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Introduction

Molybdenum disulfide (MoS2) is a next-generation 
semiconductor from a wide range of transition 
metal dichalcogenides which is now considered for 
applications in beyond-CMOS electronic devices. 
Owing to a direct electronic bandgap of around 2.6 eV 
in the single-layer limit [1, 2], MoS2 has attracted 
considerable attention for digital device applications. 
In particular, numerous successful attempts at 
fabricating MoS2 field-effect transistors (FETs) 
have been undertaken recently [3–10]. However, 
these studies mostly deal with the analysis of the 
performance characteristics of these devices, such 
as mobilities and on/off current ratios, as well as the 
exploration of fabrication techniques allowing them 
to realize their theoretical performance potential 
predicted by simulations [11]. In addition, there is some 
understanding that MoS2 FETs are suitable for circuit 
integration [12–14] and high-frequency applications 
[15]. However, one of the most important performance 
limitations is due to defects. Even though at the moment 

these defects severely reduce the potential for industrial 
integration of these new technologies, they have not yet 
received the attention they deserve.

The most critical component in terms of hyster-
esis and reliability is the insulator materials itself and 
in particular its interface to the semiconducting chan-
nel. Many of these materials and interfaces have already 
received a lot of attention in Si transistors [16] and 
other electronic devices, such as flash memory cells 
[17]. These studies have shown that every insulator 
studied up to now contains some preexisting defects 
[18] with widely distributed time constants [19], which 
can act as trapping sites for the charge carriers in the 
channel, and thus affect the device performance and 
reliability. In particular, the most obvious consequence 
of oxide traps is the ubiquitous charge trapping, which 
can lead to long-term drifts of the transfer character-
istics during device operation or under the presence 
of gate bias stress. These issues are known as bias- 
temperature instabilities (BTI) and are a serious reli-
ability concern in conventional Si technologies [20–
25]. During the last decade BTI in Si FETs has been  
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Abstract
The performance of MoS2 transistors is strongly affected by charge trapping in oxide traps with very 
broad distributions of time constants. These defects degrade the mobility and additionally lead to 
the hysteresis of the gate transfer characteristics, which presents a crucial performance and reliability 
issue for these new technologies. Here we perform a detailed study of the hysteresis in double-gated 
MoS2 FETs and show that this issue is nothing else than a combination of threshold voltage shifts 
resulting from positive and negative bias-temperature instabilities. While these instabilities are well 
known from silicon devices, they are even more important in 2D devices given the considerably 
larger defect densities. Most importantly, the magnitudes of these threshold voltage shifts depend 
strongly on the density and energetic alignment of the active oxide traps. Based on this, we introduce 
the incremental hysteresis sweep method which allows for an accurate mapping of these defects and 
extract their energy distributions from simulations. By applying our method to analyze the impact 
of oxide traps situated in the Al2O3 top gate of several devices, we confirm its versatility. Since all 2D 
devices investigated so far suffer from a similar hysteresis behavior, the incremental hysteresis sweep 
method provides a unique and powerful way for the detailed characterization of their defect bands.
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thoroughly characterized [22, 24, 26–28]. In particular, 
charge trapping was identified to be a crucial contribu-
tor to the degradation [19, 29]. At the same time, the reli-
ability of next-generation 2D devices, which is known 
to be far below the standards of modern industrial FETs 
[30–33], is still poorly understood. As such, commer-
cialization of these new technologies requires system-
atic reliability assessment studies, which would allow to 
understand and minimize charge trapping in 2D FETs.

Although the reliability of MoS2 FETs and other 
2D devices is not properly understood yet, the simi-
larities to available data on Si technologies clearly sug-
gest that charge trapping in oxide traps is at the heart 
of the problem [34–39]. As the dynamics appear to be 
very similar to Si FETs [40], we expect that they can be 
described using the models previously developed for Si 
technologies [25, 29, 41]. However, the most ubiquitous 
issue, which is typically observed in addition to partially 
recoverable BTI shifts [30, 31, 42], is the hysteresis of the 
gate transfer characteristics [34–37]. While in mature Si 
techologies the hysterisis is negligible, in MoS2 devices 
this issue can still lead to considerable instabilities of 
the device characteristics. In our previous work [40] we 
have performed a combined study of the hysteresis and 
BTI in MoS2/SiO2 FETs and speculated that both the 
hysteresis and BTI are due to the same type of oxide 
traps, with the faster ones leading to the hysteresis and 
slower ones to BTI. However, the oxide traps are known 
to be localized within certain defect bands which are 
unique for every insulator [18]. As such, informa-
tion about the density and energetic alignment of the 
defects would allow for a considerable advancement in 
our general understanding of the performance and reli-
ability of MoS2 FETs.

Here we perform a detailed study of the hysteresis 
behavior in double-gated MoS2 FETs and show that the 
observed instability of the threshold voltage is a conse-
quence of what is typically referred to as positive and 
negative BTI (PBTI and NBTI, respectively). Based on 
this, we introduce the incremental hysteresis sweep 
method which allows us to perform an accurate map-
ping of oxide traps with different time constants. The 
main ingredients of this method are the experimental 
techique, which gives the density of active oxide traps 
at different gate voltages, and the technology computer 
aided design (TCAD) simulations which allow to link 
the applied gate voltage with the trap level alignment 
in a gate insulator. Thus, the results of our method are 
the energy distributions of the density of oxide traps 
with different time constants. In order to demonstrate 
the versatility of our approach, we apply the method to 
extract the distributions of oxide traps in the Al2O3 top 
gate insulator of our MoS2 FETs. Although we demon-
strate that the density of oxide traps in Al2O3 layers is 
relatively large, our results are instrumental for under-
standing the charge trapping dynamics in this high-k 
oxide, which is typically used either as a top gate insula-
tor [7, 32, 43] or encapsulation layer [33, 44] in many 
2D devices.

Note that our method targets exactly those oxide 
traps which are responsible for the hysteresis and BTI 
in MoS2 FETs. These traps are typically localized within 
certain defect bands which are a fundamental property 
of any insulator. This is in contrast to some other tech-
niques based on capacitive measurements [45] or on the 
analysis of the subthreshold swing [46]. For example, 
the authors of [45] extract the density of band tail trap-
ping states in MoS2 FETs, which result from the impact 
of the defects in MoS2 and interface states. At the same 
time, the method of [46] allows to extract the density 
of localized states in the semiconductor bandgap using 
the subthreshold swing model. However, this approach 
does not suggest any distinction between semiconduc-
tor defects and oxide traps. Furthermore, the analysis 
is done in a simplistic manner ignoring the impact of 
oxide traps, which is not suitable for 2D FETs.

Devices

Our devices are single-layer and bilayer double-gated 
MoS2 FETs. After chemical vapor deposition (CVD) of 
the MoS2 film, it was transferred onto a 280 nm thick 
oxide coated silicon wafer, which was used as a back-
gate dielectric. Following fabrication of source and 
drain contacts, the devices were coated with a 23.5 nm 
thick Al2O3 top-gate dielectric using atomic layer 
deposition (ALD). The channel length L of the devices 
varies from 500 nm to 3µm, while the channel width 
W is kept constant at 3 µm. Top gate electrodes were 
designed to be slightly smaller than L (350 nm to 2µm) 
to avoid electrical break-through. A schematic layout 
and microscope image of the devices are shown in 
figures 1((a) and (b)). Electrical characterization shows 
that the devices exhibit a relatively high on/off current 
ratio, which can reach 106–107 for single-layer devices 
in both top gate and back gate operation modes (figures 
1((c) and (d)). Single-layer devices with =L 500 nm 
were selected for the detailed study.

Charge trapping in MoS2 FETs: basics

Charge trapping in preexisting oxide traps is one of 
the major issues known to affect the reliability of Si 
technologies [20–25]. These defects are energetically 
localized within certain defect bands and present a 
fundamental property of every insulator [18]. During 
device operation, traps within several nanometers from 
the oxide/channel interface, known as border traps 
[47], can exchange charge with the channel by means 
of carrier capture or emission via tunneling process. 
These charge trapping events are well described by non-
radiative multiphonon processes [25, 48, 49] and their 
dynamics depend on the capture and emission time 
constants τc and τe, respectively. The essential aspect of 
these processes is that the time constants are dominated 
by structural relaxation at the defect sites rather than 
the tunneling probabilities. Due to the amorphous 
nature of most oxides, these time constants are widely 
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distributed for different defects and present the time 
which is required for each particular defect to capture or 
emit a carrier under favorable bias conditions. Note that 
the most important characteristic of a non-radiative 
multiphonon process is its strong temperature- and 
bias-dependence.

As has been found recently, next-generation 2D 
devices [32, 33, 50, 51], in particular MoS2 FETs [30, 31, 
34–37, 40, 42], also suffer from the charge trapping at 
preexisting oxide defects. The dynamics of the underly-
ing processes are surprisingly similar to Si technologies 
[32, 33, 40]. Depending on the microscopic structure 
of the defect, studied in detail for SiO2 based on Si/
SiO2 FETs, one usually speaks of electron or hole traps 
respectively. The charge transfer process itself is the 
same in both cases. The two processes only differ in the 
change of the charge of the trapping defect in the oxide. 
This defect either goes from positive to neutral (hole 
trap) or from neutral to negative (electron trap). There-
fore, the difference between electron and hole traps is 
only visible in an offset of the transfer characteristic, as 
it only changes the balance of fixed charges. From the 
overall charge balance required for our TCAD simula-
tions, we conclude that the defect band in Al2O3, which 
dominates the charge capture and emission processes 
causing the hysteresis, is an electron trapping band. 
In figure 2 we schematically illustrate the charge trap-
ping in our devices operated in the top gate mode. In 

equilibrium, which corresponds to the flat-band volt
age Vfb, the defects localized below the Fermi level EF are 
negatively charged, while the ones above EF are neutral. 
At the same time, the threshold voltage of the device 
strongly depends on the concentration of charged 
defects and can be given as

( )
≈ +

−
V V

q N N

C
th th

eq ot ot
eq

tg
� (1)

with q being the elementary charge, Ctg the top gate 
oxide capacitance, Not the concentration of charged 
defects, V th

eq the equilibrium threshold voltage and Not
eq 

the concentration of charged defects. In particular, 
if <V Vtg fb is applied, band-bending shifts most 
defects above EF. As such, charged defects, except those 
with very large emission time constants, can emit an 
electron into the channel and become neutralized (i.e. 
discharged). Thus Not becomes smaller, which makes 
the threshold voltage Vth of the device more negative. 
This issue is known as NBTI. Conversely, if >V Vtg fb is 
applied, a considerable number of defects is below EF, 
which is close to the conduction band of MoS2. Thus, 
neutal defects, except those with very large capture 
time constants, can capture an electron from the 
channel and become charged. As a result, Not becomes 
larger and Vth is more positive, which is known as PBTI. 
The most obvious consequence of both issues on the 
performance of MoS2 FETs is the hysteresis of the gate 

Figure 1.  (a) Schematic layout of our double-gated MoS2 FETs. The top gate insulator is 23.5 nm thick Al2O3 and the back gate 
is 280 nm thick SiO2. (b) A microscope image of our CVD MoS2 devices. (c) Back gate and (d) top gate transfer characteristics 
measured using the autorange mode.

2D Mater. 4 (2017) 025108
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transfer characteristics [34–37]. Namely, Vth measured 
using a +V  sweep (from Vtgmin to Vtgmax) is typically more 
negative than the one measured using a −V  sweep (from 
Vtgmax to Vtgmin), which is because Not at Vtgmin is smaller 
than at Vtgmax. Furthermore, those oxide traps which 
are too slow to follow the hysteresis sweeps remain 
charged and can cause long-term NBTI and PBTI drifts 
which appear if a constant gate bias stress is applied for 
a considerable time and can be recovered if the device 
is returned back to the equilibrium (for more details 
see our previous work [40]). Below we will show that 
the charge trapping behavior can be used as an efficient 
instrument for accurate mapping of oxide traps in 
MoS2 FETs.

Results and discussions

We performed all our measurements in complete 
darkness and in a vacuum ( × −5 10 6–10−5 torr, 

 = �T 27 C). The latter was necessary to avoid the 
detrimental impact of the ambient [36]. The hysteresis 
was investigated by measuring the gate transfer 
characteristics at Vd  =  0.5 V using both +V  and −V  
sweep directions. In order to capture the impact of 
oxide traps with widely distributed time constants, we 
varied the sweep rate /=S V tstep step between 0.02 and 
5000 V s−1 by adjusting the step voltage Vstep and the 
sampling time tstep. While using smaller Vstep allowed 
us to access more oxide traps, a larger tstep allowed to 

increase the amount of slower traps which are able to 
contribute to the hysteresis. Also, we mostly focused 
on the analysis of the hysteresis on the top gate transfer  
(Id–Vtg) characteristics and used different sweep ranges 
Vtgmin to Vtgmax. The hysteresis width ∆VH was measured 
around Vth which was extracted using a constant current 
method at =I 10d nA.

In figure 3 we compare the Id–Vtg characteristics 
measured using both sweep directions and different 
sweep rates for the Vtg sweep range from  −10 to  −3 V. 
The threshold voltages measured using the +V  sweep 
mode become more negative as S is decreased. As 
shown by the schematic band diagrams (figure 3(b)), 
this is because around Vtgmin most defects are above the 
Fermi level EF, which allows their efficient discharging 
by means of electron emission. As a result, an NBTI 
degradation is observed, which is more pronounced 
for slower sweeps, i.e. larger stress times. Conversely, 
around Vtgmax we are dealing with PBTI degradation, 
which is associated with charging of some defects. Thus, 
the threshold voltages measured using −V  sweeps are 
more positive compared to their +V  sweep counter
parts, and a clockwise, i.e. PBTI-like, hysteresis is 
observed. Since the magnitude of PBTI degradation is 
strongly dependent on S, which determines the stress 
time, for slower sweeps the hysteresis becomes larger. 
However, if the sweep rate is as fast as 5000 V s−1, we 
do not see any considerable hysteresis, while Vth is 
more positive than even for =S 100 V s−1. This means 

Figure 2.  (a) Schematics of the nonradiative multiphonon charge exchange between the MoS2 channel and oxide traps in the 
Al2O3 top gate insulator. (b) In equilibrium ( =V Vtg fb) the defects with energy levels above EF are neutral, while the ones below EF 
are negatively charged. If a certain Vtg is applied, the trap can either conserve its equilibrium charge state or change the charge state, 
which depends on the energy level and capture/emission time of a particular trap. For example, at <V Vtg fb (NBTI) most traps 
are above EF, which allows those of them which have been charged in the equilibrium to emit an electron and become neutralized. 
Conversely, at >V Vtg fb (PBTI) most traps are below EF and thus can capture an electron and become charged. The difference 
between the charge states at Vtgmin and Vtgmax leads to the hysteresis of the Id–Vtg characteristics.

2D Mater. 4 (2017) 025108
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that the time constants of most oxide traps accessible 
within this narrow sweep range are larger than the 
corresponding sweep time, which is around 1 ms. As 
such, we assume that the Id–Vtg characteristic measured 
using =S 5000 V s−1 is weakly affected by charge trap-
ping and take it as a reference curve (see more details in  
figure S1 in the supporting information (SI) (stacks.
iop.org/TDM/4/025108/mmedia)). The latter allows us 
to split the total hysteresis width ∆VH into the threshold 

voltage shifts ∆ +V th and ∆ −V th obtained for the Id–Vtg 
characteristics measured using the +V  and −V  sweep 
modes, respectively. As shown in figure 3(c), both shifts 
are of NBTI-like nature, while being larger for smaller 
measurement frequencies /=f Nt1 step with N being 
the number of Vtg steps of duration tstep [40]. This is 
because for the narrow sweep range the major fraction 
of the total sweep time is spent at Vtg corresponding to 
an NBTI bias condition, i.e. Vtg is below the equilibrium 

voltage. Nevertheless, ∆ −V th is smaller than ∆ +V th due 
to PBTI degradation, which occurs more close to Vtgmax 
and becomes stronger for smaller f. The latter leads to 
the observed hysteresis.

The results corresponding to the Vtg sweep range 
from  −10 to 14 V are shown in figure 4. While the Id–Vtg 
curve measured using the +V  sweep mode is shifted in 
an NBTI-like manner with respect to =S 5000 V s−1 

curve, a larger Vtgmax leads to a PBTI-like shift of the −V  
sweep characteristics. Thus, a considerable hysteresis 
is observed, which is a result of both NBTI and PBTI 
degradation. While the NBTI magnitude remains com-
parable to the case of narrow sweep ranges, the PBTI 
contribution is dramatically increased. The latter is 
because the larger Vtgmax increases both the number of 
oxide traps which can be charged (figure 4(b)) and the 
total time spent at a PBTI bias condition, when most of 
the defects are shifted below EF due to the band bend-
ing. Since both NBTI and PBTI shifts become larger 
for slower sweeps, the hysteresis width also increases. 
However, for very slow sweep frequencies ∆VH tends to 
saturate, which is consistent with the universal behav-
ior reported in our previous work [40]. The results 
obtained on the back gate can be found in figure S2 in 
the SI.

The results above show that the number of oxide 
traps which are able to contribute to the hysteresis 
depends strongly on Vtgmax, which determines the mag-
nitude of the PBTI contribution and hence the total 
hysteresis width. In addition, the number of traps able 
to contribute strongly depends on the sweep rate, as 
the traps with capture/emission times larger than the 
sweep time will not be able to react. Thus, aiming to 
map these defects with their widely distributed time 

Figure 3.  (a) The Id–Vtg characteristics of our single-layer MoS2 FETs measured using the Vtg sweep range from  −10 to  −3 V and 
different sweep rates. Both the +V  and −V  curves are shifted in an NBTI-like manner with respect to the =S 5000 V s−1 curve.  
(b) This is due to discharging of oxide traps around Vtgmin, which becomes more efficient for slower sweeps and presents nothing else 
than an NBTI degradation. Conversely, when approaching Vtgmax there is some charging of oxide traps, i.e. PBTI degradation. (c) The 
hysteresis width ∆VH can be treated as a difference between the Vth shifts of the Id–Vtg characteristics measured using the +V  and −V  
sweep modes.

Figure 4.  (a) The Id–Vtg characteristics of our single-layer MoS2 FETs measured using the Vtg sweep range from  −10 to 14 V and 
different sweep rates. Contrary to figure 3, the transfer characteristics measured using the −V  sweep mode are shifted in a PBTI-like 
manner with respect to the =S 5000 V s−1 curve. (b) The reason for this is a larger Vtgmax, which leads to a larger fraction of sweep 
time spent at Vtg corresponding to PBTI condition and also increases the number of accessible defects. (c) Owing to a dramatically 
increased PBTI contribution, the hysteresis width is considerably larger than it was for the narrower sweep range.

2D Mater. 4 (2017) 025108
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constants and different energy levels, we employed the 
following experimental technique which presents the 
main ingredient of our incremental hysteresis sweep 
method. An elementary loop consists of measurements 
of the Id–Vtg characteristics using both +V  and −V  sweep 
directions with a fixed sweep range and different Vstep 
and tstep [40]. As shown in figure 5(a), the full measure-
ment procedure consists of repeated loops of this kind 
for different sweep ranges using a fixed = −V 10tgmin V  
and Vtgmax varied from  −3 to 14 V in 1 V steps. This 
allows us to obtain a set of ∆VH( f ) characteristics which 
strongly depend on Vtgmax and thus contain the infor-
mation about the energy distribution of the density of 
charged oxide traps with different time constants (see 
figure S3 in the SI). Next we follow the approach of 
figures 3–4 and evaluate the PBTI and NBTI contrib
utions into the total hysteresis widths by splitting the ∆
VH( f ) characteristics into ∆ +V th( f ) and ∆ −V th( f ) parts. 
The results measured using = −V 10tgmin V and Vtgmax 
between  −3 and 14 V for single-layer devices are shown 
in figure 5(b). Since we have used the same Vtgmin for 

all these measurements, the ∆ +V th( f ) characteristics, 
which are associated with the NBTI contribution into 
the total ∆VH, are nicely reproducible. Some negligi-

ble variations of ∆ +V th( f ) originate from a slight drift 
of the device in between the measurement loops with 
different Vtgmax. Conversely, the ∆ −V th( f ) curves, which 
contain the fingerprint of the PBTI contribution, fol-
low an increase of Vtgmax. The latter is because the defect 
band of Al2O3 is bent by applying a top gate voltage, 
which shifts the traps below the Fermi level. Thus, an 
increase in the maximum of the sweep range by an 
interval ∆Vtgmax bends the defect band downwards a 
bit stronger. In this way, traps which formerly have been 
situated above the Fermi level during the whole sweep 
can now contribute as well. In other words, if higher top 
gate voltages are applied, defects with a higher energy 
level can be accessed. At the same time, the high car-
rier density in the accumulation regime assures that the 
band bending affects first and foremost the Al2O3 layer. 
As such, after polynomial smoothening of the obtained 
∆ −V th( f ) characteristics (see figure S4 in the SI) we  

calculate the concentration of oxide traps which come 

into play between V i
tgmax and +V i

tgmax
1  as

∆ = ∆ − ∆− − +N f V f V V f V
C

q
, ,i i i

ot th tgmax th tgmax
1 tg( ) ( ( ) ( ))

� (2)
with Ctg being the top gate oxide capacitance and q the 
elementary charge. In order to be able to contribute 
to the charge trapping processes, these traps should 
be able to capture the electrons which are tunneling 
from the MoS2 channel through the top gate dielectric. 
As such, the active oxide traps should be situated not 
farther than a maximum distance ≈dmax 2.6 nm from 
the MoS2/Al2O3 interface (see the detailed evaluation 
in the SI). Therefore, the oxide trap density within the 
device operation range can be estimated as
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Processing of the results shown in figure 5(b) using 

the equations (2)–(3) allows us to obtain the distribu-
tion of the oxide trap density for Vtg between  −2.5 and 
13.5 V. In order to link Vtg with the Al2O3 trap level ET, we 
next perform TCAD simulations with the parameters 

taken from the literature [1, 2, 52, 53]. Namely, =Eg
MoS2

2.6 eV, =Eg
Al O2 3 6.7 eV and χ =MoS2 3.74 eV, χ =Al O2 3

1.35 eV have been used for the electronic bandgap and 
the electron affinity of single-layer MoS2 and ALD-
grown Al2O3, respectively. Furthermore, the four-state 
non-radiative multiphonon (NMP) model known 
from Si technologies [25] has been implemented to 
describe the charge trapping by oxide traps which leads 
to the hysteresis. In figures 6(a) and (b) we show that 
both the shape of the Id–Vtg characteristics and the hys-
teresis dynamics measured using different sweep rates 
and sweep ranges can be reasonably well matched by 
our TCAD simulations. Furthermore, simulations of 
a large number of Id–Vtg characteristics with different 
sweep parameters allowed us to extract the hysteresis 
widths and reproduce the experimental set of the ∆VH

( f ) characteristics for different Vtgmax (figure 6(c)). This 

Figure 5.  (a) Schematic illustration of our experimental technique for the mapping of oxide traps. For several values of Vstep from 
the range [1 V…0.01 V] we measure the hysteresis behavior using tstep varied between 0.2 ms and 500 ms, so that the reference 
( =S 5000 V s−1) Id–Vtg characteristic is measured first. The measurements are repeated with =Vtgmin   −  10 V and Vtgmax 

varied between  −3 and 14 V in 1 V steps. As a result we obtain a set of the ∆VH( f ) characteristics. (b) The ∆ +V th( f ) and ∆ −V th( f ) 
characteristics obtained at T  =  27 oC for our single-layer MoS2 FETs. The distances between the ∆ −V th( f ) curves are proportional to 
the concentrations of oxide traps which become charged within the corresponding Vtg interval.
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allowed us to validate our experimental approach and 
to determine the position of the trap level ET in Al2O3.

The band diagrams for the SiO2/MoS2/Al2O3 sys-
tem underlying the results of figure 6 are shown in 
figure 7(a). For SiO2 we are using two distinct defect 
bands which have been identified in our previous 
works [33, 54]. The upper defect band is located at 
= ±E 2.75 0.4u

T  eV below the SiO2 conduction band 
edge [33], which almost exactly matches the value  

previously reported for Si technologies (∼2.6 eV) [55]. 
The lower defect band, also known from Si technolo-
gies [54], is at = ±E 4.56 0.35l

T  eV below the SiO2 
conduction band edge. However, the charge trapping 
issues in MoS2 n-FETs can be only due to the upper 
defect band in SiO2, which is located close to the con-
duction band of MoS2. As for the Al2O3, we found 
that there is one defect band at = ±E 2.55 0.3T  eV 
below the Al2O3 conduction band. This value is also  

Figure 6.  The Id–Vtg characteristics measured using the sweep ranges from -10 to -3 V (a) and from -10 to 14 V (b) and different 
sweep rates can be reasonably well reproduced by our TCAD simulations. This allows us to obtain reasonable fits of the ∆VH( f ) 
characteristics for different sweep ranges (c), thus validating our experimental approach.

Figure 7.  (a) The band diagrams for the cross-section of our single-layer MoS2 FETs and the defect level alignment simulated 
with TCAD for = −V 10tg V, = −V 3tg V and =V 14tg V. (b) The corresponding defect density distributions used in the TCAD 
simulator for each defect band. (c) The variations of the trap level ET in Al2O3 versus Vtg obtained from the band diagrams by 
assuming band-bending within 2.6 nm from the MoS2/Al2O3 interface and smoothened using a linear approximation.  
(d) The corresponding differential energy distributions of the oxide trap density Dot(E); the measurement frequency f is spaced 
logarithmically between 10 and × −1 10 3 Hz. (e) The Dot(τc) dependences are different below, around and above the Dot(E) peak. The 
lower (L) region is mostly populated by slower traps, while in the middle (M) region Dot is similar for the oxide traps with different τc. 
Finally, in the upper (U) region the density of slower traps is limited.

2D Mater. 4 (2017) 025108
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in reasonable agreement with the one previously iden-
tified for Si technologies (∼2.0 eV) [55], which further 
confirms that every insulator has its unique defect 
bands. The distributions of oxide traps for the defect 
bands in SiO2 and Al2O3 used in our TCAD simulations 
are shown in figure 7(b). While our mapping range 
from = −V 3tg V to 14 V corresponds to accumula-
tion, the Fermi level is pinned close to the conduction 
band of MoS2, which agrees with previous literature 
reports [56–58]. Thus, in agreement with our qualita-
tive interpretation above, for more positive Vtg the num-
ber of Al2O3 defects in the active region, i.e. below the 
Fermi level EF, increases due to band-bending which 
changes the shape of the Al2O3 defect band and brings 
more defects downwards. This leads to their efficient 
charging and, consequently, a larger hysteresis for wider 
sweep ranges.

The results of figures 7(a) and (b) allow us to recal-
culate the applied Vtg into the trap level ET by consider-
ing the band-bending of the Al2O3 defect band within 
≈dmax 2.6 nm from the interface. In figure 7(c) we 

show the obtained ( )E VT tg  dependence with ET given 
in the units of electronic energy E used in the band dia-
grams. We notice that there is a saturation at larger Vtg, 
which is an artifact related to the discrete defect bands 
used in our TCAD simulations (see figure S5 in the SI). 
Therefore, in order to obtain a more physical ( )E VT tg  
dependence, we use a linear approximation. With this 
mapping we can convert our experimental ( )D Vot tg  
dependences into the differential energy distribu-
tions ( )D Eot . In figure 7(d) we show the ( )D Eot  curves 
obtained for the measurement frequency spaced loga-
rithmically between 10 and × −1 10 3 Hz, which corre-
sponds to capture times /τ ∼ f1c  from 10−1 to 103 s. 
The typical defect densities determined for the Al2O3 
defect band are similar to those previously obtained for 
the same oxide in Si devices (∼1020cm−3 eV−1) [55]. 
At the same time, the ( )D Eot  distributions are broadly 
consistent with the simple Gaussian shape used in our 
TCAD simulations (see figure S6 in the SI), although 
additional peaks, likely associated with some imper-
fections of real devices, are present. Furthermore, the 
dependence of Dot versus the measurement frequency 
along the defect band is also consistent with the shift 
of the Gaussian peak which follows from our TCAD 
simulations (figure S6). In particular, we can exper
imentally resolve three regions with different Dot( f ) 
behavior. In the lower (L) region, i.e. below the Dot(E) 
peak, we observe a monotonous increase of Dot as f is 
decreased. This means that the capture times are dis-
tributed within the whole interval [10−1s ... 103 s], while 
the number of slower traps is larger (figure 7(e)). In the 
middle (M) region, i.e. around the Dot(E) peak, the Dot

( f ) dependence is weak, which suggests that the frac-
tions of slower and faster traps are comparable. Finally, 
in the upper (U) region Dot decreases for smaller f, i.e. 
faster traps dominate. Thus, at very slow sweeps most 
defects have enough time to become charged, which 
leads to some saturation in the magnitude of the PBTI 

contribution and, consequently, in the total hysteresis 
width. The latter is fully consistent with the results 
of our TCAD simulations and some experimental  
observations reported in the previous work [40], which 
suggest that the maximum of ∆VH can be reached at a 
comparably small measurement frequency.

Finally, we have performed a detailed verification 
of our method by comparing the ( )D Eot  distributions 
extracted from the simulated ( )∆V fH  curves (figure 
6(c)) with the total trap density which has been orig-
inally used in the TCAD simulator (see the details in 
figures S7-8 in the SI). While a reasonable agreement 
has been achieved, we found that the peak Dot values 
extracted using our approach are smaller than those for 
the input trap density (e.g. figure 7(b)). This observa-
tion confirms that our incremental hysteresis sweep 
method is sensitive exactly to those oxide traps which 
contribute to the hysteresis, while the number of traps 
which can be captured depends on the ratio between 
1/f and the time constants. At the same time, the typical 
∼Dot 1020 cm−3 eV−1 obtained for MoS2/Al2O3 system 

are comparable to those reported previously for MoS2/
SiO2 FETs [59], while being larger than for SiGe/Al2O3 
(∼ ×5 1018 cm−3 eV−1) [60] devices, not to mention 
the Si/SiO2 FETs (< 1017 cm−3 eV−1) [61].

Conclusions

In summary, we have performed a detailed study 
of the hysteresis dynamics in double-gated MoS2 
FETs. We found that this issue is a consequence of 
device degradation due to positive and negative bias-
temperature instabilities, which are related to charging 
and discharging of oxide traps, respectively. Based 
on this finding, we have developed the incremental 
hysteresis sweep method which allows to perform an 
accurate mapping of oxide traps with widely distributed 
time constants. By using the experimental technique 
of our method and TCAD simulations to convert the 
applied top gate voltage into the electronic energy, we 
have extracted the differential energy distributions of 
oxide traps in single-layer MoS2 FETs and confirmed 
the validity of our approach. Taking into account that 
the hysteresis appears to have the same origin in all new 
2D technologies, we are confident that the reported 
method is universal.

Methods

Device fabrication
Single-layer MoS2 was grown by chemical vapor 
deposition (CVD) on c-plane sapphire similarly to the 
method suggested in [62]. After cleaving the sapphire 
substrates and consecutive cleaning by ultrasonication 
in acetone and 2-propanol, they have been placed face-
down over an alumina crucible containing  ∼5 mg 
MoO3 (99.998%, Alfa Aesar) and loaded into a quartz 
tube (diameter 20 mm) of a three-zone split-tube 
CVD furnace. A second alumina crucible containing 
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30 mg of sulfur (99.9%, Sigma-Aldrich) was loaded 
upstream of the substrate in a colder region of the 
furnace. The tube was flushed several times with 
ultra-high purity argon at room temperature. After 
heating up the furnace (ramp rate: 50oC/min, Ar flow: 
10 sscm, atmospheric pressure), the temperature was 
kept constant at 700oC for 15 minutes to grow the 
MoS2 film. Subsequently, the furnace was left to cool 
down to ambient temperature. The synthesized MoS2 
film was transferred from the sapphire substrate onto 
a 280 nm thick oxide coated silicon wafer for electrical 
characterization similarly to the method suggested 
in [63]. To perfrom the transfer, the MoS2 film was 
spin-coated with a thin polystyrene film, which was 
lifted-off in water. Subsequently the carrier film 
was transferred onto the target wafer and dissolved 
in toluene. Transistor devices were fabricated by 
e-beam lithography and dry etching of the MoS2 film 
in rectangular shape ( µ×20 3  m2) to create single 
devices. Source and drain contacts were defined by 
e-beam lithography, e-beam evaporation of Ti/Au 
(5 nm/40 nm) and lift-off. The channel length varied 
from 500 nm to 3 μm, while the channel width was 
kept constant at 3 μm. For electrical isolation of the 
top-gate, a thin layer (23.5 nm) of Al2O3 was deposited 
on the whole wafer by atomic-layer deposition. Top-
gate electrodes were fabricated by e-beam lithography 
(gate length from 350 nm to 2 μm, depending on 
the channel length), e-beam evaporation of Ti/Au 
(5 nm/40 nm) and lift-off in acetone.

Experimental technique
All our measurements have been performed using a 
Keithley-2636A in a chamber of a Lakeshore vacuum 
probestation ( × −5 10 6–10−5 torr). We measured the 
Id–Vtg characteristics of our double-gated MoS2 FETs 
in both sweep directions using step voltages Vstep in the 
range [1 V…0.01 V] and a sampling time tstep varied 
between 0.2 ms and 500 ms. This allowed us to vary the 
sweep rate /=S V tstep step between 0.02 and 5000 V s−1. 
An elementary loop of our experimental technique 
consists of measurements using a fixed sweep range 
Vtgmin to Vtgmax and different Vstep and tstep. By loops using 
a fixed = −V 10tgmin V and Vtgmax between  −3 to 14 V 
in 1 V steps, we obtain a set of ∆VH( f ) characteristics 
which contain the information about the density of 
charged oxide traps with different time constants. The 
measurement frequency is given as f  =  1/(Ntstep) with 
N   =  2((Vgmax–Vgmin)/Vstep  +  1) being the number of 
voltage step points.

Modeling
The modeling has been done using the drift-diffusion 
based TCAD simulator Minimos-NT [64]. First a two-
dimensional model of the device cross-section was 
implemented using parameters taken from the literature 
[1, 2, 53] and validated against measured Id–Vtg and Id

–Vbg characteristics. Then the modeling of oxide traps 
was performed based on our previously developed 

four-state non-radiative multiphonon (NMP) model 
[25]. This model has already been successfully applied 
to capture various aspects of charge trapping by oxide 
traps in Si technologies [54, 65, 66] and back-gated 
FETs with MoS2 [40] and black phosphorus [33]. To 
simulate the hysteresis widths and offsets using the 
four-state NMP model, a set of microscopic defects 
was generated while assuming normally distributed 
model parameters. Finally, the model parameters were 
calibrated to the comprehensive experimental data set, 
which covers different sweep rates and sweep ranges 
corresponding to different time constants and energy 
level ranges of the traps involved.

Acknowledgments

The authors thank for the financial support through 
the FWF grant n° I2606-N30 and the European Union 
(grant agreement No. 696656 Graphene Flagship). 
We thank Benedikt Gottsbachner and Ole Bethge for 
assistance with CVD and ALD setups, respectively, 
Alois Lugstein and Emmerich Bertagnolli for providing 
access to CVD and ALD systems. Y.Y.I. is a member of 
the Mediterranean Institute of Fundamental Physics 
(MIFP).

References

	[1]	 Klots A et al 2014 Sci. Rep. 4 6608
	[2]	 Rasmussen F and Thygesen K 2015 J. Phys. Chem. C 

119 13169–83
	[3]	 Radisavljevic B, Radenovic A, Berivio J, Giacometti V and Kis A 

2011 Nat. Nanotechnol. 6 147–50
	[4]	 Das S, Chen H, Penumatcha A and Appenzeller J 2012  

Nano Lett. 13 100–5
	[5]	 Fiori G, Szafranec B, Iannaccone G and Neumaier D 2013  

Appl. Phys. Lett. 103 233509
	[6]	 Lee G H et al 2013 ACS Nano 7 7931–6
	[7]	 Choi K et al 2015 Nanoscale 7 5617–23
	[8]	 English C, Shine G, Dorgan V, Saraswat K and Pop E 2016  

Nano Lett. 16 3824–30
	[9]	 Kim T Y, Amani M, Ahn G, Song Y, Javey A, Chung S and Lee T 

2016 ACS Nano 10 2819–26
	[10]	Nourbakhsh A et al 2016 Nano Lett. 16 7798–806
	[11]	Yoon Y, Ganapathi K and Salahuddin S 2011 Nano Lett. 

11 3768–73
	[12]	Radisavljevic B, Whitwick M and Kis A 2011 ACS Nano 

5 9934–8
	[13]	Wang H, Lili Y, Lee Y H, Shi Y, Hsu A, Chin M, Li L J, Dubey M, 

Kong J and Palacios T 2012 Nano Lett. 12 4674–80
	[14]	Wachter S, Polyushkin D, Bethge O and Mueller T 2016  

Nat. Commun. 8 14948
	[15]	Krasnozhon D, Lembke D, Nyffeler C, Leblebici Y and Kis A 

2014 Nano Lett. 14 5905–11
	[16]	Lenahan P 2003 Microelectron. Eng. 69 173–81
	[17]	Ghidini G 2012 Microelectron. Reliab. 52 1876–82
	[18]	Franco J et al 2011 Superior NBTI reliability of SiGe channel 

pMOSFETs: replacement Gate, finFETs, and impact of 
body bias IEEE Int. Electron Devices Meeting https://doi.
org/10.1109/IEDM.2011.6131580

	[19]	Grasser T et al 2014 On the microscopic structure of hole 
traps in pMOSFETs IEEE Int. Electron Devices Meeting  
pp 21.1.1–1.4

	[20]	Schroder D and Babcock J 2003 J. Appl. Phys. 94 1–18
	[21]	Huard V, Denais M and Parthasarathy C 2006 Microelectron. 

Reliab. 46 1–23

2D Mater. 4 (2017) 025108

https://doi.org/10.1038/srep06608
https://doi.org/10.1038/srep06608
https://doi.org/10.1021/acs.jpcc.5b02950
https://doi.org/10.1021/acs.jpcc.5b02950
https://doi.org/10.1021/acs.jpcc.5b02950
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1021/nl303583v
https://doi.org/10.1021/nl303583v
https://doi.org/10.1021/nl303583v
https://doi.org/10.1063/1.4840175
https://doi.org/10.1063/1.4840175
https://doi.org/10.1021/nn402954e
https://doi.org/10.1021/nn402954e
https://doi.org/10.1021/nn402954e
https://doi.org/10.1039/C4NR06707J
https://doi.org/10.1039/C4NR06707J
https://doi.org/10.1039/C4NR06707J
https://doi.org/10.1021/acs.nanolett.6b01309
https://doi.org/10.1021/acs.nanolett.6b01309
https://doi.org/10.1021/acs.nanolett.6b01309
https://doi.org/10.1021/acsnano.5b07942
https://doi.org/10.1021/acsnano.5b07942
https://doi.org/10.1021/acsnano.5b07942
https://doi.org/10.1021/acs.nanolett.6b03999
https://doi.org/10.1021/acs.nanolett.6b03999
https://doi.org/10.1021/acs.nanolett.6b03999
https://doi.org/10.1021/nl2018178
https://doi.org/10.1021/nl2018178
https://doi.org/10.1021/nl2018178
https://doi.org/10.1021/nn203715c
https://doi.org/10.1021/nn203715c
https://doi.org/10.1021/nn203715c
https://doi.org/10.1021/nl302015v
https://doi.org/10.1021/nl302015v
https://doi.org/10.1021/nl302015v
https://doi.org/10.1038/ncomms14948
https://doi.org/10.1038/ncomms14948
https://doi.org/10.1021/nl5028638
https://doi.org/10.1021/nl5028638
https://doi.org/10.1021/nl5028638
https://doi.org/10.1016/S0167-9317(03)00294-6
https://doi.org/10.1016/S0167-9317(03)00294-6
https://doi.org/10.1016/S0167-9317(03)00294-6
https://doi.org/10.1016/j.microrel.2012.06.109
https://doi.org/10.1016/j.microrel.2012.06.109
https://doi.org/10.1016/j.microrel.2012.06.109
https://doi.org/10.1109/IEDM.2011.6131580
https://doi.org/10.1109/IEDM.2011.6131580
https://doi.org/10.1109/IEDM.2014.7047093
https://doi.org/10.1109/IEDM.2014.7047093
https://doi.org/10.1063/1.1567461
https://doi.org/10.1063/1.1567461
https://doi.org/10.1063/1.1567461
https://doi.org/10.1016/j.microrel.2005.02.001
https://doi.org/10.1016/j.microrel.2005.02.001
https://doi.org/10.1016/j.microrel.2005.02.001


10

Y Y Illarionov et al

	[22]	Huard V 2010 Two independent components modeling for 
negative bias temperature instability IEEE Int. Reliability 
Physics Symp. pp 33–42

	[23]	Ang D, Teo Z, Ho T and Ng C 2011 IEEE Trans. Device Mater. 
Reliab. 11 19–34

	[24]	Grasser T, Kaczer B, Gös W, Reisinger H, Aichinger T, 
Hehenberger P, Wagner P J, Franco J, Toledano-Luque M and 
Nelhiebel M 2011 IEEE Trans. Electron Devices 58 3652–66

	[25]	Grasser T 2012 Microelectron. Reliab. 52 39–70
	[26]	Heinrigs W, Reisinger H, Gustin W and Schlunder C 2007 

Consideration of recovery effects during NBTI measurements 
for accurate lifetime predictions of state-of-the-art pMOSFETs 
IEEE Int. Reliability Physics Symp. pp 288–92

	[27]	Grasser T, Rott K, Reisinger H, Waltl M, Schanovsky F and 
Kaczer B 2014 IEEE Trans. Electron Devices 61 3586–93

	[28]	Grasser T, Waltl M, Rzepa G, Goes W, Wimmer Y, El-Sayed A, 
Shluger A, Reisinger H and Kaczer B 2016 The permanent 
component of NBTI revisited: saturation, degradation-
reversal, and annealing IEEE Int. Reliability Physics Symp.  
pp 5A–2

	[29]	Grasser T, Reisinger H, Wagner P J, Goes W, Schanovsky F 
and Kaczer B 2010 The time dependent defect spectroscopy 
(TDDS) for the characterization of the bias temperature 
instability IEEE Int. Reliability Physics Symp. pp 16–25

	[30]	Cho K, Park W, Park J, Jeong H, Jang J, Kim T Y, Hong W K, 
Hong S and Lee T 2013 ACS Nano 7 7751–8

	[31]	Yang S, Park S, Jang S, Kim H and Kwon J Y 2014 Phys. Status 
Solidi RRL 8 714–8

	[32]	Illarionov Y, Smith A, Vaziri S, Ostling M, Mueller T, Lemme M 
and Grasser T 2014 Appl. Phys. Lett. 105 143507

	[33]	Illarionov Y, Waltl M, Rzepa G, Kim J S, Kim S, Dodabalapur A, 
Akinwande D and Grasser T 2016 ACS Nano 10 9543–9

	[34]	Lee Y, Kang C, Jung U, Kim J, Hwang H, Chung H J, Seo S, 
Choi R and Lee B 2011 Appl. Phys. Lett. 98 183508

	[35]	Qiu H, Pan L, Yao Z, Li J, Shi Y and Wang X 2012 Appl. Phys. 
Lett. 100 123104

	[36]	Late D, Liu B, Matte H, Dravid V and Rao C 2012 ACS Nano 
6 5635–41

	[37]	Cho A J, Yang S, Park K, Namgung S, Kim H and Kwon J Y 2014 
ECS Solid State Lett. 3 Q67–9

	[38]	Guo Y, Wei X, Shu J, Liu B, Yin J, Guan C, Han Y, Gao S and 
Chen Q 2015 Appl. Phys. Lett. 106 103109

	[39]	Park Y, Baac H, Heo J and Yoo G 2016 Appl. Phys. Lett. 
108 083102

	[40]	Illarionov Y, Rzepa G, Waltl M, Knobloch T, Grill A, Furchi M, 
Mueller T and Grasser T 2016 2D Mater. 3 035004

	[41]	Grasser T, Wagner P J, Reisinger H, Aichinger T, Pobegen G, 
Nelhiebel M and Kaczer B 2011 Analytic modeling of the bias 
temperature instability using capture/emission time maps 
IEEE Int. Electron Devices Meeting pp 27.4.1–4

	[42]	Park W, Lee Y, Kim J, Lee S, Kang C, Cho C, Lim S, Jung U, 
Hong W and Lee B 2013 Reliability characteristics of MoS2 
FETs Extended Abstracts of the 2013 Int. Conf. on Solid State 
Devices and Materials pp 684–5

	[43]	Sundaram R, Engel M, Lombardo A, Krupke R, Ferrari A, 
Avouris P and Steiner M 2013 Nano Lett. 13 1416–21

	[44]	Kim J S, Liu Y, Zhu W, Kim S, Wu D, Tao L, Dodabalapur A, 
Lai K and Akinwande D 2015 Sci. Rep. 5 8989

	[45]	Zhu W, Low T, Lee Y H, Wang H, Farmer D, Kong J, Xia F and 
Avouris P 2014 Nat. Commun. 5 3087

	[46]	Kalb W and Batlogg B 2010 Phys. Rev. B 81 035327
	[47]	Fleetwood D 1992 IEEE Trans. Nucl. Sci. 39 269–71
	[48]	Huang K and Rhys A 1950 Theory of light absorption and 

non-radiative transitions in F-centres Proc. R. Soc. Lond. A 
204 406–23

	[49]	Henry C and Lang D 1977 Phys. Rev. B 15 989
	[50]	Liu W et al 2012 IEEE Electron Device Lett. 33 339–41
	[51]	Liu W, Sun X, Tran X, Fang Z, Wang Z, Wang F, Wu L, Zhang J, 

Wei J, Zhu H and Yu H 2013 IEEE Trans. Electron Dev. 
60 2682–6

	[52]	Nohira H, Tsai W, Besling W, Young E, Petry J, Conard T, 
Vandervorst W, De Gendt S, Heyns M, Maes J and 
Tuominen M 2002 J. Non-Cryst. Solids 303 83–7

	[53]	Liang Y, Huang S, Soklaski R and Yang L 2013 Appl. Phys. Lett. 
103 042106

	[54]	Rzepa G, Waltl M, Goes W, Kaczer B, Franco J, Chiarella T, 
Horiguchi N and Grasser T 2016 Complete extraction of defect 
bands responsible for instabilities in n and pFinFETs IEEE 
Symp. on VLSI Technology pp 208–9

	[55]	Degraeve R, Cho M, Govoreanu B, Kaczer B, Zahid M,  
Van Houdt J, Jurczak M and Groeseneken G 2008 Trap 
spectroscopy by charge injection and sensing (TSCIS): a 
quantitative electrical technique for studying defects in dielectric 
stacks IEEE Int. Electron Devices Meeting (IEEE) pp 1–4

	[56]	Gong C, Colombo L, Wallace R and Cho K 2014 Nano Lett. 
14 1714–20

	[57]	Liu H, Si M, Deng Y, Neal A, Du Y, Najmaei S, Ajayan P, Lou J 
and Ye P 2014 ACS Nano 8 1031–8

	[58]	Michailow W, Schülein F, Möller B, Preciado E, Nguyen A, 
Son G, Mann J, Hörner A, Wixforth A, Bartels L and Krenner H 
2017 Appl. Phys. Lett. 110 023505

	[59]	Renteria J, Samnakay R, Rumyantsev S, Jiang C, Goli P, Shur M 
and Balandin A 2014 Appl. Phys. Lett. 104 153104

	[60]	von Haartman M, Wu D, Hellstrom P, Zhang S L and Ostling M 
2003 Low-frequency Noise in Si0.7Ge0.3 surface channel 
pMOSFETs with a metal/high-k gate stack 17th Int. Conf. Noise 
and Fluctuations pp 381–4

	[61]	Wang F and Çelik Butler Z 2001 Solid-State Electron.  
45 351–7

	[62]	Dumcenco D et al 2015 ACS Nano 9 4611–20
	[63]	Gurarslan A, Yu Y, Su L, Yu Y, Suarez F, Yao S, Zhu Y, Ozturk M, 

Zhang Y and Cao L 2014 ACS Nano 8 11522–8
	[64]	Global TCAD Solutions, Vienna, Austria 2015 MINIMOS-NT 

Manual
	[65]	Goes W, Waltl M, Wimmer Y, Rzepa G and Grasser T 2014 

Advanced modeling of charge trapping: RTN, 1/f noise, SILC, 
and BTI Int. Conf. on Simulation of Semiconductor Processes 
and Devices pp 77–80

	[66]	Rzepa G, Waltl M, Goes W, Kaczer B and Grasser T 2015 
Microscopic oxide defects causing BTI, RTN, and SILC on 
high-k FinFETs Int. Conf. on Simulation of Semiconductor 
Processes and Devices pp 144–7

2D Mater. 4 (2017) 025108

https://doi.org/10.1109/IRPS.2010.5488857
https://doi.org/10.1109/IRPS.2010.5488857
https://doi.org/10.1109/TDMR.2010.2067216
https://doi.org/10.1109/TDMR.2010.2067216
https://doi.org/10.1109/TDMR.2010.2067216
https://doi.org/10.1109/TED.2011.2164543
https://doi.org/10.1109/TED.2011.2164543
https://doi.org/10.1109/TED.2011.2164543
https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1109/RELPHY.2007.369906
https://doi.org/10.1109/RELPHY.2007.369906
https://doi.org/10.1109/TED.2014.2353578
https://doi.org/10.1109/TED.2014.2353578
https://doi.org/10.1109/TED.2014.2353578
https://doi.org/10.1109/IRPS.2016.7574504
https://doi.org/10.1109/IRPS.2016.7574504
https://doi.org/10.1109/IRPS.2010.5488859
https://doi.org/10.1109/IRPS.2010.5488859
https://doi.org/10.1021/nn402348r
https://doi.org/10.1021/nn402348r
https://doi.org/10.1021/nn402348r
https://doi.org/10.1002/pssr.201409146
https://doi.org/10.1002/pssr.201409146
https://doi.org/10.1002/pssr.201409146
https://doi.org/10.1063/1.4897344
https://doi.org/10.1063/1.4897344
https://doi.org/10.1021/acsnano.6b04814
https://doi.org/10.1021/acsnano.6b04814
https://doi.org/10.1021/acsnano.6b04814
https://doi.org/10.1063/1.3588033
https://doi.org/10.1063/1.3588033
https://doi.org/10.1063/1.3696045
https://doi.org/10.1063/1.3696045
https://doi.org/10.1021/nn301572c
https://doi.org/10.1021/nn301572c
https://doi.org/10.1021/nn301572c
https://doi.org/10.1149/2.0111409ssl
https://doi.org/10.1149/2.0111409ssl
https://doi.org/10.1149/2.0111409ssl
https://doi.org/10.1063/1.4914968
https://doi.org/10.1063/1.4914968
https://doi.org/10.1063/1.4942406
https://doi.org/10.1063/1.4942406
https://doi.org/10.1088/2053-1583/3/3/035004
https://doi.org/10.1088/2053-1583/3/3/035004
https://doi.org/10.1109/IEDM.2011.6131624
https://doi.org/10.1109/IEDM.2011.6131624
https://doi.org/10.1021/nl400516a
https://doi.org/10.1021/nl400516a
https://doi.org/10.1021/nl400516a
https://doi.org/10.1038/srep08989
https://doi.org/10.1038/srep08989
https://doi.org/10.1038/ncomms4087
https://doi.org/10.1038/ncomms4087
https://doi.org/10.1103/PhysRevB.81.035327
https://doi.org/10.1103/PhysRevB.81.035327
https://doi.org/10.1109/23.277495
https://doi.org/10.1109/23.277495
https://doi.org/10.1109/23.277495
https://doi.org/10.1098/rspa.1950.0184
https://doi.org/10.1098/rspa.1950.0184
https://doi.org/10.1098/rspa.1950.0184
https://doi.org/10.1103/PhysRevB.15.989
https://doi.org/10.1103/PhysRevB.15.989
https://doi.org/10.1109/LED.2011.2181150
https://doi.org/10.1109/LED.2011.2181150
https://doi.org/10.1109/LED.2011.2181150
https://doi.org/10.1109/TED.2013.2267541
https://doi.org/10.1109/TED.2013.2267541
https://doi.org/10.1109/TED.2013.2267541
https://doi.org/10.1016/S0022-3093(02)00970-5
https://doi.org/10.1016/S0022-3093(02)00970-5
https://doi.org/10.1016/S0022-3093(02)00970-5
https://doi.org/10.1063/1.4816517
https://doi.org/10.1063/1.4816517
https://doi.org/10.1109/VLSIT.2016.7573437
https://doi.org/10.1109/VLSIT.2016.7573437
https://doi.org/10.1109/IEDM.2008.4796812
https://doi.org/10.1109/IEDM.2008.4796812
https://doi.org/10.1021/nl403465v
https://doi.org/10.1021/nl403465v
https://doi.org/10.1021/nl403465v
https://doi.org/10.1021/nn405916t
https://doi.org/10.1021/nn405916t
https://doi.org/10.1021/nn405916t
https://doi.org/10.1063/1.4973862
https://doi.org/10.1063/1.4973862
https://doi.org/10.1063/1.4871374
https://doi.org/10.1063/1.4871374
https://doi.org/10.1016/S0038-1101(00)00253-7
https://doi.org/10.1016/S0038-1101(00)00253-7
https://doi.org/10.1016/S0038-1101(00)00253-7
https://doi.org/10.1021/acsnano.5b01281
https://doi.org/10.1021/acsnano.5b01281
https://doi.org/10.1021/acsnano.5b01281
https://doi.org/10.1021/nn5057673
https://doi.org/10.1021/nn5057673
https://doi.org/10.1021/nn5057673
https://doi.org/10.1109/SISPAD.2014.6931567
https://doi.org/10.1109/SISPAD.2014.6931567
https://doi.org/10.1109/SISPAD.2015.7292279
https://doi.org/10.1109/SISPAD.2015.7292279

