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Theoretical evaluation of two dimensional electron gas characteristics
of quaternary Al,In Ga,_,_,N/GaN hetero-junctions
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Canada
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The two dimensional electron gas (2DEG) characteristics of gated metal-face wurtzite AllnGaN/GaN
hetero-junctions including positions of subband energy levels, fermi energy level, and the 2DEG con-
centration as functions of physical and compositional properties of the hetero-junction (i.e., barrier
thickness and metal mole-fractions) are theoretically evaluated using the variational method. The cal-
culated values of the 2DEG concentration are in good agreement with the sparsely available experi-
mental data reported in the literature. According to our simulation results, a considerable shift in the
positive direction of threshold voltage of AllnGaN/GaN hetero-junction field-effect transistors can be
achieved by engineering both the spontaneous and the piezoelectric polarizations using a quaternary
AlInGaN barrier-layer of appropriate mole-fractions. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4946842]

I. INTRODUCTION

Over the past two decades, III-nitride hetero-junction
field-effect transistors (HFETSs) have attracted a great deal
of attention for fulfilling the growing demands in high-
power mm-wave and high-voltage power-electronic appli-
cations.' Among Ill-nitride devices, AlGaN/GaN HFETs
have managed to offer power densities as high as 40 W/mm
at 4GHZ,3 10 W/mm at 40 GHZ,4 maximum oscillation
frequencies over 300 GHZ,5 current densities in excess of
1 A/mm, and breakdown voltages exceeding 2000 V.°
These attractive figures of merit of RF power amplification
and power switching are direct results of a number of supe-
rior device/material properties, including large sheet carrier
concentration (i.e., in the order of 10" cmfz) and high
breakdown fields (i.e., about 4 MV/cm). The large sheet
carrier concentration at these hetero-interfaces produces the
normally on HFET characteristic. Hence, the realization of
normally off devices, which is necessary for efficient power
management, single polarity power supply circuits, and
safer switching in power switching applications, has proven
difficult. In addition to the power switching applications,
based on the observations made in a few other compound
semiconductor technologies on the importance of normally
off devices in improving the noise figure,” normally off
[II-nitride HFETs have also generated interest for RF
applications.

Several different approaches have been proposed to real-
ize normally off GaN HFETs.*'7 One of the more promising
methods is based on employing a quaternary Al In,Ga,_,_ N
barrier-layer,'*™!” using which normally off characteristic
with a threshold voltage of 0.56V has been reported.'’
Depending on the Al and In mole-fractions (x and y) of this
barrier-layer, pseudomorphic growth of the AllnGaN/GaN
hetero-junction is capable of developing both tensile and
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compressive strain at the hetero-interface. In addition, the
discontinuity of the spontaneous polarization at the hetero-
interface can be controlled by these mole-fractions. Since the
concentration of the two dimensional electron gas (2DEG)
formed at III-nitride hetero-junctions is predominantly defined
via the piezoelectric and the spontaneous polarizations, chang-
ing the group-III metal mole-fractions in the barrier can be
used as an effective tool in engineering the threshold voltage
of HFETS realized on these hetero-junctions.

Thus far, only a few investigations that include theoret-
ical study of the 2DEG characteristics of AllnGaN/GaN
hetero-junctions have been presented.'”"'* However, deter-
mination of fermi and subband energy levels at the quater-
nary hetero-interface quantum well, which is essential for
the calculation of 2DEG concentration, has not been dis-
cussed in the aforementioned studies. Moreover, providing
a reliable evaluation basis for the 2DEG characteristics as
functions of physical and compositional properties of the
quaternary hetero-junctions has been so far overlooked.
This paper aims to fulfill the need for a more accurate theo-
retical evaluation of the 2DEG characteristics of AlInGaN/
GaN hetero-junctions. This includes explaining the trends
between the threshold voltage and physical/compositional
properties of the barrier.

The basis of the theoretical model is presented in
Section II. Section III presents the results and discussion.
Section III is followed by concluding remarks.

Il. THEORETICAL MODELING

Details of the theoretical model exploited in this study
have been previously reported in Ref. 18. The studied hetero-
structures are composed of a thin AlInGaN barrier layer
grown pseudomorphically on top of a thick GaN channel/
buffer layer, where Ni established a Schottky contact to
AllnGaN. In adopting this theoretical model, which was
originally developed for AlGaN/GaN hetero-junctions, to

Published by AIP Publishing.
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AllnGaN/GaN quaternary hetero-junctions, appropriate values
of polarization induced charges at the hetero-interface, con-
duction band discontinuity, and Schottky barrier height are re-
calculated. The details of these calculations are presented in
the Secs. [T A-IIC.

A. Hetero-interface polarization induced charge

Considering the nonlinear variations of piezoelectric
polarization of Wurtzite III-nitride semiconductors with
respect to metal mole-fractions, Vegard’s law can be
employed in evaluating the piezo-electric polarization of a
polar Al,In,Ga,_,_ N/GaN epilayer'”

sz(AlxInyGa(l,x,y)N) = Xsz(AlN) +prz(IHN)
+(1 —X—y)sz(GaN>7 (1)

where x and y are Al and In mole-fractions, and Pp; for
binaries are nonlinear functions of basal strain (u) between
Al InyGa;_,_ N and GaN layers.

In order to calculate the spontaneous polarization of the
quaternary AllnGaN barrier-layer, Vegard’s law with the
incorporation of the associated nonlinearities is adopted
according to Ref. 19. The spontaneous polarization can be
therefore calculated as

Psp(AlInyGa(y , ,)N) = xPsp(AIN) + yPsp(InN)
+ (1 = x — y)Psp(GaN)
(L~ )
+ BN y(1 = x = y) + b ™y,

(@3]
AlGaN 7 InGaN AlInN H
where bg”™, bgp’™, and bgp™ are the bowing parameters

of ternaries AlGaN, InGaN, and AlInN, respectively. The
values of the parameters used in calculating the piezoelectric
and spontaneous polarization are presented in Table I.

The total polarization vector of a metal-face wurtzite
II-nitride AlInGaN/GaN hetero-junction not disturbed by
any external force is calculated by the summation of sponta-
neous and piezoelectric polarizations. Additionally, the
polarization-induced charge density is the result of the diver-
gence of the polarization along the growth direction.

TABLE I. Parameters used for the calculation of piezoelectric and spontane-
ous polarization in AllnGaN epilayer."’

Parameter Value (C/mz)

Ppz(AIN) —1.808 x pu —7.888 x 11> for 1 >0
—1.808 X pu~+5.624 x 1 for 1< 0

Ppz(InN) —1.373 x pu+7.559 x 4

Ppz(GaN) —0.918 X ;1 +9.541 x 12

Pgp(AIN) —0.0898

Psp(InN) —0.0413

Psp(GaN) —0.0339

baaN 0.0191

SN 0.0378

pAIN 0.0709

J. Appl. Phys. 119, 154502 (2016)

Therefore, the two dimensional charge density at the metal-
face hetero-interface is equal to

0 = APsp + APpg
= [Psp(AlInGaN) — Pgp(GaN)]
+ [Ppz(AlInGaN) — Ppz(GaN)], &)

where APgp and APp, are the difference in spontaneous and
piezoelectric polarizations between the barrier and buffer/
channel layer. In order to evaluate the predictive power of
the present model, Table II presents a comparison between
the results obtained through Eqs. (1)—(3) and the limited ex-
perimental data reported in the literature.

Figure 1 presents the bandgap versus lattice constant of
Al,InyGa;_,_ N for all possible values of x and y with indica-
tion of APgp equi-contours (a), APpz equi-contours (b), and
sheet charge density equi-contours (c) at AlIn,Ga;_, N/
GaN hetero-interface with corresponding values of x and y.
The bandgap of the quaternary AllnGaN is estimated using
Vegard’s law by employing the ternary alloy bowing param-
eters according to the following equation:

Eg(AlInGaN) = (1 — x — y)Eg(GaN) + xEg(AIN)
+ yEG(InN) — biatd™Nx(1 — x)
- HENy(1 - )
= (be6™ = b, ™ = bpg )y ()

The values used for the bandgap of binary end-points
and ternary bowing parameters are presented in Table III. It
should be noted that the bandgap-related bowing parameters
of Il-nitrides are still under investigation.”'>* Regarding
Fig. 1(a), the contours show approximately similar value of
spontaneous polarization for the layers with identical value
of Al mole-fraction. This is because the high spontaneous
polarization of AIN in comparison with GaN and InN makes
the spontaneous polarization of AlInGaN to depend mainly
on the Al mole-fraction. However, according to Fig. 1(b), for
moderate values of x and y, contours of piezo-electric polar-
ization are defined almost vertically, which confirms the de-
pendence of piezo-electric polarization on basal strain and
consequently lattice constant of the AlInGaN layer.

Figure 1(c) illustrates the total polarization-induced
sheet charge density at the hetero-interface. As previously
mentioned, the quaternary barrier-layer provides us with the
capability of engineering both the bandgap and the total
polarization effect at the hetero-interface. In this figure, the

TABLE II. Polarization-induced sheet charge density (o) at Algs4Ing 2
Gag 34N/GaN hetero-interface calculated based on the model expressed by
(1)—(3) and the sparsely available experimental data. The experimental data
are provided in Ref. 20.

o (uC/cmz) Method

2.14 Model expressed by (1)—(3)
2.099 £ 0.054 Hall measurement
1.978 £ 0.036 Ip-Vg measurement
1.968 £ 0.133 C-V measurement
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FIG. 1. Bandgap vs. lattice constant for Al,InyGa;_,_ N quaternary barrier-layer with indication of APgp equi-contours (a), APp; equi-contours (b), and sheet
charge density equi-contours (c) at Al,InyGa;_,_yN/GaN hetero-interface for the corresponding values of x and y. (d) and (e) represent plots identical to (c) if
the bandgap is calculated using the bowing parameters presented in Refs. 22 and 23, respectively.

corresponding contour for which the sheet charge density is
equal to zero is indicated. The corresponding border at which
the bandgap of the barrier and buffer/channel layer are
matched is also highlighted. Based on the results depicted
in Fig. 1(c), an interesting observation is that, contrary to
the previously claimed possibility of offering polarization-
matched quaternary hetero-junctions while retaining the
large bandgap of the barrier-layer and the resulting proper
carrier confinement,'>'”** this structure is not capable of
implementing this twofold characteristic simultaneously. In
other words, as evident from Fig. 1(c), for a polarization-
matched barrier-layer, the buffer/channel layer exhibits a
larger bandgap that rules out the possibility of developing a
quantum-well at the hetero-interface. Therefore, no carrier
confinement exists in this condition. Although exact

TABLE III. Bandgap of binary III-Nitrides and ternary bowing parameters
of bandgap.?!

Parameter Value (eV)
Eg(GaN) 345
EG(AIN) 6.21
Eg(InN) 0.68
h;}g}""’ 0.9
blnGaN 1.72
hA/lnN 6.43

EG 14 1.21x2

matching of polarization is not possible, quaternary barriers
can still help design devices with low interface polarization
charge. Figures 1(d) and 1(e) show the total polarization-
induced sheet charge density if the bandgap of the barrier
is calculated using the bowing parameters presented in
Refs. 22 and 23, respectively. These figures confirm that
independent of the choice of reference for the bowing param-
eters, a similar observation on the inability of polarization-
matched barriers to produce a positive conduction band
discontinuity is made.

B. Conduction band discontinuity

Thus far, there has been little work dedicated to evalua-
tion of conduction band discontinuity (AE¢) of I-nitride
quaternary AlInGaN/GaN hetero-junctions. According to
Ref. 25, AE( is evaluated as the difference between the dis-
continuity of the bandgap and that of the valence band
(i.e., AEy). The ratios of AE-/AEy for AIN/GaN, GaN/InN,
and AIN/InN are reported as 70:30, 60:40, and 70:30,
respectively.?®

A framework according to Vegard’s law was adopted by
Satpathy et al.?’ for calculation of AEy of ternary AlGaN/
GaN hetero-junctions. However, lack of existing knowledge
about bowing parameters associated with AEy of quaternary
AlInGaN/GaN hetero-junctions renders the same approach
incapable of accurately evaluating the corresponding AE¢
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values. Taking into account that throughout our current study
In mole-fraction has to be smaller than that of Al (i.e., in
order to keep the bandgap of AlInGaN barrier larger than the
bandgap of GaN), in this case, the AE-/AEy ratio can be
assumed as 70:30, similar to the value that is usually used
for AIGaN/GaN hetero-structures.'”*

C. Schottky barrier height

In this work, the Schottky barrier height is calculated
assuming a Ni metal gate in contact with AllnGaN.
Considering the Schottky barrier lowering, the barrier height
is calculated according to

PEWVgs)
ATEAIINGaN

q¢s(Vas) = Q¢m(Ni) — 4XAlInGaN — )

where ¢ is the unit charge, ¢¢,,; is the work-function of
Ni, g¥amcan 18 the electron-affinity of AlInGaN, €ajnGaN 1S
the dielectric constant of AllnGaN, Vg is the gate-source
voltage, and E(Vg) is the electric field across the barrier-
layer. The electron-affinity of the quaternary AlInGaN can
be estimated applying Vegard’s law.'” The expected uncer-
tainty from this operation is intensified especially in case of
high In mole fractions. This is since InN’s electron-affinity
can be determined with less precision compared to that of
AIN and GaN.* As previously noticed, In mole fraction of
AlInGaN barriers in the current study has to be small to
guarantee the larger bandgap of AllnGaN barrier with
respect to GaN. Hence, applying Vegard’s law for calcula-
tion of electron-affinity in quaternary AllnGaN is deemed
acceptable.

Since in the polar IIl-nitride system the polarization
effect plays a dominant role in inducing the electric field
across the barrier-layer, it is reasonable to assume a triangu-
lar potential barrier formed across this layer. As a result, the
electric field across the barrier layer E(Vg) based on**~ is
given by

(995 — qVs) + Er — AEc
qdAIInGaN

E(VGS) = ) (6)

where Ef is the fermi level and dajmgan 18 the thickness of
the barrier-layer.

The 2DEG characteristics including 2DEG concentration
(ny), first and second subband energy levels (E, and E), and
the position of fermi energy level are evaluated according to
the procedure presented in Fig. 2. The calculation procedure
starts by assuming an initial position for the fermi level (i.e.,
the lower edge of the conduction band of GaN at the hetero-
interface). Using Eqs. (5) and (6), ¢ and E, which are mutu-
ally dependent, are calculated using an iterative approach.
2DEG concentration can be calculated in two ways. First,
from the Gauss’ law at hetero-interface

0 — eAlmGaNE

= L CAllnGaN @)
q

Second, in terms of the density of states function of the
first and second subbands

J. Appl. Phys. 119, 154502 (2016)

Calculating o using (1)-(3)

v

Initial assumption
Ef= 0 Vv

v

o | Iterative calculation of @ and
E until convergence

L

Calculating Ep and

E; using
\ variational
X method
Increasing Ef
Calculating ng *

using (7)

A

Calculating n;
using (8)

No ns obtained from (7)
and (8) converges?

FIG. 2. Flowchart of the procedure for evaluation of 2DEG characteristics.

kT E;—E
ng :DS;{ln{l —l—exp(%)]
Er — E;
+In {1 +exp<7kT )} }, 3)

in which Dy is two-dimensional density of states, k is the
Boltzmann constant, and 7T is the temperature in kelvin.
According to Ref. 18, Ey and E; can be calculated through
minimization of the total energy per electron using varia-
tional method as a function of E. In an iterative approach, Ef
is gradually increased until the values obtained from Eqgs. (7)
and (8) converge with the relative error of less than 0.1%.
For calculating the threshold voltage, n, is considered as
zero, and Egs. (6)—(8) are re-evaluated to find the corre-
sponding Vs, which makes n; equal to zero using the similar
procedure.

lll. RESULTS AND DISCUSSION

The accuracy of the model has been validated versus the
2DEG concentrations of the experimentally analyzed quater-
nary polar Ill-nitride samples reported in different studies.
Employing a Ni Schottky contact, Table IV compares the
calculated values of the 2DEG characteristics with published
experimental data. The acceptable overall match between
measurements and calculations is a testimony to the accuracy
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TABLE IV. Simulation results of the physics-based model for the 2DEG characteristics of AlInGaN/GaN hetero-junctions previously reported in the literature.

All of the devices are assumed to use a Ni gate.

Metal mole-fraction

Current study simulation

Experimental results

Al In Ga daymgay M) dp(V)  ng(ecm™) o (C/mP) Vi (V) ny (cm™?) V¢ (V) Errorforng (%)  Ref.
0.74 0.16 0.1 12.5 221 2.02 x 10" 0.0324 —4.9 1.81 x 10" —52 +11.60 13,31
0.7 0.15 0.15 11.8 2.14 1.53 x 10" 0.037 —3.54 1.61 x 10" —45 —4.97 13,31
0.66 0.14 0.2 10.3 2.07 1.32x 10" 0.034 —2.71 1.52x 10" -38 —13.16 13,31
0.48 0.17 0.35 8 1.68 1.58 x 102 0.018 —0.23 1.80 x 10" 0.56 — 17
0.11 0.02 0.87 8 1.09 —r 0.0047 0.63 8.00 x 10! 0.2 — 17
0.16 0.02 0.82 20 .19  219x102  0.0075 —9.17 1.80 x 10" —° +21.67 32
0.34 0.03 0.63 20 1.54 8.37 x 10" 0.0185 —3.46 1.13x 10" — +25.93 32
0.52 0.03 0.45 20 1.90 1.70 x 10" 0.0332 —6.99 229 % 10" —c —25.76 32
0.72 0.14 0.14 5.6 2.19 1.15x 10 0.0394 —1.38 1.13 x 10" —c +1.77 33
0.73 0.11 0.16 5.3 2.24 1.40 x 10" 0.0439 —1.63 1.36 x 101? —c +2.94 33
0.73 0.11 0.16 15 224 2.14x10%  0.0439 —6.33 2.14x 10" —° 0.00 33
0.75 0.07 0.18 44 232 1.72 x 10" 0.0512 ~1.76 142 x 103 — +21.13 33
0.75 0.07 0.18 4.8 232 1.80 x 10'? 0.0512 —1.98 1.96 x 103 —< —-8.16 33
0.75 0.07 0.18 6.8 232 2.10x10" 0.0512 —3.11 237 x 10" —< —11.39 33

*The reported value is corresponding to the ungated region, hence no comparison is made to the theoretically evaluated value.
"This is a normally off device, thus, at Vgs =0V, 2DEG is already depleted and there is no quantum well. As a result, variational method cannot be used for

evaluation of n,. ng would be almost equal to the background doping.
“No value has been reported.

of the model. Hence, in case of the samples for which the ex-
perimental results are not available, the current study can
assist in forecasting the 2DEG characteristics.

Figure 3 illustrates the calculated conduction band edge
diagrams of metal-face polar Aly3Gag7N/GaN and AlgsIng
Gay ¢N/GaN hetero-junctions of 20 nm thick barrier. As can be
observed from this figure, for the latter set of mole-fractions
(i.e., x=0.3 and y=0.1), a pronounced reduction of the polar-
ization effect prevents the quantum-well at the hetero-interface
from attracting enough carriers to form the 2DEG. For a con-
stant Al mole-fraction, as In mole-fraction increases, the ten-
sile strain in the barrier-layer decreases and eventually turns
into a compressive strain (hence changing the direction of the
piezoelectric polarization in the over-layer), while spontaneous
polarization remains nearly constant. This is since the Al
mole-fraction has not changed. As a result, total polarization is

Barrier thickness = 20 nm

Alo_ 3GaO_7N/G aN

1.2,

Al .In

311G, N/GaN

Energy (eV)
o
o -

o
=)

<
o~
-

GaN
02} N7 Eo

-10 0 10 20 30
Distance from the hetero-interface (nm)

FIG. 3. Conduction band edge diagrams of Aly3Gag;N/GaN (full line) and
Al 3Ing ;Gag ¢N/GaN (dashed line) hetero-junctions.

reduced. In an AllnGaN/GaN HFET, reducing the polarization
will lead to lower 2DEG carrier density and increase in the on-
resistance of the device. Accordingly, it causes the threshold
voltage to shift in the positive direction thereby producing a
normally off device. Figure 4 presents the variation of thresh-
old voltage of gated AllnGaN/GaN hetero-junctions versus the
In mole-fraction for three different values of Al mole-fraction.
Replacing Ga atoms with In (i.e., increasing In mole-fraction
while Al mole-fraction remains constant) or Al atoms with In
(i.e., increasing In mole-fraction while decreasing Al mole-
fraction) can both increase the threshold voltage.

Variations of 2DEG concentration and threshold voltage
of AlInGaN/GaN HFETs as functions of In mole-fraction
and barrier thickness are illustrated in Fig. 5. Considering
the variation of both the spontaneous and the piezoelectric
polarizations, total polarization effect decreases with increas-
ing In mole-fraction. This in turn reduces the density of the

—>
y>0.281

IAEC<0

Threshold Voltage (V)
IS

0.15 0.2 0.25

In mole fraction

0 0.05 0.1

FIG. 4. Simulation results presenting the variation trend of threshold voltage
of gated AllInGaN/GaN hetero-junctions (for Al mole-fractions of 0.3, 0.4,
and 0.6) with the same barrier thickness of 20 nm versus In mole-fraction.
The gray portions of each characteristic highlight the In mole-fractions,
which render the 20nm thickness of the barrier in excess of the strain-
defined critical thickness. The limit of In mole fraction beyond which AE¢
becomes negative is also indicated on each curve.
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FIG. 5. Simulation results illustrating the 2DEG concentration and threshold
voltage of AlInGaN/GaN HFETs versus barrier thickness for Al mole-fraction
of 0.6 and three different In mole-fractions of 0.1, 0.2, and 0.281. The 2DEG
concentrations are presented for Vgg=0V. In Al ¢lngog1Gag 110N/GaN and
Alg¢Ing,Gap,N/GaN HFET when the barrier is thinner than 15 and 8 nm,
respectively, the 2DEG is completely depleted. The gray portions of each
characteristic highlight the barrier thicknesses that are in excess of the strain-
defined critical thickness. For Al mole fraction of 0.6. In mole fraction of
0.281 is the upper limit beyond which AE¢ becomes negative.

polarization-induced charges at the hetero-interface. The
depleting effect of the Schottky barrier is also observed to
result in lower electron concentration, and the positive shift
in threshold voltage, when the barrier becomes thinner. It is
worth mentioning that the detrimental effect of crack forma-
tion in the barrier-layer at thicknesses beyond the critical
thickness is not included in the theoretical evaluation.

0.3
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o
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/
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0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
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FIG. 6. (a) Simulation results presenting contours of threshold voltage of
gated AllInGaN/GaN HFET:s for different values of Al and In mole fractions.
The barrier thickness is 10 nm. (b) Contours of V=0V for different values
of barrier thickness. In (b), the gray portions of each characteristic highlight
the barrier thicknesses that are in excess of the strain-defined critical thick-
ness at the corresponding metal mole-fractions.
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According to these observations, in order to realize a
normally off HFET, higher In mole-fraction and thinner bar-
rier should be employed simultaneously. Figure 6(a) through
depicting contours of threshold voltage for different metal
mole-fractions highlights the applicable compositional win-
dow for the realization of normally off characteristic when
the barrier thickness is 10 nm. Figure 6(b) illustrates the con-
tours of V=0V for different values of barrier thickness.
Based on this figure, for the devices employing thinner bar-
riers, threshold voltage of zero can be realized at lower val-
ues of In mole-fraction. Similar threshold voltages for the
devices with almost equal ratio of Al and In mole-fractions
can be interpreted from both panels of Fig. 6.

Figure 7 presents variations of the subband energy levels
and the fermi level as functions of y, for different values of x.
According to the simulation results, increasing y exhibits the
same effect as decreasing x, which causes the positions of the
two subband energy levels to converge while the fermi energy
levels decrease. A possible explanation for these observations
can be found in reduction of the polarization effect caused by
In incorporation, which results in weaker carrier confinement.
In this condition, the hetero-interface quantum well gets wider
and shallower. Although 2DEG subband levels get closer, as
the relative position of fermi level with respect to E, and E;
drops, the probability of occupation of free states in these sub-
bands decreases. As a result, 2DEG can be depleted more eas-
ily yielding a normally off device.
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FIG. 7. Illustration of the first and second subband energy levels (i.e., Ey
and £;) and fermi energy level (i.e., Er) as functions of In mole-fraction, for
different values of Al mole-fractions when Vg =0 V. The barrier thickness
is 20nm. The reference for all energy levels is the energy level of conduc-
tion band edge at hetero-interface.
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FIG. 8. Illustration of the first and second subband energy levels (i.e., Ey and
E;) and fermi energy level (i.e., Er) as functions of Vg for Aly4IngosGag ssN/
GaN HFET. The reference for all energy levels is the energy level of conduc-
tion band edge at hetero-interface. The barrier thickness is 20 nm.

Initial inspection of Fig. 7 also reveals that increase in
y results in the fermi energy level lying further from the
second subband energy level. Therefore, it might be
deduced that consideration of the second subband energy
level is in vain. However, it should be noted that the results
presented in this figure are based on the hetero-junctions
with V55=0V, whereas the hetero-junctions with higher In
mole-fractions normally operate at higher Vg values. For
clarifying the effect of Vg, Fig. 8 provides variations of the
subband energy levels and the fermi level as functions of
Vs for an Alg 4Ing 0sGag 55sN/GaN HFET. According to the
simulation results, increasing the gate-source voltage
imposes an effect opposite to that of higher In mole-
fraction on the position of subband energy levels versus the
fermi level. As a result, as in ternary AIGaN/GaN hetero-
junctions for quaternary hetero-junctions, it would not be
reasonable to ignore the presence of the second subband
energy level.

IV. CONCLUSION

The 2DEG characteristics of AllnGaN/GaN hetero-
junctions are theoretically modeled using the variational
method. It is confirmed that the threshold voltage of a quater-
nary GaN-based hetero-junction can be increased to values
above zero by engineering both the spontaneous and the pie-
zoelectric polarization. Furthermore, this study reveals that
in obtaining this end-goal, reducing the polarization through
attempting a polarization-matched hetero-structure is not ca-
pable of offering the chance of channel formation on the
GaN side of the hetero-junction. Hence, a coordinated use of
relatively thin barrier (i.e., to enhance Schottky depletion)
and strain engineering via incorporation of In in the barrier is
needed to warrant a positive threshold voltage. The calcu-
lated 2DEG concentrations based on the present theoretical
evaluation agree with the experimental values reported in the
literature. Results show that the first and second subbands
become closer and the position of fermi level reduces as In
mole-fraction increases or Al mole-fraction decreases.
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