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This paper presents a physics-based compact of indium mole fraction depen-
dent analytical model for static and dynamic characteristics of GaN-based
MOS-HEMTs. The model covers all the different operating regimes of the
MOS-HEMT devices. The model is evaluated step by step with excellent
agreement compared with the simulated data obtained by Atlas-TCAD sim-
ulation and the experimental data have demonstrated the validity of the
proposed model for different indium mole fractions (12, 15, 17, and 18)%. From
static and dynamic characteristics, it is also observed that by careful setting of
the indium mole fraction for GaN-based MOS-HEMTs can improve the per-
formance of the device, and; hence, it is proper for high performance low loss
applications. MOS-HEMTs produce high drain current of 1227 A/m at a pos-
itive gate bias Vgs of 3 V and with 15% of indium mole fraction, high
transconductance of 268 S/m, and high cut-off frequency of 35 GHz at x = 18%
indium mole fraction.

Key words: Al2O3/InxAl1�xN/AlN/GaN, MOS-HEMTs, indium mole fraction,
Atlas-TCAD

INTRODUCTION

Over the past several years, the scientific
research on the properties of InxAl1�xN material
system was only scarce data intensified since 2005.1

In fact, the AlGaN/GaN heterostructures material
system was well-established for high power and
high frequency electronic devices.2 Recently,
InxAl1�xN material system as a new barrier layer
has been implemented instead of AlGaN and, as an
alternative lattice-matched for nitride-based high
electron mobility transistors (HEMTs), was pro-
posed by Kuzmik3 to improve the HEMTs
performance.

Newly, InxAl1�xN/GaN HEMTs have attracted
more attention due to their demonstrated superior
thermal stability and high current density.3 Indeed,
one of the main features of the lattice-matched
InxAl1�xN/GaN heterostuctures is the possibility to
keep a high polarization induced sheet charge
density at the heterointerface even for a vanishing
piezoelectric component due to the absence of
strain.4

Therefore, InxAl1�xN/GaN MOS-HEMTs can be of
superior performance in comparison to more con-
ventional AlGaN/GaN MOS-HEMTs mostly due to
the substantially higher polarization induced two
dimensional electron gas density (2-DEG).5 The
insertion of a thin AlN interlayer spacer between
the InxAl1�xN barrier and buffer layers helps to
reduce the remote ionized impurity and achieve
high 2-DEG mobility in InAlN/GaN heterostuc-
tures, and it can be realized as well.6 The optimum(Received September 22, 2019; accepted December 24, 2019;
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AlN interlayer spacer thickness around 1 nm is
required for high electron mobility.7 The electrical
properties such as surface of the material, gate
leakage, trap densities in the bulk and large
dispersion of the transconductance of InxAl1�xN/
AlN/GaN MOS-HEMTs are still some obstacles in
the literature of this article’s scope.

In this paper, we report on analytical models for
the static and dynamic characteristics of GaN-based
MOS-HEMTs with Al2O3 oxide gate insulation. An
analysis of the unified charge density for all regimes
of the device operation is a primary requirement for
the development of a physics-based compact model
for these devices.8 Recently, Jena et al.9,10 pre-
sented their work on a threshold voltage, 2-DEG
density, drain current, total charge, tranconduc-
tance and gate-source/gate-drain capacitances GaN-
based MOS-HEMTs based on the device physics.
However, the effect of the indium mole fraction is
not considered in their work.

The rest of the paper is organized as follows.
‘‘MOS-HEMTs Structure and Energy Band Dia-
gram’’ section describes the target of Al2O3/
InxAl1�xN/AlN/GaN MOS-HEMT devices structure.
In ‘‘Analytical Model of the Electrical Properties and
Performances’’ section we derive expressions of the
indium mole fraction dependences in the threshold
voltage, the drain current, the transconductance,
the capacitances, and the cut-off frequency model
presented. In ‘‘Results and Discussion’’ section,
model results are presented and discussed by com-
paring them with necessary numerical simulation
results obtained from MATLAB and Atlas-TCAD.
The experimental data have demonstrated the
validity of the proposed model. The paper is finally
concluded in ‘‘Conclusion’’ section.

MOS-HEMTS STRUCTURE AND ENERGY
BAND DIAGRAM

The cross-sectional view of InxAl1�xN/AlN/GaN
MOS-HEMTs is shown in Fig. 1 presented in this
paper. The layer sequence is from top to bottom,

metal/Al2O3/n-InxAl1�xN/undoped-AlN/undoped-GaN
with a 2-DEG formed at the unintentionally doped
(UIN)-AlN/GaN interface. GaN buffer layer is
employed on SiC substrate.9,10 The device is simu-
lated using a commercially available Atlas-TCAD
simulator,11 to understand the device characteristics
of the proposed Al2O3/InxAl1�xN/AlN/GaN MOS-
HEMTs. A thin oxide is inserted between Schottky
contact and AlInN barrier layer to reduce gate
leakage current.10 Figure 2 shows the conduction
energy band diagram of Al2O3/InxAl1�xN/AlN/GaN
heterostucture.9

ANALYTICAL MODEL OF THE ELECTRICAL
PROPERTIES AND PERFORMANCES

Threshold Voltage Model for InxAl12xN/AlN/
GaN MOS-HEMTs

The amount of indium mole fraction xð Þ available
in the barrier layer of InxAl1�xN greatly influences
the device behavior. The Schottky barrier height
ueff , the dielectric constant of the barrier layer e, the
conduction band offset, the total polarization rtotal,
and the threshold voltage are among the important
parameters that are affected by the indium mole
fraction.

The balance equation can be set up going from the
left to the right according to the energy band
diagram of the Al2O3/InxAl1�xN/AlN/GaN MOS-
HEMTs as shown in the Fig. 2 respecting the AlN
interlayer. Then the balance equation can be writ-
ten as follows9

queff xð Þ � qQf

Cox

� �
� qEInxAl1�xN

C � dInxAl1�xN þ DEInxAl1�xN=AlN
C

� qEAlN
C � dAlN � DEAlN=GaN

C xð Þ þ E0 þ EF � E0ð Þ ¼ 0:

;

ð1Þ

Fig. 1. Cross-sectional view of Al2O3/InxAl1�xN/AlN/GaN MOS-
HEMTs with Lg, dox; dInAlN, and dAlN represent gate length, Al2O3

oxide layer thickness, n-InxAl1�xN barrier layer thickness, and AlN
spacer layer thickness, respectively.

Fig. 2. Conduction energy band diagram of Al2O3=InxAl1�xN/AlN/
GaN metal–oxide–semiconductor high electron mobility transistors
MOS-HEMTs.
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where ueff xð Þ is the effective Schottky barrier height
of the gate contact and in the case of InxAl1�xN
barrier layer can be expressed using the Vegard’s
interpolation formula12

ueff xð Þ ¼ 3:05 � 3:7x: ð2Þ

Qf ¼ Eox
C � e0eox � rox=InxAl1�xNþ

�
rInxAl1�xN=AlN þ

rAlN=GaN � nsÞ is the equivalent charge at the
Al2O3/InxAl1�xN interface and Eox

C represents elec-
tric field across the dielectric layer.

Eox
C ¼ Qfþ

�
rox=InxAl1�xNþ rInxAl1�xN=AlN þ

rAlN=GaN=e0eoxÞ is the electric field across.
EInxAl1�xN

C ¼ rInxAl1�xN=AlNþ
��

rAlN=GaNÞ=e0eInxAl1�xN�
is the electric field across.

The total induced net polarization density rtotalð Þ
is the sum of spontaneous and piezoelectric polar-
izations Psp and Ppz, respectively, which forms at
the heterointerface, can be defined by Ref. 8

rtotal ¼ Psp þ Ppz

¼ PGaN þ PAlN
� �

� PAlN þ PInxAl1�xN
� �

¼ PGaN � PInxAl1�xN

¼ PGaN
sp � PInxAl1�xN

sp þ PInxAl1�xN
pz

� �
:

ð3Þ

The net polarization charge at the InxAl1�xN=AlN
heterointerface expressed as

rInxAl1�xN=AlN ¼ PAlN
sp þ PAlN

pz

� �
� PInxAl1�xN

sp þ PInxAl1�xN
pz

� �
: ð4Þ

where the piezoelectric polarization of undoped GaN
can be neglected for 2 lm layer thickness and only
the spontaneous polarization is involved. A nonlin-
ear spontaneous polarization for InxAl1�xN nitride
alloy, in C=m2

� �
, can be expressed as13,14

PInxAl1�xN
sp ¼ �0:042x� 0:090 1 � xð Þ þ 0:071x 1 � xð Þ:

ð5Þ

The piezoelectric polarization of the barrier layer
PInxAl1�xN

pz is considerable, which means that is not

strain free, it can be expressed as15

PInxAl1�xN
pz ¼ xPInN

pz þ 1 � xð ÞPAlN
pz

h i
� xð Þ; ð6Þ

with PInxAl1�xN
pz , PInN

pz and PAlN
pz are the piezoelectric

polarizations of InxAl1�xN, InN and AlN,
respectively.

The piezoelectric polarizations of the relevant
binary compounds InN and AlN, in C=m2

� �
, can be

expressed as

PInN
pz ¼ 7:559� xð Þ � 1:373½ �� xð Þ; ð6aÞ

PAlN
pz ¼ 5:624� xð Þ � 1:808½ �� xð Þ; ð6bÞ

where � xð Þ is the basal strain field of the ternary
compound and an equilibrium lattice constant
aInxAl1�xN as a function of the in-plane strain of the
InxAl1�xN layer, is defined as follows

� xð Þ ¼
aAlN � aInxAl1�xN

� �
aInxAl1�xN

; ð6cÞ

where aInxAl1�xN and aAlN corresponding to the lattice
constants of the unstrained and strained InxAl1�xN,
respectively. With the in-plane strain in the barrier
layer of the InxAl1�xN/AlN/GaN MOS-HEMTs.16

The lattice parameter of unstrained aInxAl1�xN was
derived by applying Vegard’s interpolation and is
given by Eq. 7

12

aInxAl1�xN ¼ xaInN þ 1 � xð ÞaAlN: ð7Þ

The dielectric constant for the InxAl1�xN and AlN
can be determined from the approximation as
follows,5 the dielectric constant as a function of
indium mole fraction for InxAl1�xN alloy is obtained
by

eInxAl1�xN ¼ 4:12xþ 2:78: ð8Þ

EAlN
C is the electrical field across the AlN interlayer

and can be approximated by Ref. 9

EAlN
C ¼

rAlN=GaN

e0eAlN
: ð9Þ

with rAlN=GaN is the total polarization, ns is the
charge density across an AlN=GaN interface and
dAlN is the AlN interlayer thickness.

DEAlN=GaN
C and DEInxAl1�xN=AlN

C are the band offsets
between the interface of AlN=GaN and
InxAl1�xN=AlN, respectively.

Also, the conduction band offset at the
InxAl1�xN=AlN heterointerface is given by

DEInxAl1�xN=AlN
C ¼ 0:63 EInxAl1�xN

g � EAlN
g

h i
; ð10Þ

where EInxAl1�xN
g is the energy band gap of InxAl1�xN

layer as a function of indium mole fraction, and is
given by Ref. 17

EInxAl1�xN
g ¼ EInN

g xþ EAlN
g 1 � xð Þ � bx 1 � xð Þ; ð11Þ

with EInN
g ¼ 0:95 eV; EAlN

g ¼ 6:06 eV andb ¼ 3:4xþ
1:2 is the band gap bowing parameter.7

In our calculations the doping density of barrier
InxAl1�xN layer is assumed as Nd ¼ 1025 m�3.

The expression of threshold voltage is derived
that depends on the parameters influenced by the
mole fraction (x), in order to make this device
completely cut-off, it is required to make the 2-DEG
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system devoid of electrons and for which external
potential has to be applied from the gate terminal.
Assuming ns ¼ 0 cm�2 in the Eq. 1 and solving for
threshold voltage, is given by

Vth ¼ q ueff xð Þ�Eox
C �dox �EInxAl1�xN

C �dInxAl1�xN

h

�EAlN
C �dAlN

	
�DEox=InxAl1�xN

C þDEInxAl1�xN=AlN
C

�DEAlN=GaN
C :

:

ð12Þ

Two-DEG Sheet Carrier Density Control
Model

The expression for 2-DEG sheet carrier density is
a calculated region rise as in Ref. 9 and can be
expressed as

ns ¼
e xð Þ
qdT

Vg0 � EF

� �
; ð13Þ

where q represents electronic charge, e xð Þ ¼
e0 eInxAl1�xN þ eAlN

� �
is the total permittivity, e0 is

the vacuum permittivity. eInxAl1�xN and eAlN are the
electrical permittivity of InxAl1�xN barrier and AlN
spacer layers, respectively. dT ¼ dox þ dInxAl1�xN þ
dAlN is the total thickness, Vg0 ¼ Vg � Voff � Vp,
Voff is the pinch-off voltage and Vp is the potential
in the channel at in point p.

Substituting Vg0 into Eq. 13, we obtain

ns ¼
e xð Þ
qdT

Vg � Voff � Vp � EF

� �
: ð14Þ

The relationship of the quasi-Fermi level position
and 2-DEG density ns formed at the AlN/GaN
heterointerface can be calculated using a relatively
simple equation derived from the self-consistent
solution of Schrodinger’s and Poisson’s equations in
the triangular potential well is expressed as
follows18

ns ¼ DVT

X1

i¼0

ln 1 þ exp
EF � Ei

VT


 �� 
: ð15Þ

where D ¼ 4p:m�=h2 is the conduction band density
of states of a 2-DEG system in the triangular well
system, m� is the electron effective mass, h is the
Planck’s constant, VT ¼ kBT=q is the thermal volt-
age, kB is the Boltzmann’s constant, T is the
ambient temperature.

Now, by considering only the lowest subband first
energy level term E0; Eq. 15 becomes

ns ¼ DVT ln 1 þ exp
EF � E0

VT


 �� 
: ð16Þ

The Taylor’s theorem approximation ln 1 þ xð Þ � x
for x � 1 is used in Eq. 16, it can be simplified as

ln exp
EF � E0

VT

� �
þ 1


 �
� exp

EF � E0

VT

� �
: ð17Þ

Therefore, we have

ns

DVT
¼ exp

EF � E0

VT

� �
: ð18Þ

Equation 17 can be written as

VT ln
ns

DVT

� �
¼ EF � E0: ð19Þ

The aim of 2-DEG carrier density modeling is to
develop explicitly the Fermi level EF with respect to
gate voltage Vg0 expression as related to the precise
solution as feasible, which is appropriate for drain
current and other model development.

EF ¼ E0 þ VT ln
ns

DVT

� �
: ð20Þ

Substituting for E0 from the follow expression

E0 ¼ c0n
2=3
s : ð21Þ

Equation 19 becomes

EF ¼ c0n
2=3
s þ VT ln

ns

DVT

� �
; ð22Þ

EF ¼ c0n
2=3
s þ VT lnðnsÞ � ln DVTð Þ; ð23Þ

where c0 is a constant estimated by Shubnikov De
Hass or from cyclotron resonance experiments.

Next, assuming the gate depletion and channel
depletion overlap to give a fully depleted (InxAl1�xN
layer is ionized completely), to eliminate ns term,
and we replace ns into Eq. 23.

We have

EF ¼ c0

e xð Þ
qdT

Vg0 � EF

� �
 �2=3
þVT ln

e xð Þ
qdT

Vg0 � EF

� �
 �

� ln DVTð Þ:
ð24Þ

We are expanding on the right-hand side of the
two terms to first order in the form of EF=Vg0

� �
.

Then we can get
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EF ¼ c0

e xð Þ
qdT

� �2=3
Vg0

� �2=3
1 � EF

Vg0

� �2=3

þ VT ln
e xð ÞVg0

qdT
þ VT ln 1 � EF

Vg0

� �
� VT ln DVTð Þ;

:

ð25Þ

Using Bernoulli’s inequality approximation
1 þ xð Þn� 1 þ nx and the Taylor’s theorem approxi-

mation ln 1 þ xð Þ � x into Eq. 25, it can be simplified
as

EF ¼ c0

e xð Þ
qdT

Vg0

� �2=3
1 � 2

3

EF

Vg0

� �
þ VT ln

e xð ÞVg0

qdT

� VT
EF

Vg0
� VT ln DVTð Þ:

ð26Þ

We can simplify Eq. 26 as

Vg0

Vg0
EF þ 2

3
c0

e xð Þ
qdT

Vg0

� �2=3
þVT

EF

Vg0
¼ c0

e xð Þ
qdT

Vg0

� �2=3

þ VT ln
e xð ÞVg0

qdT
� VT ln DVTð Þ;

:

ð27Þ

Thus, EF can be expressed as

EF ¼ Vg0

c0
e xð Þ
qdT

Vg0

� �2=3
þVT ln

e xð ÞVg0

qd � VT ln DVTð Þ

2
3 c0

e xð Þ
qdT

Vg0

� �2=3
þVg0 þ VT

:

ð28Þ

At the site of 2-DEG accumulation, the total gate
capacitance ðCgÞ is the equivalent capacitance of
three capacitors in series-connected Cox,CInxAl1�xN

and CAlN, can be expressed as

1

Cg
¼ 1

Cox
þ 1

CHEMT
: ð29Þ

The capacitance of the barrier layer can be
expressed as19

1

CHEMT
¼ 1

CInxAl1�xN
þ 1

CAlN
: ð29aÞ

Cg ¼ Cox � CInxAl1�xN � CAlN

Cox � CInxAl1�xN þ Cox � CAlN þ CInxAl1�xN � CAlN
:

ð29bÞ

where Cox ¼ e0eox=dox is the capacitance per unit
area due to oxide layer and dox is the oxide layer
thickness, CInxAl1�xN ¼ e0eInxAl1�xN=dInxAl1�xN

represents the capacitance related to the barrier
layer thickness InxAl1�xN and CAlN ¼ e0eAlN=dAlN

represents the capacitance related to the spacer
layer thickness AlN.

Substituting for Cg into Eq. 28 gives

EF ¼ Vg0

c0
CgVg0

q

� �2=3
þVT ln

CgVg0

qDVT

� �

2
3 c0

CgVg0

q

� �2=3
þVg0 þ VT

; ð30Þ

Substituting Eqs. 29 and 30 into Eq. 13 we have

ns ¼
Cg

q
Vg0 � EF

� �
¼ CgVg0

q
� CgEF

q
; ð31Þ

ns ¼
CgVg0

q
� CgVg0

q

c0
CgVg0

q

� �2=3
þVT ln dVg0

� �
2
3 c0

CgVg0

q

� �2=3
þVg0 þ VT

; ð32Þ

where d ¼ Cg

qDVT
.

ns ¼
CgVg0

q

Vg0 þ VT 1 � ln dVg0

� �� 	
� c0

3
CgVg0

q

� �2=3

2
3 c0

CgVg0

q

� �2=3
þVg0 þ VT

:

ð33Þ

Substituting h ¼ c0=3ð Þ Cg=q
� �2=3

the simplified
expression for sheet charge density can be written
as20

ns ¼
Cg

q
Vg0

Vg0 � h Vg0

� �2=3

Vg0 þ 2h Vg0

� �2=3

" #
: ð34Þ

I–V Characteristics Model for Al2O3/InxAl12xN/
AlN/GaN MOS-HEMTs

The expression for drain current through the
channel using an analytical model is derived from
Eq. 34, based on the 2-DEG sheet carrier density
model that is developed in,20 can be formulated as

Ids ¼
ql0Wg

Lg
r
Vd

Vs

nsdVp: ð35Þ

Where l0 is the low field mobility of the device, Wg is
the gate width and Lg is the gate length.Vs and Vd

are the source and drain voltages, respectively.
An analytical model of the drain current can be

formulated as9

Ids ¼
l0WgCg

Lgq

X6

i¼1

ki wi
gd � wi

gs

� �
þ k0 ln

wgd

wgs

" #
: ð36Þ
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Where wgs ¼ Vgs � Vth

� �1=3þ2h, wgd ¼ Vgs � Vth�
�

VdsÞ1=3þ 2h, q ¼ 1 � Vds � Vsð Þ=ETLg

� 	
, ET is the

critical field, with a limit V p ¼ 0ð Þ ¼ Vs ¼ 0 V and
V p ¼ Lg

� �
¼ Vd ¼ Vds. Table I gives the expres-

sions for the constants ki i ¼ 1; . . . ; 6ð Þ obtained
during the integration of Eq. 34.

Transconductance Model for Al2O3/InxAl12xN/
AlN/GaN MOS-HEMTs

The transconductance is an important parameter
extremely important for estimating the microwave
performance of the device. In strong inversion, the
transconductance is the major part of the power
gain mechanism, it can be defined as

gm ¼ @Ids

@Vgs

����
Vds¼const

: ð37Þ

The transconductance can be extracted from
Eq. 36

9

gm ¼ � l0WgCg

Lgq
1

3 wgd � 2h
� �2�3 wgs � 2h

� �2
X1

" #
:

ð38Þ

Where

X1 ¼
288h6

wgd�wgsð Þ þ 272h5 þ 1920h4 wgd � wgs

� �
þ 600h3 wgd � wgs

� �2

�280h2 wgd � wgs

� �3þ195h wgd � wgs

� �4�18 wgd � wgs

� �5

2
4

3
5:

ð38aÞ

Capacitances Model for Al2O3/InxAl12xN/AlN/
GaN MOS-HEMTs

The gate capacitances Cgs and Cgd are derived
from the partial differentiation of the total gate
charges w.r.t Vs ¼ Vgs and Vd ¼ Vds source and
drain terminal voltages, respectively, and can be
expressed as Cgs ¼ @Qg=@Vgs and Cgd ¼ @Qg=@Vds.

9

The gate-to-source capacitance is obtained as9

Cgs ¼
l0 qWgq
� �2

Ids
w1=3

gd � w1=3
gs

� � gm
Ids

� 1

� �
� qWq

ET
Vds

� Lggm
l0ET

:

ð39Þ

The gate-to-drain capacitance is obtained as9

Cgd ¼
l0 qWgq
� �2

Ids
w1=3

gd � w1=3
gs

� � gd
Ids

� 1

� �
� qWq

ET
wgd

� Lggd
l0ET

:

ð40Þ

Unity Gain Cut-Off Frequency Model
for Al2O3/InxAl12xN/AlN/GaN MOS-HEMTs

The unity gain cut-off frequency (fT) can be
obtained as9

fT ¼ gm

2p Cgs þ Cgd

� � : ð41Þ

All the data model parameters used in our
calculations are listed in Table II.

RESULTS AND DISCUSSION

In this section, we have discussed the static and
dynamic characteristics of GaN-based MOS-HEMTs
with different indium mole fractions of (12, 15, 17,
and 18)%, and the results are compared with
experimental data taken from Ref. 22. The model
parameters of Al2O3/InxAl1�xN/AlN/GaN MOS-
HEMTs device used for the calculation of the static
and dynamic characteristics, for each of the two
different device types are indicated in Table III.

Figure 3 shows the threshold voltage variations
with indium mole fraction variations at different
barrier layer thicknesses. It is observed that the

Table I. Constants terms obtained during the
integration

Constant Expression

k0 �288h6

k1 272h5

k2 �960h4

k3 200h3

k4 �70h2

k5 39h
k6 � 3

Table II. List of model parameters

Parameter Value Unit References

ET 178 � 105 V/m 9
e0 8:854 � 10�12 F/m 15
eInN 15:3e0 F/m 15
eAlN 10e0 F/m 15
eox 10e0 F/m 9
rox=InxAl1�xN �1:8 � 1017 m�2 21
rAlN=GaN 6:5 � 1017 m�2 21

DEox=InxAl1�xN
C

1:8 eV 9

DEAlN=GaN
C

1:7 eV 16

Qf þ5 � 1017 C/m2 9
l0 0:06 m2/Vs 9
c0 4 � 10�12 – 10
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threshold voltage reduces considerably in a linear
manner with increasing indium mole fraction. As
seen from this Fig. 3, Vth is lower for higher strain.

Figure 4 plots the output characteristics modeled
with Atlas-TCAD simulation of Al2O3/InxAl1�xN/
AlN/GaN MOS-HEMTs with different indium mole

fractions x at Vds = 2 V. The results show that for
x = 18% the device reaches the maximum drain-to-
source saturation current Idssat = 1150 A/m com-
pared with those obtained with x = (12, 15 and
17)%. Also, our results indicate that an improve-
ment of the performance of MOS-HEMTs can be
reached by varying the indium mole fraction in the
InxAl1�xN barrier layer. It is clear that our model
results are in a good agreement with the one
obtained by Atlas-TCAD data.

Similarly, to validate the proposed model, exactly
the same dimensions of Al2O3=In0:15Al0:85N/AlN/
GaN MOS-HEMTs are considered for Atlas-TCAD
and experimental data,22 the device simulation as
well as MATLAB calculations. The data sets from
the device simulation serve as the input to the
MATLAB program. Numerical calculations and
solutions are performed by the MATLAB program
and device simulation is done by Atlas-TCAD.
Figure 5 shows comparison of the Ids Vdsð Þ output
characteristics modeled with MATLAB program,
Atlas-TCAD simulation and experimental data22 of
the proposed Al2O3=InxAl1�xN/AlN/GaN MOS-
HEMTs at indium mole fraction of x = 15%. The
gate voltage varies from (� 2 to + 3) V with steps of
+ 1 V. The maximum drain current density of the

Table III. Parameters and device details used for calculation

Parameter Quantity Sample 1 Sample 222

Voff Vð Þ Pinch-off voltage � 3.822 � 3.8
dox nmð Þ Oxide thickness 59 3
dInxAl1�xN nmð Þ Barrier thickness 131 12
dAlN nmð Þ Spacer thickness 11 1
Lg ðlmÞ) Gate length 0.610 0.6
Wg lmð Þ Gate width 10010 100

Fig. 3. Comparison of the threshold voltage of MOS-HEMTs
modeled with MATLAB program and Atlas-TCAD simulation.

Fig. 4. Comparison of the output current characteristics of MOS-
HEMTs modeled with different mole fractions.

Fig. 5. Output current characteristics of MOS-HEMTs. Experimental
data taken from Ref. 22.
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device at Vgs of 3 V is 1227 A/m. The simulation re-
sults show good agreement with the experimental
data, after the calibration.

The Ids Vgs

� �
transfer characteristics of the pro-

posed GaN-based MOS-HEMTs modeled and simu-
lated with different indium mole fractions are
shown in Fig. 6. The validation of our results
compared to the experimental data taken from
Ref. 22 with x = 15%. Drain current increases with
rising mole faction and very high drain current
density. Also, it is clear that the results of our model
of the transfer characteristics are in a good agree-
ment with the one obtained by Atlas-TCAD data.
The pinch-off voltage of �3:8 V of the modeled
device shows exhibiting high drain current density
of 1227 A/m at the same gate bias of 3 V with
x = 15% indium mole fraction.

The combination of higher breakdown voltage and
higher drain current implies that the proposed
device is very much suitable for high power appli-
cations. Figure 7 shows the variation of the
transconductance with Vgs varying from (� 6 to
2)V modeled with different indium mole fractions at
Vgs ¼ 2 V and a maximum transconductance rising
of 268 S/m at Vgs ¼ 0 V and indium mole fraction of
18% showing good agreement with our developed
model and the simulation data.

The modeled results of the C–V characteristics
have been carried out and compared with data
obtained from Atlas-TCAD and experimental data.
Figure 8 plots the variation of Cgs in terms of the
gate voltage with drain voltage of 10 V. Our results
show the dependence of threshold voltage on the
indium mole fraction. The capacitance Cgs is small
when Vgs is below or close to Voff and when Vgs

increases Cgs rises. It is clear that the simulated
model, the capacitance Cgs values obtained from
Atlas-TCAD and the data taken from the

experimental (concerning the 15% mole fraction
value) agrees quite well.

Figure 9 shows a plot of gate-to-drain capacitance
versus drain voltage of Al2O3/InxAl1�xN/AlN/GaN
MOS-HEMTs with MATLAB program and Atlas-
TCAD simulation, with different indium mole frac-
tions x at Vds = 2 V. It is observed here that the
capacitance is varying gradually with increase in
drain voltage, when the device becomes saturated,
so that the drain voltage can affect the charge in
channel. A good correlation between the analytical
model and Atlas-TCAD simulation result shows
that the developed model is consistent with different
mole fractions, which validates the capacitance
modeling.

Fig. 6. Comparison of the Ids Vgs

� �
transfer characteristics of MOS-

HEMTs modeled with MATLAB program, Atlas-TCAD simulation with
different mole fractions and experimental data taken from Ref. 22.

Fig. 7. Variation of the transconductance with gate-to-source
voltage modeled with different indium mole fractions, MATLAB
program and Atlas-TCAD.

Fig. 8. Comparison of the gate-to-source capacitance modeled with
MATLAB program, Atlas-TCAD simulation and experimental data
taken from Ref. 22.
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The influence of variation of the indium mole
fraction (x) on the cut-off frequency fTð Þ is shown in
Fig. 10. The value of the cut-off frequency increases
with the mole fraction as we can see in Fig. 10. This
can be explained by the fact that the increase of the
indium mole fraction leads to a higher electric field
of induced polarization. As a result, the electron
confinement in the channel increases. In Fig. 10 we
notice a steady increase in the cut-off frequency as
the gate bias increases from (� 4 to 0)V and then
starts to decrease, once again we see that there is a
good agreement between our analytical model cal-
culations and the same results with Atlas-TCAD
simulation data at indium mole fraction of x = 17%
and Vds = 10 V obtained by Jena et al.9

CONCLUSION

A physics-based fully analytical model for the
static and dynamic characteristics of GaN-based
MOS-HEMTs is proposed, analyzed and validated
with Atlas-TCAD simulation results and experi-
mental data. We have investigated the impact of the
indium mole fraction on the drain current, the
transconductance, the C-V characteristics, and the
cut-off frequency. The proposed analytical models
show excellent correlation with the Atlas-TCAD
simulation and experimental data of GaN-based
MOS-HEMTs, with different indium mole fractions,
and it can be developed efficiently in radio fre-
quency and microwave circuit designs. The param-
eters introduced in the model are clearly linked to
physical effects and easily be extracted from exper-
iments. The developed model will prove very useful
in providing even more insight into the complete
physics-based model for GaN-based MOS-HEMTs
for performance analysis.
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