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We have addressed the existing ambiguity regarding the effect of tensile strain in the underlying GaN layer on AlxGa1−xN/GaN heterostructure
properties. The bandgaps and band-offsets for AlxGa1−xN on strained GaN were first computed using density functional theory (DFT), in the
generalized gradient approximations (GGA) and hybrid functional Gaussian–Perdew–Burke–Ernzerhof (Gau–PBE) regimes. We propose a simple
model to relate the GGA and Gau–PBE bandgaps, which is used to determine the realistic bandgaps of strained AlGaN. The bandgaps and band-
offsets from the DFT calculations are then used to analytically calculate the two-dimensional electron gas density in an AlxGa1−xN/GaN hetero-
interface. Our bandstructure calculations show that it is not possible to induce significant change in band-offsets through strain in the GaN layer.
The charge-density calculations indicate that such strain can, however, modulate the polarization charge and thereby enhance the 2DEG density
at the AlGaN/GaN interface substantially. © 2019 The Japan Society of Applied Physics

Supplementary material for this article is available online

1. Introduction

In the past few decades, GaN-based heterostructure device
technologies have been developed intensively for high-
frequency, high-voltage, and opto-electronic device applica-
tions. Alloying this semiconductor with AlN produces
AlxGa1−xN where x is the Aluminium mole fraction, and
the heterostructure which can be formed between AlGaN and
GaN is the key in realizing high electron mobility transistors
(HEMTs). In these devices, a two-dimensional electron gas
(2DEG) is formed at the hetero-interface due to large
polarization fields coupled with the donor-like surface
states.1,2) The growth of these AlGaN/GaN heterostructures
on Si substrates has been a coveted goal from the points of
view of cost and heterogeneous integration.3) Now, it is usual
to localize strain, and related defects, away from the AlGaN/
GaN hetero-interface when growing on a lattice mismatched
substrate like Si or sapphire, by grading the GaN layer; this
layer is therefore conventionally assumed to provide a
relaxed virtual substrate. However, even if a thick/graded
GaN layer perfectly neutralizes the mismatch-induced strain,
it may not be free from any process-induced strain. It has
been shown experimentally that thinning of the underlying Si
substrate—which would be desirable for many heteroge-
neously integrated applications—can lead to a tensile strain
in the GaN layer, with consequent increase in 2DEG
concentration and mobility.4) Lee et al.5) have also reported
that, in AlGaN/AlN/GaN heterostructures, the strain in the
GaN layer significantly affects the 2DEG concentration and
electron mobility. Recent studies carried out by Kadir et al.6)

have concluded that it may be therefore more accurate to
assume the Si substrate as the reference material than GaN in
order to account for the stresses at the GaN-Si interface. Liu
et al.,7) on the other hand, has suggested that referencing Si
does not offer any significant advantage. We seek to provide
a theoretical basis to unambiguously comprehend the experi-
mental data and to derive predictive insights for heterostruc-
ture device design.

Physics-based models have been developed and extensive
simulations are performed by several groups to predict the
2DEG density as well as the bare surface barrier height in
different GaN-based heterostructures.8–12) Indeed, the 2DEG
density depends on the bandgap, lattice mismatch, and the
AlGaN surface state parameters. Now, as mentioned above,
the GaN substrate has usually been considered relaxed.
However, in view of the aforementioned experimental
reports, it becomes imperative to investigate and clarify
how strain in the GaN layer—due to process-related reasons
if the lattice mismatch can be assumed to be neutralized—
impacts the 2DEG concentration in the AlGaN/GaN hetero-
structure. It is practical to imagine that the GaN layer could
be strained due to a combination of various factors: imperfect
localization of lattice mismatch-induced stress, defects in the
heterostructure, and other residual stresses arising from the
growth and processing steps. Further, our results confirm
benefits to straining the GaN layer—so it could conceivably
be incorporated by heterostructure design in the future.
Therefore, strain in the GaN is an input parameter in our
calculations, representing the cumulative effect of the above
possibilities. We calculate the impact of strain and Al mole
fraction on the band offsets and thereby calculate the 2DEG
density. The very next Sect. lays out the bandstructure
calculation methodology and the resulting bandgap and
band offsets. The following one deals with charge-density
calculations that take these as inputs to obtain the polarization
charge and 2DEG density.

2. Electronic structure of -Al Ga Nx x1

2.1. Computational methodology
Our bandstructure calculations were performed using plane-
wave based density functional theory, as implemented in the
software package QUANTUM ESPRESSO.13,14) We have
employed a norm-conserving electron-ion interaction pseu-
dopotential within the generalized gradient approximation
(GGA) exchange-correlation functional, described by the
Perdew–Burke–Erzenhoff (PBE)15) parametrization of the
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GGA functional. While this yields the correct trends in the
bandgaps as shown in Fig. 1, the GGA approximation, as is
evident from Fig. 1, underestimates bandgaps severely. This
issue is resolved by using a hybrid functional Gaussian–
Perdew–Burke–Ernzerhof (Gau–PBE). We performed the
calculations for the unstrained AlGaN using the relaxed
lattice parameters, whereas to simulate AlGaN on top of
GaN, we performed calculations within the pseudomorphic
approximation and therefore the in-plane lattice parameter
(say, a) of AlGaN was forced to be same as that of GaN. For
computing the electronic structure of strained GaN, AlGaN
and AlN, we consider the tensile strain as a percentage
increment in the in-plane lattice constant a, while using the
optimised (relaxed) out-of-plane lattice constant c. The cut-
offs for wavefunction and charge-density were 75 Ry and
300 Ry respectively, for all our simulations. For calculating
the bandstructure of GaN, we used the 12× 12× 8
Monkhorst–Pack (MP)16) k-mesh. We consider three mole
fractions of Al- 0.25, 0.5 and 0.75 in this work and to
calculate the bandstructure of these, we used a 2× 2× 1
supercell. For the supercell, we used a 6× 6× 8 MP. For
calculations involving the hybrid functional, we construct a
q-mesh (in the reciprocal space) of 3× 3× 2 for GaN and
2× 2× 2 for AlGaN respectively, for each k-point in the
Brillouin Zone, for the integration of the Fock operator.
2.2. Structure of GaN, AlGaN and AlN
The lattice parameters of our relaxed structures for the
Wurtzite GaN are a= 3.21Å and c= 5.231Å respectively,
and that for AlN are a= 3.126Å and
c= 5.011Å respectively, which are an excellent match with
reported experimental and theoretical values.1,5,17,21–23)

To demonstrate the cases of Al0.25Ga0.75N, Al0.5Ga0.5N,
and Al0.75Ga0.75N two, four and six Ga atoms are substituted
by Al atoms in the supercell, respectively. We identify that
there are 3(28), 6(70) and 3(28) symmetry inequivalent
configurations (total number of configurations) of the Al
mole fraction values of 0.25, 0.5 and 0.75 respectively.
Lattice parameters and atomic positions of these structures
are relaxed (see supplemental information, available online at
stacks.iop.org/JJAP/58/094001/mmedia) and the most ener-
getically stable structure is chosen as shown in Fig. 2.
The in-plane lattice constant (a) agrees well with the

experiments and also with Vegard’s law (shown by the
discontinuous line in Fig. 3). The out of plane lattice constant
(c) appears to deviate from the experimental reports, and is fit
to a quadratic expression [the discontinuous line in Fig. 3(b)]:
c/a(x)= 1.603x+ 1.626(1−x)+ bx(1−x), where b is the
strength of deviation away from linear trends. The maximum
error obtained for such a fit is less than 0.48%, for 0.5 mole
fraction of Al. For all Al mole fractions, substitution of Ga by
Al does not influence the Ga–N structure, however, the Al–N
bond gets stretched by about 3%, as compared to that in AlN.
The average bond length in AlGaN, from our calculations is
good match with the linear mixing scheme:24)

( ) ( )= + -d d x d x1 . 1AlGaN AlN GaN

The general observations for all mole fractions of Al, upon
straining AlGaN, suggest that the Al–N bond length reduces,
while the Ga–N bond length increases.
In case of strained Al0.25Ga0.75N, for strain εGaN of 1%,

both the Al and N atoms move close to each other, while the

Ga atom moves out of the plane stretching the Ga–N bond.
This causes the Al–N bond length to reduce by ≈2% and the
Ga–N bond increases by ≈1.7%.
2.3. Bandstructure calculations
Our bandgaps calculated for AlN, GaN, and Al0.25Ga0.75N
using Gau–PBE agree well with the experimental observa-
tions (ref: Table I). However, computing bandgaps for
compositions and strains with hybrid functionals are compu-
tationally expensive. In order to circumvent this, we present a
general model for AlGaN which successfully predicts rea-
listic bandgaps without requiring these heavy computations
to be performed.
Our GGA band gaps reveal that the ratio Φ(ε)=

( ) ( )eE x E x, , 0g g
GGA GGA including the effect of strain could

be estimated to be a linear function, independent of Al mole
fraction as shown in Fig. 4, and is described by

( ) ( )e eF = -1 0.049 . 2GaN GaN

The maximum error obtained from the above fit is approxi-
mately 0.2%. This allows us to write the GGA bandgap as a
separable function of two independent variables, namely the
Al mole fraction (x) and the strain in GaN (ε). Thus, we have:

( ) ( ) · ( ) ( )e e= FE x E x, , 0 . 3g g
GGA GGA

Further, comparing the PBE and Gau–PBE band gaps as a
function of the tensile strain (Fig. 5) for a given Al mole
fraction (x= 0.25 for this case) we find that the variation in
the bandgap with tensile strain in GaN (εGaN) has the same
weakly linear trend irrespective of which exchange-correla-
tion functional is used. The slopes of the linear fit obtained
for the PBE and Gau–PBE are 0.122 and 0.114 respectively,
where the misfit lies in tolerable experimental error regime.
This motivates us to write:

( ) ( ) ( ) ( )e e= - DE x E x x, , 0 , 4g g
X X

where, ( )eE x,g
X is the bandgap, dependent on strain and Al

mole fraction x and Δ(x) is the composition dependent slope
of the linear fits in Fig. 5. The index “X” denotes the choice
of exchange-correlation function used—GGA or hybrid
functional.

Fig. 1. (Color online) A comparison between GGA bandgaps of free-
standing -Al Ga Nx x1 (obtained from this work) and those obtained from
experiments in Ref. 17–20,25, and GGA bandgaps, as reported in Ref. 26. It
is clear that though GGA functional underestimates the band gap, it correctly
represents the trends.
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Then, substituting “GGA” for “X” in Eq. (4), and using
Eq. (3), we have:

( ) ( ) ( ) · ( ) ( )e e- D = FE x x E x, 0 , 0 . 5g g
GGA GGA

This may be rewritten as follows:

( ) · ( )[( ( ))] ( )e eD = - Fx E x, 0 1 . 6g
GGA

Now, substituting “Hybrid” for “X” in Eq. (4), and using
Eq. (6) therein, one can obtain Eg

Hybrid as follows:

( ) ( )

[ ( )( ( ))] ( )

e

e

=

- - F

E x E x

E x

, , 0

, 0 1 . 7

g g

g

Hybrid Hybrid

GGA

Lastly, from the inset of Fig. 5, we see that the difference
between the Hybrid Functional and GGA bandgaps of
relaxed AlGaN varies almost linearly with the Al mole
fraction x. We may write this as:

( ) ( ) ( )= + +E x E x A Bx, 0 , 0 , 8g g
Hybrid GGA

where A and B are constants, which may be read-off from
Fig. 1. Substituting Eq. (8) into Eq. (7) and simplifying, we
get:

( ) ( ) · ( ) ( )e e= + + FE x A Bx E x, , 0 , 9g g
Hybrid GGA

Fig. 2. (Color online) Lowest energy configurations for AlGaN having Al mole fractions of 0.25 (a), 0.5 (b) and 0.75 (c). The Al, Ga and N atoms are
denoted by blue, red and green spheres respectively.

Fig. 3. (Color online) Variation in lattice parameters of AlGaN with Al
mole fraction.

Table I. Bandgaps obtained for GaN, Al0.25Ga0.75N and AlN by employing the hybrid functional Gau–PBE method. x denotes the Al mole fraction.

x Gau–PBE Eg(eV)(GGA Eg) Reported bandgaps(eV) Reported bandgaps(eV)
This work (Hybrid Functional) (Experimental)

0 3.49 3.24,21) 3.2323) 3.48,19) 3.49,20) 3.4417)

0.25 4.08 — 4.0827)

1 6.25 5.6123) 6.19,19) 6.06,20) 6.1727)

Fig. 4. (Color online) Ratio of the strained to the relaxed GGA bandgap
( ) ( ) ( )e eF = E x E x, , 0g g

GGA GGA , as a function of ε; indicating no depen-
dence on the Al mole fraction x.

Fig. 5. (Color online) Variation in band gap as a function of tensile strain
for AlGaN with with 25% Al with PBE and Gau–PBE. The plot indicates
that the two bandgaps are separated by a constant value across the range of
tensile strain. The inset figure shows that this separation (λ = Eg

Hybrid–Eg
GGA)

is purely dependent (linearly) on Al mole fraction.
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where Φ(ε) may be read-off from Fig. 4. We validate the
reproducibility of the strain function Φ(ε) by comparing its
values extracted from Fig. 4 and Eq. (7). Such a comparison
over the entire composition range gives a maximum error of
≈0.4%.
We further study the dependence of the conduction band

(CB) -offset on the tensile strain in GaN. The CB offset is
defined as the difference in CB edges of AlGaN and GaN,
measured with reference to the Fermi level. The Fermi level
both the cases is defined as = +EF

E E

2
C V . Upon setting EF as

the reference for energy, the CB-offset eventually turns out to
be ΔEC=ΔEg/2, where ΔEg is the difference in the
bandgaps of AlGaN and GaN. Realistic band-offsets could
therefore be extracted using Eq. (7). Hence, simple GGA
calculations are sufficient to conclude the insignificant
variation of the CB-offset with the strain in GaN, as is
evident from Fig. 6.
The conclusions from the above are two-fold. First, we

note that the hybrid functional bandgaps may be estimated
from the relaxed GGA gaps, and the straight-line parameters
are extracted from Figs. 1 and 4. Second, we find that the
variation of AlGaN bandgap with strain (up to 1%) turns out
to be less than 2%; which is not materially significant for the
purpose of device design. Moreover, the AlGaN/GaN CB
offset experiences negligible variation due to strain in the
GaN layer (see Fig. 6). The question now is whether this
translates to a similarly small variation in final device
performance. In the following section, we answer this by
studying the effect of the strain on a key device metric.

3. 2DEG density calculations

The impact of GaN layer strain was seen to be negligible
when it comes to band gaps and offsets. However, this strain
could conceivably affect device performance through para-
meters other than the offset; namely, the piezoelectric
polarization. The effect of the strain must finally be measured
in terms of the modulation of critical device parameters. To
that end, we study the impact of the GaN substrate strain on
the 2DEG density at the AlxGa1−xN/GaN heterointerface.
Our approach involves calculation of the polarization

charge in the heterostructure by including the GaN layer
strain, the values of ΔEC calculated above, and analytical
evaluation of the 2DEG density Ns thence. It is well-known

that the total polarization charge (σ0) at the
AlxGa1−xN/relaxed-GaN heterointerface is given by the
expression:

∣ ( ) ( )
( )∣ ( )

s = -
+
P P

P

AlGaN GaN

AlGaN . 10
0 sp0 sp0

pe0

Here, Psp0 (Ppe0) denotes the spontaneous (piezoelectric)
polarization charge which is obtained from the empirical
expressions.1)

In the next step one introduces strain in the GaN layer, and
this will inflict an additional piezoelectric polarization charge
Ppe(GaN) in the GaN layer itself. Further, it necessitates a
recalculation of the piezoelectric polarization charge term in
AlGaN layer Ppe0(AlGaN). The total polarization charge is
thus modified as:

∣ ( ) ( )
( ) ( )∣ ( )

s = -
+ -
P P

P P

AlGaN GaN

AlGaN GaN . 11
sp0 sp0

pe pe

The respective piezoelectric polarization charges are given
by the following expressions

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

( ) ( )
( )

( ) ( ) ( )
( )

( )

=
¢ -

´ -

P
a a

a

e e
C

C

AlGaN 2
AlGaN

AlGaN

AlGaN AlGaN
AlGaN

AlGaN
, 12

pe

31 33
13

33

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

( ) ( )
( )

( ) ( ) ( )
( )

( )

=
¢ -

´ -

P
a a

a

e e
C

C

GaN 2
GaN

GaN

GaN GaN
GaN

GaN
. 13

pe

31 33
13

33

Here, a denotes the bulk lattice constant, C13 (C33) is the
elastic constant, and e31 (e33) is the piezoelectric constant.
The strained GaN lattice parameter a′ is given by:

( ) · ( )e¢ = +a a aGaN GaN with ε as the process-induced
strain in the GaN layer.
Indeed, the strain in the underlying GaN layer would not

influence AlGaN surface state parameters. The expression for
the 2DEG density is given by:9,11,28,29)

( )·
( )

( )s
=

+

+ +

D -


N

1
, 14s

E E

qd

qd D n

1 1

C d

AlGaN

AlGaN 0

where D is the 2D density of states, ò is the GaN dielectric
permittivity, and dAlGaN is the barrier thickness. A constant
surface donor density below the donor level Ed (eV) with the
population n0 states per unit area and energy (cm−2 eV−1) is
considered.9)

Figure 7 shows the variation of the calculated 2DEG
density as a function of the barrier thickness (strain in the
GaN substrate is a parameter). We find that the 2DEG density
increases significantly (modestly) with the barrier thickness
(strain in the GaN layer). How the Al mole fraction and the
underlying GaN layer strain modulate the polarization charge
is depicted in Fig. 8. From these two figures, one can
hypothesize that the strain in the GaN layer modulates the
strain in the AlGaN layer, and thence the piezoelectric
polarization therein [which is also seen from
Eqs. (10)–(13)]. The impact of the variation of ΔEC with

Fig. 6. (Color online) Simple GGA calculations show the weak variations
in the band-offset with tensile strain in GaN.
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strain is not so significant in determining the carrier
concentration. Figure 7 also shows the 1% GaN layer strain
to cause almost 9% increment in the 2DEG density, when
dAlGaN= 24 nm.
In Fig. 7 the barrier layer thickness is shown to be

maximum 24 nm. Of course, in order to accurately calculate
the polarization charge, one must additionally incorporate the
AlGaN layer strain relaxation effects if both Al mole fraction
and dAlGaN are sufficiently high.30) Indeed, to achieve the
performance optimization of the final AlGaN/GaN based
HEMTs, a thick but dislocation-free AlGaN layer will be
required. In such a case, a moderate value of the Al mole
fraction (like in our case, 0.25) is needed to have a highly
efficient and reliable HEMT structures, thus by minimizing
AlGaN layer strain relaxation. Moreover, layers of low Al
fraction are also beneficial due to reduced amounts of oxygen
at the AlGaN top surface. As one can ignore the impact of
minor variations of ΔEC on the carrier density, an AlGaN/
GaN heterostructure having a lower value of the Al mole
fraction will undergo a higher increment in the 2DEG density

due to the strain effect in the underlying GaN layer. This is
because when the mole fraction decreases, σ decreases
significantly: both the terms Psp0(AlGaN) and Ppe(AlGaN)
will be reduced. In such a case, the part of the polarization
charge which is influenced by the strain in the GaN layer
becomes dominant. In this context, our calculations predict
the maximal increment in the 2DEG density is as much as
17% for x= 0.15. The bare surface barrier height, which is
simply given by the equation: F = +q EB

N

n d
s

0
, will also

increase due to the GaN layer strain.

4. Conclusion

The properties of AlxGa1−xN/GaN heterostructures have been
computed for the case where the underlying GaN is tensile
strained. Bandgaps are calculated using the density functional
theory in the GGA regime, which is computationally
inexpensive, and the hybrid functional Gau–PBE regime
which is computationally heavy but matches experiment
better. Simple relations connecting the bandgap trends from
these two methods have been derived. These lead to a
comprehensive and accurate method of predicting bandgaps
of strained AlGaN using the inexpensive GGA calculations.
The polarization charge, and thereby the 2DEG concentration
at the AlGaN/GaN interface, are then calculated analytically.
It is found that the band-offsets have a weak dependence on
the GaN layer strain, because the latter induces roughly the
same amounts of shift in the GaN and AlGaN CB edges. On
the other hand, substantial enhancement in the 2DEG density
is possible when the GaN layer is strained—this is due to the
consequent increase in polarization. It is also observed that
for higher values of the Al mole fraction, the polarization
charge is large anyway and the relative boost due to the GaN
layer strain becomes smaller. Our work suggests that strain in
the GaN layer—which might be unintentional today—could
be used to achieve higher 2DEG density in the future if it can
be engineered controllably. Lastly, it provides a framework to
extend this effect to other III-N heterstructures.
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