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Fig. 1. The magnetization in the leads is �xed and oriented
along 180� for the horizontal leads and along90� for the
vertical leads. The disksd1 and d2 can be set back to their
initial magnetization state either by applying a current diag-
onally passing the constriction or by applying the alternative
current path avoiding the constriction. Horizontal current paths
were used in [2] to switchd1 andd2 independently.

Fig. 2. Current density pro�le for two40 nm disks and
diagonal �ow path.

Fig. 3. Current density pro�le for two40 nm disks and
alternative �ow path.

Fig. 4. The different initial and ending states and the
corresponding current paths needed for transition between these
states are depicted. The cycle begins with both disks exhibiting
a magnetization along90� and applying a horizontal current
�ow through diskd1 to reach the state, where the magnetization
in d1 is �ipped to 180� , while in disk d2 the magnetization
is still oriented along90� . From there a horizontal current
�ow is applied through d2 to orient the disk in the same
direction asd1). In order to reset the two disks to their initial
state a diagonal (alternative) �ow path through (avoiding) the
constriction is applied.
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INTRODUCTION 

The emergence of portable and light-weight 
mobile devices has led to the need for alternative 
power sources instead of conventional batteries. 
In many applications such as biomedical drug-
delivery implants, implantable medical 
electronic devices and wireless micro-sensors in 
remote locations, batteries are not feasible. So 
harvesting energy from the environment is 
becoming essential for self-powered devices. 
One of the promising methods of energy 
harvesting is the use of piezoelectric materials to 
capitalize on the ambient vibrations [1-4]. The 
conversion of mechanical energy to electrical 
energy has been well demonstrated using 
piezoelectric cantilever-based MEMS devices 
[5]. However, the large unit size, large triggering 
force and specific high resonance frequency of 
the traditional cantilever-based energy 
harvesters limit their applicability and 
adaptability in nanoscale devices and systems. 
From this point of view, nanostructure materials 
such as nanowires and nanofibers have been the 
focus of much research as promising 
nanogenerators [6]. However, due to the 
presence of free carrier in semiconductor 
piezoelectric materials, the physics underlying 
such semiconductor nanogenerators such as ZnO 
NWs has not been completely or universally 
applied [7]. Hence, the application of 
piezoelectric semiconductor nanowires (NWs) 
requires a good understanding of their electrical 
and piezoelectric properties. Herein, one of the 
main concepts for design of ZnO NWs-based 
nanogenerators (NGs) is addressed.  

 
RESULTS AND DISCUSSIONS 

 
 By determining the piezoelectric induced 
charge density, in terms of an equivalent density 
of charges, the effect of piezoelectric charges on 
the distributed electric potential in the nanowire 
have been investigated. The surface potential is 
derived by considering a non-depleted region 
and a surface depleted region and solving the 
Poisson equation [8]. Figure 1 shows the surface 
potential of ZnO NWs with different radii. As 
shown in case of the ZnO NWs with smaller 
radius, a higher surface potential is seen. Figure 
2 presents the effect of piezoelectric charges on 
the surface potential of ZnO NWs. The 
numerical results demonstrate that induced 
piezoelectric charges result in a stronger surface 
potential perturbation in  ZnO NWs with smaller 
radius.  

 
CONCLUSION 

The effect of ZnO NWs size on surface potential 
modulation caused by piezoelectric charges was 
investigated. It was shown that ZnO NWs with a 
radii around the critical radius are the best 
candidates for use as nano-generators.  
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Fig.1. The surface potential of ZnO NWs with different radii. 
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Fig.2. The surface potential of ZnO NWs with two different radius (60 nm and 100 nm) at presence of different piezoelectric 

charge densities. 
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Since the tunnel current is very sensitive to
the tunneling distance, the barrier thickness vari-
ability is one of the concerns for integrating the
large number of tunnel junctions, e.g., in MRAM
[1]. In this study, we numerically investigate the
current distribution through metal-insulator-metal
diode structures considering the effect of tunnel bar-
rier roughness [2,3], and also discuss the analytical
formalism for describing its statistical properties [4]
depending on the various parameters.

Figure 1 shows the numerically generated rough-
ness pattern assuming the Gaussian spectral density.
We then cut out the samples as shown in Fig. 2, and
evaluated the average roughness height ⟨δ⟩ and the
average current density ⟨j⟩ over each sample area.
Figure 3 shows the probability distributions of ⟨δ⟩
plotted as a function of the sample area A. The
distributions follow a normal distribution, and the
variance σ2⟨δ⟩ decreases with A due to the statistical
averaging effect. Since the spacial correlation is
taken into account in the present roughness model,
σ2⟨δ⟩ becomes constant when A ≪ πΛ2 (where Λ
is the correlation length), while is inversely propor-
tional to A in the large area limit. As shown in
Fig. 4, we have approximated this behavior to the
analytical form:

σ2⟨δ⟩ = ∆2[1 +A/(πΛ)2]−1. (1)

Figure 5 shows the probability distributions of
⟨j⟩, exhibiting quite distorted form particularly in
the small area samples. Since the tunneling current
exponentially depends on the barrier thickness, it
is lognormally distributed if the thickness is nor-
mally distributed. However, with increasing A, the

distribution becomes narrower and symmetric in
accordance with the central limit theorem.

To analytically describe such behavior, Fenton-
Wilkinson approximation [5] was employed. This
assumes that when Xi (i = 1 . . . N) are dis-
tributed according to a lognormal distribution:
Xi ∼ LN(µ, σ2), then the sum distribution is well
approximated by another lognormal distribution:∑

iXi/N ∼ LN(µ̃, σ̃2), where

σ̃2 = ln

(
eσ

2

N
+ 1

)
, (2)

µ̃ = µ+
σ2 − σ̃2

2
, (3)

and µ and σ are the mean and the standard deviation
of Xi, respectively. Figure 6 shows the numeri-
cally simulated distributions of ⟨j⟩ together with
the results calculated with Eqs. (1)–(3). Note that
the analytical approach well describes not only the
area dependent peak positions, but also the tail
distributions, which are important information for
considering, e.g., the scaling limit of the magnetic
tunnel junctions used in MRAM.
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INTRODUCTION

By offering zero standby power, non-volatile
logic is a promising solution to overcome the
leakage losses which have become an important
obstacle to scaling of CMOS technology [1]. Mag-
netic tunnel junctions (MTJs) offer a great poten-
tial, because of their unlimited endurance, CMOS
compatibility, and fast switching speed. Recently,
several realizations of MTJ-based logic gates have
been demonstrated using spin-transfer torque (STT)
MTJs for which the MTJ devices are used simul-
taneously as memory and logic gates [2], [3]. This
intrinsically enables logic-in-memory architectures
with no need for extra hardware [4]. The error
probabilities in these gates depend significantly on
device and circuit parameters. Here, we present a
method to optimize the device and circuit parame-
ters by minimizing the errors.

ERROR PROBABILITY CALCULATION

Fig. 1a and Fig. 1b show the STT-MTJ-based
reprogrammable [2] and implication (IMP) [3] logic
gates, respectively. Depending on the resistance
(logic) states of the input (source) MTJ devices,
these gates provide a conditional switching behavior
on the output (target) MTJs. The error probabil-
ity of the realized conditional switching behavior,
which is corresponding to a specific Boolean logic
operation, depends on the desired switching/non-
switching event probabilities as

Perr =
1

N

N∑
i=1


nu∑
j=1

Ps(j) +
nd∑
k=1

[1− Ps(k)]

 , (1)

where N is the total number of possible input
states, nu (nd) is the number of undesired (desired)
switching events, and Ps is the switching probability
of the MTJ defined as [5]

Ps = 1− exp

{
− t

τ0
exp

[
−∆I

(
1− I

IC0

)]}
. (2)

∆I is the thermal stability factor associated with
the STT switching [6], t is the pulse width, and I
is the current flowing through the MTJ. In order to
calculate the current (I) passing through each MTJ
the bias voltage dependence of the TMR ratio [5]
must be taken into account [3].

RESULTS AND DISCUSSION

Fig. 2 shows Perr for different logic operations
based on the reprogrammable gate as a function
of VA. It illustrates that for each operation there
is an optimal VA and the AND (NAND) operation
demonstrates a lower error probability as compared
to the OR (NOR) operation. Similar circuit parame-
ter optimizations can be performed for IMP gate [3].

The minimum in total error probability is because
of a trade-off between the probabilities of the de-
sired and undesired switching events as shown in
Fig. 3. As the state dependent modulation (SDM)
increases with the tunnel magnetoresistance (TMR)
ratio, the error probability decreases with the in-
crease of the TMR (Fig. 4). Another important
device parameter is ∆I according to (2), higher ∆I

provides sharper switching dynamics, smaller SWs,
and thus lower error probabilities (Fig. 5).

Note that a larger ∆I is also needed for reliable
operation of large STT-MRAM memory arrays [6].
From Fig.4 and Fig.5 we conclude that the impli-
cation logic architecture provides smaller error for
probabilities logic operation and is thus preferred
for logic-in-memory implementation.
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Fig. 1. (a) MTJ-based reprogrammable logic gate [2]. De-
pending on the preset state of the output MTJ and the polarity
and amplitude of the applied voltage (VA), the result of a logic
operation (AND, OR, NAND, or NOR as shown in Fig. 2)
between the inputs will be written in the output MTJ. (b)
Current-controlled implication [3] logic gate. The resistance
states of the target and source MTJs are the logical inputs and
the final state of the target MTJ holds the output.

Fig. 2. Average error probabilities for different logic opera-
tions using the reprogrammable gate as a function of VA based
on physical MTJ devices characterized in [5]. The value of the
circuit parameters (VA in the reprogrammable gate and Iimp

and RG in the IMP gate) can be optimized to minimize the
error probability (Perr).
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INTRODUCTION 

In order to introduce spintronics devices into 

general CMOS LSI design, a high-speed and 

accurate circuit simulator is highly required. There 

has been reported an MTJ macro model for SPICE 

simulator [1]. On the other hand, we have 

proposed a high-speed SPICE simulator 

incorporating the model parameters, which 

describe MTJ's behavior [2]. In this paper, the 

simulation times are compared for both the 

developed SPICE simulator, which is a "built-in 

MTJ model" type, and conventional MTJ 

simulator, which uses an "MTJ macro model".    

SIMULATORS UNDER EVALUATION 

We take a 2-terminal MTJ, shown in Fig.1, for 

consideration. Our SPICE simulator with built-in 

MTJ model can describe DC R-V and switching 

characteristics of MTJ. An example of MTJ 

characteristics is shown in Fig. 2. Its model 

parameters are categorized into 3 levels. Each 

level supports the following characteristics.     

Level 1: only DC R-V. 

Level 2: Level 1  

    + Switching in Thermal Activation Region. 

Level 3: Level 2  

    + Switching in Precession Region. 

The MTJ characteristics in Fig. 2 are described 

using level 3 model parameters.    

Meanwhile, a simple MTJ macro model was 

created for evaluation. Figure 3 shows the macro 

model circuit. It can describe only 2-state 

resistance switching between Rp (parallel) and 

Rap (anti-parallel) without the bias dependency of 

the MTJ resistances, as shown in Fig. 4. In order to 

support the detailed characteristics like the above-

mentioned level 1 to 3, a complicated macro 

circuit including several tens of components is 

needed, resulting in obviously requiring much 

more simulation time than that of the macro circuit 

composed of only 4 components in Fig. 3.  

SIMULATION AND DISCUSSION 

Simulations were carried out to compare the 

simulation time between the SPICE simulator with 

built-in MTJ model [2] and that with the simple 

MTJ macro model in Fig. 3. The circuit used in the 

simulation is shown in Fig. 5. It can perform 

switching operations of 100 ~ 50000 MTJs using 

an ideal driver. Simulation time was measured for 

both two simulators.  

Figure 6 shows the simulation result. It can be 

seen that the simulation time for our built-in MTJ 

model simulator is below the time for the 

conventional simulator with the simplest circuit in 

all cases, even for the highest modelling level 3. 

This is mainly because the increased internal 

nodes by the macro model circuit increase the 

matrix calculation time in the SPICE simulation. 

Thus the result means that the SPICE simulator 

with built-in MTJ model has an essential 

advantage in simulation speed and accuracy, 

compared to that with the MTJ macro model.   

CONCLUSION 

The SPICE simulator with built-in MTJ model 

is advantageous in simulation time and accuracy 

compared to the simulator with MTJ macro model. 
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 Fig. 1. 2-terminal MTJ device. An MTJ is composed of 

Free/Insulator/Pin layers. If the magnetization directions 

for Free and Pin layers are parallel, the resistance is Rp. If 

they are anti-parallel, then the resistance is Rap (Rap>Rp). 

Fig. 2. MTJ characteristics supported by the developed 

SPICE simulator with "built-in MTJ model" [2]. The 

switching model equations for both thermal activation and 

precession region are reported in reference [3]. 

Fig. 3. Simple MTJ macro model circuit. It uses 2 linear resistors 

and 2 ideal switches supported by SPICE3. Simple 2-state switching 

can be described by this circuit. 

Fig. 4. DC R-V characteristics simulated using 

the SPICE with built-in model (black line) and 

the SPICE with macro model (red line).  

Fig. 5. Simulation circuit and its typical simulated waveforms, 

which show Rap to Rp switching followed by Rp to Rap 

switching.  

Fig. 6. Simulation result. In case of 30000 MTJs, for 

example, about 38% simulation time reduction is 

achieved by our built-in model simulator, although 

our built-in MTJ model simulator uses level 3 model 

and macro model simulator uses the simplest model 

as shown in Fig.3.  
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INTRODUCTION 

Spin-transfer-torque MTJ based STT-MRAMs 
gather attention as nonvolatile working memory 
candidate. Especially, low switching current, high 
TMR, high thermal stability are available even at 
40nm size by CoFeB/MgO based perpendicular 
MTJ (pMTJ) [1]. However, large current is needed 
to improve the switching probability as the write 
pulse width decreases. For this issue, a two-step 
writing method demonstrates that the switching 
characteristics are improved by a base pulse which 
preheats MTJ [2]. However, a model reflecting a 
preheat effect by two-step writing is necessary for 
optimization of a base pulse of two-step pulse. In 
this paper, a switching probability model reflecting 
an intrinsic critical current dependence on 
temperature is proposed to consider the preheat 
effect by base pulse. 

RESULT AND DISCUSSION 
Fig.1 shows R-H curve of measured CoFeB/MgO 

based pMTJ (100nmφ). Fig.2 (a) shows schematic 
pulse waveform applied to pMTJ. Pulse 
application trials were performed 50 times for each 
pulse condition in the switching probability 
measurement. Fig.2 (b) shows a schematic 
measurement setup. In this setup, current flowing 
through MTJ is observed as a voltage at an 
oscilloscope. Fig.3 shows an example of observed 
waveform which MTJ switched from parallel (P) 
state to anti-parallel (AP) state. We evaluated 
P→AP direction here. Fig.4 shows switching 
probabilities. In Fig.4, the plotted point is the 
measured result by two-step writing. The dashed 
line is the switching probability calculated from 
the switching probability in thermal activation 
region [3]  
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Here, T is temperature, J is critical current density, 
JC0 is intrinsic critical current density, Eb is energy 
barrier, kB is Boltzmann’s constant, tp is switching 
pulse width, and τ0 is attempt time. τ0 was 
assumed as 1ns. However, the calculated switching 
probability from eq. (1) is not matched to the 
measured probability. We assumed that this is 
because the preheat effect by base pulse is not 
conciderd. To evaluate the preheat effect due to 
base pulse, we took account for the temperature 
dependence of IC0 in eq. (1). We measured the IC0 
(Fig.5). By substituting this temperature 
dependence to eq. (1), the switching probability is 
expressed as,  
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To evaluate the preheat effect due to base pulse, 
the temperature T in eq. (2) was fitted to the 
measured result by changing T. We estimated the 
preheated effect was 14K (solid line in Fig.6).  

CONCLUSION 
The model which reflect the preheat effect by 

two-step writing was proposed. In this model, the 
IC0 dependence on temperature was took account. 
We considered that the calculated switching 
probability was well fitted to the measured result 
with this model. 

ACKNOWLEDGEMENT 

This research is supported by JSPS through 
FIRST Program. 

REFERENCES 
[1] S. Ikeda, et al., Nat. Mater., 9, 721 (2010).  
[2] F. Iga, et al., SSDM, 963 (2011). 
[3] Z. Diao et al., J. Phys. Condens. Matter 19 165209 (2007). 

(1) 

(2) 



249

P53

 
Fig. 1.  R-H characteristic of measured MTJ.  

 

 
Fig. 2. (a) Schematic applied pulse. (b) Measurement setup. 

 

 
Fig. 3.  Example of observed switching waveform (P→AP). 

 
Fig. 4.  Switching probabilities by two-step writing (P→AP). 

 

 
Fig.5. Critical current (IC) vs. of ln(tp/τ0). Inset is the intrinsic 

critical current (IC0) dependence on temperature. 

 
Fig. 6. Switching probabilities by two-step writing and the 

switching probability calculated by eq.(1) and eq.(2). 
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GaN is a promising material for applications to
power electronics devices with its favorable high
field and thermal transport properties [1]. How-
ever, the presence of high density of threading
dislocations (> 108 cm−2) in GaN is problematic.
They limit the performance of power devices by
reducing the photoluminescence intensity and the
electron mobilities, and may end up leading to
premature device breakdown. Therefore it is impor-
tant to evaluate their impact on device performance
and reliability. Here we focus on threading screw
dislocation, which is a non-radiative recombination
center with deep electronic states in the band gap,
with different types of core structures and evaluate
their energetics by the first-principles method using
hybrid Hartree-Fock density functionals.

The core structure of threading screw dislocations
in GaN is still under debate. Recently a new con-
figuration of screw dislocation core is introduced
by Belabbas et al. [2], where the dislocation line
is located at the middle of bonds connecting two
adjacent projected hexagons (“B” core), while it is
located at the center of projected hexagon in the
conventional screw core configuration (“A” core,
see Fig. 1). We have investigated this new “B” full
core structure as well as several types of “A” core
structures: full (6:6), open (0:0), Ga-filled (6:0) and
N-half-filled (6:3) structures, where the numbers in
parenthesis, (n

Ga
:n

N
), denote the numbers of Ga

and N atoms remaining in the core region.
Our calculations are performed using the pro-

jector augmented wave method with the Perdew-
Burke-Ernzerhof (PBE) functional and Heyd-
Scuseria-Ernzerhof (HSE) functional [3] imple-
mented in the VASP code [4]. Ga 3d electrons

are considered as valence electrons and energy
cutoff is set to 425 eV. Our fully periodic supercell
accommodates dislocation dipole and contains up to
288 atoms of Ga and N. The supercell for “A” open
core structure is shown in Fig. 2.

Relative formation energies are shown in Fig. 3,
which are calculated based on the Northrup for-
malism [5] and are expressed as a function of
the Ga chemical potential (μ

Ga
). In N-rich growth

condition (at −1.17 eV) the most stable structure
is the “B” full core. This result is consistent with
the one by Belabbas et al., who insist it is the most
stable under any growth conditions within their cal-
culations based on local density approximation [2].
However, in Ga-rich growth condition (at 0 eV),
contrary to the findings by Belabbas et al., the
most stable structure is the Ga-filled (6:0) “A” core,
which is originally proposed by Northrup [5]. We
will show the detailed structural properties of these
stable dislocation configurations and the electronic
properties including their band structures calculated
using the HSE hybrid functional (see Fig. 4).
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Fig. 1. Two different core configurations for threading screw
dislocation projected onto the (0001) plane. The positions of
dislocation lines are denoted by the cross marks. The “A” core
is located at the center of projected hexagon and “B” core is
at the middle of bonds connecting two adjacent hexagons.

Fig. 2. Three dimensional view of our periodic supercell
containing two open core screw dislocations.
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Fig. 3. Relative formation energies of different core structures
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along the [0001] direction calculated by HSE. Fermi energy is
located at 0 eV. The red dashed lines at −1.1 eV and −2.4 eV
correspond to the valence band maximum and the conduction
band minimum of bulk (without dislocation) GaN, respectively.
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INTRODUCTION 

GaN-based high-electron-mobility transistors 

(HEMTs) are receiving a considerable attention for 

ultra-high frequency applications [1]. A current 

gain cutoff frequency of 343 GHz has been 

achieved for the AlN/GaN HEMT with a scaled 

gate length of 20 nm [1]. For high frequency 

performance, the importance of scaling in gate 

length and source-to-drain distance has been 

pointed out. However, there is no theoretical study 

with respect to the impact of access region length. 

In this paper, dependence of gate-to-drain 

distance on channel electron velocity has been 

investigated using a 2-D Monte Carlo simulator 

based on full-band model for AlN/GaN HEMTs. 

The results demonstrated enhanced velocity 

overshoot effects by the shrinkage gate-to-drain 

distance below 100 nm. 

CALCULATION MODEL AND DEVICE STRUCTURE 

In our full-band device model, Boltzmann 

transport equation was solved using an ensemble 

Monte Carlo algorithm coupled with 2-D Poisson 

equation. Band structures for wurtzite GaN, AlN, 

and AlGaN have been calculated based on an 

empirical pseudopotential method [2, 3]. The 

reciprocal wave vectors of 147 were employed for 

Fourier series expansions of the wave function. 

Figure 1 shows band structure in GaN (a) and 

AlN (b). The bottom of conduction band was 

assumed to be electron energy of 0 eV. The 

scattering mechanisms considered were acoustic 

phonon scattering, polar and non-polar optical 

phonon scattering, and piezoelectric scattering [4].  

Figure 2 shows the schematic cross section of an 

AlN/GaN/AlGaN HEMT simulated in this work. 

The structure consists of 3 nm undoped AlN top 

barrier, 20 nm undoped GaN channel, and 500 nm 

undoped Al0.08Ga0.92N back barrier. The gate-to-

drain distance (Lgd) was varied from 10 to 500 nm. 

For simplicity, source and drain ohmic contacts 

were placed directly on the channel layer. 

RESULTS AND DISCUSSION 

Figure 3 presents calculated I-V characteristics 

for the device with Lgd of 40 nm and Lg of 20 nm. 

The maximum drain current exceeded 4 A/mm at 

VGS=2 V and VDS=2 V. The peak transconductance 

was over 2 S/mm.  

Figure 4 shows calculated potential distribution 

(VGS=0.5 V and VDS=5 V). The crowding in 

electric field is clearly observed near the gate edge 

in the drain side. At high electric fields (more than 

3 MV/cm), band transition of hot electrons was 

observed from 1 to 2 (not shown here). 

Figure 5 plots the channel electron velocity as a 

function of distance from the gate edge for varying 

Lgd from 10 to 200 nm. It was found that velocity 

overshoot effects are enhanced for devices with Lgd 

of sub-100 nm. A peak velocity of 7x10
7 
cm/s was 

achieved for Lgd =10 nm. 

CONCLUSION 

Full-band Monte Carlo simulations have been 

performed for AlN/GaN/AlGaN DH-HEMTs. The 

results demonstrated that the reduction in gate-to-

drain distance is effective to enhance the velocity 

overshoot effect. 
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Fig. 2 Cross section of device structure simulated in this 

work. Neumann condition at all semiconductor surfaces 

was assumed to solve Poisson equation. The metal 

semiconductor interfaces was calculated based on 

Dirichlet condition. 

Fig. 1 Empirical pseudopotential band structure in 

wurtzite (a) GaN and (b) AlN. The insert in Fig. (a) 

shows the first Brillouin zone in wurtzite structure. 

Fig. 4 Calculated potential distribution at VGS=0.5 V and 

VDS=5 V for the device with Lgd of 40 nm. The solid lines 

indicate equipotential with step of 0.5 V 

Fig. 3 I-V characteristics for AlN/GaN DHEMT with Lgd 

of 40 nm. 

Fig. 5 Channel electron velocity as a function of distance 

from the gate edge for varying Lgd from 10 to 200 nm. 

Circle indicates the device with Lgd of 10 nm, square is 

Lgd= 20 nm, diamond is Lgd= 50 nm, and triangle is Lgd= 

200 nm. 
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GaN and its compounds have made inroads into
the application spaces normally dominated by both
conventional III-V semiconductors and silicon. The
availability of a rich family of ternary and quater-
nary alloys makes it possible to tailor these semi-
conductors to work as light emitters and detectors
from the near infrared to the deep UV. Furthermore,
the favorable high field transport properties make
GaN and its ternary alloys materials of choice
for a new generation of power devices that can
enable the practical implementation of smart grids
for energy distribution. In spite of these high expec-
tations, significant problems exist, not only from the
technological stand point but also due to the lack
of understanding of the properties of this material
system. In particular the knowledge of the high-field
carrier transport coefficients, is sketchy at best. Con-
sequently, understanding the carrier transport char-
acteristics of AlxGa1−xN, InxAl1−xN, InxGa1−xN
alloys is one of the critical step needed to be able to
design high voltage solid state switches, rectifiers,
detectors and light emitters. The goal of this work
is to present the results of a full band Monte Carlo
(FBMC) investigation of the carrier transport and
impact ionization processes in AlGaN, InGaN and
AlInN alloys. Furthermore, we will elucidate the
reasons that lead to a single carrier multiplication
processes in some of these alloys.

Using a full-band Monte Carlo model we have
computed[1] the carrier impact ionization coeffi-
cients in AlxGa1−xN for seven alloy compositions
between x= 0 (GaN) and x= 1.0 (AlN). We have
found that holes dominates the impact ionization
process for compositions below 50%, while elec-
trons dominate for larger aluminum contents. The
model also predicts that, due to the particular fea-
tures of the AlxGa1−xN valence band structure,

holes impact ionization processes are effectively
negligible for aluminum composition above 60%.
Furthermore, we find that the electron-alloy scat-
tering significantly reduces the electron ionization
coefficients leading to the dominant behavior of
holes in for an aluminum composition below 50%.

We have computed the electronic structure and
developed a transport model for In0.18Al0.82N that is
lattice-matched to GaN[2]. Using this approach we
have evaluated the electron and hole mobilities and
drift velocities. We have found that the mobilities
and drift velocity of both carriers are limited by the
alloy scattering phenomenon. We have found that
the hole impact ionization process is suppressed for
this alloy composition. This is due to the particular
features of the In0.18Al0.82N valence band structure.
Furthermore, we find that the electron-alloy scat-
tering significantly reduces the electron ionization
coefficients both for transport along the Γ-A and
Γ-M direction.
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electric field strengths: 3.8 MV/cm (left triangles), 4.0 MV/cm
(diamonds), 4.2 MV/cm (crosses), 4.4 MV/cm (squares) and
4.6 MV/cm (circles), including the alloy scattering.
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Abstract - Two-dimensional electron gas (2DEG) 
formed at AlGaN/GaN interface is a critical part to tune 
the characteristic of AlGaN/GaN HEMT devices. AlN 
spacer layer is used between AlGaN and GaN layer to 
improve 2DEG density, mobility, and drain current. Our 
device simulation indicates the mobility and current 
will attain their maximum at the 0.5-nm- and 1.2-nm-
thick AlN layers, respectively. For the spacer of device 
which is thicker than 1.2 nm, the ohmic resistance is 
increased. Recess ohmic electrodes help to significantly 
reduce the ohmic resistance.  

I. INTRODUCTION 
AlGaN/GaN high electron mobility transistors 

(HEMTs) have been the subject of many recent 
investigations because of their potential to use in 
high-temperature, high-power devices. One of the 
most unusual features of these HEMT is that very 
high 2DEG densities (1013 cm-2) can be found in 
even nominally or undoped heterostructures [1-3]. 
However, the existence of scattering mechanism 
plays important role to limit the mobility of 2DEG of 
conventional AlGaN/GaN HEMT. An additional thin 
AlN spacer between AlGaN and GaN improves the  
mobility  at  low  temperatures, where  the  thickness  
of  AlN  is  an  important parameter for the mobility 
in AlN/GaN heterostructures [4-6]. In this study, the 
electron transport for different AlN spacer thickness 
is simulated. In addition, Ohmic electrode is recessed 
in order to reduce the ohmic resistance. 

II. SIMULATION AND RESULT DISCUSSION 
Fig. 1 shows the schematic of explored device; the 

device characteristic is simulated by solving a set of 
quantum mechanically corrected transport equations. 
Mobility and carrier concentrations are calculated for 
both the conventional HEMT and the explored new 
HEMT which is with the AlN spacer layer between 
the layers AlGaN and GaN. Fig. 2 shows that carrier 
improved electron concentration on inserting AlN 
spacer layer, which is mainly due to the increase in 
the quantum well depth, as shown in Fig. 3. Not 
shown here, the carrier mobility is also increased 
significantly. Due to the increase in quantum well 
depth, the scattering is lowered. Alloy scattering is 
lowered because binary compound such as AlN has 

less alloy scattering in comparison to ternary 
compound [7]. As a result, the mobility is also 
increased; and, the current is thus increased. We 
further explore the effect of AlN spacer layer 
thickness on the device characteristic. Figs. 4(a) 
and 4(b) show that both the quantum well depth 
and electron concentration are increased with 
respect to the thickness of AlN layer. However, the 
electron mobility increases first, where the 
maximum appears at the 0.5-nm-thick of AlN 
layer, it then reduces on further increasing AlN 
layer, as shown in Fig. 5. This is owing to the 
Coulomb scattering between 2DEG carriers when 
very thick spacer layer is used. Fig. 6 shows the 
simulated drain current at the zero gate voltage. 
This shows that drain current is maximum when 
AlN is 1.2 nm thick. Fig. 7 shows that contact 
resistance is increased for the thick AlN layer. To 
overcome this effect recess ohmic electrodes are 
used as shown in Fig. 8. 

III. CONCLUSIONS 
The findings of the different thickness of AlN 

spacer layer conclude that electron concentration 
increases with the increases of AlN thickness. The 
device’s mobility reaches the maximum at 0.5-nm-
thick AlN layer and the drain current’s maximum at 
1.2nm thick spacer. The recess ohmic electrodes has 
been adopted to reduce the resistance.  
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Fig. 1. The simulated structure of HEMTs, where the 
plots (a) and (b) are without and with the AlN spacer 
layer. 
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Fig. 2. The electron concentration for the device with 
and without AlN spacer layers. 
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Fig. 3. The calculated quantum well depth for the 
device with and without AlN spacer layers.  
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Fig. 4. (a) The quantum well depth and (b) the electron 
concentration with the AlN thickness.  
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Fig. 5. The mobility versus the AlN thickness. 

0.0 0.5 1.0 1.5 2.0
0.072

0.074

0.076

0.078

0.080

0.082

0.084

0.086

Pe
ak

 C
ur

re
nt

 a
t V

g=0
V

 (A
)

A lN Thickness (nm )  
Fig. 6.  The simulated current for the device with 
different AlN thicknesses.  

0 2 4 6 8 10

0.00

0.02

0.04

0.06

0.08

0.10

D
ra

in
 c

ur
re

nt
 (A

)

D rain voltage (V)

 AlN  Thickness 1.2nm
 AlN  Thickness 1.4nm
 AlN  thickness 2nm

 
Fig. 7.  The drain current versus the drain voltage, 
where three different AlN thicknesses are simulated.  
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Fig. 8. The I-V for the device with the recess (black line) 
and without the recess ohmic (red line) electrodes, 
where the AlN spacer layer is at 1.2 nm.   
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INTRODUCTION

In power devices such as power MOSFETs and
insulated-gate bipolar transistors (IGBTs), the on-
resistance and breakdown voltage are important de-
vice characteristics. In order to improve these char-
acteristics, device structures with specific doping
profiles have been proposed [1] [2]. These doping
profiles lead to improvements of the on-resistance
and breakdown voltage due to carrier accumulation
and electric field reduction, respectively. Such dop-
ing profile design can be formulated as the opti-
mization problem of doping profile. Several studies
have been carried out on mathematical optimization
of doping profile for submicron devices [3] [4],
and a fast optimization approach using the adjoint
method was reported [5]. However, no mathematical
optimization for power devices has been reported
because of the large-scale analysis required. In this
paper, a fast doping profile optimization method for
power devices is proposed.

METHODOLOGY

It is known that for power devices, there is a
tradeoff between the on-resistance and the break-
down voltage [6]. In order to optimize this tradeoff,
the present study attempts to decrease the peak
value of the electric field while limiting the in-
crease in the on-resistance. This is formulated as
the following minimization problem, whose objec-
tive function is the peak electric field and whose
constraint is the on-resistance:

minimize
C

max |E|, subject to Ropt
on ≤ Rinit

on , (1)

where C is the doping concentration, E is the elec-
tric field, and Ropt

on and Rinit
on are the on-resistances

of the optimal and initial structures, respectively.

A flow chart for the optimization method is
shown in Fig. 1. The drift diffusion model is used as
the fundamental equation for power devices, the ad-
joint method is used as a sensitivity analysis method
to reduce the execution time, and the sequential
quadratic programming method [7] is used to update
the doping profile.

RESULTS

Fig. 2 shows the initial and optimal doping pro-
files for a p-n diode. It can be seen that in the
optimal profile, an intrinsic layer appears near the
p-n junction. As seen in the current-voltage curves
Fig. 3, although the on-resistance is the same for
both structures, the breakdown voltage is increased
using the optimized profile. Thus, a better tradeoff
between the on-resistance and breakdown voltage is
obtained.

Fig. 4 shows the initial and optimal doping
profiles for an edge termination. It can be clearly
seen that for the optimal doping profile, the p-type
region is expanded. Furthermore, the electric field
distributions shown in Fig. 5 indicate that the high
electric field concentration is eliminated as a result
of the optimization process, corresponding to an
improvement in the breakdown characteristics. The
above results indicate that the proposed method is
useful for developing novel device structures.

Table I shows the execution time for the adjoint
method used in the present study and a conventional
finite difference sensitivity analysis. It can be seen
that the adjoint method can drastically reduce the
execution time and enable fast optimization.
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Fig. 1. Flow chart of doping profile optimization procedure.
After the initial doping profile is determined, a device simula-
tion is carried out. This is followed by a sensitivity analysis.
If the sensitivity is too low, the calculation is stopped. If not,
the doping profile is updated by mathematical programming to
improve the objective function while satisfying the constraint.
The optimal profile is determined by repeating the device
simulation, sensitivity analysis and profile update steps.
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(b) Optimal doping profile

Fig. 2. (a) Initial and (b) optimal doping profiles for a diode.
Optimization leads to the appearance of an intrinsic layer near
the p-n junction.
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Fig. 3. Current-voltage curves for initial and optimal diode
structures under (a) forward bias, where the curves are identical
because of the on-resistance constraint, and (b) reverse bias,
where the breakdown voltage is increased from 100 V to 240
V by optimization.
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Fig. 4. (a) Initial and (b) optimal doping profile for edge termi-
nation. The p-type region is expanded following optimization.
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Fig. 5. Electric field distribution around an edge termination
for (a) the initial structure, in which a high electric field
concentration is present, and (b) the optimal structure, in which
this concentration is eliminated. The peak value of the electric
field is reduced from 4.2 × 105 V/cm to 1.5 × 105 V/cm,
leading to an improvement in the breakdown characteristics.

TABLE I
EXECUTION TIME PER UPDATE.

Type No. of Sensitivity Exec. time
Elements analysis method per update [s]

1-D 108 adjoint 0.21
finite difference 32

2-D 3140 adjoint 2.4
finite difference 6788
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INTRODUCTION 

The negative differential mobility caused by the 
transferred electron effect is one of the promising 
mechanisms in semiconductors capable, in 
principle, of generating microwave and possibly 
THz radiation. Development of Gunn microwave 
oscillators has hitherto been focused on the 
utilization of traditional III-V semiconductors like 
GaAs, achieving a maximum emission frequency 
around 100 GHz.  The recent success of the III-V 
nitrides technology (in particular GaN, InN, AlN) 
has led to the development of a range of novel 
microelectronic and optoelectronic devices based 
on these materials that due to non-monotonous 
velocity-field (v-F) characteristics, record-high 
peak velocities and very high breakdown fields are 
able to generate high-power, and high-frequency 
radiation. In this work, we investigate the electron 
transport in GaN-based Gunn diodes in the 
transient regime using hydrodynamic (HD) and 
drift-diffusion (DD) transport models. A 
comparative analysis is presented.  

    
METHODS 

Two types of GaN-based Gunn diodes were 
simulated using Sentaurus Device: (i) one sample 
consisted of n+-n--n-n+ regions in which the notch 
(n-) length (L) is varied; see Fig. 1a, and (ii) 
another sample with a similar doping profile in 
which the notch region is detached (a distance d) 
from the n+ region near the cathode; see Fig. 1d. 
HD and DD transport models were used for 
evaluating the electron transport in 2 µm thick 
samples under transient regime at room 
temperature. We have used the same material 
parameters and biasing method as the ones 
described in [1].  

RESULTS AND DISCUSSION 

Fig. 1b shows the electron density dynamics 
calculated with the HD (solid lines) and with the 
DD (dash-dotted lines), both models generate 
accumulation layers that propagate from the 
cathode (-) to the anode (+). This is, to the best of 
our knowledge, the first report of this situation 
using a HD approach in the context of GaN; other 
authors have also observed this situation with 
Monte Carlo simulations [2, 3]. Moreover, when 
the notch region is increased, dipole domains are 
created instead of accumulation layers and travel 
along the sample as depicted in Fig. 1c. 
Furthermore, we conducted simulations with a 
fixed notch length, that when attached to the n+ 
region yields accumulation layers, and 
systematically detached it. When the separation is 
short, the HD yields weak domains during the first 
moments of time (Fig. 2e) whereas the DD 
produces dipole domains. In turn, when the 
separation is long enough, both the HD and DD 
generate dipole domains as seen in Fig. 2f.  

 
CONCLUSION 

For the nucleation and propagation of dipole 
domains in GaN-based Gunn diodes it is important 
to have a doping notch wide enough. As well, 
detaching the notch might produce sustained 
dipole domains.  
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Fig. 1.  (a) doping profile (b) HD (solid lines) and DD (dash-
dotted lines) transient simulations of a GaN Gunn diode with 
a 0.2 µm wide notch, and (c) with a 0.8 µm wide notch for 
different instants in time (ti). 
 

 
Fig. 2. (d) doping profile (e) HD (solid lines) and DD (dash-
dotted lines) transient simulations of a GaN Gunn diode with 
a 0.4 µm wide notch detached by 0.015 µm, and (f) detached 
by 0.03 µm for different instants in time (ti). 
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INTRODUCTION 

Recently, many reports about power devices 

using the wide bandgap material silicon carbide 

(SiC) have been published, because SiC has many 

advantages in comparison to silicon (Si) as e.g. a 

10 times higher critical electric field [1].  Among 

SiC-based power devices, the p-i-n diode is 

intensively developed as a key device for 

ultrahigh-voltage applications over 5 kV.  In this 

work, we investigate the reverse-recovery effect 

[2] of SiC p-i-n diodes.  Main focus is given on the 

specific features of the SiC material, such as the 

extremely low intrinsic carrier density (ni) in 

comparison to Si, and the resulting effects on 

compact model construction for circuit simulation. 

INVESTIGATION WITH 2D-DEVICE SIMULATION 

The reverse recovery currents of Si and SiC p-i-

n diodes with the same structure (see Fig. 1) are 

compared by 2D-device simulation under identical 

initial forward current condition in Fig. 2.  Figure 

3 shows the carrier distributions at the 4 time 

points indicated in Fig. 2.  Even if the on-current is 

kept the same (100 A), differences are observed in 

three aspects, namely, carrier density at the p
+
/n

-
 

junction (nj), carrier-distribution gradient (dnj/dx), 

and depletion width (Wd).  Since the lifetime is 

fixed to 1 s for both diodes, it is concluded that nj 

and dnj/dx differences mainly result from mobility 

() changes due to the different diffusion length.  

Regarding Wd, the different electric permittivity () 

is considered as the reason.  By setting  and  to 

the same values in the simulation experiments all 

above differences are eliminated, as verified in Fig. 

4.  In consequence, this agreement implies that the 

reverse recovery effect can be modelled based on 

the same fundamental physics, even at 10
19

 times 

lower ni in SiC when compared to Si. 

VERIFICATION WITH HiSIM-DIODE MODEL 

HiSIM-Diode has been developed to model the 

reverse-recovery effect based on the dynamic 

carrier distribution using the non-quasi-static 

modelling method for carrier recombination [3, 4].  

Here we verify that this modelling approach is also 

valid for SiC by considering its different material 

parameters from Si.  As shown in Fig. 5, the 2D-

device simulation results of Figs. 2 and 3 for the 

SiC diode are indeed reproduced by the compact 

model.  In addition, the reproduction of measured 

data for a SiC p-i-n diode is verified in Fig. 6. 

CONCLUSION 

It is confirmed with 2D-device simulation that 

the reverse recovery effect in the SiC diode can be 

modelled based on the fundamental physics with 

the same concepts as applied for Si.  Reproduction 

of measured reverse recovery data for a SiC p-i-n 

diode by HiSIM-Diode, which can properly handle 

the material parameters of SiC, makes this evident. 
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Fig. 1.  Investigated p-i-n diode structure:  In this work, the n- 

drift layer thickness and its impurity concentration are set to 

100 m and 2x1014 cm-3, respectively. 

 

Fig. 2.  (a) Test circuit.  (b) Reverse recovery currents of Si 

and 4H-SiC diodes calculated by a 2D-device simulator, 

where the initial forward current is set to 100 A. 

 

Fig. 3.  Dynamic carrier distribution in the n- drift region 

calculated by a 2D-device simulator (Solid lines: Si diode, 

Dotted lines: 4H-SiC diode). 

 

Fig. 4.  (a) Reverse recovery currents and (b) the dynamic 

carrier distributions, with the same mobility and permittivity 

for both Si and 4H-SiC diodes. 

 

 

Fig. 5.  Comparison of the 2D-device simulation results 

(shown in Figs. 2 and 3) and the HiSIM-Diode results.  (a) 

Reverse recovery currents and (b) the dynamic carrier 

distributions of the 4H-SiC diode.  The oscillation in the 

reverse recovery current with 2D-device simulation is also 

seen in the Si diode case of Fig. 2.  (The reason for its 

occurrence is not yet confirmed.) 

 

Fig. 6.  Comparison of measured data and the HiSIM-Diode 

results for a 4H-SiC diode with a typical inductive-load test 

circuit at a voltage and current rating of 2000 V and 100 

A/cm2, respectively, where a Si IGBT is used as a switch.  

The reverse recovery currents and the voltage over the diode 

are shown on the vertical axis normalized by the rated current 

or voltage. 
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