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Abstract—This paper for the first time presents a comprehensive
computational modeling approach for AlGaN/GaN high electron
mobility transistors. Impact of the polarization charge at different
material interfaces on the energy band profile as well as parasitic
charge across the epitaxial stack is modeled and studied. Further-
more, impact of surface and bulk traps on two-dimensional electron
gas, device characteristics, and gate leakage is accounted in this pa-
per. For the first time, surface states modeled as donor type traps
were correlated with gate leakage. Moreover, a new approach to
accurately model the forward gate leakage in Schottky gate devices
is proposed. Finally, impact of lattice and carrier heating is studied,
while highlighting the relevance of carrier heating, lattice heating,
and bulk traps over the device characteristics. In addition to this,
modeling strategy for other critical aspects like parasitic charges,
quantum effects, S/D Schottky contacts, and high field effects is
presented.

Index Terms—AlGaN/GaN, computational modeling, HEMT,
hot electrons, surface traps, 2-DEG.

I. INTRODUCTION

W IDE band gap semiconductor based power devices like
AlGaN/GaN HEMTs have emerged as the most viable

alternative of Silicon based power devices. Extensive research
is being carried out to improve performance and reliability of
these devices since past few decades. As the demand for more
efficient and robust designs are on a rise, it has become essential
to adopt a well-developed design and analysis methodology. Sil-
icon based power devices have greatly benefited from computa-
tional modeling based design approach. Si power devices have
established their ground in terms of physics based prediction
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of device behavior and are widely accepted by semiconductor
industry, as the approach can accurately predict behavior and
physics of complex device designs. It further extensively aids
in device-circuit co-design and design for reliability during the
development phase. The application of computational modeling
in complex semiconductor technology development is not new,
for example, this has greatly assisted in enablement and perfor-
mance improvement of FinFET technology [1]–[3]. Similarly,
high power devices like LDMOS were also designed and inves-
tigated using a similar approach, which helped in higher robust-
ness and performance [4], [5]. On the other hand, HEMT being
relatively emergent technology lags behind in terms of availabil-
ity of a reliable and consistent computational modeling strategy.
This hinders progress and limits technology development to rely
only on hardware results. Moreover, the presence of unique po-
larization effects combined with presence of traps, hot electrons
and self heating make prediction of accurate device behavior
for HEMTs a challenging task. Few efforts have been made in
the past to compute HEMTs [6]–[18], but none of the reports
encapsulate all the required aspects and physics, which is criti-
cally important to precisely predict device characteristics under
all complex boundary conditions. Earlier works [6]–[9] have
extensively discussed effect of traps on drain/gate lag effect [6],
drain current dispersion [7], high field performance of device
[8], gate leakage and breakdown characteristics of the device [9].
The simulation studies in [10] and [11] have presented effect of
gate connected [10] and source connected [11] field plates on the
breakdown voltage of the device, which was further extended
by Saito et al. to breakdown voltage vs. on-resistance (Vbr-Ron )
trade-off [11]. Bahat-Treidel et al. have confined their simula-
tion studies [12] only to the effect of AlGaN back barrier layer
on the Energy band diagrams and punch through voltage en-
hancement in AlGaN/GaN HEMTs. In [13], Palacios et al. have
done a comprehensive study on the source of increase in dy-
namic source resistance of AlGaN/GaN HEMT devices. Effect
of field plate structures on Dynamic-ON resistance of the device
has been analyzed by Saito et al. in [14]; however, the simulation
studies were limited only to electric field calculations. Longob-
ardi et al. have presented a study on effect of donor traps on sheet
charge density and AlGaN/GaN HEMT device characteristics
[15]; however, the study is limited to surface traps only. Wang
et al. have discussed hot electron and self heating effects in
Double Channel HEMTs [16], however, the discussion does not
consider surface states and traps at other locations which affect
GaN HEMT performance. Simulation studies on the modeling
of Fe and C doping in GaN as traps, which explain the impact of
these dopants on the current collapse behavior of HEMT devices
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Fig. 1. (a) Cross-sectional view of the realized HEMT device and (b) Mea-
sured IDS − VDS characteristics of the HEMT device.

is presented in [17], [18]. However these studies are confined
to impact of traps on current collapse and don’t consider effect
of hot electrons and surface states which, as will be explained
later, are also necessary to model the DC behavior of the device.
While these simulation studies give reasonable insight on indi-
vidual aspects of AlGaN/GaN HEMTs; they fail to encapsulate
all physical aspects to accurately capture the device characteris-
tics. This work examines all the aspects of AlGaN/GaN HEMT
device operation and captures critical aspects like polarization
charge, quantum effects, surface traps, bulk traps, contacts, gate
stack, gate leakage, carrier dynamics, carrier tunneling, hot elec-
trons, high field effects, and self heating behavior. Based on this
a computational modeling strategy has been established, which
enables physics based prediction of experimental trends and
characteristics of newer designs.The numerical computations
are done using Sentaurus TCAD [19]. The paper is arranged as
follows. Section II presents details of HEMT device and mea-
sured characteristics used in this work. Section III & IV collec-
tively address challenges associated with modeling of various
physical aspects, proposed modeling approach and impact of
various physical parameters. In particular, Section III discusses
origin of charge carriers and effect of traps on device character-
istics; whereas Section IV emphasizes on challenges related to
carrier dynamics, which were not considered in earlier works.
Finally, this work is concluded in Section V.

II. HEMT DEVICE AND EXPERIMENTAL RESULTS

Fig. 1(a) depicts the stack details and schematic view of
the Normally-ON AlGaN/GaN HEMT device considered in
this work to develop a computational modeling strategy. The
AlGaN/GaN stack is grown over a Silicon substrate, using
MOCVD, with AlN nucleation layer. AlxGa1−xN transition
layers were grown on the top of AlN nucleation layer before
growing GaN buffer, which mitigates the dislocation density
and the lattice mismatch between GaN buffer and substrate.
AlGaN barrier is separated from GaN buffer by a 1 nm thick
AlN layer which has been reported to provide better ns.μ prod-
uct [20]. Finally, AlGaN barrier is covered by a 3-nm GaN
cap. Ohmic contacts were developed using rapid thermal an-
nealing of Ti/Al/Ni/Au (20/120/30/50 nm) stack at 870 °C for
30 seconds. A Schottky gate was used, which consists of Ni/Au
(20/130 nm) metal stack. The source to drain distance (Lsd )
and gate length (Lg ) are 4 μm and 1 μm, respectively. The

measured IDS − VDS characteristics of the device are as shown
in Fig. 1(b) . The Hall mobility of the device is 1931 cm2/V·s
and the extracted sheet density (ns) is 1013 cm−2 .

III. COMPUTATIONAL MODELING CHALLENGES:
ELECTROSTATICS

A. Polarization and 2-Dimensional Electron Gas

An absence of inversion symmetry in III-N compounds gives
rise to polarization field and associated charges. Growth of Al-
GaN/GaN epitaxial layers in [0001] direction, allows stacking
of these polarization charges in a way that creates favorable
environment for electrons to accumulate in the GaN layer at Al-
GaN/GaN interface, forming a sheet type charge region known
as 2-Dimensional Electron Gas (2-DEG). While earlier works
have attempted to model polarization charge [6]–[8], [10], [13]–
[15], [17], these works limit the polarization effect inside the
AlGaN layer by adding a +σ charge at the AlGaN/GaN interface
and an equivalent −σ charge at the AlGaN top surface. While
this approach is sufficient to model current, it neglects polariza-
tion charge at any other material interfaces, which is essential to
capture all aspects of device physics, parasitic effects and to pre-
dict characteristics of double channel HEMTs. The method used
in this work takes care of the polarization charge at all the III-N
interfaces and accounts for parasitic charges as well. Polariza-
tion charges can be computed numerically as suggested by Am-
bacher et al. in [21], which approximates the charge induced due
to discontinuity in the polarization vector at material interfaces.
In principle there is no discontinuity in the x and y plane, there-
fore one can ignore the spontaneous polarization in x and y plane
(this however may not be valid for 3D HEMT devices). The po-
larization along the z plane is given as Pz = P sp

z + Pstrain ,
where, Pstrain = 2d31 .S.(c11 + c12 − 2c2

13/c33), cij are stiff-
ness constant, d31 is piezoelectric coefficient and P sp denotes
the spontaneous polarization vector. Quantities cij & dij are cal-
culated over the plane perpendicular to axis i and are oriented in
the j direction. S is strain in a given layer, which is given as S =
(1 − R).(a0 − a)/a, where R is the strain relaxation parameter,
a0 and a are the lattice constants of strained and unstrained lay-
ers, respectively. Once the polarization vector is calculated, the
polarization charge can be calculated as qpol = −A.∇P , where
parameter A is a fitting constant. Once the polarization charge
is calculated, it is straight forward to include this in the Poisson
equation (Δε.Δφ = −q(p − n + ND − NA + qpol)) to capture
electrostatic behavior of the device.

While polarization charge at the AlGaN/GaN interface is de-
sirable for 2DEG channel, its presence at other interfaces sig-
nificantly affects vertical field distribution and therefore energy
band profile and parasitic charge distribution, as depicted in
Fig. 2(a). The modified energy band profile results in parasitic
hole density at other material interfaces (Fig. 2(c)) and varies
the sheet charge density profile (Fig. 2(d)). Fig. 2(d) further
shows an electron concentration in the barrier layer, which is at-
tributed to the energy band profile with conduction band energy
below the fermi-level in the barrier layer (Fig. 2(b)). This leads
to formation of secondary channel in the device. These observa-
tions and findings clearly justify the importance of inclusion of
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Fig. 2. Effect of polarization profile on (a) Energy band profile as a function of stack depth, (b) Energy band profile near the channel region, (c) Parasitic hole
density and (d) sheet charge density profile. All the measurements are done at initial rest condition. While, Global polarization considers polarization charge for the
whole device, localized polarization limits the polarization charge computation to the AlGaN barrier layer only. The Hole density plot contains integrated values
on Y-axis, thus each step shows presence of a corresponding hole density peak.

Fig. 3. Effect of linear fitting parameter A on (a) Sheet charge density, and
(b) IDS − VGS characteristics of the device.

polarization charge at all the material interfaces, which results
in accurate and adaptive results - independent of III-N stack.
This also becomes significantly important in analyzing effect
of buffer traps on device characteristics under application of
different transition/back-barrier layers, as the modified energy
band profile will significantly affect the occupation state of these
traps. As discussed above, Fig. 3 depicts impact of linear fitting
parameter A (qpol = −A.∇P ) on the device characteristics, in
particular sheet carrier concentration and threshold voltage of
the device.

It is well known that sheet carrier distribution and peak
concentration are strong function of Al mole fraction (x) in
AlxGa1−xN barrier layer, degree of stress or stress relaxation
at the AlGaN/GaN interface (R) and barrier layer thickness
(tAlGaN ). Increasing Al mole fraction increases bandgap of the
barrier layer as well as polarization at the interface. Moreover,
at higher Al mole fractions (x > 0.4) strain relaxation typically
occurs at the interface, which leads to reduced piezoelectric
polarization and hence a reduced sheet density. In principle
all these design and technology parameters map to the amount
of stress at the AlGaN/GaN interface, which directly affects
the sheet carrier concentration and distribution. Hence, these
trends can be incorporated in the model used above for Pstrain
and strain relaxation parameter (S = (1 − R).(a0 − a)/a). The
modeled and simulated trends are depicted in Fig. 4(a). Simi-
larly, tAlGaN affects the polarization field in the AlGaN layer
and hence reducing tAlGaN reduces sheet charge density as per
the relation qpol = −A.∇P . Fig. 4(b) outlines the modeled 2-
DEG density (ns) dependence on barrier thickness and gate
recess. As depicted, a thinner barrier reduces ns , attributed to

Fig. 4. Sheet charge density variation as a function of (a) Al mole fraction in
barrier layer and degree of relaxation at AlGaN/GaN interface, and (b) barrier
layer thickness and gate-recess depth. The relaxation parameter calculations
assume an Al mole fraction of 0.25 (Al0 .25 Ga0 .75 N). Gate recess depth calcu-
lations assume an AlGaN layer thickness of 25 nm and the gate recess depth
is calculated from the top of the structure, i.e., from the top of GaN cap layer.
All the sheet charge density calculations are done along a cut line, through the
epitaxial layers, located in the middle of the gate electrode.

higher polarization fields developed in the barrier layer, which
depletes the channel. This is an important aspect to model in or-
der to design stack for Normally-ON devices and design recess
for Normally-OFF devices.

B. Quantum Effects

Since at the AlGaN/GaN interface the conduction band en-
ergy changes abruptly and hence charge carriers are confined to
a narrow quantum well (few nm), quantum confinement effects
like energy band splitting and reduced density of states are ex-
pected to play a key role. It is worth highlighting that most of
the simulation studies presented earlier [6]–[10], [12], [13] have
neglected quantum confinement effects. Quantum confinement
effects, as depicted in Fig. 5, lowers the peak 2DEG concen-
tration; however shifts the peak away from the AlGaN/GaN
interface, which improves carrier mobility. Hence accounting
quantum confinement is of high importance for accurate pre-
diction on threshold voltage, transconductance and ON current
of the device. While Schrödinger wave equation offers the most
physically sophisticated and accurate model to account quan-
tum effects, it is however numerically expensive to be solved for
larger HEMT devices. In order to achieve accuracy comparable
to that of Schrödinger equation and to have acceptable numeri-
cal cost, density gradient quantum correction model [22], [23]
is deployed in this work, while using Schrödinger equation to
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Fig. 5. Effect of Quantum confinement on (a) sheet charge density profile,
and (b) IDS − VGS characteristics of the device. The density gradient quantum
profile is in good agreement with the Schrödinger solution, while the IDS −
VGS characteristics suggest no significant degradation in device characteristics
in presence of quantum effects.

extract model parameters. It accounts for quantum effects by
introducing a potential like term Λn into the classical density
formula:

n = NC F1/2

(
EF, n − EC − Λn

kTn

)
(1)

where, NC is the effective density of states, F1/2 is Fermi inte-
gral of order 1/2, EF, n is the quasi-Fermi energy for electrons,
EC is the conduction band edge and kTn represents thermal
energy of electrons. Λn is computed as:

Λn = − γ�
2

6mn
.
∇2√n√

n
(2)

where, � = h/2π is Planck’s constant, mn is the electron ef-
fective mass, n is electron density and γ is a fitting parameter.
For the electron density profile calculated using this model to
be in full agreement with solution of Schrödinger equation, as
depicted in Fig. 5, γ was found to be 1.3 and 2.2 for GaN and
AlN, respectively.

C. Surface States

Ibbetson et al. [24] suggested that polarization charges alone
are not sufficient to explain 2DEG profile and proposed that sur-
face states in presence of polarization field defines the 2DEG.
On the other hand, Meneghesso et al. proposed (i) formation of
a high density hole layer at the surface of the device to account
for negative charge carriers in the channel and (ii) presence of
surface states, which behave as traps to capture these hole [7].
Mitigation of RF dispersion [25], [26], drain and gate lag effects
[6], [7] by surface passivation also support presence of surface
traps [27], pertaining to Nitrogen vacancies. Simulation result,
as depicted in Fig. 6(a), reveals a surge in drain current in the
absence of surface states, which is attributed to hole current con-
tributed by holes present at the surface. However, such a current
surge does not exist in the experimental characteristics of the
device, which suggests compensation of hole current or suppres-
sion of mobile hole charge by some means, which is depicted
in Fig. 6(b). It shows that hole current is fully compensated by
donor type surface states resulting in a negligible hole current,
which supports the earlier theory [7]. In this work the donor

Fig. 6. IDS − VDS characteristics of the device (a) without Traps and (b) with
Donor type Traps (Density = 1 × 1014 cm−2 , Energy = EC − 0.6 eV). The
characteristics of the device without traps clearly show a dominant hole current
while presence of surface traps suppress this hole current.

Fig. 7. Variations in sheet charge density as a function of surface donor type
trap (a) Density, and (b) Energy.

type surface states are modeled as donor traps with trap density
of 1 × 1014 cm−2 and an activation energy of EC − 0.6 eV.

The trends and observations presented above are further quan-
tified in Fig. 7, which depicts impact of surface trap density and
energy on 2DEG density. Ionized surface traps will behave as
positive charge sheet and hence an equal increase in the 2DEG
charge is expected to compensate the positive charge sheet at
the surface. Fig. 7(a) shows that the 2DEG density increases
with surface trap density and shows a abrupt increase in 2DEG
density above a particular threshold of surface trap density. This
is attributed to ionization of surface states, which results in an
increased sheet charge density. However, above a certain value
of surface trap density, the 2DEG density saturates, which can be
attributed to Fermi level pinning and resulting saturation of ion-
ized donor density at the surface [28]. Fig. 7(b) depicts that the
2-DEG density increases as traps become shallower, i.e. move
close to Conduction band level, attributed to increased ionization
of shallower traps. Surface traps and polarization charge both
affect the sheet charge density; however, the polarization charge
shows a greater control on the threshold voltage of the device. On
the other hand, surface traps greatly influence the gate leakage
characteristics, which will be modeled in the following sections.

D. Traps

Since HEMTs consist of several epitaxial layers, defects are
expected to be present within individual layers as well as the
interfaces. Depending on the physical location, some of these
defects can behave as donor or acceptor type bulk as well as
interface traps. While the spatial and energy distribution of such
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Fig. 8. (a) Gaussian trap profile used in buffer layer of the HEMT device.
(b) IDS − VDS characteristics of the device under influence of buffer traps.
Acceptor type Buffer traps were used with Trap Energy as EC − 0.96 eV.
Buffer traps reduce the overall current but are not responsible for negative
differential resistance phenomena.

traps and its relation with growth parameters is still not well
understood, earlier works suggest presence of acceptor type
traps in the bulk of GaN cap, GaN buffer and AlGaN barrier
while donor type traps are expected to be present over the surface
of GaN capping layer [8]. Traps present in the GaN buffer region
and on the HEMT surface are considered to be dominant for the
prediction of electrical characteristics of the device. While the
role of surface traps has already been discussed in previous
section, traps in the GaN buffer are modeled here.

A peculiar feature in the measured IDS − VDS characteristics
of GaN HEMTs at higher voltages was consistently observed,
where the drain current in the saturation region falls gradually,
when drain was stressed above a particular voltage (VDS > 10 V
in this case). This was commonly referred as negative differen-
tial resistance (NDR) in some of the earlier works and was often
attributed to presence of bulk traps in GaN buffer. In order to
analyze how bulk traps affect device characteristics, Gaussian
like distribution was considered for acceptor type buffer traps
with peak located near AlGaN/AlN interface and it spreads into
the Channel region, as depicted in Fig. 8(a). As no compensation
doping was present in the device discussed here, the intrinsic
and defect generated traps are considered. These are believed
to be maximum near the interface with nucleation region and
should decrease with increase in buffer thickness, thus giving
rise to a Gaussian like profile of Fig. 8. The effect of Acceptor
type buffer traps with energy level at EC − 0.96 eV, which is
related to dislocations in GaN devices [27], on the device char-
acteristics is shown in Fig. 8(b). It shows that increasing buffer
trap concentration does not contribute to negative differential
conductance, rather it reduces the saturation current of the de-
vice, which can be attributed to reduced carrier concentration
in the channel region. For completeness, the trap energy was
also varied from EC − 0.5 eV to EC − 2.9 eV, covering the
energy level for C (EC − 2.5 eV) [18] as well as Fe (EC −
0.5 eV) [17]. The results (not shown here) suggest that irrespec-
tive of the trap energy, the trend was similar to that shown in
Fig. 8. This suggests that the buffer traps affect the sheet charge
density and saturation current of the device; however, doesn’t
contribute to NDR phenomena. Hence NDR depicted in the
characteristics is truly due to self heating effects, as discussed
in the next section. It is worth highlighting that effect of traps

Fig. 9. Effect of Source/Drain contact resistance on (a) IDS − VGS and
(b) IDS − VDS characteristics of the device. The simulation data is in com-
plete agreement with experimentally extracted value of 1.3 Ω.mm

can be captured only if carrier heating is considered at the same
time to account for trap occupation by hot electrons/holes. De-
tails on carrier dynamics and how to account for hot electrons
/ hot holes is discussed in later section. In this work, unlike
previous works, [16], for the first time we have modeled and
studied effect of carrier heating in conjunction with bulk and
surface traps.

E. S/D Contacts

Fig. 9 shows impact of S/D contact resistance on the
HEMT device characteristics. It is worth highlighting that
unlike ohmic contacts, change in contact resistance not only
changes the HEMT device’s linear region behavior, it affects
the characteristics in the saturation region as well. Hence
physics based modeling of contacts is very important to predict
expected characteristics and its impact on device’s circuit
performance/figures of merit parameters. In this work, we have
used well established metal stack (Ti/Al/Ni/Au) for realizing
S/D contacts. In principle, attributed to post deposition higher
temperature anneal, the metal layers diffuse deep down to the
GaN buffer and make contact to 2-DEG. The Ti present at the
bottom forms TiN after anneal, which is presumed to create
N vacancies in GaN. The formation of TiN lowers the barrier
height at the interface and large N vacancies enhance tunneling
at metal-semiconductor interface [29]. In order to model this
effect, S/D metal with work function equivalent to TiN (4.1
eV) was used with diffusion depth of 2nm below 2-DEG. In
order to capture effect of donor vacancies, a thin n-type doping
layer is used at the metal-semiconductor interface around the
S/D contacts. Finally, to account for tunneling nature of carrier
transport from S/D to channel, equations for Schottky interface
were solved. A lumped resistance was then connected in series
to this Schottky contact, which is depicted in Fig. 9.

IV. COMPUTATIONAL CHALLENGES & MODELING: CARRIER

DYNAMICS AND TRANSPORT

Previous section discussed modeling of various electrostatic
aspects of AlGaN/GaN HEMTs. This section extends the discus-
sion to carrier dynamics and transport while considering aspects
like mobility, high field effects, hot carriers, self heating etc.
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A. Carrier Transport

Carrier transport in a semi-classical system is often modeled
using carrier mobility, which is affected by a combination of
various different scattering mechanisms, depending on the de-
vice structure and materials used. Acoustic phonon scattering,
non-polar and polar optical phonon scattering, ionized impurity
scattering, piezoelectric scattering, and alloy scattering are ma-
jor scattering mechanisms for AlGaN/GaN HEMTs [30]–[34].
Among these optical phonon scattering is noted to be the dom-
inant scattering mechanism at room temperature [35], [36] in
GaN HEMTs. In this work these scattering effects are accounted
using the models and GaN transport parameters proposed by
Arora et al. in [37] and Farahmand et al. [38], respectively.
Model given below, as adopted from [38], reasonably approxi-
mates the low field mobility

μ0(T,N) = μmin

(
T

300

)β1

+
(μmax − μmin)

(
T

300

)β2

1 +
[

N

N r e f ( T
3 0 0 )β 3

]α(T /300)β4
.

(3)
Here T is lattice temperature, N is total doping density, Nref

is the reference concentration and account for mobility degra-
dation at higher concentrations, α is an exponential factor that
controls slope around N = Nref , μmin & μmax are the mini-
mum and maximum expected mobility values and β1 , β2 , β3 &
β4 take into account the temperature dependence of minimum
expected mobility, lattice scattering, ionized impurity scattering
and concentration dependent mobility, respectively. In this work
these parameters are adopted from [38], which were extracted
using Monte Carlo simulations and offer good agreement with
mobility measured.

As modeled above, at lower electric fields, accelerated elec-
trons thermalize due to optical phonon scattering; however, as
the electric field increases, the same is no longer dominant. At
higher electric fields, in AlGaN/GaN HEMTs, carrier velocity
or mobility is governed by inter valley scattering [39], which
causes electrons to transfer to higher energy conduction band
valley once electrons gain sufficient energy. The transferred
electrons have higher effective mass and hence reduced mo-
bility and carrier velocity. This leads to a negative differential
mobility at higher fields. Once all the states in the upper valley
are occupied, the electrons can no longer jump to higher energy
sub-band, which stops the electron transfer and results in a con-
stant/saturated carrier velocity at very high fields. This behavior
was modeled by Farahmand et al. [38], which is adopted in this
work while using model parameters extracted from Monte Carlo
simulations [38]:

μ =
μ0(T,N) + vsat

E n 1 −1

E
n 1
C

1 + a
(

E
EC

)n2

+
(

E
EC

)n1 (4)

where μ0 is the low field mobility approximated by eq. (3),
vsat & EC are related to saturated velocity and critical field
required for electron transfer, a, n1 & n2 are fitting parameters,
extracted using Monte Carlo simulations. The device character-
istics shown in Fig. 10 clearly highlight the relevance of high

Fig. 10. Effect of high field mobility degradation on (a) IDS − VGS and
(b) IDS − VDS characteristics of the device.

field effects. It shows drastic reduction of the drain current, in
the presence of high field effects, which is attributed to reduced
carrier velocity and hence mobility at higher fields. It is worth
highlighting that normal electric field doesn’t affect the carrier
transport as the 2-DEG is slightly away from AlGaN/GaN in-
terface, attributed to quantum confinement. Finally, to account
for velocity overshoot, carrier heating must be modeled, which
is explained in later sub-sections.

B. Gate Stack Modeling

Beside HEMT’s overall leakage characteristics, modeling
gate leakage is equally important for device’s reliability and
to account for effects like RF dispersion as well as gate/drain
lag. The focus of this paper is on Schottky gate as modeling
leakage through Schottky gate is relatively non-trivial compared
to MIS-HEMT. Earlier works suggest Fowler Nordheim (FN)
tunneling with Poole-Frenkel emission to be responsible for
leakage under reverse bias condition [40], while forward bias
current is primarily due to thermionic emission. We for the first
time have accounted gate to 2-DEG coupling, which we found
to contribute to a significant fraction of gate current. To account
tunneling effects, non-local tunneling is considered in this work.
Nonlocal tunneling was earlier discussed by Ieong et al. [41],
which has used WKB approximation for calculating tunneling
probability. Nonlocal tunneling used in this work, as explained
in [19] takes into account the tunneling current dependence on
band edge profile along the entire tunneling path. Moreover, im-
pact of surface states/traps is also modeled in this work, which
can alter the surface potential and can provide additional leak-
age paths for the gate current. While earlier works have assumed
presence of surface traps [6]–[8], [13], [42], however they were
modeled using a fixed surface trap density and energy, with-
out considering their impact on gate leakage. Another work [9]
has considered effect of surface traps on the gate leakage, how-
ever, by modeling it as a fixed charge, which only alters the
Schottky barrier height. These approaches neglect trapping/de-
trapping phenomena expected due to presence of surface traps.
This work for the first time examines effect of surface traps on
gate leakage, as shown in Fig. 11. Fig. 11 suggests that gate
leakage increases as the trap energy moves closer to conduc-
tion band and/or when trap density increases in general. The
earlier increases the ionization probability, which enhances the
tunneling. For devices realized in this work with a Schottky gate
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Fig. 11. Effect of Surface trap (a) density and (b) energy on the gate leakage
characteristics of the device. The surface trap energy shown is with respect to
the Conduction band energy (EC ).

workfunction of 5.15 eV, the estimated surface trap density was
found to be 2.39 × 1013 cm−2 with energy EC − 0.15 eV. In
Section III.C, trap density of 1 × 10 14 with energy of EC −
0.6 eV were assumed, which is related to N vacancy in GaN
[27] and is more likely to be present. However, these deep traps
are unable to explain gate leakage characteristics, which sug-
gests the traps to be at an energy of EC − 0.15 eV which is
closely related to the energy of surface states (EC − 0.12 eV)
in n-GaN [27]. It is worth highlighting that this change in trap
density and energy does not cause any significant change in the
DC characteristics of the device.

This gives an excellent agreement with the measured char-
acteristics, except for VGS > 0.8, which suggests presence of
a different leakage path or mechanism. As gate is driven posi-
tive, the electrons should now be transported into the gate via
tunneling or thermionic emission. Given that the cap layer is
effectively depleted of any free carriers by surface states, the
probability of such a transmission is very low, resulting in a
lower current in the forward direction as compared to reverse
current through gate. Certainly thermionic emission from GaN
cap to metal gate is not sufficient to explain the high forward
gate leakage current and therefore one needs to closely look
into the device geometry and model it. A closer look reveals
gate metal to 2-DEG coupling through the MESA region as the
gate metal over GaN cap extends to gate pad, which is over
the MESA region. This direct coupling reduces the built-in po-
tential required for the side diode to conduct [43], which leads
to an early forward leakage current. In order to capture this
leakage component, mixed mode simulations were performed
with a MESA diode parallel to HEMT’s gate and source ter-
minals. Fig. 12(a) shows that the extension proposed above for
gate stack modeling offers an excellent match with experiments
for complete range of gate voltage. It’s worth highlighting that
the extracted Schottky barrier height of the MESA diode was
found to be 0.75 eV higher compared to HEMT’s Schottky gate.
This could be attributed to slanted MESA trench profile and trap
states present at the gate/2-DEG interface.

C. Lattice and Carrier Heating: Impact on Carrier Transport

Attributed to very high power operation, GaN HEMTs are
expected to experience observable lattice heating. If the heat
energy is not properly removed from the system, it builds hot

Fig. 12. (a) Computed gate leakage characteristics and (b) IDS − VDS char-
acteristics of the device. For both the computations a surface trap density of
2.39 × 1013 cm−2 at an energy of EC − 0.15 eV is considered.

spot and can severely impact the device performance. This re-
quires physics based modeling of lattice heating with appropri-
ate thermal boundary conditions, which however was neglected
in earlier works [6]–[10], [12], [13]. In this work lattice heat-
ing and its impact on carrier transport was accounted using the
methodology proposed by Wachutka et al. [44], [45]. In addition
to lattice heating, as the device operates under very high elec-
tric fields, hot carrier generation can’t be avoided. The heated
electrons on one hand leverage improved carrier transport be-
cause of velocity overshoot; however on the other hand, it can
disturb the trap occupation dynamics as well as can create new
traps. Any change in the occupation of surface and/or buffer
traps is reflected in 2-DEG density, as discussed in the previous
sections. While Wang et al. had considered hot electron effect
in their work [16], its role in conjunction with surface and/or
bulk buffer traps together with lattice heating, was never given
importance before. In this work the carrier temperature (Tn )
dependent carrier transport for electrons was accounted using
transport model proposed by Stratton et al. [46] and Apanovich
et al. [47]:
−→
Jn = μn (n∇EC +kTn∇n − nkTn∇lnγn−1.5nkTn∇lnmn )

Here γn = (n/NC ) exp(−EF , n −EC

kT ), NC is the effective
density of states, mn and mp are electron and hole effective
masses, respectively. Finally, the effect of carrier energy on mo-
bility is captured by replacing electric field (E) in eq. (4) by [47]:

E =

√
max(En − E0 , 0)

τe,n qμn
(5)

where E0 = 3kT/2 is the equilibrium thermal energy, En =
3kTn/2 is the average electron energy, and τe,n is the energy
relaxation time.

Fig. 12(b) shows incorporation of lattice and carrier heat-
ing significantly affects the device characteristics. If only car-
rier heating is accounted, simulations overestimate the current,
when compared to iso-thermal case, which is attributed to over
estimated carrier velocity or mobility. On the other hand, if only
lattice heating is considered, simulations underestimate the drain
current, which is attributed to significantly mobility degradation
and missing energy exchange from phonon to electrons. Finally,
figure depicts excellent agreement with experiments when lat-
tice as well as carrier heating was accounted at the same time.
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V. CONCLUSION

We found and demonstrated that the presence of unique polar-
ization charges across various epitaxial interfaces significantly
affects the energy band profile and attributes to the parasitic
charges along with sheet charge density. This finding has justi-
fied the importance of inclusion of polarization charge at all the
material interfaces unlike ignored in previous works. We have
presented for the first time that the Surface states modeled as
donor type traps, significantly affects the sheet charge density,
device characteristics and gate leakage. Moreover, it was shown
that gate leakage calibrated as presented in this work provides a
good measure for determining the surface donor trap parameters.
High forward gate leakage current through the Schottky gate was
found to be contributed by side / MESA diode. The S/D contacts
were modeled using a Schottky interface while accounting the
barrier tunneling at the S/D contact. The impact of contact resis-
tance on linear as well as saturation characteristics revealed the
modeling of AlGaN/GaN HEMT contacts using a fixed (ohmic)
contact resistance gives misleading results. This work further
highlights importance of physics based modeling, while ac-
counting for barrier tunneling through the Schottky interface,
of S/D contacts in GaN HEMTs. It was found that the negative
differential resistance is only due to self heating in the device,
and not attributed to surface or bulk traps. Finally, it was found
that the lattice heating under estimates the current, whereas car-
rier heating overestimates it. Hence accounting lattice heating,
carrier heating in conjunction with buffer and surface traps are
necessary to accurately model device characteristics.
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