate of the devices was rather low (order 
of 1015 cm-3). Significant differences between the γ and 2φF 
values are noticeable, including those which have been 
extracted based on the Cbs-VGS data. The extraction of γ and 
2φF based on the latter characteristics is not fully reliable 
because of a large spread in the Vth-Vth,0 = f [ 1/(dVth/dVBS) ] 
data set. It is due to the mentioned above humps on the Cbs-VGS 
characteristics. So a better method for extraction of the 
threshold voltage based on these characteristics is needed. 

TABLE II.  THRESHOLD VOLTAGE PARAMETERS 

Parameter 
Method 

ID-VG ID/gm
0.5-VG Cbs-VG 

Vth,0 (V) -0.860 -0.892 -0.845 
γ (V0.5) 0.498 0.473 0.460 
2φF (V) 0.573 0.443 0.383 

 

 

Fig. 5. Linear fits (2) corresponding to the pMOSFET Vth(VBS) data extracted  
using two I-V and Cbs-VGS based methods. 
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The proposed method allows for analysis of the Cbs 
capacitance in the MOSFETs. The red "envelope" of the 
Cbs(VBS) characteristics family measured for different VGS 
voltages (Fig. 2) represents the total Cbs capacitance of the 
MOSFET SB junction including its plane and sidewall 
components. Modeling of such a characteristics is based on 
a well known formula (3). 

 Cbs = CJ ⋅ (1 - t⋅VBS/Vbi)-MJ (3) 

where CJ is the capacitance at VBS=0 V, Vbi is a built-in 
voltage, and MJ is a grading coefficient, which is 0.5 for an 
ideal abrupt junction and 0.33 for an ideal linearly graded 
junction. The CJ parameter is easily determined as 
Cbs(VBS=0 V). The remaining two parameters are typically 
extracted using an iterative procedure. Here we propose a non-
iterative approach, which is based on (4). 

 
dCbs / dVBS = CJ⋅ t⋅ MJ/Vbi⋅ (1 - t⋅VBS/Vbi)-MJ-1 

 = Cbs⋅ t⋅ MJ/Vbi / (1 - t⋅VBS/Vbi) 
 (4) 

After a simple transformation of (4) the following method (5) 
for the junction capacitance parameter extraction may be 
proposed, where (5b) is subject to a linear regression between 
VBS and Cbs / (dCbs/dVBS) terms. 

 CJ = Cbs (0) (5a) 

 VBS = t⋅ Vbi - MJ⋅ Cbs / ( dCbs/dVBS ) (5b) 

The linear fit used for the Cbs(VBS) data corresponding to the 
"envelope" is illustrated in Fig. 6. A rather poor quality of this 
fit is related to noisy small values of the measured 
capacitances. This makes some problems for the parameter 
extraction. If the iterative procedure were used it would 
probably fail. Our approach is not so sensitive to the data 
quality. The calculated  parameter values are as follows: 
CJ=6.3-13 F, Vbi=0.22 V, MJ=0.04. Such small valuae of Vbi, 
and MJ are very probably related to the fact that Cbs(VBS) data 

 

Fig. 6. Extraction of the junction capacitance parameters (5) 

contain their plane and sidewall components. The sidewall 
capacitance is much less sensitive to VBS voltage, so it affects 
the parameter extraction. The Cbs(VBS) data for MOSFETs of 
different channel widths may be used to solve this problem. 
C-V curves for two pMOSFETs are shown in Fig. 7. Based on 
the device layout (inset in Fig. 7) the Cbs capacitance may be 
expressed by (6). 

 Cbs =W ⋅ [ LS ⋅ Cbs,A(VBS) +  

 +Cbs,SW(VBS) + Cbs,G(VGS,VBS) ] + 2 ⋅ LS⋅ Cbs,SW(VBS)
 (6) 

By using (6) it is theoretically possible to separate the bulk and 
sidewall components Cbs,A, Cbs,SW of the Cbs(VBS) 
characteristics. This method is currently under investigation. 

V. SUMMARY 
The presented method allows for parallel extraction of the 

MOSFET threshold voltage and junction capacitance 
parameters. The threshold voltage extraction procedure 
requires a fine sweep of the gate voltage during the capacitance 
measurement. New non-iterative methods for the threshold 
voltage and capacitance models have been also proposed. 
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Fig. 7. Cbs(VGS) characteristics for p-channel MOSFETs of different widths 
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Abstract — This paper studies gated PIN diodes designed at 
Centro Universitário da FEI and fabricated at Global Foundries 
in the GF0.13 technology, using SiGe substrate and four gate 
setups. The analysis is made through experimental measurements 
and numerical simulations of PIN diodes in dark condition, 
illuminated with visible light or exposed to heavy-ion radiation. 
Particle beam radiation present in hazard environments may 
cause circuit malfunctions due to interference in the device 
response. This paper conducts a brief, but depth study of how 
these variables impact the PIN diode performance, important to 
space and sensor applications. 

Keywords — PIN diode; Visible Light; Heavy-Ion; Numerical 
Simulation 

I.  INTRODUCTION 

Several dimensional variations in the PIN diode structure or 
differences in SiGe alloy can occur as result of differences in 
fabrication process steps with direct impact on device response. 
However, environmental variables – such as exposition to 
visible light – and hazards – such as heavy-ion radiation – also 
interfere in the device response, causing circuit malfunctions if 
their behavior is not fully understood in order to be correctly 
predicted with success. An experimental setup to verify 
radiation damages in electronic structures is very complex and 
it is not always possible to identify the damaging mechanisms 
that occurs. For that, the numerical simulations used in this 
work can return important information on how the studied 
device behave when exposed to light or radiation. 

II. EXPERIMENTAL GATED PIN DIODES 

The experimental cascades of gated PIN devices are 
fabricated by Global Foundries in the GF0.13 technology [1], 
using layout developed at Centro Universitário da FEI, 
experimentally characterized and also numerically simulated 
through Sentaurus Device TCAD Simulator [2]. Grown on top 
of the silicon standard bulk substrate is the active SiGe layer 
with doping level P- of 1015 cm-3 and peak acceptor doping 
concentration of 2.3549x1017 cm-3 near interface. Anode P+ 
and cathode N+ doping regions are both 5x1019 cm-3 and 0.1 
μm depth. The intrinsic region is 11 μm long, with gate oxide 
dielectric EOT of 3.2 nm and a thick silicon oxide layer 
covering the device. Four devices are measured, each 
containing different gate length and position. One PIN diode 

with full gate of Lg = 11 μm and three PIN diodes with partial 
gate of Lg = 6 μm placed in three positions on top of the 
intrinsic region: left, center and right. Fig. 1 shows the 
schematic representation of the experimental bulk PIN diode 
with the p-type SiGe region in the full gate configuration. 

 
Fig. 1. Bulk PIN diode with p-type substrate and full gate. 

The simulation’s initial mobility, recombination and 
electric field models for Si and Ge were adjusted based on 
experimental measurements. 

III. DARK AND ILLUMINATED EXPERIMENTAL DEVICES 

The electrical characterization was conducted using the 
Keithley 4200 in both dark and illuminated conditions, with the 
visible light spectrum (from 430 nm to 770 nm) used for the 
illuminated situation. Fig. 2 to Fig. 5 present the absolute 
cathode, anode, gate and bulk (substrate) currents in dark and 
illuminated conditions as a function of the anode ramp voltage 
Van from -1 V to +1 V, for the full, left, center and right gate 
devices in three gate Vg biases: -0.5 V, 0 V and +0.5 V, with 
cathode and bulk set to 0 V. 

The light incidence increased the cathode Icat and gate Ig 
current in several orders of magnitude with reverse bias applied 
due to photogeneration process and virtually no Ian or Ibulk 
variance, as anticipated. The bulk current falls in the expected 
level to the bias adopted in this work. Larger increase were 
noted for smaller gate lengths, which have wider windows 
available for light incidence, resulting in higher generated 
photocurrent [3]. For the full gate with Van < -0.5 V, an up to 
four-decade rise in the anode current Ian and Icat occurs for Vg = 
+0.5 V. Left and center gates presented similar results, with 
right gate having excessively high Ig, rivaling to Ian and Icat and 
almost no dependence with light incidence. 
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Fig. 2. Electrical current as a function of anode ramp for full gated PIN diodes. 
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Fig. 3. Electrical current as a function of anode ramp for left gated PIN diodes. 
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Fig. 4. Electrical current as a function of anode ramp for center gated PIN 
diodes. 
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Fig. 5. Electrical current as a function of anode ramp for right gated PIN 
diodes. 

IV. PROCESS VARIATION SIMULATIONS 

Numerical TCAD simulation models were compared and 
adjusted with experimental data, as presented in Fig. 6. 
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Fig. 6. Measured and numerically simulated currents as a function of Vanode for 
full gated PIN. 

After simulation validations, a batch of simulations were 
performed introducing process anomalies that replicate 
possible problems during fabrication process. Variation in the 
Si1-xGex alloy concentrations during its epitaxial growth 
changes the height of barrier between semiconductor and 
oxide, resulting in displacement of direct bias voltage start in 
Ian, with possible compromising of correct operation mode of 
PIN diode, presented in Fig. 7 (a), changing the Ge proportion 
from 10 % to 30 %, causing the Ian shift to lower Van value. The 
anode/cathode junction depth variation from 0.1 μm to 0.01 
μm shifts the Ian direct bias to lower Van and reduces the Ian 
peak value. The variation from 0.1 μm to 0.5 μm shifts the Ian 
in the opposite trend, as seen in Fig. 7 (b). 
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Fig. 7. Variations in (a) Si1-xGex concentration and (b) anode/cathode junction 
depth. 

V. HEAVY-ION RADIATION SIMULATIONS 

The study of heavy-ion radiation through numerical 
simulations were made, applying a LET of 10 MeV.cm2/mg [4] 
with radius of 50 nm [5] and Van of -0.5 V and +0.5 V. The 
particle incidence takes place at 0.1 ns and the Icat peak occurs 
at ~0.3 ns and latter decays. The ionizing particle creates 
electron-hole pairs inside the active region and part of them 
recombines, while the remaining charge drifts, interfering on 
the electrical behavior of the device. Fig. 8 presents the total 
current density for the incidence angle of 0º at 0.1 ns and at 0.3 
ns, showing that at first a thin layer of current is formed near 
gate interface. Next, most of the current generated is captured 
by the cathode and the peak in Icat occurs (Fig. 8b). 

               anode                       gate                   cathode 

 
(a) Tot. Cur. Density; Angle=0º; Van=-0.5V; Time=0.1ns 

 

               anode                        gate                  cathode 

 
(b) Tot. Cur. Density; Angle=0º; Van=-0.5V; Time=0.3ns 

 

Total Current 
Density (A/cm2) 

Fig. 8. Total current density for the incidence angle of 0º at 0.1 ns and at 0.3 ns 
with Van = -0.5 V. 

In the incidence angle of 45º, the total current density is 
presented in Fig. 9 at 0.1 ns and at 0.3 ns, with rise in the total 
current density with the change in incidence angle and thicker 
current layer near gate interface. 

 

               anode                       gate                   cathode 

 
(a) Tot. Cur. Density; Angle=45º; Van=-0.5V; Time=0.1ns 

 

               anode                        gate                  cathode 

 
(b) Tot. Cur. Density; Angle=45º; Van=-0.5V; Time=0.3ns 

 

Total Current 
Density (A/cm2)

Fig. 9. Total current density for the incidence angle of 45º at 0.1 ns and at 0.3 
ns with Van = -0.5 V. 

With the new incidence angle, the generated electron-hole 
pairs are now closer to the depletion region from cathode than 
for 0º angle and more susceptible to its electrostatic potential, 
rising almost two orders of magnitude in total current. 

The simulated current captured by the cathode as a function 
of the time with the anode biased in -0.5 V and +0.5 V, result 
of the incidence of the heavy-ion beam, is presented in Fig. 10 
for both incidence angles. 
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Fig. 10. Simulated cathode current as a function of time for incidence angle of 
0º and 45º, with anode bias of -0.5 V and 0.5 V. 

The simulation results presented in Fig. 10 shows that a 
36.7 % smaller Icat peak with the anode polarized in +0.5 V 
than with it in -0.5 V in the perpendicular incidence angle, as 
less electron-hole pairs generated by the heavy-ion beam are 
captured and a 68.8 % smaller Icat peak with the 45º incidence 
angle, changing Van from -0.5 V to +0.5 V. The change in the 
incidence angle from 0º to 45º increases the cathode current 
peak in 155 % with Van = -0.5 V and 26 % with Van = +0.5 V. 
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VI. CONCLUSIONS 
Multiple PIN diode structures with gate placed in different 

positions were measured and the structure with gate placed in 
the right side of the intrinsic region, next to the cathode region, 
returned as the less favorable situation, with gate leakage current 
levels that equals or surpasses the anode or cathode current. The 
center gate diode returned as a promising candidate for 
photodetection with gate bias of -0.5 V or 0.0 V, combining the 
larger cathode current sensitivity to visible light with the lowest 
gate leakage current. Calibrated numerical simulation models 
allowed to predict possible source of problems from fabrication 
process that can result in the shift of direct bias voltage start and 
current overshoots following heavy-ion radiation in different 
angles. The gated PIN diode developed at Centro Universitário 
da FEI shows promising results as photodetector and with room 
to be implemented as a SEE radiation sensor in the near future. 
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Abstract—In this work we have studied relations between 
three competing effects that take place during high temperature 
annealing of PECVD ultrathin silicon layer, namely: amorphous 
silicon recrystallization, amorphous silicon oxidation and 
oxidation of just received crystalline silicon in the first few 
minutes of this process. Understanding very complex relations 
between these kinetics is essential to allow for conscious 
manipulating of annealing and/or oxidation  parameters in order 
to achieve different results, depending on the application in mind.  
The presented below results are, to our knowledge, the first 
attempt to address these issues.   

Keywords—PECVD silicon; ultrathin silicon films; nanodots; 
silicon recrystallization; thermal oxidation.   

I.  INTRODUCTION 
Depending on application, different requirements on 

physical structure and properties of silicon ultrathin layer in 
double oxide barrier structure can be given. The most 
intriguing case is possibility of obtaining silicon nano-crystals 
(nanodots) in the dielectric (oxide) matrix, which can be 
achieved by very careful recrystallization and oxidation 
processes [e.g. 1-7]. As both of these processes require high 
temperature, they can take place at the same time, 
simultaneously, providing appropriate conditions are satisfied. 
The main difference between the conditions needed for them is 
presence of oxygen which obviously is required for oxidation 
process. It has to be realized that oxygen free conditions are 
very difficult to achieve. Hence, even in neutral gas annealing 
case this process can be expected. This work is supposed to 
provide grounds for practical use of annealing and/or oxidation 
of PECVD ultrathin silicon layers to fabricate different 
nanoelectronic and nanophotonic devices. 

 

II. EXPERIMENTAL 

A. Sample preparation and technology  

In the experiment, Si (100) 5-9 cm boron doped wafers 
were used as substrates. Atomic flat conditions of silicon 
wafer surface were ensured by sacrificial oxidation followed 
by selective oxide etch-off. Then, ultrathin layer silicon 
PECVD deposition was performed. Optimum conditions of 

this process were determined in previous works (e.g. [8, 9]). 
Basing on the previous results [2] we have narrowed the 
temperature range to between 700°C and 1000°C and limited 
significantly annealing time to maximum 5 minutes only.  

For the PECVD processing, Oxford PlasmaTechnology  
80+ system was used. Deposition of a-Si layers were 
performed using SiH4 (2%):He.  In order to reduce the 
deposition kinetics, argon was used for farther dilution of 
reaction  gas in the reaction chamber. High temperature 
annealing was performed in typical semiconductor high 
temperature furnace in quartz tube. Argon of 5N (99.999%) 
purity was used for this purpose. 

 

 
Fig. 1 Studied structure and its formation process flow  

 

B. Characterization of the obtained structures and results of 
annealing 
The results of structures manufacturing was then examined 

by spectroscopic ellipsometry study (UVISEL-NIR by Jobin-
Yvon). This method has proved already before [e.g. 2, 3, 9, 
10] to be very sensitive and reliable, while fast and non-
destructive, capable not only of evaluation of individual layer 
thickness in this multilayer structure, but, providing it is used 
carefully, allowing to obtain also information on the 
composition of the measured layers.  Achieved results of 
fitting optical models to measured ellipsometric data within  

In few individual cases, the results were also farther 
verified by HR-TEM observations. They did not, however, 
serve for collecting quantitative data on content of crystalline 

This work was funded via National Grants by National Science Centre – 
DEC-2011/03/B/ST702595 (UMO-2011/03/B/ST7/02595). 

wafers’ cleaning 

sacrificial oxidation

oxide etching off 

PECVD Si 

High temperature 
annealing in Ar 

Si substrate  

a-Si 

EUROSOI-ULIS 2016

ISBN 978-1-4673-8608-1 190 IEEE Catalog number CFP1649D-USB



phase, keeping in mind that smaller than 3 nm nanocrystals 
cannot be successfully observed in TEM (as discussed also in 
[2]).   

III. RESULTS AND ANALYSIS 

In high temperatures as-deposited Si can undergo 
recrystallization. During the same process presence of oxygen 
inevitably leads to silicon oxidation process. Obtained results 
prove that this effect cannot be ignored. This, in turn, 
complicates behavior of the studied system during annealing 
process. Consequently, amorphous silicon phase (a-Si) can 
either be subject of recrystallization or to oxidation 
(oxidation#1). It has to be realized that silicon nanocrystals (c-
Si) are also prone to oxidation. Thus, this effect also has to be 
taken into consideration (oxidation#2). In order to understand 
the experimentally obtained results of annealing of structure of 
interest, we have to study kinetics of all three processes 
potentially involved shown schematically in Fig. 2.    

 

 
Fig. 2 Schema of effects competing during high temperature processes for 

PECVD silicon ultrathin layer containing structures. 

The experiments were performed on structures with 
original thickness of as-deposited silicon layer thickness equal 
to 53 Å.  

According to spectroscopic ellipsometry results (confirmed 
by HR-TEM), the as-deposited PECVD Si layer contains 
amorphous silicon phase (a-Si), as well as (limited fraction) 
nanocrystalline silicon phase (c-Si) and, interestingly – also - 
silicon oxide phase (SiO2). In order to represent potential 
oxidation of top surface of ultrathin Si layer during annealing - 
(result of oxidation#1 or #2), additional SiO2 layer was 
included in the optical model analysis (see Fig. 2). It is 
important that in all this study, ellipsometric measurements 
were fitted to these models with RMS<0.1 for the whole 
spectrum of measured wave lengths and the measurements 
were performed in multiple locations on the samples to verify 
for non-uniform distribution. Thus, we have all the reasons to 
consider the obtained results reliable and accurate (within the 
limits of the method).  

The exemplary results shown in Figs.3-5 point out that in 
the studied annealing conditions we can observe competition 
of all of the expected effects.  

A. Silicon oxdation  
Despite using 5N purity argon few sources of oxygen in 

the annealing system can be named. These are: 
• natural silicon oxide layer located between the silicon 

monocrystalline substrate and PECVD Si; 
• water vapor adsorbed on sample surface before their 

loading into high temperature furnace; 
• diffusion through the wall of quartz tube in the high 

temperature furnace used for annealing, (which can be 
fully prevented only by double wall quartz tube system and 
strongly temperature dependent).  
 

 

Fig. 2 Schemas of optical models used for analysis of spectroscopic 
ellipsometry data: a) for as deposited single PECVD Si layer 
parameters determination, b) for evaluation of structure properties 
after annealing process.  

Hence, in our study, we have to take into consideration all 
options shown schematically in Fig. 2.  

B. Silicon recrystllization 
In the former experiments, we have experimentally 

verified wide range of annealing temperatures and times. - 
temperatures from 350°C up to 1100°C and times from few 
minutes to almost half an hour. The obtained results have 
already been published in [2]. Basing on these results we have 
narrowed the temperature range to between 700°C and 1000°C 
and limited annealing time to 5 minutes only. Recrystallization 
effects can be observed by changes of a-Si to c-Si ratio in the 
PECVD Si ultrathin layer.   

C. Discussion on temperature dependencies  
As can be seen in Fig. 4a the lowest annealing temperature 

– 700°C is too low to get recrystallization effects within the 
PECVD Si film. This is in agreement with results of studies 
presented before for various methods of layers deposition (e.g. 
[11]). On the contrary, during first minute - the originally 
observed crystalline phase of this layer (c-Si) disappears 
almost completely. Interestingly, the silicon oxide phase 
within the PECVD Si layer remains almost constant during 
annealing, while oxide on top of the structure grows. The 
oxide growth is slow and tends to saturate for annealing times 
longer than 3 minutes.  

For 800°C, we still can see, the initial period (first minute) 
during which c-Si disappears (see Fig. 4b). In this case, 
however, from this moment noticeable recrystallization 
occurs.  

 

c-Si phase 

SiO2 phase 

a-Si phase 
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Recrystallization process behaves differently for 900°C. 
We no more observe amorphization of originally observed 
c-Si phase during the first minute of this high temperature 
process. Instead, we can see, that in this temperature PECVD 
Si get practically completely recrystallized during this first 
minute. As regards oxide formation oxide thickness tends to 
saturate despite the fact that c-Si is still available for 
oxidation. This could potentially mean that there is not enough 
oxygen in the system to continue oxidation. The oxide growth 
is higher than in 800°C which is in agreement with oxidation 
kinetics theory.  

In 1000°C (see Fig. 4c) during 1 minute all a-Si is gone. 
Due to high rate of oxidation, also most of c-Si is also 
oxidized. After 2 minutes of annealing, practically we can 
observe only slow but continuous growth of oxide. As we 
have all Si PECVD is already consumed it is believed that we 
observe oxidation of Si substrate then.    

 

  

   
Fig. 4 Individual layers’ and phases’ reaction to annealing in pure argon in 

different temperature of PECVD Si layer. PECVD Si layer consists of 
a-Si, c-Si and SiO2 in PECVD Si phases. SiO2 on top is determined as 
separate layer. 

 

In the Fig. 5 the oxide growth is presented for all studied 
annealing temperatures. For this purpose “SiO2 on top” has 
been added to “SiO2 in PECVD Si”. Although obtained 
relation resembles classical oxidation kinetics temperature 
dependence. More careful analysis is needed, but temperature 
dependence in our study is certainly smaller than that for 
unlimited oxidant case. On the other hand, within such short 
oxidation time (< 5 min) no saturation would be expected for 
temperatures higher than 900°C [12]. There could be two 
potential reasons for the latter observation, namely lack of free 
oxygen for farther oxidation or deficiency of silicon. Regarding 
the latter case – one has to remember that in our study PECVD 
Si film is deposited directly on top of monocrystalline silicon 

substrate. Thus, oxidation could potentially continue by 
consuming monocrystalline silicon substrate. If it does not – 
which is the case - the potential reason for oxide growth 
saturation is rather deficiency of oxidant.  

 

 
Fig. 5 Total oxide thickness (“SiO2 on top” + “SiO2 within PECVD Si”) 

changes during high temperature annealing. 

Consequently, we have to realize that oxidation behavior may 
vary depending on available in the system sources of oxidant 
species. Hence, for example, introduction of oxide layer 
between substrate and PECVD Si film can change this picture. 
Moreover, the influence of this oxide layer can differ 
depending on the stoichiometry of the layer or its thermal 
stability. Consequently, silicon oxide layer with deficiency of 
silicon in it could be considered as potential additional source 
of oxygen to PECVD Si film oxidation, while one with 
deficiency of oxygen – not. Similarly, unstable in high 
temperatures hafnium oxide could be also considered as 
potential source of oxygen for this reaction in ultrathin silicon 
films.   

In Fig. 6 we presented behavior of total free silicon phase 
(a-Si + c-Si) in the studied structure vs annealing time and 
temperature. From this figure it becomes clear that for 1000°C 
annealing the deposited silicon PECVD layer gets completely 
practically consumed in very short time, i.e. in 2 minutes. 
Hence, it is reasonable to assume that oxidation observed since 
then is most probably already consuming monocrystalline 
silicon substrate. 

 

 
Fig. 6 Total free silicon (a-Si + c-Si) changes during high temperature 

annealing.    
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IV. CONCLUSIONS 
From the experiments performed within the framework of this 
study it becomes evident, that:  
• regarding the recrystallization issues:  

- as a result of recrystallization during high 
temperature annealing, the silicon layer structure is 
transformed into the polycrystalline form, i.e. it 
consists of nanocrystals of sizes comparable to the 
overall final silicon layer thickness; 

- although in 700°C is temperature high enough to 
decompose nanocrystals that are present in as-
deposited silicon layer, this temperature is too low to 
achieve later its recrystallization in the examined 
timeframe;  

- from 800°C  on, decomposition of initial nanocrystals 
after annealing as short as 1 minute is followed by 
recrystallization which saturates after affecting 
majority of the silicon layers volume (regardless its 
initial thickness); 

- from 900°C on, however, we observe almost 
complete recrystallization of amorphous silicon layer 
in time as short as 1 minute; 

• regarding the oxidation issues:  
- oxidation takes place during high temperature 

annealing although it is performed in the neutral 
atmosphere of pure argon, which indicates that 
oxygen needed for this process is supplied from some 
other sources (natural silicon oxides or some other 
external sources); 

- for 700°C oxidation rate is very low and oxide 
growth saturates prior to consumption even very thin 
amorphous silicon layer; 

- for 800°C oxide growth also saturates after 2 minutes 
only, despite availability of free silicon; 

- for 900°C oxidation saturates after consumption of 
certain thickness of silicon layer; 

- for 1000°C oxidation consumes practically 
completely silicon layer of initially and farther 
oxidation takes place at the expense of 
monocrystalline silicon substrate; 

The conclusions described above show that for temperatures 
between 700°C and 900°C and annealing times between 1 
minute and 5 minutes there exists a significant chance of 
finding a technological window allowing to promote either 

recrystallization or oxidation depending on the requirements 
of the technology of different structures or devices.  
It also seems justified to conclude that PECVD Si ultrathin 
layers manufactured for the purpose of this study exhibit much 
smaller internal strain than the ones fabricated by magnetron 
sputtering method. This results in turn in lower crystallization 
temperature favoring this process vs oxidation. 
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Fig. 1. Band diagram of considered multilayer gate stack MIS tunnel 
diode. 

 

Fig. 2. Currents flow implemented in the model. 
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Abstract—Admittance parameters analysis can give useful 
information on traps located at the inner interface in high-k gate 
stacks. The presented study reveals that conductance 
characteristics are more valuable for characterization procedure 
then capacitance ones. It particularly considers structures in 
which tunnel communication via traps cannot be neglected. 

Keywords—tunnelling; inner interface traps; border traps; 
high-k gate stack; admittance characterization; MIS structures 

I.  INTRODUCTION 
Due to thermodynamic stability and electrical quality 

requirements for the substrate interface, a typical high-k gate 
stack comprises an interfacial silicon dioxide layer beneath the 
high-k layer. In this paper, the effect of tunneling through traps 
located at the inner interface inside the high-k gate stack on the 
small-signal admittance parameters of the multilayer gate stack 
MIS tunnel diode is investigated by means of a theoretical 
model. 

II. THEORETICAL MODEL 
The band diagram of the considered structure is presented 

in Fig. 1. The applied theoretical model of the MIS tunnel 
diode, described in [1] [2], is based on the steady-state 
analytical model [3] and a three-phase procedure utilized to 
determine the small-signal response. The model was expanded 
by including a small-signal response of the insulator traps 
located at the inner interface inside the gate stack, which are 
charged and discharged by processes of tunneling from/to the 
gate electrode (current JST) and processes of thermally activated 
elastic tunneling from/to the semiconductor conduction band 
(current JtrC) and the valence band (current JtrV) as depicted in 
Fig. 2. The calculation procedures for tunnel currents between 
the substrate and the gate electrode (JVT, JCT) utilize an 
analytical formula for tunneling probability through a double-
layer barrier presented in [4]. 

III. DISCUSSION 
The simulations were performed for gate stacks formed of 

metal gate, hafnium oxide and a silicon dioxide interfacial 
layer. The single-energy level traps were located at the inner 
interface (i.e. between the high-k layer and the interfacial 
layer). The effect of relative location of the inner interface 

(xtr / tstack) on small-signal admittance parameters of the 
considered structure are presented in Fig. 3 and Fig. 4. 
The parallel conductance (GPm) and capacitance (CPm) refer to 
the parallel equivalent circuit used in capacitance-voltage 

This work was supported by National Science Centre Poland upon 
decisions no. DEC-2012/07/N/ST7/03233 and DEC-2011/03/B/ST7/02595. 
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Fig. 5. Simulated current via traps located at the gate stack inner 
interface. 

 

Fig. 4. Simulated gate voltage dependencies of the parallel capacitance 
CPm. 

 

Fig. 6. Normalized gate voltage dependencies of the parallel capacitance 
CPm. with xtr/tstack as a parameter. 

 

Fig. 3. Simulated gate voltage dependencies of the parallel conductance 
GPm. 

measurements. There is a significant peak of conductance at 
xtr/tstack = 0.6 (Fig. 3) at the accumulation bias range (i.e. 
Ug > 0.5 V). It reflects the maximum efficiency of the tunnel 
current transport across the gate stack. In that case the current 
through the traps reaches its maximum (Fig. 5) and it is much 
more efficient then direct tunneling (JVT, JCT). Since the 
currents continuity is preserved at the trap node, for 
xtr/tstack < 0.6 the transport is limited by low JST value (due to 
the thick high-k layer). In the opposite case (xtr/tstack > 0.6), the 
thick interfacial layer (and thus low JtrC/V) limits the transport 
efficiency. If both insulator layers were made of the same 
material, the peak conductance would be obtained for 
xtr/tstack = 0.5 [5]. 
 

If the interfacial layer is very thin (i.e. xtr/tstack  1) the 
inner interface traps act as they were substrate interface traps 
and their small-signal response can be observed in the 
inversion region (-0.8 V < Ug < -0.4 V) of the C-V (Fig. 4) and 
G-V (Fig. 3) characteristics. 

For thick high-k layers (xtr/tstack > 0.7) there is no noticeable 
impact of the traps on C-V curves in the accumulation region 
(i.e. Ug > 0.2 V). As in the aforementioned case of Gpm 
characteristics (Fig. 3), traps effect the C-V characteristic most 
significantly when xtr/tstack = 0.6 (Fig. 6). The discrepancies 
between Cpm and the maximum value of capacitance in the 
accumulation region can be clearly seen for the bias range 
above the flat band voltage (Fig. 6). In the case of a thin high-k 
layer (xtr/tstack < 0.3), there is a good agreement between Cpm 
and the maximum value of capacitance in the accumulation 
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Fig. 8. Simulated gate voltage dependencies of the parallel conductance 
Gpm with inner interface traps density Ntr as a parameter. 

 

Fig. 10. Simulated parallel conductance Gpm dependency of the inner 
interface traps density Ntr . 

 

Fig. 9. Simulated JST  tunnel current impact on parallel conductance Gpm 
vs. Vg characteristics. 

 

Fig. 7. Simulated current-voltsge characteristics for tstack = 3.5 nm and 
tstack = 4.5 nm. 

region, except a narrow bias range of 0.3 V < Ug < 0.5 V. The 
sharp peak of C-V characteristic in the above mentioned bias 
range reflects enhanced small-signal communication between 
inner interface traps and the metal gate. 

In order to investigate the effect of the tunnel 
communication via traps on admittance characteristics, 
simulations for tstack = 4.5 nm were performed. For the assumed 
thickness, the overall gate current is dominated by JST, which is 
several orders of magnitude higher than (JCT + JVT) - Fig. 7. 
The parallel conductance (GPm) value in the inversion region 
results directly from the JST current value. The JST current level 
reflects the traps density according to the model presented in 
[6]. In consequence, higher traps densities lead to higher GPm 
values for the considered gate voltages (Fig.8). The simulation 
results obtained with a model which does not comprise JST 
tunnel current, prove that this transport mechanism has a 
significant impact on GPm and cannot be neglected, especially 
for higher traps densities (Fig. 9).  

 

Moreover, there is a range of the inner interface position 
(xtr / tstack) for which parallel conductance is a linear function of 
traps density (Ntr), as presented in Fig. 10. 

The simulations presented in this paper were performed 
with the standard values of material parameters for silicon and 
silicon dioxide. The hafnium oxide parameters values used for 
the simulations are presented in Tab. 1. 

TABLE I.  HAFNIUM OXIDE PARAMETERS 

Band gap 5.8 eV 

Electron affinity 1.9 eV 

Electron effective mass 0.2 

Hole effective mass 0.6 

Dielectric constant 20 
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IV. CONCLUSION 
The presented discussion proved that the tunnel 

communication between the inner interface traps inside the 
high-k gate stack and both the gate electrode and the 
semiconductor substrate in many cases is significant and 
cannot be neglected in modelling small-signal admittance 
parameters of the multilayer gate stack devices 
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Abstract— In this work, a comparative study between vertical 
silicon GAA TFETs and silicon GAA MOSFETs was realized, 
focusing on relevant analog parameters, as transistor efficiency, 
Early voltage, intrinsic voltage gain, unity gain frequency, and 
the product of the transistor efficiency multiplied by the unity 
gain frequency. The key parameter of comparison is the 
inversion coefficient (IC). The analysis was performed 
considering the different conduction regimes (weak, moderate 
and strong). MOSFETs have presented a higher transistor 
efficiency and a lower value of Early voltage in comparison with 
TFETs. In contrast, the latter technology presents a higher 
intrinsic voltage gain for the whole range of extracted ICs. Some 
other figures of merits, as the unity gain frequency and the 
product of the unity gain frequency and the transistor efficiency 
were obtained. A plateau was observed for the MOSFETs, but 
the TFETs transconductance and product only increase with the 
gate voltage. 

Keywords: TFET; inversion coefficient, analog parameters 

I.  INTRODUCTION 
In order to overcome the technological limitations of 

conventional MOSFETs, devices with a new operation 
principle have been researched. The tunneling field effect 
transistors (TFETs) arise in this category as a promising 
candidate to substitute the conventional MOS devices and are 
based on band-to-band tunneling as the main conduction 
mechanism, in contrast to the drift/diffusion mechanisms of 
MOSFETs. This new technology presents as advantages a 
lower off-current and a subthreshold swing (SS) theoretically 
lower than 60 mV/dec, since they do not have the MOS limit 
due to the different operation principle [1–4].  

Despite the mentioned advantages, the TFETs show a lower 
on-current level at high gate voltages, in comparison to the 
conventional devices. Therefore, new materials and new 
structures have been researched [5–6]. The structure studied in 
this work is the gate-all-around (GAA), which presents a 
stronger electrostatic coupling between the gate and the 
channel carriers in relation to the planar structure. 

Although TFETs have been proposed mainly for digital 
applications, it has been observed that their analog behavior 
can be better if compared with the MOS transistors. [7–11] 

In this work, the analog behavior of vertical gate all around 
TFETs is compared with vertical gate all around MOSFETs in 
terms of transistor efficiency, unity gain frequency, Early 
voltage and intrinsic voltage gain. The analysis was performed 
considering the different conduction regimes (inversion 
coefficient). 

II. DEVICE CHARACTERISTICS 
The studied devices were fabricated at imec, Belgium and 

are silicon gate-all-around (GAA) nTFETs and nMOSFETs, 
which use a top down vertical process flow. The gate stack 
consists of 3nm HfO2 on 1nm SiO2. The gate electrode is 
composed by TiN and -silicon. Regarding their dimensions, 
the TFETs have a physical gate length (LG) of 150 nm, a 
gate/source overlap (LGS) of 30 nm, a gate/drain underlap 
(LGD) of 50 nm and a channel length of 170 nm. The 
MOSFETs have a physical gate length (LG) of 250 nm, a 
gate/source overlap (LGS) of 140 nm, a gate/drain underlap 
(LGD) of 50 nm and a channel length of 180 nm. The source 
and the drain region are doped with 1.1020 at.cm-3 boron (in the 
case of TFETs) and 2.1019 at.cm-3 As, respectively. The 
channel is doped with 1.1016 at.cm-3 As. The measured devices 
contain 100 nanowires in parallel and have 160 nm of 
diameter. The difference between the MOSFETs and the 
TFETs process resides in the source doping process. The 
source of the nMOS devices is doped with 2.1020 at.cm-3 As. 
The structure of the studied devices is shown in figure 1. 

 
Fig. 1 – Structure of the devices. 
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III. EXPERIMENTAL RESULTS AND DISCUSSION 
Figure 2 shows the transfer characteristic curves of both the 

tunneling and MOS transistors. As expected for silicon devices, 
the current level of the TFETs is approximately 4 orders of 
magnitude lower than the one of the MOSFETs due to the 
different conduction mechanisms (Band To Band Tunneling - 
BTBT). Since silicon has a high bandgap value, the BTBT 
onset voltage is high, i.e., a sufficiently high gate voltage needs 
to be applied to the gate in order to reach the BTBT dominated 
regime at the gate/source junction. 
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Fig. 2 – Experimental ID and gm as a function of VGS for GAA nTFETs 

and GAA nMOSFETS. 

Aiming to compare the device behavior, the analog 
parameters analysis was performed as a function of the 
inversion coefficient (IC). The inversion coefficient is the 
normalized drain current in relation to the transition current 
[12]. This ratio depends on the difference between VGS and the 
threshold voltage (VT). Figure 3 shows the relation between the 
overdrive voltage (VGS – VT) and the inversion coefficient for 
the GAA MOSFET. In the case of MOSFETs, the extracted VT 
is 0.48V. In the case of TFETs, the value used was the one 
corresponding to the BTBT onset voltage, which is equal to 
1.9V. More details for the extraction method of this value can 
be found in [7, 13]. 
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Fig. 3 – Experimental VGS-VT vs IC for a GAA MOSFET indicating the 

different conduction regimes. 

The first of the analyzed parameters is the transistor 
efficiency (gm/ID). This parameter indicates the device 

capability of producing a high gain at the same power 
dissipation level. Figure 4 shows the experimental transistor 
efficiency as a function of the inversion coefficient for both 
technologies. One can notice that the maximum value of IC 
obtained for the TFET is approximately 1, due to the high 
value used for its threshold voltage. It is possible to observe 
that both technologies follow the same trend in terms of 
efficiency, i.e., its value decreases with the increase of IC, but 
the MOS devices present a higher gm/ID than their tunneling 
counterparts. This occurs because the transconductance of 
MOSFETs is higher than the transconductance of TFETs. 
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Fig. 4 – Experimental gm/ID as a function of IC for GAA TFET and GAA 

MOSFET. 

The second analyzed parameter is the Early voltage (VEA), 
which indicates the “quality” of the device output 
characteristic. As the tunneling mechanisms present a weaker 
dependence on drain voltage than the drift ones, TFETs present 
a better output characteristic at high VD (higher VEA). Figure 5 
shows the Early voltage as a function of the gate voltage for 
TFET and MOSFET devices. The nMOS transistors presented 
VEA values around -10V (almost constant over the VGS range 
studied). 
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Fig. 5 – Experimental VEA as a function of VGS for GAA TFET and GAA 

MOSFET. 

The intrinsic voltage gain (AV) of both technologies was 
calculated using the following equation: 

AV  gm/gD  VEA* gm / ID 
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Based on this calculation, the curves of AV as a function of 
IC, shown in figure 6, were obtained. It is possible to observe 
that in spite of the non-ideal behavior of the TFET in terms of 
Ion current and subthreshold slope, the intrinsic voltage gain is 
higher for all the conduction regimes in comparison with MOS 
technology. This effect happens because the Early voltage of 
TFETs is higher than the one of MOSFETs and compensates 
the lower values of transistor efficiency. 
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Fig. 6 – Experimental AV as a function of IC for GAA TFET and GAA 

MOSFET. 

The unity gain frequency was also analyzed and was 
calculated using the following equation: 

fT = gm/2 Cgg 

where Cgg is the total gate capacitance. 

Figure 7 shows the curves of the unity gain frequency as a 
function of the inversion coefficient. The dashed curve 
corresponds to the simulated result. The simulation was 
performed in order to analyze the TFET behavior for IC > 1. It 
is noticeable that the fT value of the MOSFET is higher than 
the one of the TFET. The difference in the trend resides in the 
transconductance behavior variation (figure 8) for each 
technology. While gm suffers a degradation at high gate 
voltages for the MOS devices, it increases exponentially for 
TFETs. 
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Fig. 7 – Experimental and simulated fT as a function of IC for GAA TFET 

and GAA MOSFET. 
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Fig. 8 – Experimental and simulated gm as a function of IC for GAA 

TFET and GAA MOSFET. 

One FoM (Figure of Merit) used in this work is the unity 
gain frequency multiplied by the transistor efficiency, 
presented in figure 9. The GAA MOSFET presents an optimun 
region (plateau) around IC = 1, while the GAA TFET 
presented no plateau region. It increases with IC, which is only 
observed for TFET devices. 
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Fig. 9 – Experimental and simulated fT x gm/ID as a function of IC for 

GAA TFET and GAA MOSFET. 

IV. CONCLUSIONS 
In this work, a comparative study between GAA MOSFETs 

and GAA tunneling devices was presented. The analysis 
focused on analog parameters, such as the transistor efficiency, 
the Early voltage, the intrinsic voltage gain and the unity gain 
frequency. The parameters were compared considering the 
different conduction regimes. For this purpose, the inversion 
coefficient was utilized in the analysis. 

Although the MOSFET efficiency is higher, its intrinsic 
voltage gain is lower in comparison with the TFET for all of 
the conduction regimes, due to the better output characteristic 
of the tunneling technology. 
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The MOS transistors presented a higher value of unity gain 
frequency for all of the analyzed inversion coefficients. 
Though, a decrease of the product fT x gm/ID was observed for 
the MOS technology at higher current levels, while this product 
of TFETs only increased. 
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Abstract—Spin-dependent resonant tunneling in ferromagnet-
oxide-semiconductor structures is currently of great interest due 
to the promising potential of semiconductors and silicon in 
particular for spin-driven applications. Trap-assisted tunneling 
explains the larger than predicted signal in three-terminal spin-
injection experiments. However, for realistic comparison to 
experiments at elevated temperatures the master equation 
describing the occupation and spin evolution at an electron trap 
coupled to the contacts must be augmented to include spin 
relaxation and dephasing. A short spin relaxation time 
suppresses the “spin blockade”, thus reducing the 
magnetoresistance modulation. However, intensive dephasing 
does not strongly affect the magnetoresistance. The substantial 
magnetoresistance modulation is present at an arbitrary trap 
position relative to the contacts. Finally, an unusual non-
monotonic dependence of the magnetoresistance half-width as a 
function of the perpendicular magnetic field with dephasing 
increased is observed.  

Keywords—Spin, trap-assisted tunneling, master equation, spin 
relaxation, spin dephasing, tunneling magnetoresistance   

 

I. INTRODUCTION 
Silicon, the main material of microelectronics, is perfectly 

suited for spin-driven applications due to its weak spin-orbit 
interaction and long spin lifetime [1,2]. Spin injection from a 
ferromagnetic electrode into n-silicon was claimed at room 
temperature [3] and also at elevated temperatures [4]. 
However, the amplitude of the signal extracted from a three-
terminal injection method [3,4] is orders of magnitude larger 
than that predicted by a theory [1], provided the signal is 
caused by spin accumulation in silicon. Possible reasons for 
this discrepancy are currently heavily debated [1,5-8]. An 
alternative interpretation of the three-terminal signal magnitude 
based on spin-dependent magnetoresistance due to trap-assisted 
resonant tunneling was proposed [5]; however, the effects of 
spin dynamics and spin relaxation [6], which are important at 
room temperature, were not taken properly into consideration. 
Our goal has been to investigate the role of the spin dynamics 
on a trap including spin relaxation and decoherence in order to 
determine the trap-assisted tunneling magnetoresistance.  

 

 

 

 

 
Fig. 1. An electron tunnels with the rate N on the trap and ± to the 

ferromagnet. A magnetic field B defines the trap spin quantization axis 
OZ’, which is at an angle  to the magnetization orientation OZ in the 
ferromagnetic contact. 

II. METHOD 
To highlight the role of spin relaxation and decoherence on 

the impurity we introduce the corresponding relaxation terms 
into a Lindblad equation for the density matrix evolution of 
spin on a trap. Without these relaxation terms included the 
master equation for the spin density matrix   ( ) 
was recently derived in [5] from the Anderson impurity model 
in the limit of large on-site interaction. In the basis with the 
quantization axis chosen along the magnetization direction 
(Fig.1) in the ferromagnetic contact the corresponding 
equations are [5]: 

 

 

Here the tunneling rate N from silicon to a trap does not 
depend on spin,  while  the  tunneling  rate from  the trap to a  
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ferromagnet depends on the spin projection  = ± on the 
magnetization direction: 
 

 

The current polarization at the interface of the ferromagnet 
p 1 is defined as 

 

The external magnetic field B at the impurity position applied 
in the XZ plane is assumed to form an angle  with the 
magnetization direction in the ferromagnetic lead. The 
magnetic field B enters into the equations (1,2) via the spin 
Larmor precession frequency  
 

  

where e and m are the electron charge and the mass, c is the 
velocity of light. In (1)  denotes the imaginary part and in 
(2) i is the imaginary unit. 

 Let us briefly discuss the terms appearing on the right-
hand side of the equations (1,2). The time dependence of the 
diagonal elements of the density matrix (1) is governed by the 
balance of the first influx term from the normal electrode on 
the trap and the second outflux term to the ferromagnet The 
influx term is proportional to the tunneling rate  multiplied 
by the probability  

 
                                             (6) 

that the site is empty, where 0  is the probability of 
the trap to be occupied. The one-half coefficient in the first 
term is due to the fact that the electron tunneling from the 
normal electrode can occupy the site with equal probabilities 
for the spin projection  to be up or down.  

The second outflux term is proportional to the probability 
that the state with a certain spin projection is occupied 
multiplied by the corresponding tunneling rate. It is also 
assumed for simplicity that a relatively high voltage U is 
applied between the electrodes, so the trap is located at such 
an energy E that the corresponding state in the normal 
electrode is always occupied, while the state in the 
ferromagnet is empty. A generalization to lower voltages and 
finite temperatures is straightforwardly accomplished by 
weighting the tunneling rates  and  with the Fermi 
distribution f(E)  and (1 - f(E+U)), respectively.  

In order to interpret the third term in the right-hand side of 
(1) let us express the density matrix  in terms of the spin 
projections sx, sy, and sz, on the coordinate axis X, Y, and Z, 
correspondingly, in the form  
  

,                                  (7) 

where I is  the unity matrix and  are the Pauli 
 

matrices.  The difference of the equations (1) for  = ± can be 
written as:  
 

 
 
For completeness we also provide the equation for the site 
occupation probability  following from summing up the 
equations (1): 
 

 
 
In case p = 0 one obtains the standard balance equation for the 
occupation decoupled from the spin. The non-zero spin 
polarization of the drain electrode involves the spin degree of 
freedom into the equation for the site occupation, thus 
affecting the current which results in the resistance 
dependence on the magnetic field.  

Similarly, the sum and difference of equations (2) produce 
the following equations: 

 

 
 
 

 
 
The last terms in equations (10), (11) describe the escape 
probabilities of the spin being in the XY plane into the 
ferromagnet. Because the XY plane is perpendicular to the 
magnetization orientation in the ferromagnet along the OZ 
axis, the escape probability is the sum of the two probabilities 

and to tunnel into the states with the spin up and spin 

down in the ferromagnet, respectively. Their sum  
results, according to (3) in the total rate . The equations (9-
11) are conveniently written in the vector form 
 

 
 
where  = (  and  = ( . Equation (13) 
describes the dynamics of the spin in the presence of a 
magnetic field on the impurity coupled to the leads, one of 
which is ferromagnetic. Without the terms proportional to  
the equation resembles the Bloch equation for spin dynamics, 
however, without relaxation and dephasing included. Spin 
relaxation and dephasing can become quite important, 
especially at elevated temperatures, where experiments on 
spin injection in semiconductor by pushing the electrical 
current through a ferromagnet-oxide-semiconductor structure 
are performed. Similar to the Bloch equation, one can 
generalize (13) to include the spin lifetime  and the 
dephasing time .   
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Fig. 2. Current in units of e N as a function of  for p=1 N/ F = 10, 

L/ F = 1, and several values of T2=T1 

The spin dynamics is then described by  
 

 

 
Thereby it is guaranteed that the spin component along the 
magnetic field B relaxes with the time  to an equilibrium 
value s0, while the perpendicular component dephases with the 
time . The master equation (14) includes the spin lifetime T1 
and coherence time T2. Typically T2  T1, however, at elevated 
room temperature  T2  T1. 

In order to analyze (14), we assume that the temperature is 
high compared to the Zeeman energy  so that one 
can neglect s0. It is also more convenient to change the basis to 
x’,y’,z’ axes  so that the z’ axis is along the direction of the 
magnetic field on the trap. The density matrix in this basis is 
written as  

                   (15) 

with a, b, c being the spin expectation value projections on the 
axes x’,y’,z’. To find a stationary solution of (14) we set 

. Then (14) results in the following equations 
 

 

 

 
 

 

 
Fig. 3. Current as a function of , for N/ F = 10, L/ F = 1, 

F T1 = F T1 = 10, and several values of p. 

while (9) after setting   results in 
 

 

 
The current I due to tunneling via a trap is computed as  

 

 

III. RESULTS 
Solving equations (16,17) results in the following expression 
for the current: 
 

 

 

 

 
The current I differs from I0 = F N / ( F + N), the current 
value when both electrodes are nonmagnetic metals. It 
depends on the angle  between the spin quantization axis and 
the magnetization orientation. 

In the case T1=T2 , when relaxation and dephasing are 
ignored, one obtains 

 

With this result the corresponding expression for the current 
obtained in [5] is reproduced. 
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Fig. 4. Current as a function of , for p=1, N/ F = 10, L/ F = 1, 

F T1 = 10, and several values of T2/T1. 

Complementary to [5], (18) includes the effects of spin 
relaxation. When FT1 = FT2 1, the resistance dependence 
on the magnetic field is a Lorentzian function with the half-
width determined by the inverse spin lifetime. A short spin 
relaxation time suppresses the “spin blockade” [5], which 
appears at small  (Fig.2), in a similar fashion as the reduction 
of spin current polarization p (Fig.3). Due to the suppression 
of the last term in (19) at short T2 with T1 fixed, the amplitude 
of the current I( ) modulation with  becomes more 
pronounced (Fig.4), in contrast to the intuitive expectation that 
strong decoherence should reduce the effect. At finite T1 the 
modulation of I( ) is present at an arbitrary trap position 
relative to the contacts (Fig.5), complementary to [5]. Finally, 
with T2 decreasing an unusual non-monotonic dependence of 
the magnetoresistance as a function of the perpendicular 
magnetic field B, with the linewidth decreasing, at shorter T2 
is shown in Fig.6. 

 
Fig. 5. Normalized current as a function of the position x, for p=1, 

N= 0 exp(-x/d), F= 0 exp(-(d-x)/d),  T2=T1, LT2 = 0T2 =10,  

 
Fig. 6. Magnetoresistance signal as a function of the perpendicular magnetic 

field B for several T2/T1, for p=0.8 and FT1=10. The field B0 is parallel 
to the magnetization in the ferromagnet. 

IV. SUMMARY 
 The master equation describing the dynamics of the 
electron spin on a trap in oxide sandwiched between a 
ferromagnetic and a normal metal contact is augmented to 
include the spin relaxation and dephasing. Strong spin 
relaxation reduces the magnetoresistance modulation, however, 
strong dephasing has a lower effect on the magnetoresistance. 
At finite spin relaxation the substantial magnetoresistance 
modulation is present at an arbitrary trap position relative to the 
contacts. An unusual non-monotonic dependence of the 
magnetoresistance as a function of dephasing is observed. 
This work is supported by the ERC grant #247056 MOSILSPIN.  
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As the semiconductor market continues to drive toward 
increased power in smaller area, the industry will face new 
challenges in terms of materials and process integrations.  These 
new challenges include power metallurgies, GaN, and a host of 
other materials.  With increasing complexity and increased wafer 
costs, multiple iterations of experimental silicon are becoming 
more costly and more time consuming.  As a result, the ability to 
simulate and predict material and geometry responses becomes 
all the more valuable. Finite element analysis (FEA) is often used 
for package level simulations, but has gone largely unused at 
wafer and die level.  FEA offers numerous opportunities to 
explore the effects of temperature, stress, and strain and to 
evaluate possible solutions.  This paper examines use of FEA to 
evaluate heat dissipation in a buried N+ resistor in an SOI 
technology and the factors impacting temperature.   “DC” and 
transient simulations varying current, buried oxide thickness, 
contact materials, contact areas and substrate thickness, provide 
information on how heat is dissipated in an SOI power structure 
without requiring costly and time consuming silicon fabrication. 

Keywords—Semiconductor on Insulator, SOI, Heat 
Dissipation 

I. INTRODUCTION 

As semiconductor devices shrink, heat dissipation becomes 
ever more challenging.  While the task is already difficult in 
bulk silicon devices, it takes on even greater difficulty in a 
silicon-on-insulator (SOI) device.  In bulk silicon, the heat can 
travel through the silicon to the package lead frame.  In SOI 
devices, however, the buried oxide and oxide trenches 
surrounding the device act as heat insulation, trapping the 
generated heat within the SOI tub.  The thermal resistance of 
SOI devices has been seen to be as much as an order of 
magnitude higher than that for bulk silicon devices. [1] A 
model was thus constructed to examine the heating and cooling 
of such an SOI structure. 

II. THE MODEL

The model “device” used in the simulations was drawn in 
ANSYS Design Modeler © and is a buried N+ doped resistor 
in an SOI structure.  As shown in Fig.1 and Fig. 2, the N+ 
resistor resides in a P- doped epitaxial layer over buried oxide 
(BOX) and a P+ doped substrate with copper back metal.  A 
thick oxide covers the epitaxial layer.  N+ plugs contact the 
resistor, and metal contacts connect the resistor to mock pads 

with simulated bond wires.   The structure is surrounded by an 
oxide-filled trench.

Fig. 1. The test structure

Oxide

Contacts

Epitaxy N+ Resistor BOX

Fig. 2.  Test Structure Cross-Section 

III. EXPERIMENTATION

Using ANSYS Mechanical © 15.0, static (“DC”) and 
transient thermal-electrical simulations were run to examine 
the relationship between the temperature response in the 
resistor versus four model parameters: 

• Current applied 

• BOX thickness 

• Contact material 

EUROSOI-ULIS 2016

ISBN 978-1-4673-8608-1 206 IEEE Catalog number CFP1649D-USB



• Contact opening area 

• Substrate thickness 

For the simulations, a current was applied to one bond wire 
while the other wire was set to ground.  A temperature of 30c 
was applied to the far ends (ie: “the lead frame end”) of both 
bond wires and to the bottom of the copper back metal.

IV. DC RESULTS

In all simulations, it is seen that the temperature reaches its 
maximum value in the center of the resistor and radiates 
outward (Fig. 3). In the first experimental simulations, the 
applied current was varied from 50mA to 500mA.  As 
expected, the temperature rose with increased current.

Of more interest were the results of simulations varying the 
thickness of the buried oxide.  The BOX was increased from 
0.1um to 1.5um in 1000A steps.  Increased BOX thickness 
resulted in greater retention of heat in the resistor and 
surrounding epitaxial layer. Thinner BOX permitted more of 
the heat to be dissipated through the P+ substrate and away 
from the resistor.  The maximum temperature as a function of 
BOX thickness is shown in Fig. 5 and is seen to follow a 
second-order polynomial.  This is consistent with previous 
research showing thermal resistance to be proportional to the 
square root of the BOX thickness. [2][3][4]

The next question examined was whether the contact 
material would significantly impact the heat dissipation.  Three 
contact metals were modeled, aluminum, tungsten, and copper.  
As shown in Table 1, the contact material had little effect on 
the maximum temperature of the device.  Al and W contacts 
behaved nearly identically, and the Cu contacts dissipating 
slightly more heat. 

TABLE 1. Temperature for Various Contact Materials 

This is consistent given the nearly identical thermal 
conductivities of Al and W and the higher conductivity of Cu. 

Simulations increasing the contact area also had minimal 
impacts to the maximum temperatures seen in the device.  A 
doubling of the total contact area (using aluminum contacts) 
yielded only a few degrees drop in maximum temperature, and 
subsequent increases in area yielded smaller reductions (Fig. 
6). 

One final parameter examined was the thickness of the 
underlying P+ silicon substrate.  Would thinning the substrate, 
thereby reducing the path of resistance to the back metal heat 
sink, result in significant heat dissipation? 

The substrate thickness was varied from 25um to 150um in 
25um intervals with the temperature results shown in Fig. 7.

Fig. 3. Example result showing “hot spot” in the center. 
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Fig. 4. Maximum temperature as a function of DC current

Fig. 5. Maximum temperature as a function of BOX thickness with 
polynomial trend line
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Fig. 7. Maximum temperature as a function of P+ Substrate Thickness

V. TRANSIENT RESULTS

The analysis type was then changed to “transient” to look 
at the overall temperature response over time as these same 
parameters were exercised. 

In the transient analyses, a 300us pulse of current as 
applied to the test structure in the same manner as described 
for the DC analysis.  The applied current was again varied 
from 50mA to 500mA to observe the predicted temperature 
response. For each iteration of current, the temperature is seen 
to spike up to about two-thirds of the way to the maximum 
value in the first few micro-seconds before rising more slowly 
to its maximum value.  Once the current is shut off, the 
temperature ramps down quickly in the initial micro-seconds 
and tapers down to room temperature within 200us. 

Fig. 9 shows the temperature response as a function of 
BOX thickness.  While thinner BOX thickness results in more 
heat dissipated through the BOX to the substrate, and thus 
lower temperature in the resistor, there is no indication that the 
BOX thickness has any significant impact on the rate of 
cooling of the resistor once the current is removed. 

As was seen in the DC models, the contact area and contact 
material had little impact on the temperature response of the 
device (Fig. 10a and 10b). 

As with the other parameters, transient analysis was 
performed with varying thicknesses of P+ substrate.  The 
thickness was again varied form 25-150um in 25um intervals.  
The results, depicted in Fig. 11, show the temperature 
variation seen in DC analysis and roughly identical rates of 
heating and cooling regardless of thickness. 
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VI. SAFE OPERATING AREA

Given the results of these analyses, it would only follow 
that one could also perform FEA in an effort to predict safe 
operating areas.

Single pulses of 1us were applied to the geometry to 
determine the maximum allowable current under which the 
device would not exceed a predetermined temperature (125c
for this example).  The max allowable current was determined
to be 525mA as shown in Fig. 12.

VII. CONCLUSIONS AND FURTHER DISCUSSION

 It is seen that finite element analysis (FEA) can be used to 
predict device behavior at wafer and die level , thereby 
alleviating the need to fabricate test silicon costing thousands 
of dollars and reducing cycle time of results from weeks to 
hours. 

Of the physical device parameters examined for this SOI 
device structure, BOX thickness and P+ substrate thickness 
clearly have the greatest impacts in terms of device heating 
and cooling.  Future work should center around refining the 
model and optimizing the device design in terms of these two 
parameters.  Contact material and contact area, on the other 
hand, were seen to have only negligible impacts. 
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 Abstract—The radius dependent n-p conductivity type 
switching in semiconductor NWs occurred due to the high 
density of surface traps is theoretically analyzed.  The analytical 
model is derived for the potential and charge distribution in NWs 
affected by surface traps. The results are validated with 
numerical solution of Poisson equation including fixed charges 
and both type of mobile charges (electrons and holes). The results 
are compared also with available experimental data. 

Keywords—Nanowires, p-n switching, surface traps, Poisson 
equation 

I.  INTRODUCTION  
Nanowires (NWs) currently are one of the most 

implemented structures in CMOS and non CMOS 
applications: field-effect transistors, sensors, solar cells, 
photo-detectors, switches. The NW structures have unique 
properties which are not essential in bulk or thin film 
semiconductors. Due to the large surface-to-volume ratio the 
surface traps may play very important role in electrical 
characterization of NWs [1-4]. Moreover recently it was 
experimentally approved that due to the surface traps the 
conductivity can be controlled by the variation of NW 
diameter and at certain wire diameter the conduction type of 
NW changes from p- to n-type [5]. Thus in general NW 
underlies surface morphology and size-dependent tunable 
electronic properties. 
The appearance of p- to n-type switching effect in a single 
NW controlled by surface roughness or states can be achieved 
by different ways. For instance, partially covering the surface 
of a compound NW with wide band-gap passivation layer, to 
avoid the NW depletion in this covered part [6], and leaving 
the rest of the NW surface length free of this layer thus 
influenced by surface traps and external factors, e.g. 
chemicals. This type of NW p-n-switching diodes can serve as 
sensitive sensors. Other way to modulate surface roughness 
causing p-n- switching in NW is the sharp modulation of the 
NW radius. However, for accurate design the dependence of 
NW characteristics on surface trapped charges should be well 
described.  Recently several methods were proposed to model 
the influence of interface traps on NW based device 

characteristics [3,4], but neither of them is accounted for 
minority carriers formation in NW channel.    
In this paper we will theoretically study the phenomena   of 
surface traps induced space charge penetration into the NW 
volume resulting for the small diameters to the full depletion  
and leading to the inversion in conductivity type. 

II. ANALYTICAL ANALYZES OF P-N-SWITCHING IN NWS 
We consider n-type NW with radius (R) and acceptor 

type surface traps. All donor impurities in NW volume are 
assumed to be fully ionized. Surface active states trapped 
electrons from NW volume over the existing near-surface 
band bending. Therefore, the depletion layer forms near the 
surface which may spread deep inside the NW. When NW 
radius is larger than the thickness of near surface space charge 
layer the main contribution to NW conductivity is given by 
majority carriers from quasi-neutral n-channel near the NW 
core. The surface traps’ effect becomes more pronounced for 
smaller diameters and large density of surface states when the 
NW becomes fully depleted and intrinsic conductivity is 
predicted. By further reducing the NW radius although all the 
mobile electrons from NW volume were transferred to the 
surface states they can fill the acceptor like surface traps only 
partially, and the remaining part of surface traps start to 
capture electrons from valence band at given temperature. 
Consequently, the density of holes increases near the surface 
and for some critical radius the total number of holes in the 
whole volume of NW can be more than the total number of 
electrons (so an inversion and conductivity type switching 
becomes possible). To analyze the conductivity variation with 
NW parameters at high density of surface states ( ) the 
Poisson equation with consideration of both type of mobile 
charges and ionized donors should be solved. The surface 
trapped charge will be reflected in Neumann boundary 
condition (BC).  We consider NWs with very high aspect 
ratio, so that only radial distribution of potential is important 
and we consider 1D Poisson equation: 

,  (1) 
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where � is the electrostatic potential, q-is an elementary 
charge,  is the semiconductor permittivity,  is the 
uniform donor concentration,  and  are electron and 
hole concentrations, respectively. As a reference point we 
chose the position of intrinsic Fermi level in a deep volume of 
thick NW. Then the Fermi level is defined as 

,  where  is the thermal energy and  is the 
intrinsic concentration. We assume that the effective density 
of states for electrons and holes in conduction and valence 
bands are almost the same. Thus the concentrations of 
electrons and holes under the assumption of Boltzmann 
statistics are  

,    (2) 

.   (3) 

Now by susbstituting  (2) and (3) into (1) and by defining 
normalised variables as: , , we get the 
unitless form of Poisson equation: 

,  (4) 

Where   and . 
In this stage of development we consider single discrete levels 
of surface traps. The occupation probability of interface traps 
is defined as [7]: . The ionization 
energy of traps is determined as ,  and 
bearing in mind that  the 
density of trapped electrons on the surface in unitless variables 
can be written as follows: 

    (5) 

The Neumann boundary conditions  in terms of  normalized 
variables  in  the  center of  NW and  on the surface, 
respectively,  are defined as follows:   and  

. 
The above form of Poisson equation does not admit to any 
closed form analytical solution. The exact solution of (4) with 
defined BCs can be done only numerically. Instead an 
approximate solution can be obtained using regional approach. 

 

A. Aproximate Analitical Solution 
To derive the analytical solution for Poisson equation we 

rely on the linearization of the electric potential in the regions 
where appreciable content of mobile charges (electrons or 
holes) is present. This method was already used to solve the 
Poisson equation in [8], with taking into account only 
electronic mobile charge whereas in our case we should take 
into account also the holes.  
We use a regional approach which divides the electrostatics of 
NW into three regions along the NW radius and apply 

different simplifying assumptions for each regions.  First we 
consider an inversion  region close to the surface ( ) 
where holes are the majority of  mobile charges and electronic 

mobile charge is negligible, so ,  then 
follows the region  where the mobile charges are 
assumed  to be negligible and the full depletion approximation 
is applicable  , finally in the third region close to 
the center of NW where the mobile charge mainly 
consists from electrons: . The coordinates  
and  are variables which can be defined self-consistently by 
solving the above described system of equations imposing the 
continuity of solution at these points. The position of these 
points depend on NW parameters ( ) and even the 
situation can occur   when they are not within the NW at all, 
which means that the NW behaves like a p-type 
semiconductor. 
The potential distribution in the middle region where the full 
depletion approximation is applicable can be derived easily. 
Whereas to get the closed form solution for the other two 
regions we expand exponential terms in  into the Taylor 
series close the most important points.  
For the first region: , by expanding  around its 
value at the surface  we got: 

.       (6)  

For the third region: , by expanding  around its 
value at the center of NW we got: 

.     (7) 

Finally between these two regions, for , there is  a 
region of full depletion:  .      
The continuity of  imposes: 

 ,   (8) 

  .  (9) 

Thus the Poisson equation (4) should be solved with right 
hand side defined by (6-7) and with the following boundary 
conditions: 

  (10) 

(11) 

take into account

 

   (12) 
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where   and  is the modified 
Bessel function of the first kind. 
Further we calculate the electric field at the surface from (12) 
using  BC (10) and got the following equation  for the surface 
potential : 

. (13) 

By substituting (8) into (12) we define the equation from 
where x1 can be calculated: 

.     (14) 

In the region fully depleted from mobile charges ,  
using  (8) and (11),  the  takes the form: 

.   (15) 

(16)

From (9) and (15) we specify the expression for : 

.  (17) 

Further by substituting (17) and (9) into (16) we define the 
equation to calculate : 

.   (18) 

The derived equations (12), (15) and (16) describe the potential 
distribution along the NW radius. 

III. MODEL VALIDATION AND DISCUSSION  
 To validate the accuracy of the derived approximate solution 
we numerically solve (1) with its boundary conditions in 
Wolfram Mathematica and compare our analytical calculations 

with these data. The comparison of analytical and numerical 
calculations are shown in Fig. 1. The potential distributions for 
NWs with different diameters are depicted. Calculations are 
done for GaAs NWs with radii varying from 10nm to 120nm. 
Doping density is set to . We consider discrete 
surface trap level located close to mid-gap. The density of 
surface traps is set to  It is seen that the effect 
of surface traps becomes relevant especially for NWs with 
smaller radii. As smaller is the radius of NW as higher is 
central potential by its absolute value. For NWs with R=30nm 
and less the central potential even is higher than the surface 
potential of NWs with radii larger than 100nm.   
It is seen that the developed analytical model well predicts the 
potential distribution over the large range of NW radii. The 
mismatch between the analytical and numerical calculations 
occurs only for NWs with R=120nm and more. However, NWs 
with such large radii are not in our interest as the p-n-switching 
effect cannot occur at these diameters. It is seen that when the 
NW radius is larger than 100nm at given parameters (ND, Ns) 
the central part of NW is not influenced by surface traps (see 
Fig. 1) and there is a quasi-neutral channel in the core, which 
provides the n-type conductivity. This situation is more 
observable in Fig. 2 (a), where the electric field in NWs is 
calculated from accurate solutions of (1) in Wolfram 
Mathematica for different NWs radii. It is seen that for NWs 
with  radii R=150, 200nm the electric field is already zero far 
away from the NW center, thus only a shallow space-charge 
depletion results from the surface states and the central part of 
NW is not affected. Whereas for NWs with R<100nm the 
depletion region covers the total nanowire at given parameters. 

 
Fig. 1. Potential distribution in radial direction for NWs with radiuses 
varying from 10nm to 120nm. Lines: approximated analytical model, 
circles: numerical calculations. 

 
Fig. 2. Electric field in NWs with different radii calculated from exact 
solutions in Wolfram Matematica (a). Electric field in NW with 70 nm 
radius, line: analytical model, circles: numerical calculations. 
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To confirm that the derived regional approach is accurate also 
for derivatives we plot the electric field calculated analytically 
from (12), (15) and (16) as  and then compare with 
numerical data. The calculations for NW with R=70nm are 
illustrated in Fig. 2(b). The dotted lines show the positions of 

, , calculated using  (14) and (18),  and  divide the NW 
into three regions:  the region close to the surface where the  
holes are already majority, the fully depleted region and the 
region  inhabited with electrons close to NW center. It is 
evident that the approximate analytical model is accurate, 
continues and well predicts not only the potential distribution 
but also the electric field and consequently the charge 
distribution in NW. Once the analytical model is validated, to 
calculate the distribution of electrons and holes we substitute 
the derived potential profile in the exponential terms of (2) and 
(3). The conductivity type of uniformly doped bulk 
semiconductor can be described by referring to mobile charge 
local concentration. But speaking about the NW conduction 
type we cannot define it referring simply to mobile carriers’ 
local concentration, as the carrier concentration, even at 
uniform doping density, can have a great variation from the 
surface to the NW center due to large band bending effect. 
Thus to define the conduction type of NW we should compare 
the integrated concentrations of electrons and holes over the 
NW radius or in other way we have to inspect the sign of the 
total mobile charge. The ratio of net mobile electrons over the 
net holes in NWs calculated for the radii varying from 10nm to 
100nm is illustrated in Fig. 3. Calculations are done by 

considering single energy surface trap levels with ionization 
energy close to mid-gap:  (eV). It is seen 
that the traps located at mid-gap are more effective, which is in 
accordance with existing literature [7]. For the given NW 
radius the ratio of electrons over the holes changes almost 103 

times by varying the ionization energy with 0.1 eV (see Fig.3). 
The dotted line corresponds to the case when the net number of 
electrons and holes are equal. Following up with eV 
curve we see that at given parameters holes are majority in 
NWs with radii less than 35nm, and at 20nm we already have a 
p-type conductivity. This is in a good agreement with 
experimental data [5], where p-type conductivity was observed 
for NWs with diameter less than 40nm. It is worth to note that 
in our calculations we chose the material and doping density in 
accordance with [5]. The comparison of the data from [5] and 
our calculations is presented in Table 1. 
 However, the impact of surface traps effect on NW 
conductivity depends also on NW material. In Fig. 4 we 
compare GaAs and Si NWs with the same doping 
concentration, density of surface states and assuming traps 
energy located close to mid-gap: eV for the Si NW 
and eV for GaAs NW. It is seen that Si NW is less 
affected by surface roughness as it was expected. 
In conclusion, in this work we discussed the mechanism of n-
p- switching in NWs due to the existence of high density 
surface traps capturing electrons from the NW volume. The 
developed theory of n-p switching allows to perform hands-on 
calculations to estimate the dependence of conductivity type 
on NW parameters, particularly on NW radius.  
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Fig. 3. Net electron/hole ratio versus NWs radii calculated at different trap 
energies. Circles: numerical calculations, lines: derived analytical model. 

 
Fig. 4. Net electron/hole ratio calculated for Si and GaAs NWs with 
derived analytical model versus NWs radii.  

TABLE 1. COMPARISON OF DATA FROM [5] AND OUR CALCULATIONS  
 

Conduction type p- type  Ambipolar  n-type  
Experimental  data, 
GaAs NW FE [4] 

R 20nm 20nm<R<40nm R>40nm 

Analytical model 
(Es 0.65eV) 

R<20nm 20nm<R<50nm R>50 nm 
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Abstract – Lateral N+/n/N+ InGaAs-on-insulator 

structures are successfully fabricated by direct wafer 
bonding and selective regrowth. Electrical 
characterizations are performed for varying n-layer 
thickness from fully-depleted films up to the limit of 
partial depletion. Measurements under externally 
applied uniaxial tensile strain show an improved 
drive current. 

 
1. Introduction 

High-mobility channel materials such as Ge, SiGe 
and InGaAs are leading candidates to deliver the 
necessary power-performance benefits and added 
functionalities for future CMOS technologies and 
System-on-Chip applications (SoC). InGaAs-on-
insulator layers are one possible approach [1] to 
integrate high-performance InGaAs FinFETs on Si [2] 
or realize hybrid InGaAs/SiGe CMOS circuits [3]. 
Nevertheless, those layers might suffer from additional 
carrier scattering compared to layers on bulk crystalline 
buffers such as InP [4] or InAlAs [5] owing to the 
presence of the back-side channel interface with the 
BOX. In this work, we fabricate and characterize lateral 
N+/n/N+ structures on InGaAs-on-insulator layers to 
mimic the channel transport of a MOSFET while 
minimizing the impact of process induced damages. The 
effect of InGaAs layer thickness and uniaxial tensile 
strain on transport characteristics are investigated.  

 
2. Device fabrication 

The lateral N+/n/N+ fabrication process mimics 
some of the key features of our InGaAs FinFETs 
process [3], such as obtained results are representative 
of what is expected in fully-processed devices. The n-
layer is a non-intentionally doped InGaAs-on-insulator 
(InGaAs-OI) grown in a metalorganic vapor phase 
epitaxy reactor, with a background Hall carrier 
concentration of 2-3×1016 cm-3. InGaAs-OI layers on Si 
(NA = 2×1017 cm-3) are prepared by direct wafer 
bonding of nominally-undoped In0.53Ga0.47As films of 
varying thickness (25 nm, 50 nm, 100 nm and 200 nm) 
grown on InP wafers as described in [6]. The BOX 
consists of 25 nm thermal SiO2, 10 nm Al2O3 and the 
high-k dielectric stack used in [2], for a resulting Cox of 
0.11 F/cm2.  

 
The fabrication of lateral N+/n/N+ structures starts 

with the deposition of a SiO2 hardmask to define the 
length of the n-region (Fig. 1(a)). Sn-doped In0.53GaAs 
N+ regions (ND = 5x1019 cm-3) are selectively grown 
(Fig. 1(b)) at low temperature as in [7]. The hardmask is 
removed (Fig. 1(c)) and a mesa isolation is performed 
by wet etching (Fig. 1(d)). The top interface of the n- 

 
region is formed with same high-k dielectric as used for 
the bottom interface. The process is completed by the 
deposition of a SiO2 layer (Fig. 1(e)), contact holes and 
W contacts (Fig. 1(f)). 

 

 

 
Fig.1. Schematic of lateral N+/n/N+ test structure 
fabrication with (a) SiO2 hardmask on InGaAs-OI layer 
with bottom passivation, (b) growth of N+ InGaAs, (c) 
hardmask removal, (d) mesa wet etching, (e) top 
passivation and interlayer dielectric deposition, (f) contact 
via and metallization. 

 
3. Electrical characterization and uniaxial strain 

Back-channel measurements are carried out using 
the Si substrate as a back-gate. Transfer characteristics 
are reported in Fig. 2 for the three different InGaAs 
channel thickness. Although all structures present a 
modulation of the drain current with gate voltage, this 
modulation is reduced for thicker films. Indeed, the 
thinner channel thickness shows a clear behavior 
characteristic of a full-depletion of the channel with the 
steepest subthreshold swing, while the 200 nm thick 
InGaAs layers are at the limit of partial depletion since 
the drain current saturates for increasingly negative gate 
voltages. In addition, a dual VT (at Vg = -3V and Vg = 1 
V) behavior can be observed for samples with an 
InGaAs thickness of 50 nm and above. By comparison, 
the 25 nm thick sample shows a regular single VT 
behavior. 
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InGaAs thickness only gives rise to a single mobility 
peak. The highest peak electron mobility reaches 1100-
1200 cm2/V.s for samples with a dual-channel behavior, 
while it is limited to about 500 cm2/V.s for the 25 nm 
thick sample. 

 
 

 
Fig. 5. Field effect mobility versus estimated channel 
charge density calculated from the theoretical buried oxide 
capacitance and measured lowest VT. 

 
Samples are diced in 2 cm x 3 mm pieces and 

mounted in a 3-point bending setup (Fig. 6) where 
uniaxial tensile strain can be applied up to 0.2 % (above, 
sample breaks). ION is found to increase with increasing 
uniaxial tensile strain applied along the <110> transport 
direction, at a rate of 10-15% per percent of strain (Fig. 
7).  

 

 
Fig. 6. (a) Schematic of 3-point bending configuration to 
apply uniaxial tensile strain on the sample. (b) Picture 
from the side of the 3-point bending setup (as in (a)) 
showing the vended beam of Si under tensile strain and the 
contact probe needles. 

 
Fig. 7. Relative change of ION (at Vg = 8 V) vs uniaxial 
tensile strain for 4 different InGaAs-OI thickness. 

 
4. Conclusion 

Lateral N+/n/N+ InGaAs-on-insulator structures are 
successfully fabricated and show promising transport 
properties, with electron mobility above 1100  cm2/V.s. 
Uniaxial tensile strain in the <110> transport direction 
increases on-current with a rate of 10-15% per percent 
of strain. 
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Abstract—The development of metallic Single Electron 
Transistor (SET) is extremely related to the downscaling and the 
electrical properties of its tunnel junctions. These tunnel 
junctions should insure high ON current, low OFF current and 
low capacitance. In this work, we propose an engineered tunnel 
junction based on multi-dielectric stacking to optimize the tunnel 
junction’s characteristics. The optimized tunnel junction is 
demonstrated to increase ION current and the ION/IOFF ratio in 
Double-Gate SET (DG-SET). DG-SET based elementary circuits 
are demonstrating enhanced electrical characteristics. 

Keywords—Single Electron Transistor, tunnel junction 
engineering, multi-layer dielectrics 

I. INTRODUCTION

The operation of the Double-Gate Single Electron 
Transistor (DG-SET) is based on the quantification of the 
electric charge, the quantum transport and Coulomb repulsion. 
This new component exploits the phenomenon known as 
Coulomb blockade allowing the transit of electrons 
sequentially to precisely control the pumped flow. The 
granular nature of the electric charge in the transport of 
electrons by tunnel effect makes it possible to envisage the 
fabrication of low-power logic circuits in a high integration 
density. In addition to the miniaturization challenge, SETs 
have been known to have low driving current and low ION/IOFF
ratio. In recent years, the emerging SET technology has been 
seen as a candidate to complement the ultimate CMOS. 
Moreover, the nano-damascene process is considered as a cool 
fabrication process that allows the co-integration of metallic 
SET in the BEOL with a low-power thermal budget (<450 °C) 
opening the way to the 3D integration [1]. In this paper, we 
propose to enhance the electrical performances of SET by 
means of its tunnel junction engineering. We demonstrate then 
the improved inverter’s transfer function and the static noise 
margin (SNM) of DG-SET based SRAM cell.  

II. SIMULATION METHODOLOGY

A. Crested barrier tunnel junctions
To demonstrate enhancing electric performances of DG-

SET by its tunnel junctions’ optimization, we chose to 
compare the two tunnel junctions described in Figure 1. The 
first tunnel junction is a composed of 4nm TiOx and the 
second one is composed of 3nm TiOx + 1nm TiO2. The two 
materials have been chosen for their potential barrier height, in 

order to insure the conductance of tunnel current, but also for 
their dielectric constant difference. Figure 2 illustrates the 
comparison of simulated current trough a surface of 5nm2 for 
4nm TiOx and 3nm TiOx + 1nm TiO2 thick tunnel junctions. 
This junction is composed of 3nm plasma grown TiOx which 
has a low dielectric constant of 3.5 and a low barrier height of 
0.32eV in addition to a 1nm ALD deposited TiO2 with 
dielectric constant of 35 and a barrier height of 1eV (Figure2)  
[1-4].  

Fig.1: Energy Band Diagram schematic for the studied of 4nm TiOx and 3nm 
TiOx +1nm TiO2 tunnel junctions. 

Current-Voltage simulations were carried out using a 
Transfer Matrix Method based simulator [5]. The 4nm TiOx
tunnel junction current characteristic allows high current at 
low applied potential (IOFF), which is due to thermionic current 
surpassing the low potential barrier. On the other hand, the 
3nm TiOx + 1nm TiO2 tunnel junction however, improves the 
current level compared to the 4nm TiOx tunnel junction, at low 
and high applied potential. At low applied potential, the high 
potential barrier of TiO2 allows blocking thermionic current 
and also decreasing the junction transparency reducing 
globally the IOFF current. By increasing the applied potential 
(starting from 0.5V), electric field, concentrated in the TiOx
layer, lowers the TiO2 potential barrier, and increases both 
tunnel and thermionic current (improved ION). Knowing that 
capacitance of this tunnel junction Cj=0.05aF, is close to the 
4nm TiOx capacitance Cj=0.039aF, the crested tunnel junction 
composed of 3nm TiOx + 1nm TiO2 is of great interest for 
SET based circuits. 
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Fig.2: Current-Potential simulation of 4nm TiOx and a 3nm TiOx + 1nm TiO2
tunnel junctions having surface of 5nm2. 

B. Crested barrier DG-SET
Hereafter, we consider integrating crested barrier into a 

metallic DG-SET. This unipolar approach uses the second gate 
in order to operate in two logical states; ‘0’ and ‘1’  by setting 
VG2 between [0, VDD=e/4CG]. In Figure 3, (a) P-type and (b) 
N-type DG-SET ID–VG1 characteristics were simulated for 
VG2=GND (P-type) and VG2=VDD=0.7V (N-type). SET and 
junction parameters are CG1=CG2=0.057aF and Cs=Cd=0.039aF 
for a 4nm TiOx tunnel junction. It is conceivable to build 
CMOS-like standard digital or memory cells using P-SET and 
N-SET [6]. We will consider as the DG-SET to design 
elementary circuits such as DG-SET based inverter and 
SRAM bit-cell (Figure 8).

We thus compare the DG-SET based inverter and SRAM 
performances considering (i) single TiOx layer tunnel junction 
(ii) crested TiOx-TiO2 barrier tunnel junction respectively 
(single and crested tunnel junctions are represented in Figure 
1). The DG-SET current-voltage characteristics (Figure 3 and 
Figure 4) are simulated in accordance with the orthodox 
theory [7, 8]. Starting from drain to source and gate voltages; 
the change in free energy, the tunneling event rates and the 
island electron occupancy probabilities are calculated to obtain 
the current characteristics [9, 10]. Within this computation, the 
tunnel junction resistance was computed from the tunneling 
current using two approaches: (i) an analytical formulation 
[11, 12] which only allows considering single layer tunnel 
junction (ii) with the transfer matrix formalism for single layer 
or crested barriers [5].  

Afterwards, the DG-SET-based inverter and SRAM 
simulations were obtained by using Verilog-A model in 
Cadence environment. To reduce computation time, we used 
Look-Up-Tables (LUT) in order to retrieve tunnel junction 
resistance of junction bias for each DG-SET.  

III. RESULTS AND DISCUSSION

A. DG-SET Device 
In order to optimize tunnel current in DG-SET, increasing 

driving current and ION/IOFF ratio, we will consider the use of a 
crested barrier tunnel junction discussed previously. First, we 
consider a P-SET integrating a 4nm TiOx tunnel junction in 
Figure 4. The presented devices has a 5nm2 surface tunnel 
junction which brings its capacitance value to Cj=0.039aF. 
The P-SET has been simulated for driving potentials VDD
ranging from 0.4V to 0.8V and their corresponding gate 
capacitances (from 0.1aF to 0.05aF). As expected, ON current 
increases from less than 1nA to more than 10nA by increasing 
VDD. A small increase is also measured in the ION/IOFF ratio, 
but the ratio doesn’t surpass the value of 8.6 for VDD=0.8V. In 
Figure 5, the P-SET integrating the 3nm TiOx + 1nm TiO2
tunnel junction is simulated for driving potentials VDD ranging 
from 0.4V to 0.8V and compared to the 4nm TiOx P-SET. The 
ON current is also seen to increase this time from 10pA to 
reach 10nA while increasing VDD. The ION/IOFF ratio in this 
case reaches a maximum of 414 for VDD=0.7V. Thanks to 
tunnel junction engineering presented in this work, we are able 
to improve intrinsic characteristics of the nano-device as seen 
in Figure 4 and Figure 5. The ION/IOFF ratio increase is due to 
the reduction of the thermionic current contribution for an 
optimal tunneling current with different VDD.

Fig.3:  DG-SET configuration depending on the voltage applied to the second 
gate. (a) P-type. (b) N-type. (c) ID–VG1 simulated data (our model) for VG2 =
GND (P-type) and VG2 = VDD =0.7V (N-type). SET and junction parameters 
are CG1=CG2=0.057aF and Cs=Cd=0.039aF for a 4nm TiOx tunnel junction [3]. 
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B. Application to Elementary Circuits 
Memory elements are amongst others the most attractive 

application for SETs. Herein, one bit Single Electron based 
static memory is presented. The design scheme of DG-SET-
based SRAM cell is presented in Figure 6. The memory cell 
uses 6 DG-SETs to store and access one bit. It is composed of 
two coupled DG-SET inverters (S1-S2 and S3-S4 as presented 
in Figure 6) to store the data and two N-type SETs access 
transistors. We also used two tri-state DG-SETs buffers, 
which are designed to manage Read / Write cycles. Due to the 
feedback structure, a low input value on the first inverter will 
generate a high input value on the second inverter which feeds 
back the low value onto the first inverter and vice-versa. As 
long as the ‘WL’ is kept low, the cell is disconnected from the 
‘BL’. Thus, the cross coupled inverters will store their current 
logical value whatever their values. 

Fig.4: DG-SET ID–VG1 curve and ION/IOFF ratio for 4nm TiOx tunnel junction 
varying the gate capacitance CG

Fig.5: DG-SET ID–VG1 curve and ION/IOFF ratio for 3nm TiOx+1nm TiO2

tunnel junction varying the gate capacitance CG

Fig.6: Schematic of the SRAM cell based on DG-SET. The circuit is 
composed by two N-SET access transistors, two inverters holding the stored 
data and tri-states buffers to manage the Read/Write cycles. 

Fig.7: Transfer function of the DG-SET based inverter (MAB refers to the 
analytical formulation of the tunneling current [5], LUT indicates that the 
model reads the data in a stored table previously calculated with Transfer 
Matrix method 

To hold the data properly into the cell, the cross-coupled 
inverters must maintain bi-stable operating points. A critical 
metric for SRAM bit-cell stability is the Static Noise Margin 
(SNM). SNM is the maximum amount of voltage noise that 
can be introduced at the outputs of the two inverters such that 
the cell retains its data. SNM quantifies the amount of voltage 
noise required at the internal nodes of a bit-cell to flip the 
cell’s contents. Figure 8 illustrates the graphical representation 
of the SNM for a bit-cell holding data. The figure shows the 
voltage transfer characteristic (VTC) and its inverse from the 
two inverters which form the feedback loop. The length of the 
side of the largest square that can be embedded inside the 
lobes of the butterfly curve defines the SNM as illustrated in 
Figure 8. As we can see in Figure7, the slope of the transfer 
function of the inverter, based on crested TiOx/TiO2 tunnel 
junction, is higher leading to a superior static noise margin of 
the SRAM cell (Figure 6). It is then a real alternative to 
overcome power consumption issues mainly to the DG-SET 
low current flow nature while keeping a good performance 
metrics and transistor count involved in each bit-cell (6T 
architecture). 
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Fig.8: SRAM static noise margin butterfly curve during hold mode for TiOx 
single layer and TiOx/TiO2 crested barrier. The TiOx/TiO2 stack exhibits a 
better SNM window.

IV. CONCLUSION & PERSPECTIVES

Tunnel junction engineering by means of optimal crested 
barriers allows enhancing the electrical Single Electron 
Transistor performances (e.g. ION and ION / IOFF ratio) with 
benefit for SET-based circuits. Moreover, crested barriers do 
not only allow better performances at circuit level (e.g. SNM 
in this paper), but it could also contribute to consider SET 
technology, at least at the middle term, as a candidate to 
overcome power consumption and physical limitations facing 
CMOS technology. In term of perspectives, future works will 
focus on the device/circuit co-design. A thorough study with 
designers will be necessary to evaluate performance metrics 
(power consumption, delay, integration...) at large scale, and 
therefore bringing out the benefits of tunnel junction 
engineering and its impact at circuit level. The improvements 
shown on both device and circuits characteristics let us 
consider the hybrid integration of SET/CMOS logic and 
memory as an alternative for low-power applications such as 
IoT and embedded devices. 
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Abstract—Silicon-on-Insulator (SOI) wafers are characterized 

using a non-destructive second harmonic generation (SHG) 
method. Correlation between the electrical parameters extracted 
from pseudo-MOSFET characteristics and the SHG signal is 
demonstrated. A simple quantitative model allows reproduction 
of the SHG signal curves. 

Keywords—Modeling; Optical characterization;Transient SHG; 
Silicon-on-Insulator; pseudo-MOSFET 

I.  INTRODUCTION 
There is an industry need for non-destructive 

characterization of the surface and buried interface qualities in 
SOI wafers prior to device fabrication. The well-established 

-MOSFET method can characterize efficiently the SOI 
electrical properties [1], but it is an invasive method. Second 
Harmonic Generation (SHG) is a surface and buried interface-
sensitive technique that could potentially lead to contactless, 
nondestructive characterization of SOI [2] and can currently 
be used as a complementary technique to -MOSFET in 
electrical parameter extraction. 

Previous work has shown that SHG can be used to probe 
boron induced charge traps in SiO2/Si (B-doped) stacks [3]. 
Doping type and concentration have been evaluated by 
measuring the magnitude of the initial SHG signal [4]. SHG 
also proves useful in tracing metallic contamination on SOI 
wafers [2]. This is of great importance for microelectronics 
since metallic contamination degrades device yield and 
reliability after migrating to the oxide interfaces during high 
temperature process steps. Furthermore SHG has 
demonstrated the ability to detect radiation induced charges in 
the buried oxide (BOX) and post-irradiation annealing effects 
on SOI wafers [5]. 

In a previous publication, we demonstrated an SHG testing 
station and its use for SOI characterization [6]. In this work, 
we study the transient SHG signals from SOI samples with 
different geometries and post-treatments. We then reproduce 
the measured curves using simple quantitative models of the 
SHG phenomenon. A comparison between interface trap (Dit) 
levels extracted from electrical measurements in pseudo-
MOSFET configuration and SHG behavior is also reported. 

II. SHG AND -MOSFET EXPERIMENTS 
Three sets of samples with different Si thin film and BOX 

thicknesses were studied:  
• Set 1: tSi=18 nm and tBOX=25 nm. 
• Set 2: tSi=24 nm and tBOX=25 nm. 
• Set 3: tSi=12 nm and tBOX=145 nm. 

Both passivated (with thermal oxide) and non-passivated 
(with native oxide) samples were measured for the 1st and 3rd 
set. The samples from the 2nd set were also passivated with a 
thermal oxide on the top but one of them was annealed in a 
forming gas environment (Forming Gas Annealing - FGA).  

The -MOSFET technique was used to monitor the 
electrical characteristics of the samples. For this purpose, the 
SOI samples were placed on a metal chuck. A back-gate bias 
was applied to the substrate while two metal probes placed on 
the top Si film were used as source and drain. The measured 
ID-VG curves plotted in semilog scales are shown in Fig.1, 
Fig.2 and Fig.3 respectively for each set of samples. The 
subthreshold swing extracted from the experimental curves is 
related to Dit through [1, 7]: 

 

where CSi and Cox are the capacitances of the Si film and the 
BOX respectively.  
 

TABLE 1: extracted interface trap densities 

 

SOI Sample Dit  
1st set  

18 nm/25 nm, non-passivated 8.1 
18 nm/25 nm, passivated 3.5 

2nd set  
24 nm/25 nm, passivated (FGA) 1.9 

24 nm/25 nm, passivated 1.4 
3rd set  

12 nm/145 nm, non-passivated 3.3 
12 nm/145 nm, passivated 0.4 
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Fig. 1. ID-VG curves obtained on 18 nm/25 nm SOI passivated (full 
symbols) and non-passivated (empty symbols) samples. 

 
Fig. 2. ID-VG curves obtained on 24 nm/25 nm SOI passivated with 
(empty symbols) and without forming gas annealing (full symbols). 

 
Fig. 3. ID-VG curves obtained on 12 nm/145 nm SOI passivated (full 
symbols) and non-passivated (empty symbols) samples. 
 

The results are shown in Table 1 above. Dit is an effective 
value which includes the traps at Si film/BOX interface and at 
the top surface via a coupling mechanism, the latter being 

affected by the passivation step [10]. As observed previously 
[6], Dit decreases with surface passivation.  

The time dependent SHG measurements were performed 
using the Harmonic F1X metrology tool provided by 
Femtometrix [8]. A laser emitting femtosecond pulses at a 
fundamental wavelength of 780 nm was incident upon the 
samples. The minimum spot diameter was approximately 50 

m. The second harmonic generated (SHG) radiation at 390 
nm was separated from the fundamental with an appropriate 
filter and was detected by a photomultiplier coupled with a 
photon counter. The angle of incidence was set at 45°, while 
the incident and second harmonic beam electric field 
polarizations were both parallel to the incidence plane (p-
polarized). Time-dependent SHG signal was acquired with 10 
ms gates.  

Fig.4 shows the SHG signal of passivated and non-
passivated 18 nm/25 nm SOI samples. The saturation signal (at 
100s) is higher for the non-passivated sample. This can be 
attributed to the higher trap density Dit reported in Table 1 (it 
reflects the lower surface quality [10] of the non-passivated 
sample). In this case, trapped photo-generated carriers will 
induce a higher quasistatic electric field, generating a greater 
SHG signal. The high SHG signal measured at t=0 on the 
passivated SOI sample may be due to fixed positive charges 
present at the thermal oxide/Si front surface that become 
compensated by photo-generated electrons.  

 
Fig. 4. SHG signals from the 18 nm/25 nm SOI with native oxide on top 
of the Si film (non-passivated) and with a thermal oxide (passivated). 

 
 For sample Set 2 with the same BOX thickness (25 nm) 

but different Si film thickness (24 nm) we observe a 
discharging-like behavior (Fig. 5). The time-dependent SHG 
decreases monotonically until it reaches a saturation value for 
both cases. A straightforward comparison between sets is not 
possible, since the geometry and the process technology is 
different. Again, for the sample with a higher Dit value 
(passivated in FGA – Table 1) the saturation SHG signal is 
higher. 

The transient behavior of the SHG in the case of the two 
12 nm/145 nm SOI samples (Set 3, Fig.6) is dissimilar to the 
previous Sets 1 and 2. We can only observe a charging-like 
behavior, without any initial discharging as was observed in 
Set 1. The wafer with the inferior interfacial quality (non-
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passivated) has a higher signal than the other (passivated). The 
corresponding Dit values are shown in Table 1.  

 
Fig. 5. SHG signals from the 24 nm/25 nm SOI with a thermal oxide on 
top of the Si film (passivated) and with a thermal oxide after forming gas 
annealing (passivated FGA). 

 
Fig. 6. SHG signals from passivated (thermal oxide) and non-passivated 
(native oxide) 12 nm/145 nm SOI. 

 
All the SHG curves demonstrated a higher saturation signal 
for samples with higher Dit (non-passivated). Nevertheless the 
transient SHG curves were different for each set of samples. In 
the next section we will focus on modelling the SHG in order 
to reproduce the experimental shapes. 

III. SHG MODELING 
It has been shown [2, 3, 4, 5, 9] that the SHG signal can be 
expressed by an expression which includes terms that:  

a) are relevant to the symmetry breaking at the interface of 
Si/SiO2 and therefore are affected by the interface quality,  

b) describe the Electric Field Induced Second Harmonic 
(EFISH) contribution arising from the interface dipole and 
bulk quadrupole polarization [9],  

c) describe the static interfacial field. 
For this reason we have used the following expression to 

model the experimental SHG signals [3]: 

  (1) 

where (2) and (3) are the non-linear interface second-order 
and bulk third-order susceptibilities respectively,  is a relative 
phase difference between the two susceptibilities (complex 
numbers), and  is a time-dependent electric field which 
includes both the initial DC field and its slowly varying 
component. I  is the intensity of the incident beam and I2  the 
intensity of the SHG beam. Bulk Si and SiO2 are 
centrosymmetric materials and therefore do not contribute to 
the SHG signal ( , but ).The time-
dependent field in Eq.1 which gives rise to the EFISH 
contribution that was mentioned above can be described by the 
use of 2 exponential terms: one relevant to charging behavior 
and the other relevant to discharging behavior. According to 
[3], a general expression which includes the electric fields 
related to traps and the time constants related to trapping and 
detrapping can be used. Alternatively, one can think that the 
existence of the aforementioned trapping and detrapping 
mechanisms are relevant to a coupling effect between the 2 
interfaces (surface oxide/Si film and Si film/BOX) which has 
been proposed both for electrical measurements [10] and for 
SHG [11]. 

The expression that we used for the modeling is [3]: 
   (2) 

where we can see the different parameters described above; A 
and B are the electric fields, t1 is the detrapping time constant 
and t2 the trapping time constant. It should be noted that in this 
case the doping concentration is lower than the one used in 
[3]. 

For the previous experimental curves (Fig. 4, 5, 6) we can 
identify that at  there is a nonzero preexisting DC 
electric field connected to the initial value of the SHG signal. 
This can be also expressed in our model (Eq.1 with 

), where at  we have a nonzero SHG 

intensity . 

 
Fig. 7. Calculated time dependent SHG curves showing similar behavior 
as in Fig.4. The parameters used in equation (2) are also reported. The curves 
fitting the shape of passivated and nonpassivated SOI are identified. 

 
The only parameters that were changed in the modeling 

were those in Eq. 2, since the ones in Eq. 1 are material 
dependent, thus were kept constant. 

EUROSOI-ULIS 2016

ISBN 978-1-4673-8608-1 224 IEEE Catalog number CFP1649D-USB



Fig. 7 shows the calculated curves and their associated 
parameters. The value of  which describes the saturation 
regime in the model (Fig. 5) is higher for the non-passivated 
SOI, while the charging time is faster (smaller value of ). 

The corresponding modeling for sample Set 2 (24 nm/25 
nm SOI) with the appropriate parameters is shown in Fig. 8. 
The absolute value of  is higher for the passivated FGA 
sample, which is connected to a higher SHG saturation value, 
as in the experiment.  

Fig. 8. Calculated time dependent SHG curves showing similar behavior 
as in Fig.5. The parameters used in equation (2) are also shown. 

 
Fig. 9. Calculated time dependent SHG curves with their corresponding 
parameters, showing similar behavior as in Fig.6. 

 
Fig. 9 depicts the calculated curves along with the fit 

parameters for sample Set 3 (12 nm/145 nm SOI). A 
difference is observed in the values of  (difference between 
the saturation values – higher  for the non-passivated 
sample) but the SHG time evolution is qualitatively the same. 
It is noteworthy that in this case  which means there is 
almost no initial or general discharging-like behavior, in 
contrast to Sets 1 and 2. This indicates the existence of other 
phenomena, probably related to the geometry and processing 
steps of SOI wafers.  

IV. CONCLUSION 
A link between the effective extracted Dit levels and the SHG 
signal was established. For samples included in the same set 
(with identical thicknesses of film and BOX), a correlation is 
evidenced: higher Dit values are associated to a stronger 
saturation SHG signal. Differences in the time dependence of 
the signals were also observed between samples with different 
geometries. A simple quantitative model based on charging 
and discharging exponential terms was used to describe the 
transient behavior of the SHG signals. Our calculated curves 
effectively reproduce the transient SHG measurements 
obtained on different SOI geometries. Further work has the 
potential to produce more precise quantitative models relating 
the measured SHG signal and electrical parameters. 
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Abstract—We propose a direction dependent interpolation
method for silicon carbide oxidation growth rates and we
compute these rates for three-dimensional simulations according
to known growth rate values. Additionally, we analyze the
temperature dependence of silicon carbide oxidation for different
crystal directions. Our approach is an essential step towards
highly accurate three-dimensional oxide growth simulations and
helps to better understand the silicon carbide anisotropic nature
and oxidation mechanism.

I. INTRODUCTION

Silicon carbide (SiC) is a wide bandgap semiconductor

and has superior physical properties for power device appli-

cations, such as approximately three times wider band gap,

ten times larger electrical break-down field, and three times

higher thermal conductivity, compared to silicon (Si) [1], [2].

Taking advantages of these properties, the on-state resistance

for unipolar devices such as metal-oxide-semiconductor field-

effect-transistors (MOSFETs) can be reduced by a factor of a

few hundreds when replacing Si with SiC [3], [4].

3C-SiC, 4H-SiC, 6H-SiC, and 15R-SiC are the most com-

mon polytypes presently being developed for device appli-

cations. These polytypes are characterized by the stacking

sequence of the bi-atom layers of the SiC structure. Changing

of the stacking sequence has a profound effect on the electrical

properties. In this work we focus only on the 4H-SiC polytype

as it has been recognized as the most promising material for

electronic high power, high frequency, and high temperature

applications [5].

Thermally grown silicon oxide (SiO2) plays a unique role in

device fabrication. Among the wide bandgap semiconductors,

SiC is the only compound semiconductor which can be ther-

mally oxidized in the form of SiO2, similar to the Si substrate.

The oxidation reaction of SiC is defined by [5]:

SiC +
3

2
O2 ↔ SiO2 + CO. (1)

However, thermal oxidation of SiC is considerably more com-

plicated compared to the oxidation of Si [2] and is about one

order of magnitude slower under the same conditions [6], [7].

The oxidation of SiC additionally includes the out-diffusion

of product gasses (e.g. CO) through the oxide film. Another

unique phenomenon has been observed: The oxidation of SiC

is a face-terminated oxidation, i.e., the top and the bottom face

have different oxidation rates [8]–[10]. Fig. 1 shows popular

faces of 4H-SiC.

In Section II we discuss thermal oxidation models of Si and

SiC, in Section III we introduce the temperature dependence of

oxidation growth rates with Arrhenius plots, and in Section IV

we discuss geometrical aspects of SiC, proposed interpolation

methods, and results.

II. THERMAL OXIDATION MODELS

There are several one-dimensional Si and SiC oxidation

models available [1], [2], [5], [11]–[17], of which the most

popular one is the Deal-Grove model [5], [11], [14] and the

more accurate Massoud empirical relation [1], [12]. The Deal-

Grove model assumes that the oxidation occurs by diffusion

of the oxidant to the SiO2/Si interface, where it reacts with Si.

This process is expressed by the following parabolic ordinary

differential equation for the oxide thickness X over time [11],

dX

dt
=

B

A+ 2X
, (2)

where B/A and B denote the linear and parabolic rate

constants of oxidation, respectively. The oxidation process

cannot be characterized by the Deal-Grove model for the thin

oxide region, hence Massoud et al. have proposed an empirical

relation to describe the growth rate enhancement. This model

includes an additional exponential term [12],

dX

dt
=

B

A+ 2X
+ C exp

(
−X

L

)
, (3)

where C and L are the exponential prefactor and the charac-

teristic length, respectively. All of the above parameters (B/A,

B, C and L) are highly dependent on the crystal orientation

of SiC [1], [5], i.e., the parameter values are different for the

surface oxidation on different faces of the crystal.

The Deal-Grove and Massoud et al. models were orig-

inally proposed for Si oxidation, but can be applied in a

modified form to SiC oxidation [2]. However, due to the

one-dimensional nature those models cannot correctly predict

oxidation growth for three-dimensional SiC structures. Our

approach extends these models by incorporating the crystal

direction dependence into the oxidation growth rates.
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Fig. 1. A schematic illustration of a) common faces of a hexagonal structure
and b) atomic view of a 4H-SiC polytype with sequence ABAC. Green, blue,
red, and orange shapes show the Si-, a-, m-, and C-face, respectively. Yellow
spheres show the Si atoms, gray spheres C atoms, a is crystal dimension, and
c is the crystal height. The ratio between c and a for 4H-SiC is approximately
three and for 6H-SiC approximately five.

III. GROWTH RATES OF OXIDATION

The rate of any chemical reaction depends on various

physical quantities, e.g., temperature and pressure. As the

temperature increases, the molecules move faster and collide

more frequently with each other. The proportion of collisions

influences the kinetic energy of the molecules and the activa-

tion energy of the chemical reaction. The relation between the

temperature T and the rate constant of the chemical reaction

k is defined by the Arrhenius equation [18]

k = Z exp(− Ea

RT
), (4)

where Z is the pre-exponential factor, Ea is the activation

energy of the chemical reaction, and R is the ideal gas

constant. The Arrhenius equation can be used to determine

the activation energy [1] when applying the natural logarithm

on both sides of the equation.

ln(k) = −Ea

R

1

T
+ ln(Z) (5)

The equation has the form of a linear function y = mx + n,

with the slope m = −Ea/R and the intercept n = ln (Z).
As the oxidation of SiC strongly depends on the tem-

perature, we use an Arrhenius plot to analyze the effect of

temperature on the growth rates of oxidation. Fig. 2 and

Fig. 3 show Arrhenius plots of the linear growth rates B/A
and initial growth rates B/A + C for the four SiC faces,

respectively. The data points are measured values, the dashed

lines are fits using Massoud’s empirical relation (Eq. 3), and

the solid lines are approximated values. We have obtained the

growth rates and activation energies of the Si-, a-, and C-face

from experimentally measured data [1]. Additionally, we have

approximated the growth rate and activation energy for the m-

face, based on published oxide thicknesses [19], as there are
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Fig. 2. Arrhenius plots of 4H-SiC oxidation, linear growth rates B/A
versus oxidation temperature for the Si- (green), m- (red), a- (blue), and C-
face (orange). Experimental data for the Si-, a-, and C-face (symbols) were
obtained from [1] and the data for the m-face (solid lines) were approximated
from [19].

0.60 0.65 0.70 0.75 0.80 0.85 0.90
1

10

100

1000

B/
A+

C
 [n

m
/h

]

1000/T [K-1]

 C-face
 a-face
 m-face
 Si-face

1000 1200 1400
0

100

200

B/
A+

C
 [n

m
/h

]

T [K]

Fig. 3. Arrhenius plots of 4H-SiC oxidation, initial growth rates B/A + C
versus oxidation temperature for the Si- (green), m- (red), a- (blue), and C-
face (orange). Experimental data for the Si-, a-, and C-face (symbols) were
obtained from [1] and the data for the m-face (solid lines) were approximated
from [19].

no experimental data available. These plots allow to directly

obtain fixed growth rate values for different oxidation temper-

atures in order to perform growth rate surface calculations.

The linear growth rates are used when the oxide thickness X
is far below the characteristic thickness A, in which the rate-

limiting step is the interface oxidation reaction. The initial

growth rates are used for the thin oxide region when X is

approximated by zero. We do not show the Arrhnenius plot

of the parabolic rate constant B, as its value and activation

energy do not depend on the crystal orientation [1].
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IV. GEOMETRY OF SIC

Geometrical aspects of SiC must be described mathemati-

cally in order to calculate growth rate variations for different

crystal directions. We propose a direction dependent interpo-

lation method to convert an arbitrary crystal direction into a

growth rate for oxidation, according to a set of known growth

rate values [1]. For fixed points of oxidation growth rates

we use the (0001), (101̄0), (112̄0), and (0001̄) directions,

which have been examined experimentally [1], [5], [19] and

correspond to the Si-, m-, a-, and C-face, respectively (see

Fig. 1). Note, the hexagonal structure includes six m- and six

a-faces, while it has only one Si- and one C-face.

The proposed interpolation is written as a parametric func-

tion, which consists of a symmetric star shape in the x-y

plane and a tangent-continuous union of two half-ellipses in

z direction. Fig. 4 shows the fixed points of the growth rates

and the interpolation curves between them in the x-y and x-

z planes. A linear star-shaped interpolation with sharp edges

would fit the geometry of SiC well enough, but rather more

accurate and realistic is a non-linear interpolation.

The parametric function of the three-dimensional interpola-

tion method is

x =
(
ky + (kx − ky) cos

2(3t)
)
cos(t) cos(u),

y =
(
ky + (kx − ky) cos

2(3t)
)
sin(t) cos(u),

z = k+z sin(u) for u ≥ 0,

z = k−z sin(u) for u < 0,

(6)

where t ∈ [0, 2π] and u ∈ [−π/2, π/2] are arbitrary parametric

variables and kx,y,z are known oxidation growth rates in x, y,

and z direction, respectively.

The positive and negative z coordinates are calculated

separately, as the oxide growth on top k+z and bottom k−z
of the crystal is different. The growth rates kx, ky , k+z and k−z
correspond to km, ka, kSi and kC , which are the growth rates

in the directions of the m-, a-, Si- and C-face, respectively.

The growth rate surface is given by a non-linear interpolation

between these known growth rate values and follows the

geometry of SiC, i.e., the planes tangent to the growth rate

surface at kSi, km, ka, and kC are parallel to the corresponding

faces.

The hexagonal structure of SiC gives geometrical symmetry

in the x-y plane so that the crystal directions towards a- and m-

faces repeat six times with an enclosed angle of π/6. Hence,

the proposed interpolation method match with the three-

dimensional behavior of SiC oxidation. The SiC oxidation

growth rate surface is shown in Fig. 5, Fig. 6, and Fig. 7,

respectively.

The distance from the origin 0 = (0, 0, 0) to any point on

the growth rate surface gives the growth rate in direction to

this point. The set of growth rate values together with the SiC

oxidation models can be used for three-dimensional oxidation

growth simulations.

Si-face (0001)
m-face (1100)
C-face (0001)

z

x

y

x

m-face (1010)
a-face (1120)
m-face (1100)

a b

Fig. 4. Schematic representation of the two-dimensional interpolation in the a)
x-y and b) x-z plane. A linear (black dotted) and a non-linear (dark blue line)
interpolation is used according to known growth rate values (black crosses)
of Si- (green), m- (red), a- (blue), and C-face (orange square). Colored arrows
represent crystal directions towards the corresponding faces.

kSi

km

ka

kC

Fig. 5. Three-dimensional parametric plot of 4H-SiC oxidation growth rates.
An arbitrary direction growth rate is calculated according to the four known
growth rates (kSi, km, ka, and kC ) shown with black arrows. The surface
color shows calculations for positive (green) and negative (orange) z direction.

V. SUMMARY

We have proposed an interpolation method for oxidation

rates based on the SiC geometry, which converts an arbitrary

crystal direction into a growth rate value. This allows to

calculate SiC oxidation growth rates in three dimensions

according to four known growth rate values. These vary with

oxidation temperature and can be calculated with the provided

Arrhenius plots.
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kSi

kC

Fig. 6. Front view of the three-dimensional parametric plot of 4H-SiC
oxidation growth rates. The two fixed points kSi and kC are shown with
black arrows and correspond to Si- and C-face, respectively. The surface color
shows calculations for positive (green) and negative (orange) z direction.

km
ka

Fig. 7. Top view of the three-dimensional parametric plot of 4H-SiC oxidation
growth rates. Black arrows show one of the six fixed points km and ka, which
correspond to an m- and a-face, respectively.
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Abstract— We analyze the behavior of InGaAs Trigate 
MOSFETs under the influence of a back-gate bias, Vbg. The 
charge distribution, the body-factor, the threshold voltage and 
the electron mobility dependences on Vbg are discussed. The 
InGaAs devices are benchmarked against Si ones demonstrating 
a higher impact of the back-gate bias for the formers, causing 
larger body factors and stronger mobility variations. 

Keywords—back gate bias, III-V materials, multigate devices, 
MOSFETs. 

 

I.  INTRODUCTION 
Multiple gate (MuG) architectures and the dynamic control 

of the threshold voltage (VT) stand out as two of the most 
efficient solutions to overcome the limitations associated to the 
Metal-Oxide-Semiconductor Field-Effect-Transistor  down-
scaling process. On the one hand, MuG architectures, such as 
trigate MOSFETs [1], provide a better gate electrostatic control 
of the channel, thus reducing the Short Channel Effects 
(SCEs). On the other hand, the dynamic control of VT would 
allow managing simultaneously power and performance. One 
potential way to modify VT is the back-gate biasing that makes 
use of the body effect [2,3].  

Both alternatives have been studied separately, and a few 
works have dealt with the back-gate bias influence on MuG 
devices [2-6], focused mainly on their electrostatic behavior. 
Recently, we presented a study where the influence of the 
back-gate biasing on the electron mobility of Si trigates on 
ultrathin buried oxide [7] is thoroughly analyzed. 

Moreover, III-V materials have attracted an increasing 
attention during the last years. Their potential to increase the 
ON current while reducing the dissipated power is promising 
[8]. Among all the III-V alloys, InGaAs is emerging as the 
most attractive one as it is pointed out to have a near optimum 
trade-off between the density of states and the electron 
mobility. So that, in this work we investigate the influence of 
the back-gate bias on the behavior of InGaAs trigates, taking 
into account both the electrostatic behavior and its influence on 
the electron mobility. 

The outline of the work is the following. In Section II, we 
present the simulation tools employed. Next, Section III 

analyzes the main electrostatic features, including threshold 
voltage variation, body factor and charge redistribution of the 
carriers due to the back-gate bias. In Section IV the mobility of 
InGaAs and Si trigates is compared as a function of the back-
gate bias, and the influence of each scattering mechanism is 
assessed. Finally, Section V presents the main conclusions of 
the work.  

II. NUMERICAL METHOD  
A 2D self-consistent Schrödinger-Poisson (SP2D) solver 

based on the effective mass approach has been used to evaluate 
the electrostatic behavior of long-channel trigate devices. Non-
parabolic corrections have been included following the work 
by Jin et al. [9]. The charge corresponding to the , L and X 
valleys has been calculated for InxGa1-xAs (x=0.53), while the 
three pairs of anisotropic  valleys have been considered for 
Silicon. The main parameters used in the electrostatic 
simulations are listed in Table I, including, among others, the 
effective masses of each valley, the energy separation between 
valleys and the non-parabolicity factor. 

The electron mobility ( ) is calculated by solving the 
linearized Boltzmann Transport Equation (BTE). To do it, the 
implicit solution of the Momentum Relaxation Time (MRT) 
approximation is used [10]. The electron MRT of the i-th 
subband is calculated as: 

 
(1) 

where Si,i'(k,k’) is the scattering rate between the initial (i,k) and 
final (i',k’) states, vi(k) (vi’(k’)) is the initial (final) electron 
velocity, E (E’) is the initial (final) electron energy, and f  is the 
Fermi occupation function.  

Then, the mobility of each subband can be calculated using 
the Kubo-Greenwood expression: 

 
(2) 

where ni is the charge associated to subband i, gi is the valley 
degeneracy, and the rest of the terms keep their usual meaning.  
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Fig. 1. Trigate cross-section with the main geometrical 
parameters. The device transport direction is [1-10]. 

 

The scattering rate in Eq. (1) is evaluated taking into 
account the main scattering mechanisms, namely: surface 
roughness (SR) [11,12], interfacial coulomb dispersion (CO), 
bulk acoustic and optical phonons (PH) [13] and, for InGaAs 
also polar optical phonons (POP) [14] and alloy disorder (AD) 
[15]. For SR, AD and CO, tensorial dielectric screening has 
been taken into account, following the approach derived in [9], 
which has been modified appropriately to take into account the 
non-cylindrical shape of the devices under consideration. The 
main parameters corresponding to the scattering mechanisms 
are listed in Table I. 

The simulator has been validated against experimental data 
elsewhere, both for electrostatic analysis and for mobility 
calculations [16,17].  

The device geometry considered in this work is shown in 
Fig. 1. The main parameters are the semiconductor width (WS) 
and height (HS), and the insulator and buried oxide thicknesses, 
tins and tbox, respectively. The trigate geometry considered is 
rectangular and the insulator thickness has been considered 
constant for the top and lateral interfaces. The devices are 
oriented along the [011] direction and fabricated on a (100)-
wafer. Therefore, different channel orientations are obtained 
for the top and lateral interfaces as depicted in Fig. 1. We have 
taken this fact into account in the modeling of SR by increasing 
the SR root mean square value from 0.4nm in the top interface 
to 0.5nm in the lateral sides. 

III. ELECTROSTATIC RESULTS 
The behavior of InGaAs Trigates with HS=30nm and WS 

values ranging from 5nm to 20nm is analyzed as a function of 
the back-gate bias. For benchmarking purposes, Si devices are 
also considered. For InGaAs, TaSiOx was employed as front 
(tins=2.5nm) and buried insulator (with tbox =20nm and 40nm). 
For Si, SiO2 was used and the insulator thickness was 
calculated assuming the corresponding EOTs [19]. The buried 
oxide thickness was also scaled using the planar expression for 
the EOT. 

Parameter 

Parameter Value Parameter Value 

m  (InGaAs) 0.046m0 Eg (InGaAs) 0.81eV 

ml,L (InGaAs) 1.661m0 Ec (InGaAs-TaSiOx) 1.97eV 

mt,L (InGaAs) 0.115m0 ml,  (Si) 0.91 m0 

E -L (InGaAs) 0.75eV mt,  (Si) 0.19 m0 

 (InGaAs) 1 eV-1  (Si) 0.5eV-1 

L (InGaAs) 0.5 eV-1 Eg (Si) 1.11eV 

Ec (Si-SiO2) 3.17eV Top SR sr 0.4nm 

Alloy Dis. V0 0.528eV Lat. SR sr 0.5nm 

Nit (cm-2) 5×1011 SR Lsr 1.5nm 
 

 
Table I. Relevant Si and InGaAs parameters: effective mass 
(m), non-parabolicity factor ( ), valley gap ( E -L), potential 
barrier with the insulator ( Ec) and energy gap (Eg). Non-
polar phonons and Coulomb parameters are taken from [13] 
(Si) and [18] (InGaAs). AD is implemented as proposed in 
[15].  
 

 

Figure 2 (right) plots the threshold voltage (VT) as a 
function of the back gate bias (Vbg). Figure 2 (left) depicts the 
body factor value (  = VT/ VBG) as a function of the device 
width. A lower body factor ( ) is observed in thinner devices 
due to the poorer control of the back-gate voltage on the 
device channel. However, the scenario changes when the 
device size is increased and  values close to 40mV/V can be 
achieved for a tbox=20nm, WS=20nm InGaAs trigate. These 
values are considerably higher than those achieved for Silicon 
structures with similar tins/tbox ratio and device heights [7], as 
depicted in the figure.  

This behavior is mainly due to the electron charge 
distribution, which is plotted in Fig. 3 for the WS=20nm 
device, at two different back-gate biases (±2V). As can be 
observed, for the InGaAs device the charge is further from the 
front-gate interface and also from the lateral interfaces than in 
Silicon. This is due to the smaller confinement effective mass, 
as it has been already discussed that lower values of this 
parameter produce higher values of the charge centroid 
distribution [16]. As a consequence, there is a stronger 
influence of the back-gate bias and therefore an increased 
body factor. 

IV. MOBILITY RESULTS 
 

In this Section, we analyze the influence of the back gate 
bias on the electron mobility of InGaAs and Si trigate devices. 
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Fig. 2. Body factor as a function of WS (left) and VT vs. Vbg 
(right) for InGaAs and Si trigates with HS=30nm. TaSiOx 
(SiO2) is used as gate and buried insulator for InGaAs (Si) 
devices. 
 

Si InGaAs 

                

Vgb= −2V Vbg= -2V 

                      

Vgb= +2V Vbg= +2V 
 

Fig. 3. Normalized charge distribution for Si and InGaAs 
devices with Vbg=±2V. Ws=20nm and Ni=1.25 x 1011 cm-2. 
 

 

Figure 4 shows the mobility as a function of the electron 
density (Ni) for InGaAs and Si devices. For the WS=5nm 
devices,  basically remains unchanged in both InGaAs and Si 
trigates. However, for WS=20nm, it can be seen that positive  
Vbg values help to improve  for large Ni values in both 

materials, but causes a strong degradation of the mobility at 
low Ni values for InGaAs. In general, Si devices show a more 
moderate dependence on Vbg than InGaAs ones (note the 
logarithmic scale and the different range of ).  

Analyzing the mobility associated to each of the scattering 
mechanisms (shown in Fig. 5), it can be concluded that SR 
scattering shows the strongest dependence on Vbg among all the 
considered mechanisms, especially for the wider devices. 
Therefore, the changes on  for the InGaAs devices can be 
explained according to the redistribution of the charge in the 
device and its proximity to the semiconductor-insulator 
interfaces as the back gate bias is modified. 

 

V. CONCLUSIONS 
Dynamic control of the threshold voltage as a function of 

the back gate bias has been analyzed as a function of the 
geometry and the channel material, demonstrating a higher 
influence as the device width to height ratio is increased, and a 
stronger impact on InGaAs devices than in their Si 
counterparts. The role of the back gate bias on the mobility 
has also been analyzed: for wide devices, and in the whole 
range of Ni values, the influence of the back gate bias is 
higher in InGaAs than in Si trigates. 
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Fig. 4. Influence of the back-gate bias on  for InGaAs (left) 
and Si (right) trigates, for WS=5nm and 20nm, and Vbg=±2V as 
a function of the electron density. 
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Fig. 5. Contribution of each scattering mechanism to the 
mobility of InGaAs trigates with WS=5nm (left) and WS=20nm 
(right). 
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Abstract  In this work we have investigated the impact of 
quantum mechanical effects on the device performance of n-type 
in ultra-scaled SixGe1-x nanowire transistors (NWT) for possible 
future applications. For the purpose of this paper SixGe1-x NWTs 
with different SixGe1-x molar fraction has been simulated.
However, in all devices the cross-sectional area, dimensions and 
doping profiles are kept constant in order to provide fair 
comparison. The design of computational experiment in this 
work includes nanowire transistors with different gate length of
6nm, 8nm, 10nm, 12nm and 14nm. All wires are simulated with 
various SixGe1-x ratio. As a result we have established a 
correlation between the mobile charge distribution in the channel 
and gate capacitance, drain induced barrier lowering (DIBL) and 
the sub-threshold slope (SS). The mobile charge to gate 
capacitance ratio, which is an indicator of the intrinsic speed of 
the NWTs, is also have been investigated. More importantly all 
calculations are based on quantum mechanical description of the 
mobile charge distribution in the channel. This description is 
based on Schrödinger equation, which is indeed preferred 
approach for nanowires with such ultra-scale dimensions. 

Keywords— CMOS, SixGe1-x, electrostatics, nanowire 
transistors, performance, quantum effects, TCAD 

I. INTRODUCTION

The gate all around (GAA) silicon nanowire FET structure 

sub-5nm CMOS technology. They are being investigated as an 
option near the end and beyond the current International 
Technology Roadmap for Semiconductors (ITRS) [1-4]. In 
such ultra-scaled dimensions the quantum mechanical nature of 
the charge carriers play an important role which dictates the 
device behaviour and performance. Some of the quantum 
mechanical effects are related to charge confinement in the 
direction perpendicular to the transport. As a result, threshold 
voltage shift is introduced which is directly correlated to 
reducing the gate-to-charge capacitance and the charge in the 
channel available for transport. Therefore, accurate description 
of quantum mechanical effects in such ultra-scaled devices is 
indeed mandatory [5-11].

Moreover, various combinations of device architecture and 
channel materials have been investigated in order to improve 
the performance [12]. One possibility is to replace 
the Si channel with Germanium-(Ge). Ge is of renewed interest 
as a semiconductor material to complement silicon due to its 
higher carrier mobility and the trend in gate dielectrics 

evolution [13]. Ge is also compatible to the existing CMOS 
technology which makes it easy to integrate. Moreover, using 
different ratio of Si and Ge, SixGe1-x, can lead to improvement 
of the material properties and the performance of nanowire 
transistors (NWT) [13]. Our main aim in this paper is to 
establish a link between different molar ratio of Si and Ge
channel and electrostatic performance on ultra-scaled NWTs,
taking into account the quantum confinement effects.

II. DEVICE STRUCTURE 

In this paper we consider an n-type test structure of SixGe1-x
NWT. All devices have a cylindrical cross-section with 
diameter of D = 4 nm which is similar to our recently published 
work [14], [16]. The channel has a low doping concentration in 
the gate region and it is warped with a high-k oxide material 
(Hafnium) while the source and drain region are relatively 
highly doped. The SixGe1-x molar fraction which is the amount 
of a constituent (expressed in moles), divided by the total 
amount of all constituents in a mixture are varied from 10% to 
90% for booth Si and Ge in order to find the optimal 
electrostatic confinement and performance. The transport 
direction is along <110> crystallographic orientation. All 
NWTs have effective oxide thickness of tox= 0.8nm, gate 
length 6, 8, 10, 12 and 14 nm, spacer thickness of 5nm, 
source/drain doping peak of 2 1020 cm-3 and channel doping of 
1015 cm-3. 3D view and the design parameters for all simulated 
devices are presented in Fig. 1 and Table 1 respectively. 

III. SIMULATION METHOD

Our simulations are based on a Poisson-Schrödinger (PS) 
quantum correction technology achieved in a drift-diffusion 

15].  

Fig. 1 3D schematic view of the circular NWT (down) and NWTs array (up).
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 The PS model is coupled with the GARAND drift-diffusion 
(DD) solution in stages to allow a computationally efficient 
manner of combining the impact of quantum confinement and 
carrier transport (as shown Fig .2). To achieve this, the DD 
simulation is carried out until convergence, then the quasi-
Fermi level from the converged DD solution is used as a fixed 
reference within the PS model to transfer the current transport 
behavior. The PS model is then solved until convergence to 
obtain a QM solution of the charge density. After this the QM 

ter
is carried out again until convergence is obtained.  

Quantum corrections is included within drift diffusion 
simulation through the solution of the density gradient 
equation. This is coupled with both the non-linear Poisson and 
current continuity solutions and applied to both majority and 
minority carrier distributions. The quantum corrections modify 
the carrier distribution in regions of high carrier density 
variation. The modified carrier density then set an effective 
quantum potential, applied in the solution of the current-
continuity equation. In this way the charge distribution in the 

obtained from the Solution of the Schrodinger equation. The 
simulations are finished when the current converges.   

Toxide (nm) 0.8
Gate Diameter (nm) 4

Gate length (nm) 14
Spacer thickness (nm) 5.0

S/D peak doping (cm-3) 2 1020

Channel doping (cm-3) 1015

Substrate orientation 001
Nanowire orientation 110

Channel material SixGe1-x

Drain voltages (V) 0.05V, 0.7V
Table 1 Parameters of the simulated devices.

QM (×106/cm) CG (10-11F/cm) QM/CG (1017/F)

Si 1.13008 3.864140 2.92453

Si90Ge10 1.15170 3.897476 2.95499

Si80Ge20 1.15990 3.927255 2.95346

Si70Ge30 1.16580 3.953547 2.94874

Si60Ge40 1.17150 3.976392 2.94614

Si50Ge50 1.17870 3.999063 2.94744

Si40Ge60 1.18690 4.014751 2.95635

Si30Ge70 1.19790 4.026970 2.97469

Si20Ge80 1.21280 4.03570 3.00517

Table 2 QM(VG=0.60V), CG (VG=0.60V) and QM/CG ratio at identical 
QM(GV=0V) for NWTs at LG=14nm.

Fig. 3 Gate voltage dependence of the capacitance of all gate-all-
around NWTs at LG=14 nm channel length.

Fig. 4 Gate voltage dependence of the mobile charge of all gate-all-
around NWTs at LG=14 nm channel length.

Fig. 2 Flow diagram of the Poisson-Schrödinger model in GARAND 
simulator. 

Converged DD solution
Potential and electron 

concentration

Estimate Quasi-Fermi Levels

Has current 
converge?

Write Current and 
Proceed to next point

Solve Poisson Equation

Solve Schrödinger Equations

Calculate Charge Density

Calculate Current

No

Yes

EUROSOI-ULIS 2016

ISBN 978-1-4673-8608-1 235 IEEE Catalog number CFP1649D-USB



IV. RESULTS AND DISCUSSION

Fig. 3 shows the capacitance-voltage (C-V) characteristics 
for all simulated NWTs. Fig. 4 presents the gate voltage 
dependence of the mobile charge in the channel.  As expected 
the mobile charge (QM) and the gate capacitance (CG)
increases with increasing gate voltage. Moreover, both the QM
and CG reveal their dependence on the Si/Ge molar fraction. In 
order to evaluate objectively the impact of the Si/Ge

QM and CG (VG=0.60V) for identical QM (VG=0.0V). To make 
this comparison fairer, the QM (VG) curves are aligned by 
modifying the gate work function.  

From Table 2 the following important conclusions can be 
obtained. Firstly, Si20Ge80 has the highest CG and QM/CG ratio 
and consistently the lowest value is for pure Si wire. Secondly, 
increasing Ge concentration leads to almost linear increase of 
QM/CG ratio. QM/CG

The impact of the gate length on the drain-induced barrier 
lowering (DIBL T D, and sub-threshold 
slope (SS) is illustrated in Fig. 5. There is a relatively little 
difference in the electrostatic behavior between the NTWs 
with different Si/Ge fraction. Both DIBL and SS increase with 
decreasing the gate length of the devices. However, there is no 
significant difference between the values for both descriptors 
at each gate length. Also the difference in SS and DIBL values 
increases with decreasing of the gate length.    

Fig. 6 presents the electron concentration and electrostatic 
potential for all devices along the transport direction. From the 
figure is clearly visible that the main difference between the 
devices is in the channel region. Also the charge in the 
channel and the potential increase with increasing Si
concentration.   Fig. 7 reveals the 2D charge distribution in the 
middle of the channel for all devices. The data show that the 
charge difference is not significant between various NWTs 

Fig. 5 Impact of the gate length on the SS (left) and DIBL (right) for all 
NWTs with different SixGe1-x molar fraction.

Fig. 6 Electron concentration (top) and electrostatic potential (down) 
along the transport direction of SixGe1-x NWTs at VD=0.05 and 
VG=0.6V. The concentration is obtained by integrating in the plane 
perpendicular to the transport direction. 

Fig. 7 2D charge distributions, in the middle of the channel, obtained 
for the SixGe1-x NWTs with deferent Si/Ge concentration.

Fig. 8 The impact of different molar ratio of Si and Ge on Ion/Ioff

(right) and on the leakage current Ioff (left).
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and the quantum simulations capture the well-known volume 
inversion effects. 

Fig 8 reveals the impact of channel length on Ioff at low 
drain voltage VD=0.05V and gate voltage VG=0.6V for the 
Silicon NWTs in addition to seven different SixGe1-x molar 
fraction. As it is expected reducing the channel length leads to 
decrease in the leakage current for all simulated devices. 
Additionally, increasing the Ge concentration in the channel 
reduces the leaked current as wll. For example, silicon channel 
with 14 nm gate length has the worst Ioff around 5x10-10

while Si20Ge80 shows the lowest (the best) leakage current 
about 5x10-11 for the same gate bias and and gate length. 
The right hand side of Fig. 8 shows the impact of channel 
length on Ion/Ioff which has a positive effect on the device 
performance.  

Similarly, to the discussion in the above, the Si20Ge80
devices show the best Ion/Ioff performance in comparison to 
all other wires. For example at 14 nm gate length the Ion/Ioff 
ration for Si20Ge80 is around 107 while for the silicon transistor 
is just bellow 106. This ration decreases with decreasing of the 
channel length but more importantly the trend is consistent for 
all devices. 

V. CONCULUTION

In this paper we have studied the impact of quantum 
mechanical effects on the electrostatic driven performance of 
SixGe1-x NWTs at the sub 5-nm CMOS technology. By varying 
the Si/Ge molar fraction in NWTs, we have established a link 
between the quantum confinement effects and the electrostatics 
properties in those devices. We also discuss properties such as 
DIBL and sub threshold slop SS. Based on our computational 
experiments we can conclude that the NTW with Si20Ge80
molecular share has the highest QM/CG ratio, the lowest DIBL 
and sub threshold slop (SS), which makes it the best choice 
from all investigated devices.
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Abstract— The paper presents an experimental study aiming 
to highlight the potential of scanning microwave microscopy 
(SMM) as a non-destructive high precision characterization tool 
for SOI technology. Two identical SOI wafers having passivated 
and non-passivated top Si film surfaces have been assessed. 
Differential microwave measurements were found capable of 
detecting differences in the structures of the two samples. The 
results support the conclusion that, after appropriate calibration 
method, SMM may provide a powerful tool offering nm scale 
characterization for SOI technology. 

Keywords—Scanning Microwave Microscopy (SMM);Silicon 
On Insulator (SOI); interface quality; nanoscale characterization. 

I.  INTRODUCTION  
State of the art ultra-thin Silicon-On-Insulator (SOI) 

substrates require novel experimental techniques able to 
provide high sensitivity, non-destructive characterization, for 
evaluation of interfaces quality and of other parameters such as 
local thickness variation. This can be effectively achieved by 
the implementation of non-contact optical methods, as recently 
demonstrated [1,2]. Beyond the optical wavelengths, 
microwaves can also offer a useful tool to that final goal. 

Scanning Microwave Microscopy (SMM) is a technique 
that provides high sensitivity non-destructive, subsurface, 
point-wise characterization with nanometer scale lateral 
resolution. This is achieved by applying a microwave signal 
through a sharp tip, to the material or the device under 
investigation and recording the response. For this, numerous 
microwave microscope configurations have been proposed [3-
7]. In one of the late setups [5,7], the microwave signal, 
provided by a vector network analyzer (VNA), is applied to the 
device under test (DUT) through a modified atomic force 
microscope (AFM), using a specially designed tip.  The tip 
may be placed in contact or in proximity to the surface of the 
DUT. The response of tip/sample system to the incident wave 
is determined in this case by the local properties of the studied 
material, but also by the properties beyond the top surface, 

since microwaves may penetrate inside. This way, the 
technique takes advantage of the high capabilities of both AFM 
and VNA and may provide high precision non-destructive 
characterization for the DUT. Operation can be performed in 
contact and in non–contact mode. A variation of the standard 
setup also allows transmission measurements, by involving two 
VNA channels and back illumination, which may provide 
complementary and in some cases higher sensitivity 
information [8].  

The application of the proper calibration and de-embedding 
methodology on the measured microwave signals is a very 
critical step and can lead to the extraction of localized 
quantitative knowledge on the properties of the DUT. 
Regarding semiconductor characterization, there is an 
important interest over the last years for SMM studies on 
silicon samples having dopant profile structure [9-15]. Beyond 
semiconductors, SMM is already successfully implemented for 
the study of novel materials [16] and biological samples [17]. 

This paper presents the first experimental application of 
SMM for the characterization of SOI substrates and it mainly 
aims to highlight SMM potential as a non-destructive 
characterization tool for state-of-art SOI technology. This study 
is focused on reflection measurements with contact mode 
AFM, to monitor the differences between passivated and non-
passivated top surface SOI wafers.    

II. EXPERIMENTAL CONFIGURATION 

A. Silicon On Insulator Samples 
The study is performed on two SOI structures with 88 nm 

thick Si film on top of 145 nm thick buried oxide (BOX). The 
first sample is covered with native oxide (non-passivated), 
while second one has passivated surface with 4 nm dry thermal 
oxide. Thus the two samples have different density of states at 
the top surface [18]. The silicon film on top of the BOX is 
selectively etched in order to create SOI islands. This structure 

Partial support from “Marie Curie” project NANOMICROWAVE, under 
GA:317116.  
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allows the simultaneous scan of both SOI structure and the 
BOX area, so that each contribution can be separately assessed.   

B. Scanning Microwave Microscopy Setup and Measurements 
The Keysight's SMM experimental setup consists of an 

Atomic Force Microscope (AFM) interfaced with a 
Performance Network Analyzer (PNA). In our experimental 
procedure a Keysight s N5230 PNA was matched with a 
Keysight s LS5600 AFM with commercially available 
platinum tips especially designed for SMM measurements, i.e. 
Rocky Mountain Nanotechnology 12Pt400B, with a spring 
constant of 0.3N/m [19]. By choosing the appropriate AFM tip 
stiffness and setpoint (i.e. tip to sample force), the method can 
be non-destructive for the surface of the material under 
investigation, even in contact mode operation. 

The device under test is connected to the setup as a 
properly terminated shunt capacitor, in order to achieve a 
match between the high tip/sample impedance and the VNA 
requirements and to take advantage of the very high sensitivity 
offered by the VNA, if properly connected. Therefore a 50  
shunt resistor and a resonator are also integrated in the SMM 
system (Fig.1). 

 
Fig.1 Simplified schematic of the experimental setup. 

In our case the two samples were placed next to each other 
(Fig.2) and were characterized during the same experiment 
(using the same tip and frequency), to obtain a reliable 
comparative study by minimizing experimental variations. 

 
Fig.2 Photo of the devices placed on the AFM chuck. 

To eliminate topography related cross talk effects (i.e. non 
local capacitive coupling induced by the topography variation 
of the sample), the GHz microwave signal is coupled with an 
additional modulating small signal of frequency typically 
between 12-20 kHz also applied through the SMM tip. This 
allows performing differential measurements of the reflection 

coefficient amplitude dS11/dV and phase dP11/dV, with no 
topographical artifacts superimposed to the signal of interest.     

Both samples were characterized using the same setup. The 
scanned area was defined in a way to include both areas, 
without and with top silicon film; so that comparison can be 
performed. A schematic of the sample and of the scanned area 
is presented in the Fig.3.  

 
Fig.3 Schematic of the DUT showing the scanned area.  

III. EXPERIMENTAL RESULTS AND DISCUSSIONS 
Before scanning the sample, the AFM tip is placed in 

contact with a point of DUT, and a VNA frequency sweep is 
performed typically from 1 to 20 GHz (i.e. within the 
frequency interval which is the current state-of-art for the 
technology of the SMM probes). For this we have chosen a 
contact point at the BOX area so that it will not be affected by 
the differences in the two SOI islands. Multiple resonance 
frequencies are obtained because of the resonator integrated 
with the probe. In principle the method can be applied at any 
frequency close to a resonance notch, however typically higher 
frequencies offer higher sensitivity. The most appropriate one 
is chosen between those characterized by best imaging and 
impedance responses for the performed measurements. Fig. 4 
presents the obtained sweep in the range of 18.5 GHz to 20 
GHz and the selected notch. The selected fixed frequency for 
the experimental procedure was 19.05 GHz. 

 
Fig.4 Frequency sweep – selected notch. 
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Fig.5 Topography image of (left) passivated and (right) non-passivated sample.  

 
Fig.6 dS11/dV measurements on (a) passivated sample and (b) non-passivated sample using the same color scale levels and (c) non-passivated sample using 

more detailed scale, having the same “starting” and different “ending” levels.  A clear difference between the levels of signals acquired on the SOI parts with respect 
to the corresponding BOX parts is observed.   

 
Fig.7 dP11/dV dV measurements on (a) passivated sample and (b) non-passivated sample using the same color scale levels and (c) non-passivated sample using 

more detailed scale, having the  same “starting” and different “ending” levels.  A clear difference between the levels of signals acquired on the SOI parts with respect 
to the corresponding BOX parts is observed.      

The experimental obtained results (Fig.6 and Fig.7) clearly 
demonstrate the subsurface differences between the two SOI 
samples. The topography measurements (Fig.5) do not reveal 
any important differences on the two surfaces. To avoid any 
topographic induced crosstalk in the microwave images, we 
report the differential dS11/dV measurements, thus we can 
safely conclude that the differences recorded in microwave 
signals are not topography but rather material related. Results 
on passivated samples presented in Fig.6 (a) and Fig.7 (a). 
Non-passivated samples presented using the same color scale 
in Fig.6 (b) and Fig.7 (b) and in optimized color scale having 
the same reference level (BOX) in Fig.6 (c) and Fig.7 (c), for 

detailed comparison. The position of the Si film step is clearly 
identified. It is also worth noting that the same level of signal is 
obtained on the BOX part, in contrast to the levels of signals 
coming from the SOI island part. The microwave signals 
acquired on the SOI part of passivated samples (Fig.6 (a) and 
Fig.7(a)), are more uniform with respect to the non-passivated 
ones (Fig.6(b),(c) and Fig.7(b),(c)). It should be also noticed 
that SMM measurements are local, with respect to other 
characterization techniques and allow detailed mapping of the 
DUT properties with a lateral resolution in the nanometer scale. 
Moreover because of the implementation of purposely 
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fabricated samples with different top Si surfaces, the results 
present a straightforward experimental verification. 

Regarding the interaction of SMM signals with the 
interface states it should be noted that although a preliminary 
discussion is already presented in particular for differential 
dS11/dV measurements, in [11], such interaction is not yet 
completely clarified. For reflection SMM measurements, the 
measured microwave coefficient, S11 was found to be 
proportional to the reflective capacitance that interacts with the 
incident wave [5,9,14,15]. More precisely, in case of contact 
mode measurements with silicon samples, the metallic (Pt) 
AFM tip and the semiconductor with the native or purposely 
grown oxide on top, forms a MOS capacitor. In this case the 
dS11/dV is sensitive to the slope of the localized C-V in the 
vicinity of the tip [9,20]; thus includes in this way the 
corresponding local information.  

Finally, although it is clear that additional effort is required 
for a full calibration study in order to obtain quantitative 
nanoscale SOI characterization by the SMM technique; this 
paper presents the first experimental evidence towards this 
direction and therefore should be considered as a quite 
promising starting point.  

IV. CONCLUSIONS 
The paper presents an experimental study aiming to 

highlight the potential of scanning microwave microscopy 
(SMM), as a non-destructive characterization tool for silicon on 
insulator (SOI) technology. The study is focused on reflection 
and contact mode measurements. The differences between 
passivated and non-passivated Si/SiO2 interfaces have been 
clearly monitored. The results constitute a promising starting 
point towards the conclusion that under the appropriate 
calibration, SMM may offer nm scale high sensitivity non-
destructive characterization for state of the art SOI materials 
and devices.   
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Abstract— In this work, the influence of the Ge amount at 
source on transistor efficiency and intrinsic voltage gain of 
vertical gate all around TFET is experimentally evaluated, 
comparing three different source compositions. The reference 
transistor has a source of 100% of Si, and the studied devices 
have 27% and 100% of Ge at the source. The increase of the Ge 
amount at source enhances the tunneling current, without 
degrading the off state current, improving the subthreshold 
region characteristics and reducing the onset voltage. At the same 
current level, devices with higher percentage of Ge present a 
higher Early voltage and improved efficiency, resulting in an 
increase of the intrinsic voltage gain. Comparing at the same gate 
bias, Ge source devices are also better due to their higher drain 
current value. At weak conduction regime, all devices show 
better analog characteristics due to their higher efficiency values. 
Considering the better performance of Ge source devices, two 
different HfO2 thicknesses were also analyzed (3 nm and 2 nm).  
The device with thinner HfO2 layer presents better transistor 
efficiency at both conduction regimes due to its better 
electrostatic coupling. However, when using high values of gate 
voltage, this device has a strong degradation on the intrinsic 
voltage gain. 

Keywords—TFET, Analog Parameters, SiGe Source, Vertical 
Nanowire. 

I.  INTRODUCTION 
Tunnel field effect transistors (TFETs) are new devices 

developed to overcome the conventional MOSFETs switching 
capability. The main conduction mechanism of TFETs is the 
band-to-band tunneling (BTBT) [1], which allows these 
devices to reach values of subthreshold swing (SS) lower than 
the conventional MOSFET theoretical limit (60 mV/dec) [2–4]. 

However, using only silicon, TFET devices present low on-
state current (ION) values. Focusing on the improvement of ION, 
new source compositions have been studied, aiming the 
reduction of the material bandgap, decreasing the tunneling 
path and consequently improving BTBT [5- 8]. 

Although TFETs were developed to improve the switching 
performance, the analog characteristics analysis of TFETs have 
been recently studied and have shown promising results [9-13]. 

In this work, the impact of the conduction mechanism on 
the transistor efficiency and on the intrinsic voltage gain is 
evaluated for vertical gate all around TFET devices, with Si, 
Si0.73Ge0.27 and Ge source compositions. The studied 
parameters were analyzed in two conditions: weak and strong 
conductions. 

II. DEVICE CHARACTERISTICS 
The analyzed devices are N-type vertical gate all around 

TFETs fabricated in imec/Belgium. These devices were 
measured using an Agilent B1500 Semiconductor 
Characterization System at the University of Sao Paulo.  

The representation of the used devices structure is 
presented in figure 1. 

 
Fig. 1 – Representation of the studied devices structure. 

These devices use a top down vertical process flow [14]. 
The devices have a physical gate length (LG) of 150 nm, a total 
channel length (LCH) of 220 nm, a gate/drain underlap (LGD) of 
100 nm, a gate/source overlap (LGS) of 30 nm, a diameter of 
140nm and have 2400 nanowires in parallel. Three different 
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source compositions were studied, one of Si0.73Ge0.27, one of 
pure Ge and the other of pure Si. The gate stack is composed 
by a dielectric of 3nm HfO2 on top of 1nm interfacial SiO2 and 
covered by a TiN and amorphous silicon layer. For the Ge 
source device, another device with 2nm of HfO2 was measured. 
The drain region is doped with 2x1019 As/cm3, the source is 
doped with 1x1020 B/cm3 and the channel is doped with 1x1016 
As/cm3. More details regarding these structures can be found in 
[7]. 

III. ANALIZES AND RESULTS 
The experimental drain current (IDS) as a function of the 

gate voltage (VGS) for Si, Si0.73Ge0.27 and Ge sources TFET 
devices is presented on figure 2. From this figure it is possible 
to observe that the Ge device has the highest ION, due to its 
smaller bandgap (0.66 eV). The reduction of the bandgap 
decreases the tunneling path and increases the overlap between 
bands at source/channel junction, resulting in a higher BTBT 
current. This reduction of the bandgap also causes a decrease 
on the BTBT onset voltage, as can be observed for the Ge 
devices.  

Although the Ge source devices present higher ION current, 
their off state current (IOFF) is slightly higher than the Si device, 
resulting also in an improvement of the ION/IOFF ratio. 

 

0.0 0.5 1.0 1.5 2.0
10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

nTFET
VDS=1.5V
THfO2

=3nm

I D
S(

A)

VGS(V)

 Si
 Si0.73Ge0.27

 Ge

Fig. 2 – Experimental IDS vs VGS for TFETs with different source 
composition. 

 

The transistor efficiency (gm/IDS) is a very important figure 
of merit for analog application. From gm/IDS as a function of 
normalized IDS (figure 3), it is possible to study the efficiency 
behavior from weak to strong regime. From figure 3, it is 
noticeable that when the percentage amount of Ge in the source 
increases, the devices efficiency also increases for all IDS range 
due to the higher BTBT dominance that results in a better 
subthreshold swing (weak regime) and higher gm (strong 
regime). 

Figure 4 shows the extracted values of gm/IDS for a fixed 
current at weak conduction, at strong conduction and also with 
the same gate bias of 1.9V, for all the different sources devices. 

In weak conduction, as the reduction of the bandgap increases 
the ION/IOFF ratio, it improves the subthreshold region behavior, 
resulting in an improvement of the gm/IDS due to its 
dependence with subthreshold swing. In strong conduction, as 
the comparison is made using the same IDS, and the 
transconductance is as higher as the percentage of Ge, the 
gm/IDS is also higher for the Ge devices. 
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Fig. 3 – Experimental gm/IDS vs IDS for TFETs with different source. 
 

When comparing with a fixed bias of VGS=1.9 V, an 
opposite behavior can be noticed: the increase of the Ge 
percentage at the source degrades the gm/IDS. This behavior 
can be explained by the high IDS values for Ge source devices, 
which becomes more pronounced than the gm improvement. 
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Fig. 4 – Values of gm/IDS for different conduction regime and source 
composition. 

 

Figure 5 presents the Early voltage (VEA) values for the 
different sources compositions. Focusing on the comparison 
that considers the same drain current level, in the weak and 
strong conduction, the Ge devices are less dominated by the 
BTBT mechanism [15], being less influenced by the drain 
voltage (VDS), improving VEA.  
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When the gate is biased at 1.9V, there is a competition 
between two factors: the conduction mechanism and the 
current level. As the BTBT onset voltage is lower for higher 
percentages of Ge at the source [10, 16], the Ge source devices 
have more BTBT influence, increasing the influence of VDS, 
which tends to degrade VEA. However, the increase of the 
current level in Ge source devices, caused by the bandgap 
reduction, tends to increase VEA. Since the latter is more 
pronounced than the former, it results in a considerable 
improvement of the VEA. 

 Weak Conduction
 Strong Conduction
 VGS=1.9 V

0

50

100

150

200

250

300

350

400

 
V

E
A(

V)

Source Composition
Si Si0.73Ge0.27 Ge

nTFET
VDS=1.5V
THfO2

=3nm

Fig. 5 – Values of VEA for different conduction regime and source 
composition. 

 

The intrinsic voltage gain analysis (Fig. 6) was also 
performed comparing the same VGS (1.9 V), and the same 
current level in weak and strong conduction. Among all the 
comparisons, the best results were obtained for the weak 
conduction. Although the trap assisted tunneling (TAT) has a 
strong influence in this regime and the obtained Early voltage 
is smaller than the one obtained for strong conduction, in weak 
conduction the gm/IDS values become the predominant factor 
on the intrinsic voltage gain. 
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Fig. 6 – Values of AV for different conduction regime and source composition. 

 

However, independent on the proposed comparison, the Ge 
source TFET always presents a better AV behavior. In weak 
conduction due to better subthreshold swing (better gm/IDS), in 
strong inversion due to the better gm (better gm/IDS) and for 
VGS=1.9V due to higher VEA. 

As the Ge source device showed to be the best among the 
analyzed devices, the comparison between the Ge source 
devices with 3nm of HfO2 and 2nm of HfO2 in the gate stack 
was also performed. Figure 7 presents the IDS as a function of 
the VGS for these devices. In this figure it is possible to observe 
that the 2 nm HFO2 device although has more IOFF due to the 
increase of the gate current, it has better electric coupling, 
showing to have an improved subthreshold swing and ION. This 
improvement can also be observed in the gm/IDS as a function 
of the normalized IDS (Figure 8), where the 2 nm HfO2 device 
curve has higher values of gm/IDS for all IDS range, even when 
comparing at same external bias (VGS=1.9V). 
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Table 1 presents the values of VEA and AV for both devices. 
The 2nm HfO2 devices have higher VEA values for both weak 
and strong regimes, due to its higher electric coupling. 
However, for VGS=1.9 V, the 2nm HfO2 device have a 
degradation of VEA, caused by the intense influence of BTBT 
mechanism. 

Table. 1 – Values of VEA and AV for the Ge source devices. 

THfO2 
VEA (V) AV (dB) 

Weak Strong VGS=1.9V Weak Strong VGS=1.9V 
3 nm 161 209 375 67.1 66.3 60.8 
2 nm 388 504 116 76.4 75.6 52.7 

 

Considering the AV, in the weak and strong regimes the 2 
nm HfO2 device has higher AV because it has an improvement 
in the gm/IDS and in the VEA, however, with VGS=1.9 V it is 
degraded due to its VEA and gm/IDS degradation. 

IV. CONCLUSIONS 
In this work a comparative study of the Ge amount at the 

source of gate all around TFET devices was performed, for 
three different conditions: fixed current at weak and strong 
conduction regimes and also for the same gate voltage (1.9 V). 
The increase of Ge amount at source reduces the bandgap, and 
consequently the tunneling path, that in turns increases the 
overlap between bands at source/channel junction and the 
BTBT current of TFETs. 

For all comparisons, the devices with higher amount of Ge 
presented better analog characteristics than the others. 
Considering the conduction regime, although the Early voltage 
is smaller in weak conduction, the improvement of gm/IDS led 
to the best AV characteristics for all analyzed devices. It can be 
concluded that the Ge device in weak conduction regime is the 
most recommended device for analog applications, among all 
the studied devices. 

The Ge device with the gate stack formed with 2 nm of 
HfO2 proved itself to have even better analog characteristics 
than the 3 nm HfO2 one, due to its better electrostatic coupling, 
being even better when it is working in weak conduction 
regime. 
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Abstract – The aim of this work is to compare differential 
pairs designed with TFETs or FinFETs and evaluate the impact 
of the working principle of each technology on differential (Ad) 
and common-mode (Acm) voltage gains and on the susceptibility 
to the temperature. Circuits with TFETs present higher peak 
values of Ad and common mode rejection rate (CMRR), but this 
performance is observed for a narrow input voltage range. When 
the temperatures raises, differential pair with TFET keeps its 
parameters almost unchanged, while FinFETs are clearly 
degraded, revealing a promising application of Tunnel-FET 
devices. 

Keywords— TFET, FinFET, Differential Pair, Temperature 
impact. 

I.  INTRODUCTION  
The continuous scale-down faced by MOSFET devices in 

the past few decades turned leakage currents and short-channel 
effects into major concerns. Considering that the supply 
voltage has not been reduced at the same proportion, it is clear 
that power dissipation becomes also a major roadblock [1, 2]. 

In order to overcome the subthreshold swing limit of 
60mV/decade at room temperature, Tunnel Field Effect 
Transistors (TFETs) have been considered a promising 
alternative [3]. These devices are based on a gated p-i-n diode 
structure, in a way that band-to-band tunneling (BTBT) 
replaces drift-diffusion, reducing short-channel effects and 
subthreshold swing [4, 5]. 

This work studies the suitability of TFET technology in a 
basic circuit, namely a differential pair with active load. The 
results have been compared to FinFETs at room and high 
temperatures using numerical simulations. 

II. DEVICE CHARACTERISTICS  
The devices used in this work represent the cross-section 

of a FinFET structure. The channel length and the distance 
between their 2 gate oxide interfaces are kept constant along 
the study, with values of 60 and 40nm respectively. The gate 
is self-aligned to both channel/drain and channel/source 
junctions. 

Numerical simulations have been performed with low 
doped channel (5x1015 cm-3) and 1020 cm-3 doped drain and 
source. TFET and FinFET devices are simulated with the 
same structure, but changing the source type. Figure 1 
illustrates the case of pTFET and pFinFET. 

The gate stack is composed of a midgap material with 
workfunction of 4.7eV and a gate oxide with thickness of 
2nm. 

 

 
Fig. 1. P-type TFET and FinFET structure and the respective cut plane. 

 

III. METHODOLOGY 
The circuit of the differential pair with active load is 

schematically represented in Figure 2. The power supply 
(VDD) is 1.7V and VSS is -1.7V. Input voltages vin1 and vin2 
refer to the gate of Q1 and Q2 transistors respectively and the 
output voltages vout1 and vout2 are their drains in the same 
order. The transistors currents Id1 and Id2 and the total I current 
are represented in Figure 2 as well. The circuit has been 
simulated with Atlas Mixed Mode. 

The comparison has been performed based on parameters 
such as the differential voltage gain (Ad), the common-mode 
voltage gain (Acm) and the common-mode rejection ratio 
(CMRR). The differential voltage gain is obtained when the 
differential input voltage (vid) is defined as the difference  
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vin1 - vin2. The common-mode voltage gain is extracted when 
vin1 = vin2 = vicm. Therefore, Ad, Acm and CMRR are calculated 
according to equations 1-3. 

 
  (1) 

 

  (2) 

 
                              (3) 

 
After the comparison of circuits with TFETs and FinFETs 

at room temperature, the same parameters are obtained for 
temperatures ranging from 300 to 450K. 

 
Fig. 2. Basic TFET circuit of a differential pair with active load. 

 

IV. RESULTS AND ANALYSIS 

The first part of this work focused on the comparison of 
TFET and FinFET differential pair at room temperature. 
Figures 3, 4 and 5 refer to the condition as a function of 
differential input (vid). 

Figure 3 reveals two main differences between these 
circuits, namely the output voltage for zero input and the non-
linear curve of vout2. For FinFETs, the mobility difference 
between carriers should be compensated by the bias condition 
for pFinFETs in the active load and nFinFETs in the 
differential pair. Therefore, the output voltage for vid = 0V is  
-0.55V for FinFETs and nearly zero for TFETs, since its 
current is basically due to BTBT, which occurs quite close to 

the channel/source junction and depends mainly on its 
bandgap.  

Regarding the shape of vout2 for TFET, it is important to 
notice the very high slope for low input voltages and the clear 
saturation for |vid| > 0.2. The susceptibility to the input voltage 
leads to a higher values of differential gain, which may be 
justified by considering that this parameter is directly 
proportional to the transistor transconductance (gm) and output 
resistance (r0). As previously observed in [6], even with higher 
gm values for FinFETs, TFETs advantage in terms of r0 
prevails. 

 

 Fig. 3. Output voltages as a function of the differential input voltage. 
 
Figure 4 illustrates this behavior in terms of drain current 

variation. At the same time, it shows the influence of the 
circuit asymmetry, due to the short circuit between Q3 gate 
and drain, which keeps Q3 in the saturation region for a wider 
range of input voltage than Q4. 

 

 Fig. 4. Id1/I and Id2/I ratios as a function of the differential input voltage. 
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Figure 5 reveals the consequent differential gains for the 
circuits with TFETs and FinFETs. The results are normalized 
for a unitary gain for FinFETs at vid = 0V, so that it is clear 
that the peak value obtained for TFETs is more than 50 times 
higher. A similar behavior had been observed for differential 
pairs with passive load in [7], including highest Ad and stricter 
linear regions for TFETs. On the other hand, without the 
mentioned Q3 short circuit, Id/I curves used to be symmetric to 
vid. 

 

 Fig. 5. Differential gain as a function of the differential input voltage. 
 

Figure 6 exhibits the common-mode gain as a function of  
vicm = vin1 = vin2, following the same previously explained 
normalization criteria. In this case, the output voltages was 
closely linear for both circuits and the slope was relatively 
similar to each other. This way, there is no clear peak in any 
curve and the relative difference is much smaller than the one 
observed in Figure 5. A direct consequence may be noticed in 
the CMRR, which is related to the differential and common-
mode gains ratio. Based on this parameter, the performance of 
differential pair with TFETs is more suitable than with 
FinFETs, since the former presented up to 22 times bigger 
CMRR than the latter. 

 

 Fig. 6. Common-mode gain as a function of the input voltage. 
 

In the second part of this work, these circuits have been 
analyzed in terms of susceptibility to the temperature. Once 
more, Ad, Acm and CMRR have been selected as relevant 
parameters and their relative variation for temperatures up to 
450K have been plotted in Figure 7, 8 and 9 respectively. 

 

 Fig. 7. Differential gain for temperatures from 300 to 450K. 
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 Fig. 8. Common-mode gain for temperatures from 300 to 450K. 
 

 Fig. 9. Common-mode rejection ratio for temperatures from 300 to 450K. 
 

Regarding the differential gain, values for FinFET clearly 
decreased by more than 50%, which may be explained by the 
mobility degradation for higher temperatures. Meanwhile, 
TFET was nearly constant, since the bandgap narrowing is 
closely compensated by the output conductance (gD) increase. 
In terms of common-mode gain, TFET presents a slight 
increase, while FinFET reduction is relevant, but not as much 
as the one observed for Ad. As a consequence, CMRR for 
FinFETs reduces more than 20% and for TFETs decreases 
around 3%. Remembering that at room temperature the circuit 

with TFETs had already presented better CMRR values for 
low input voltages, it should be highlighted that this difference 
gets even more relevant as the temperatures goes up to 450K. 

 

V. CONCLUSION 
This paper analyzed the suitability of differential pairs with 

active load designed with TFET or FinFET devices. A 
quantitative comparison has been performed based on the 
differential gain, the common-mode gain and the common-
mode rejection ratio. 

In the differential condition, TFETs presented a high 
susceptibility to the input voltage, leading to a more than 50 
times higher value of Ad. On the other hand, there was a 
saturation for |vid| > 0.2V, while FinFETs presented a linear 
behavior for the whole input range. The common-mode gain 
difference was much less significant, in a way that the CMRR 
was more than 20 times bigger for the circuit with TFETs. 

For higher temperatures, differential pairs with FinFETs 
have been clearly affected by the mobility degradation, 
leading to a decrease in the 3 studied parameters. TFETs 
presented a less susceptible behavior, due to the compensation 
of bandgap narrowing and gD increment. CMRR decreased 
21% for FinFETs, while there was a slight increase for TFETs. 

To conclude, it was observed that the differential pair with 
TFETs presented better global results for low input voltages, 
but had a stricter range to work in the linear region. 
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Abstract—The Gunn oscillation in an AlGaAs/InGaAs high-
electron mobility transistor is numerically simulated. Using the 
commercial drift-diffusion simulator with a mobility model 
considering the negative differential mobility effect, the 
autonomous on-set of the Gunn oscillation is directly observed. 
The Gunn oscillation can be observed only for a certain range of 
bias voltages. The electron density clearly shows that the recessed 
region between the gate and drain terminals plays an important 
role. The oscillation frequency and amplitude are shown as 
functions of the bias voltages. 

Keywords—Gunn oscillation; high-electron mobility transistor; 
terahertz; simulation 

I.  INTRODUCTION 
Since the electromagnetic waves in the frequency range 

between 0.1 terahertz (THz) to 10 THz have potential 
applications in various areas, it has gained great interest. In 
order to expedite wide spread deployment of THz technology, 
the development of more efficient THz devices are mandatory. 
[1] Especially, the development of efficient THz emitting 
devices is required.  

Compared to other photoconductive antenna-based THz 
emitting devices [2], a transistor-type THz emitting device can 
reduce the form factor significantly, since it does not require 
the external laser source. Transistor-based THz emitting 
devices can be operable in the room temperature, in contrast to 
the quantum cascade laser [3]. The possibility of integration 
into a chip is also a big advantage. In this work, the high-
electron mobility transistor (HEMT) is considered as a possible 
THz emitting device.  

In the HEMT, two different mechanisms for generating the 
THz oscillation have been proposed. [4] The first one is the 
plasma instability in the HEMT channel. In the gated HEMT 
channel, there are plasma modes, whose dispersion relations 
are linear. However, due to the presence of the scattering, we 
need additional gain mechanisms for the plasma modes to 
support a stable oscillation. In [5], it is predicted that the 
unbalanced electrical boundary conditions together with a dc 
current flow can provide a gain mechanism for the plasma 
modes in the HEMT channel. There have been considerable 
efforts in the modeling and simulation of THz oscillation due 
to plasma instability. [6-10] With a reasonable set of device 

parameters, it is commonly believed that the plasma instability 
in the HEMT results in an oscillation well above 1 THz.   

Another possible mechanism to generate a high-frequency 
oscillation is the Gunn oscillation. In the high electric field 
regime, due to the intervalley scattering, the electron effective 
mass is increased when the electric field is increased. As a 
result, the differential mobility becomes negative. This 
negative differential mobility (NDM) introduces the formation 
of a Gunn domain. Although the exact oscillation frequency 
depends on the specific device condition, it is expected that the 
oscillation frequency is in the sub-THz range, which is 
considerably lower than that of the plasma instability.  

There have been some efforts to simulate the Gunn 
oscillation in transistors. [4, 11, 12] In [4], experimentally 
measured emission spectra are attributed to the Gunn 
oscillation. The 50 GHz drain current oscillation in 
AlGaAs/InGaAs HEMTs are shown by the Monte Carlo 
simulation in [11]. Recently, the results of Monte Carlo 
simulation of GaAs MOSFETs are reported in [12]. It is shown 
that the simulated transistor can generate a high frequency 
oscillation up to 325 GHz with the parameter optimization. 

In this work, we present the simulation results of the Gunn 
oscillation in an AlGaAs/InGaAs HEMT. The structure of this 
extended abstract is as follows: The simulated device structure 
and the simulation methodology are introduced in Section II. 
The simulation results are shown in Section III. The oscillation 
frequency and amplitude are shown as functions of the bias 
voltages. Finally, the conclusion is made in Section IV. 

II. DEVICE STRUCTURE AND SIMULATION METHODOLOGY 
The Al0.25Ga0.75As/In0.25Ga0.75As HEMT structure is 

considered. Basically, the device-under-simulation is designed 
to have realistic parameters in order to enable future 
comparison with the measured results. The schematic of the 
simulated device is shown in Fig. 1. The thickness of the 
InGaAs channel layer is 10 nm. A delta-doping layer whose 
sheet density is 1011 cm-2 is introduced to the AlGaAs barrier. 
The thickness of the barrier layer is 20 nm. The channel length 
is 150 nm and the length of each recessed region is 500 nm. 
The source and drain regions are heavily doped with 1020 cm-3. 
The total channel width is 120 m. A 0.8 m–thick buffer layer 
is modeled as a perfect insulator for simplicity. 

This work is supported by the Samsung Research Funding Center of 
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Fig. 1. Schematic of the simulated AlGaAs/InGaAs HEMT structure. The 
channel length is 150 nm and the length of each recessed region is 500 nm. 
The thickness of the buffer layer is 0.8 m. 

A commercial device simulator [13] has been employed to 
solve the drift-diffusion equations. The mole-fraction 
dependent quantities are properly obtained by the interpolation 
scheme implemented in the simulator. The mobility model with 
the NDM effect [14] is considered for the electron mobility in 
the channel InGaAs layer.  

It is revealed that selection of the driving force of the 
mobility model has a significant impact on the simulation 
results. The electric field parallel to the electron current is used 
as the driving force throughout this work. Other simulator 
options for the driving force, such as the absolute electric field 
or the gradient of the quasi-Fermi potential, do not give proper 
results. The hydrodynamic model suffers from some 
convergence problems. Since the Gunn oscillation without the 
impact ionization is of our primary interest in this study, the 
electron-hole pair generation due to the impact ionization is 
neglected. Moreover, the quantum confinement effect is not 
included in the simulation model.  

It is our aim to calculate the maximum output capability of 
the simulated HEMT at an oscillation frequency, which is not 
affected by an external resonator. For this purpose, a transient 
simulation has been performed. A similar approach can be 
found in [15]. The supply voltage, which is connected to the 
drain terminal through a resistor of 1 , is rapidly ramped up to 
the given target value. The typical value of the ramping rate is 
10 V nsec-1. Once after the target value is achieved, the supply 
voltage is kept for a sufficiently long time to yield a stable 
oscillatory waveform. Such a numerical experiment is repeated 
for various bias points. The oscillation frequency and 
amplitude are measured.  

Note that the conventional device simulators typically 
adopt the implicit time differentiation scheme. In the case of 
the implicit scheme, the numerical dissipation due to a coarse 
time step reduces the instability. In order to prevent unwanted 
damping by the numerical dissipation, the maximum allowed 
time step is limited to 0.1 psec, which is sufficiently short. 

Fig. 2. Simulated dc Id-Vg relation at the drain-to-source bias voltage of 1.0 
V. The trans-conductance is also shown. Solid lines are obtained with a 
mobility model considering the NDM effect. For dashed lines, the NDM 
effect is neglected in the velocity saturation model. 

Fig. 3. Transient behavior of the drain terminal current. The gate voltage is 
0.06 V and the supply voltage connected to the drain terminal is ramped up to 
0.6 V with a ramping rate of 10 V nsec-1. 

III. SIMULATION RESULTS 
Fig. 2 shows the dc drain current and trans-conductance as 

functions of the gate voltage. The drain-to-source bias voltage 
is 1.0 V. The NDM effect in the velocity saturation model 
yields large difference in the trans-conductance. It is noted that 
convergence problems have been observed with the NDM 
model for higher gate voltages.  

 A typical transient behavior of the drain terminal current is 
shown in Fig. 3. The gate voltage is 0.06 V. The ramping speed 
of the supply voltage is 10 V nsec-1. During the ramping period, 
the oscillation of the drain current starts. Even after the 
ramping period is finished at 60 psec in this example, a stable 
oscillation can be clearly observed. 
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Fig. 4. Snap shot of the electron density in the InGaAs channel at various 
time instances with a 2 psec step. The values at the middle of the channel 
layer are taken. The gate voltage is 0.06 V and the supply voltage in the drain 
side is 0.6 V.  

Once after a stable oscillation is achieved, the internal 
quantities are inspected. The electron density is shown at 
various time instances in Fig. 4. The values at the middle of the 
channel layer (25 nm in the device coordinate) are taken. It is 
clear that the oscillation takes place in the recessed region 
between the gate and drain terminals. The overall travel length 
for the Gunn domain is mainly determined by the recess region, 
which is much longer than the gated region. On the other hand, 
the gated region acts as a launcher of the Gunn domain. 

Note that the role of the gate-to-drain recess region is very 
different from the above observation in the case of the plasma 
instability. In this case, the overall travel length for the plasma 
wave is largely determined by the gated region while the gate-
to-drain recess region contributes to the drain impedance.  

In Fig. 5, the oscillation frequency is shown as a function of 
the supply voltage. The stable oscillation is observed only for a 
narrow range of the gate voltage. In this example, it is observed 
in the gate voltages between 0.04 V and 0.08 V. Interestingly, 
unusual behavior of the trans-conductance due to the NDM 
effect is observed in the same voltage range, as shown in Fig. 2.  

 The oscillation frequency shows a considerable 
dependence on the drain voltage. For example, when the gate 
voltage is 0.8 V, a 0.5 V difference in the drain voltage 
introduces about 35 % difference in the oscillation frequency. 
Since no external resonator is connected to the HEMT, the 
simulated oscillation frequency is solely determined by the 
device itself. Additional resonator may alter the oscillation 
frequency considerably. 

Not only the oscillation frequency but also the oscillation 
amplitude exhibit dependency on the bias voltages. The peak-
to-peak amplitude of the drain current fluctuation is shown in 
Fig. 6. When the drain resistor is 1 , the peak-to-peak 
amplitude exhibits its maximum value of 1.44 mA at the gate 
voltage of 0.08 V. In this example, the amplitude is insensitive 
to the supply voltage, at least up to 1.0 V. 

Fig. 5. Oscillation frequency as a function of the supply voltage. Three cases 
of the gate voltage (0.04 V, 0.06 V, and 0.08 V) are considered. For other gate 
voltages outside this range (such as 0.0 V or 0.1 V), no oscillation is observed.  

Fig. 6. Peak-to-peak amplitude as a function of the supply voltage.  

As much as the emitting devices are concerned, the 
maximum power available from the given structure is of great 
interest. From the numeric values in the previous paragraph, 
the maximum power is roughly estimated to be a few tenths of 
a microwatt ( W). Impact of the drain resistor (or the external 
resonator) on the output power will be investigated later.  

IV. CONCLUSIONS 
The Gunn oscillation in the AlGaAs/InGaAs HEMT has 

been simulated. It has been shown that the Gunn oscillation can 
be observed for a certain range of bias voltages. The electron 
density clearly shows that the recessed region between the gate 
and drain terminals plays an important role in the Gunn 
oscillation. The oscillation frequency and amplitude are shown 
as functions of the bias voltages. 
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Abstract—The paper considers a frequency dependence of 
Me-graphene contact capacitance. It is shown by theoretical 
analysis and experimental research that this frequency 
dependence of the capacitance can be described by a logarithmic 
function with a prefactor depending on the amplitude of a.c. 
signal. The dependence of the contact capacitance on 
defectiveness of the single layer graphene is discussed.  

Keywords—graphene; contact capacitance; resistivity; method 
of tramsmission line 

I.  INTRODUCTION 
Properties of the metal-graphene contact are crucial for 

efficient electrical operation of graphene devices. In spite of 
extensive research in this field the metal-graphene capacitance 
and its dependence on the frequency have not been studied up 
to now. Thus, in this work a theoretical analysis of the Me-
graphene capacitance is carried out, and the experimental study 
of the frequency dependence of the capacitance of Ni-graphene 
contact fabricated on SiO2/Si structure is performed. 

II. THEORY 
The schematic view of the contact is shown in Fig.1. The 

contact capacitance can be determinated from the following 
expression [1]: 

                    (1) 
 

where n1(x) is the nonequilibrium charge concentration 
induced in graphene by the alternating voltage V1~exp(i ), 
applied between the metal contact and the graphene layer. The 
n1(x) is found from the continuity equation  
 

   (2) 

 
where  is the graphene conductivity. The graphene 
conductivity can be presented as =e2DnD, where Dn is the 
diffusion coefficient, and D=2mc/ 2 is the density of states, 
where mc=Es/ F

2 is the cyclotron mass, Es is the carrier energy. 
The expression for the density of states takes into account that 
spin (gs) and valley (gv) degeneracy in graphene equal to 2.  

The electrostatic potential (x, z) can be obtained from 
Laplace equation with the following boundary conditions: 

 

where  is the dielectric constant of the dielectric substrate. 
The solution of the Laplace equation is 

          (3) 

where   is the Fourier component 
of n1(x). Thus, the equation for n1(x) can be obtained, which 
can be solved by using the Fourier sine transformation as 
follows: 

       (4) 

 

Fig. 1. Schematic view of the contact with a 2D graphene layer..  

From equations (1) and (4) we get the metal-graphene 
contact capacitance per unit length 

, (5) 

 
where a = 2/2e2mc is the screening length, and l= /  is 
the relaxation length in graphene. For relatively low frequency 
(a << l) the contact capacitance has the following form 
 

.          (6) 
 

Thus, the real part of the contact capacitance decreases 
logarithmically with an increase of the measurement frequency.  
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In equation (6) the following simplifying conditions were 
taken into account: (a) the equilibrium carrier density of 
graphene was considered as homogeneous (band bending in the 
contact area ist taken into account); (b) the displacement 
current is not taken into account. Condition (b) imposes 
limitations on the both parameters of the problem:  (1) 

 and (2) . The condition related to a 
is always satisfied at the measurements of capacitance, whereas 
the second condition imposes the limitation on the graphene 
conductivity and can be written as . In case of the 
graphene layer located on SiO2 graphene mobility is small 
enough and can reach 4500 cm2/V×s [2]; in this case the 
limitation (2) is met. 

It should be noted that when the inverse boundary 
conditions for Laplace equation are applied the coefficient 
before square bracket in (6) reads as (1 – eV1/2Es). Therefore 
the coefficient in the expression (6) for the equivalent 
measured capacitance is [1 - (eV1/2Es)2]. Moreover, this 
coefficient depends on the alternating voltage amplitude, in 
contrast to the case of the contact capacitance between 3D 
metal and 2D electron gas [1]. 

III. EXPERIMENT 
Verification of the theory was performed by using of the 

Ni-graphene contact. The graphene layer was synthesized by 
CVD technique on Cu foil and transferred onto SiO2/p-Si 
structure with the thickness of the SiO2 layer about 300 nm. 
The quality of the graphene layer was checked by micro-
Raman spectroscopy (RS, triple Raman spectrometer T-64000 
Horiba Jobin-Yvon, equipped with electrically cooled CCD 
detector, and excitation by the 514 nm line of an Ar-Kr ion 
laser), and scanning Kelvin probe force microscopy 
techniques (SKPFM, NanoScope IIIa Dimension 3000) [3]. 
The micro-Raman measurements show that the graphene 
contains a single layer (Fig.2), and SKPFM technique 
demonstrates that the graphene film consists of single 
crystalline blocks with the sizes of about 5-10 m (inset in 
Fig.2).  

The Ni contacts were deposited on the graphene surface by 
dc magnetron sputtering to fabricate the transmission line (TL) 
with the same size of the contacts and different distances 
between them. The transmission lines were surrounded with 
defect areas formed by electron beam (the dose is more than 
4×103 C/cm2, and energy is 3 keV) (see the inset in Fig.3). 
Resistance of the contacts determined from TL measurements 
equals to about 65 Ohm and the graphene resistivity is about 
200 Ohm/  (Fig.3). In order to change graphene defectiveness 
an electron beam irradiation with dose of 1×102 C/cm2 
between 3rd and 4th contacts was used. 

Measurements of graphene impedance vs. frequency were 
carried out using parallel equivalent circuits at zero bias 
between the two contacts. The used frequency range was 102 - 
106 Hz, the amplitude of the input a.c. signal ranged from 30 
mV to 1 V. Agilent 4284A Precision LRC Meter was used for 
the measurements. 

 
Fig. 2. Raman spectrum of the graphene film on the SiO2/Si structure. Inset: 
Map of the graphene surface potential measured by scanning Kelvin probe 
force microscopy (SKPFM) technique.  

 
Fig. 3. Contact resistances of the Me contact-graphene and surface graphene 
resistivity obtained from the TL technique measurement. 

IV. RESULS AND DISCUSSION 
The dependence of the capacitance on the measurement 

frequency at a fixed input a.c. signal can be described by the 
expression C( ) = C0 - CS(V1)×ln( + 0) (Fig.4 (a)), and 
dependence of the capacitance vs. the amplitude of a.c. input 
signal can be written as CS(V1) = A[1 - (eV1/2Es)2] (Fig. 4 (b)).  

Electron beam irradiation of the area between the contacts 
results in the decrease of the slope of the characteristic C = 
C(ln( )) and increase of the magnitude of the measurement 
capacitance (Fig. 5 (a)). Additionally the “jumps” on the curve 
of C = C(V1) are appeared (Fig. 5 (b)). It should be noted that 
the electron beam treatment also leads to the decrease of low-
frequency conductivity of the graphene region from 6.3×10-3 S 
to 5.3×10-3 S that has to result in an  increase of the contact 
capacitance (see (6)). This effect we observe from experimental 
results (compare Fig. 4(a) and 5(a)). 
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Fig. 4. Dependence of the capacitance between the contacts number 3 and 4 
on the measurement frequency (distance between of the contacts is 288 m, 
input a.c. signal is 30 mV) (a), and dependence of the capacitance on. the 
amplitude of a.c. input signal (f= 100 kHz) (b).  

The dependence of capacitance on the amplitude of a.c. 
signal can be well described if Es is presented as EF+eV1 where 
EF is the electron energy in graphene layer. A good agreement 
can be obtained if EF 2eV that is larger than the electron 
energy on Fermi level [4].  

Observed decreased slope of the dependence C vs. log( ) 
after electron beam irradiation of the graphene is not explained 
in frames of the proposed theory. Probably there are also other 
phenomena effecting the dependence of graphene capacitance 
vs. measurement frequency. Charge trapping in the states 
located in the graphene/SiO2 interface can be considered as an 
alternative effect. 

V. CONCLUSIONS 
The observed effect of the dependence of graphene 

capacitance on measurement frequency is explained by 
manifestation of the contact capacitance between 3D metal 
layer and 2D graphene. The theory of this phenomenon for the 
case of low-mobility graphene on SiO2 layer is presented. 

 
Fig. 5. Dependence of the capacitance between the contacts number 3 and 4 
on measurement frequency after the treatment by electron beam with the dose 
of 1×102 C/cm2 (a), and dependence of the capacitance on the amplitude of 
a.c. input signal (f= 100 kHz) (b).  
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