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Using first-principles calculations based on density functional theory, we have systematically studied the influence of
in-plane lattice constant and thickness of slabs on the concentration and distribution of two-dimensional hole gas (2DHG)
in AlN/GaN superlattices. We show that the increase of in-plane lattice constant would increase the concentration of 2DHG
at interfaces and decrease the valence band offset, which may lead to a leak of current. Increasing the thickness of AlN
and/or decreasing the thickness of GaN would remarkably strengthen the internal field in GaN layer, resulting in better
confinement of 2DHG at AlN/GaN interfaces. Therefore, a moderate larger in-plane lattice constant and thicker AlN layer
could improve the concentration and confinement of 2DHG at AlN/GaN interfaces. Our study could serve as a guide
to control the properties of 2DHG at III-nitride interfaces and help to optimize the performance of p-type nitride-based
devices.

Keywords: two-dimensional hole gas, III-nitride interfaces, polarization, first-principles calculations
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1. Introduction

III-nitrides and their alloys have been widely applied
to optoelectronics and transistors.[1,2] Due to their large and
tunable direct band gaps ranging from 0.7 eV for InN to
6 eV for AlN, III-nitrides including alloys, nanostructures,
and heterostructures have been used in short-wavelength light-
emitting diodes, lasers, and high-speed, high-power electronic
devices.[3–5] One of the challenges for nitrides is effective p-
type doping, especially for GaN and AlN. In these wide band
gap semiconductors, p-type dopants tend to be more difficult
to ionize, and easier to be compensated by defects.[6] Mg has
been considered superior to other p-type dopants because of
better solubility, ionization, and compensation in nitrides.[7]

However, its ionization energies are still too high (∼ 200 meV
in GaN and ∼ 600 meV in AlN).[8] Other p-type dopants have
even higher ionization energies.[9] Thus, it is difficult to obtain
high carrier concentration and mobility in p-doped III-nitrides,
severely limiting the applications of III-nitrides.[10] Several
approaches have been proposed to overcome this issue, such
as Mg–Si co-doping, δ -doping,[11] and pulse doping.[8] Yet
these techniques inevitably introduce impurities and suppress
the mobility of holes.

An alternative way to obtain high carrier concentration is
to make use of the interface charge. Naturally, the most sta-
ble structure of III-nitrides is the wurtzite structure with no-
table spontaneous polarization. At the III-nitrides interface,
the large polarization difference will induce interface charge,
resulting in two-dimensional electron and hole gases (2DEG

and 2DHG).[12] Since the 1990s, many theoretical and experi-
mental research works have been carried out to investigate the
2DEG in III-nitrides heterostructures, and have confirmed a
sheet concentration over 1013 cm−2.[13] The 2DEG has high
mobility since there is hardly dopant-induced scattering at the
interface. Various ways such as strain, thickness, alloying,
and defects have been widely studied to control the concentra-
tion and mobility of 2DEG in III-nitrides,[13–15] and III-nitride
based heterostructures have been used to fabricate electronic
devices with high performance.[16,17] However, much less ef-
fort has been devoted to 2DHG in III-nitride heterostructures.
By introducing Mg atoms as dopants in barrier layers, Hsu and
Walukiewicz theoretically predicted the formation of 2DHG
in AlGaN/GaN heterostructures with a carrier concentration
over 1012 cm−2.[18] Several experiments proved the existence
of 2DHG in GaN-based heterostructures with p-type doped
layers.[19–21] In 2019, Chaudhuri et al. firstly observed 2DHG
with a high density of about 5×1013 cm−2 in unintentionally
doped GaN quantum wells at AlN/GaN interfaces.[22] Previ-
ous theoretical studies on 2DHG are mainly based on one-
dimensional Schrödinger and Poisson equations and unavoid-
ably require empirical parameters, lacking structural details
of the interfaces.[23–27] First-principles calculations can pre-
dict geometric structures and electronic properties at the III-
nitride interface,[28–31] but most of the previous studies rarely
discussed how to control the interface charge and distribution.

In this paper, we will study the 2DHG at AlN/GaN in-
terfaces in wurtzite superlattices (SLs) along [0001] direc-
tion from first-principles calculations. We will construct var-
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ious AlN/GaN SLs by changing the in-plane lattice constants
and/or the thicknesses of the two constituting materials, and
investigate the electronic properties that are closely related
to the 2DHG at the interface, including the internal elec-
tric fields, band alignments, hole concentrations and distribu-
tions. We find that the increasing of in-plane lattice constant
could increase the concentration of 2DHG at the interface and
slightly enhance the internal fields in both AlN and GaN lay-
ers, but would remarkably reduce the valence band offset at
the interface. Besides, increasing the thickness of AlN layer
and/or decreasing the GaN layer would significantly increase
the strength of internal field in GaN layer, improving the con-
finement of the 2DHG at the interface. Therefore, in order
to generate a denser and more localized 2DHG at AlN/GaN
interfaces, it is desirable to moderately increase the in-plane
lattice constant and increase the thickness ratio between AlN
and GaN layers. Our study may provide a guide to control the
concentration and confinement of 2DHG at III-nitride inter-
faces and improve the performance of 2DHG-based devices.

2. Computational methods
We perform first-principles calculations based on the den-

sity functional theory (DFT) using the Vienna ab initio simu-
lation package (VASP).[32] We apply the projector augmented
wave potentials (PAW) and treat N 2s23p3, Al 3s23p1, and Ga
3d104s24p1 states as valence electrons.[33] The plane wave en-
ergy cutoff is set as 520 eV. We take the generalized gradient
approximation (GGA) of Perdew–Burke–Ernzerhof (PBE) for
the exchange–correlation potentials.[34] Γ -centered 8× 8× 8
Monkhorst–Pack points are used for k-point sampling for
wurtzite bulk structures.[35] The atomic coordinates are fully
relaxed until the Hellmann–Feynmann forces are less than
0.01 eV/Å.

To model the interface structures, we construct
mAlN/nGaN SLs by connecting m bilayers of AlN and n
bilayers of GaN along the [0001] direction (Fig. 1), which is
denoted as (m, n) SLs. The space group of the (m, n) SL is
P3m1. The k-point grid for SLs is set as 8×8×kz, where kz is
determined by the length c of the SL along the [0001] direc-
tion with kz× c ∼ 40. Considering the small lattice mismatch
between AlN and GaN, we can assume the pseudomorphic
growth of the SLs on AlN or GaN substrates, by fixing the
in-plane lattice constant a to be aAlN or aGaN. To study the
strain effect on SLs, we also calculate the free-standing SLs,
where a is relaxed to get the energy minimum of the SLs. In
the free-standing SLs, we find that a depends almost linearly
on the concentration of the constitutes and follows Vegard’s
law,[36] similar to alloys.

The polarization of the wurtzite bulk nitrides is calculated
with the Berry phase method. According to the modern theory

of polarization,[37] the formal polarization is calculated by[38]

𝑃f =
e
Ω

∑s Zs𝑅s +
ie f
8π

3 ∑
occ
j

∫
BZ

d𝑘
〈
u j,𝑘
∣∣∇𝑘

∣∣u j,𝑘
〉
, (1)

where e is the electron charge, Ω is the volume of the unit
cell, Zs is the charge of ion s, 𝑅s is the position of ion s,
f is the spin degeneracy of the bands, and i

〈
u j,𝑘
∣∣∇𝑘

∣∣u j,𝑘
〉

is the Berry phase. The formal polarization calculated from
Eq. (1) is a multivalued vector and well-defined modulo the
quantum of polarization e𝑅/Ω , where 𝑅 is any lattice vector.
The polarization measured in experiments is the formal polar-
ization difference with respect to a reference structure. For the
wurtzite structure, the polarization is along the [0001] direc-
tion and we only present this component here. In our calcu-
lations, we choose the layered hexagonal structure (P63/mmc
symmetry with u = 0.5) as the reference phase, which is de-
noted as H-phase.[39] The formal polarization of the H-phase
calculated from Eq. (1) is zero, and the polarization of the
wurtzite structure is the formal polarization modulo the quan-
tum of polarization.[39] Another choice is to use the zincblende
structure as the reference. Previous theoretical studies have
proved that these two choices could give almost identical re-
sults for the polarization charge at III-nitride interfaces.[39]

Al

Ga

N

6 AlN bilayers 4 GaN bilayers 

Interface 2 Interface 1 

a

c
0

Fig. 1. The structure of mAlN/nGaN SL, which is denoted as (m, n). Here
shows the (6, 4) SL. The blue, green, and gray balls denote the Al, Ga, and
N atoms, respectively.

3. Results and discussion
The calculated lattice parameters and band gaps for

wurtzite AlN and GaN bulk are listed in Table 1. The lattice
constants are very close to the previous theoretical values[39]

and just slightly larger than the experimental results with an
error of less than 1%.[40] The in-plane lattice mismatch be-
tween AlN and GaN is calculated to be 2.79%.[42] AlN and
GaN are both direct band-gap semiconductors with the va-
lence band maximum (VBM) and conduct band minimum
(CBM) located at Γ -point. Table 1 also lists the polarization
parameters of wurtzite AlN and GaN. By taking H-phase as
the reference structure, the spontaneous polarizations Psp of
wurtzite AlN and GaN are calculated to be 1.326 C/m2 and
1.305 C/m2, respectively, in excellent agreement with the pre-
vious calculations.[39] The piezoelectric constant e33 should be
the same whether choosing H-phase or zincblende structure as
the reference.[39] Here, our calculated e33 in GaN is smaller
than that in Ref. [39], but is in better agreement with other
calculation results.[43]
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Table 1. The lattice parameters, direct band gaps, spontaneous polarizations, and piezoelectric constants in wurtzite AlN and GaN bulk.
H-phase is chosen to be the reference for the polarization parameters.

a (Å) c (Å) u Eg (eV) Psp (C/m−2) e33 (C/m−2) e31 (C/m−2)

AlN

Result 3.129 5.017 0.381 4.054 1.326 1.454 −1.909
Expt.a) 3.11 4.98 6.19

Theoryb) 3.113 5.041 0.3789 4.245
Theoryc) 3.099 4.959 0.382 6.044 1.351 1.569 −2.027

GaN

Result 3.219 5.245 0.377 1.711 1.305 0.689 −1.659
Expt.a) 3.19 5.19 3.17

Theoryb) 3.245 5.296 0.3762 1.45
Theoryc) 3.205 5.200 0.377 3.496 1.312 1.02 −1.863

a)Ref. [40]. b)Ref. [41], GGA. c)Ref. [39], HSE06.

3.1. Interface hole concentration

Firstly, we would like to clarify the origin of the inter-
face charge in AlN/GaN SLs. III-nitrides are known for their
remarkable polarizations. And there exists a large polariza-
tion difference between AlN and GaN. This large polarization
discontinuity would lead to the bound of charges at AlN/GaN
interfaces. We use the interface theorem to get the bound po-
larization charge at the interface in SLs:[37] if the interface
is insulating and dislocation-free, the interface bound charge
density can be determined by the difference of the formal po-
larization, i.e.,

σb = PGaN
f −PAlN

f . (2)

Here, PGaN
f and PAlN

f are the formal polarizations of GaN and
AlN along [0001] direction, respectively, which is also the
normal direction of the SL. Since the formal polarization is
modulo the quantum of polarization, Eq. (2) is modulo e/Aint,
where Aint is the unit cell area of the interface.[44]

Two types of interfaces can be formed in AlN/GaN SLs,
as denoted by interfaces 1 and 2 in Fig. 1. At interface 1, the
polarization of AlN on the left is always smaller than that of
GaN on the right, resulting in a positive bound charge at this
interface. In other words, the 2DHG would be formed at in-
terface 1. Similarly, there will be 2DEG at interface 2. In this
paper, we mainly focus on the 2DHG at interface 1.

To study the strain effects on the interface charge, dif-
ferent in-plane lattice constant a of (m, n) SLs have been
considered: aAlN, aGaN, and a for free-standing SLs. In the
free-standing SL, a takes some value between aAlN and aGaN

depending on the numbers m and n. Following the previ-
ous studies,[38] the formal polarizations of AlN and GaN in
the SLs are calculated from their bulk structures by using the
Berry phase method, with the same in-plane lattice constant a
as that in the SLs. Then the interface hole charge density at
interface 1 can be obtained from Eq. (2), as shown by open
squares in Fig. 2. The formal polarization of strained wurtzite
structure has two contributions: the formal polarization of an
unstrained wurtzite structure and the strain induced piezoelec-
tric polarization. By using H-phase as the reference, the for-

mal polarization of a strained wurtzite structure can be calcu-
lated as

Pf,strained = Pf,unstrained + e33ε3 + e31(ε1 + ε2), (3)

where ei j denotes the piezoelectric constants, and ε is the
strain, i.e., ε3 = (c− c0)/c0 and ε1 = ε2 = (a− a0)/a0.[45]

Equation (3) indicates that the piezoelectric effect is also of
importance to the difference of polarization at the interface.
The calculated interface charges density using Eqs. (2) and (3)
are shown by the solid squares in Fig. 2, which are consistent
with the data calculated from the Berry phase method.

As seen from Fig. 2, the 2DHG at the AlN/GaN interface
has a high concentration with a magnitude of 1013 cm−2. Be-
sides, the hole concentration varies linearly with the increase
of the in-plane lattice constant a. When a is fixed to the AlN
bulk value aAlN, the hole concentration is 5.0× 1013 cm−2.
Since we use the formal polarizations at zero electric field
in Eq. (2), the calculated interface charge corresponds to
SLs with infinite thickness, which is the limit of a single
heterostructure.[38] Thus, the value is in good agreement with
the experimental result for a single AlN/GaN heterostructure
in Ref. [22]. This indicates that the estimation of the inter-
face charge from bulk polarization is satisfactory, although
the structural distortion near the interface has been ignored.
As a is increased to aGaN, the charge density increases to
7.1×1013 cm−2.

The increasing of the interface charge concentration with
a can be attributed to the piezoelectric effect. As a varies be-
tween aAlN and aGaN, AlN layer is always expanded in plane
and compressed along the perpendicular direction, i.e., ε1 > 0
and ε3 < 0. According to Eq. (3), PAlN

f will decrease with the
increase of a. On the other hand, GaN layer is compressed in
plane and expanded along [0001]. With ε1 < 0 and ε3 > 0,
PGaN

f increases with increasing a. Therefore, the polarization
difference

(
PGaN

f −PAlN
f

)
increases as a increases from aAlN

to aGaN. Due to the small lattice mismatch between AlN and
GaN, polarizations change almost linearly with respect to the
lattice constant. Therefore, the bound charge σb also varies
linearly to a. This linear relationship indicates that a higher

017104-3



Chin. Phys. B 31, 017104 (2022)

concentration of 2DHG in AlN/GaN heterostructures can be
obtained by increasing the in-plane lattice constant. Besides
the concentration, we also need to consider the spatial distri-
bution of the interface holes, which is closely related to the
internal field and the band offset as discussed below.

3.12 3.14 3.16 3.18 3.20 3.22

5.0

5.5

6.0

6.5

7.0

7.5

a=aGaN

a=aAlN

Equation (3)

Berry phase method

a ↼A↽ 

σ
b
 (

1
0
1
3
 c

m
-

2
)

Fig. 2. The charge density of 2DHG at AlN/GaN interface 1 as a function
of in-plane constant a. Open and solid squares indicate data calculated
directly from Berry phase method (referred to H-phase) and from Eq. (3),
respectively.

3.2. Internal field

The bound charges at the interfaces induce internal fields
within the SLs. With positive charges at interface 1 and nega-
tive charges at interface 2, the internal fields in GaN and AlN
layers are in opposite directions. The internal fields result in
a change in the potential as well as in the atomic core-levels,
and we can determine the internal field from the slope of N-1s
core levels in the SLs.[31] Figure 3(a) shows the N-1s core level
shifts in (8, 8) SLs (i.e., 8AlN/8GaN), where the thicknesses of
both AlN and GaN layers are comparable to each other. With
the in-plane lattice constant a varying from aAlN to aGaN, the
strength of the internal field in AlN increases from 5.0 MV/cm
to 5.6 MV/cm, and that in GaN increases from 4.5 MV/cm to
4.9 MV/cm. In other SLs with m = n = 4, 6, 10, the inter-
nal fields in both AlN layer and GaN layers are also increased
by around 0.50 MV/cm with increasing a. These results are
consistent with Ref. [30], where the strength of the internal
electric field in GaN is slightly changed from 4.7 MV/cm to
5.4 MV/cm as a increases from aAlN to aGaN, regardless of the
layer thickness. For (m, n) SLs with m 6= n, the in-plane lattice
constant a also has a small influence on the internal fields. For
example, in (4, 22) and (22, 4) SLs with very different thick-
nesses of AlN and GaN layers, the changes of internal field
are always less than 1 MV/cm by varying the in-plane lattice
constants. Therefore, the strain effect on the internal fields in
AlN/GaN SLs is quite limited.

On the other hand, the thickness of the AlN or GaN layer
strongly influences the internal electric fields. Here we take
the free-standing SLs as an example. As shown in Fig. 3(b),

when the number of GaN layers n changes from 4 to 8 in (8, n)
SLs, the internal field in GaN decreases from 6.0 MV/cm to
4.5 MV/cm, while that in AlN layer increases from 3.4 MV/cm
to 5.1 MV/cm. When the number of AlN layers m changing
from 4 to 8 in (m, 8) SLs, the strength of the internal field in
GaN increases from 3.0 MV/cm to 4.5 MV/cm, whereas that
in AlN layer decreases from 7.0 MV/cm to 5.1 MV/cm, as
shown in Fig. 3(c). It seems that a thicker AlN layer and/or
thinner GaN layer will result in a stronger internal field in
GaN layer and a weaker internal field in AlN layer. To fur-
ther check the thickness effect, we consider two free-standing
SLs, one with thick AlN layer and the other with thick GaN
layer. In (4, 22) SL with a very thick GaN layer, the inter-
nal field in AlN reaches up to 9.1 MV/cm, larger than those
in other SLs with thinner GaN layer. And the electric field in
GaN is much weaker, only 1.4 MV/cm. On the other hand,
in (22, 4) SL with a very thick AlN layer, the internal field
in GaN (7.5 MV/cm) becomes much larger than that in AlN
layer (1.6 MV/cm). Herein, the increase of the thickness of
AlN layer leads to a noticeable enhancement of the field in
GaN layer by several times.

In order to quantitatively understand the influence of
strain and thickness on the internal field, we turn to an elec-
trostatic model. Following Ref. [46], we take the short-circuit
boundary condition for AlN/GaN SLs, i.e., the potential drop
throughout the whole period of SL is zero. The electric field
in GaN can then be expressed as[47]

EGaN = σb/(εGaN + εAlNLGaN/LAlN), (4)

where LAlN and LGaN are the lengths of the AlN and GaN lay-
ers, respectively, and εAlN and εGaN are their respective di-
electric constants. The internal field in AlN layer has a sim-
ilar expression. The variation in the in-plane lattice constant
a can induce a moderate change in the interface charge den-
sity as discussed in Subsection 3.1. Therefore, the change
of a can not significantly influence the internal field. How-
ever, the thickness of AlN and/or GaN layers can lead to a
more remarkable change in the internal field. A smaller ra-
tio of LGaN/LAlN corresponds to a larger field in GaN and a
smaller field in AlN. The ratio of the internal fields satisfies
−EAlN/EGaN = LGaN/LAlN. In Fig. 3(d), we plot the ratio
of internal fields as a function of the ratio of the lengths in
AlN/GaN SLs, where we find an excellent linear relationship
between them.

Note that the electric fields in a single AlN/GaN het-
erostructure are different from those in the SLs due to the
different boundary conditions.[46] Since the polarization is in-
fluenced by the internal fields, the interface bound charges
in these short-period SLs are smaller than that in a sin-
gle heterostructure.[38] By using the experimental dielectric
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constants,[47] the hole concentration at interface 1 in (8, 8)
SL with a = aAlN is calculated to be 4.7× 1013 cm−2 from
Eq. (4), slightly smaller than the value of 5.0× 1013 cm−2

obtained in Subsection 3.1. At a larger in-plane lattice con-

stant a = aGaN, the calculated hole concentration in (8, 8) SL
is 5.2× 1013 cm−2, much smaller than 7.1× 1013 cm−2 ob-
tained in Subsection 3.1 due to the larger internal fields in this
SL.
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Fig. 3. N-1s core level profiles in (a) (8, 8) SLs under different strains, (b) (8, n) free-standing SLs with n = 4, 6, and 8, and (c) (m, 8) free-standing
SLs with m = 4, 6, and 8. Here z = 0 indicates the position of the interface 1. (d) The ratio of the internal fields between AlN and GaN as a function
of their length ratio in different AlN/GaN SLs.

3.3. Hole distribution

The internal field in GaN layer induces a slop in the
potential, forming a triangle quantum well that confines the
2DHG near the interface. To investigate the influence of the in-
ternal field on the hole distributions in SLs, we introduce holes
in the system by removing 0.01 electron per supercell and sum
over all the empty valence band states.[46] This charge removal
corresponds to a density of hole around 1013 cm−2. Figure 4
shows the hole distributions in free-standing (4, 8) and (22, 8)
SLs. We can see that the 2DHG is mainly confined in the GaN
layer and is very close to interface 1. This is in good agreement
with experimental results, where the holes are confined within
a few atomic layers in GaN near the interface (∼ 1 nm).[19] In
comparison, the distribution of 2DEG at interface 2 is more
delocalized over a few nanometers.[48] This is one of the ad-
vantages of 2DHG in III-nitride heterostructures. As shown in
Fig. 4(a), the peak of hole distribution in (4, 8) SL is around
the second GaN bilayer near the interface, whereas the peak in
(22, 8) SL appears around the first GaN bilayer. Besides, the
hole distributes over 7 GaN bilayers in (4, 8) SL, but it only

distributes over 5 bilayers in (22, 8) SL. This indicates that
holes in free-standing (22, 8) SL are more localized within
GaN layer than those in (4, 8) SL. This can be attributed to
the larger internal field in GaN layer in (22, 8) SL due to the
thicker AlN layer. Besides, decreasing the thickness of GaN
layer would also increase the internal field in GaN and enhance
the localization of holes. For instance, in free-standing (8, 4)
and (8, 8) SLs, the peaks of hole distribution appear at the first
and second GaN bilayers near the interface, respectively (not
shown).

Previous studies also proved the thickness effect on the
hole confinements. Nakajima et al. discovered that the 2DHG
density is larger in heterostructures with a thicker AlGaN
barrier.[49] Yan et al. confirmed better hole confinement and
a higher hole density in systems with thicker AlGaN layers
based on one-dimensional simulations.[27] Therefore, we con-
clude that a thicker AlN barrier layer and/or a thinner GaN
layer (i.e., a smaller ratio of LGaN/LAlN) results in better con-
finement of 2DHG at the AlN/GaN interface by inducing a
stronger internal field in the GaN layer.
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Fig. 4. The distribution of 2DHG in free-standing (a) (4, 8) and (b) (22, 8) SLs. The upper panels show the partial charge densities with isosurface
value of 5×10−6 Bohr−3. The below panels show the plane-averaged hole densities along the SL direction. Blue and green dash-lines indicate N
positions in AlN and GaN layer, respectively, and gray lines denote the position of the interfaces.

3.4. Valence band offset

The band offset at the interface is one of the most impor-
tant physical quantities in a heterostructure. In AlN/GaN het-
erostructures, the valence band offset (VBO) determines the
depth of the quantum well that confines the 2DHG at inter-
face 1, as shown in Fig. 5(a). And a larger VBO ensures bet-
ter confinement of holes in the quantum well. Here, we take
the N-1s core levels as the reference energies to calculate the
band offsets at the AlN/GaN interface.[31] The procedure is
schematically shown in Fig. 5(a). Firstly, the N-1s core lev-
els throughout the AlN/GaN SLs are calculated as in Subsec-
tion 3.2. Next, the relative positions of band edges of AlN and
GaN with respect to the N-1s core levels are obtained from
the strained bulk calculations. Then we align the band edges
of AlN and GaN in the SLs using the N-1s core levels as the
energy references.

The calculated VBOs as a function of the in-plane lattice
constant a for various AlN/GaN SLs are shown in Fig. 5(b).
We can see that the lattice constant a has an essential effect
on the VBO. For pseudomorphic AlN/GaN SLs with a fixed
value of a, the VBO is almost independent of the thicknesses
of the two materials. When a is fixed to a = aAlN, VBO at the
AlN/GaN interface is around 0.71 eV, regardless of the thick-
ness of the two materials (see the blue dots in Fig. 5(b)). This
result is in excellent agreement with the experimental value
of 0.70±0.24 eV from x-ray photoemission spectroscopy for
the pseudomorphic GaN layer on AlN substrate.[50] However,
when a is fixed to a = aGaN, VBO at the interface is decreased
to around 0.28 eV. Therefore, a= aAlN is preferred to a= aGaN

in pseudomorphic SLs in order to maintain a large VBO and
to avoid the leak of currents, although the interface hole con-
centration is smaller, as discussed in Subsection 3.1.

For free-standing AlN/GaN SLs where the in-plane lat-
tice constant a is between those of AlN and GaN bulk values,
the VBO values decrease almost linearly with the increase of
a, as shown in Fig. 5(b). It is possible to choose a suitable a

in free-standing SLs for a better balance among the interface
hole concentration, distribution, and the VBO at the AlN/GaN
interface. Since the hole concentration at different a is large
enough and the hole confinement is good enough, it is more ef-
fective to improve the VBO by changing a. A larger thickness
ratio of LGaN/LAlN results in a larger a and thus larger hole
concentration at the interface, but probably with a smaller
VBO. For free-standing (4, 8) SL, the hole concentration is
6.4×1013 cm−2, and the VBO is calculated to be 0.43 eV, still
large enough for the confinement of 2DHG at the interface.

(a)

(b)
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Fig. 5. (a) Schematic diagram of band edge profile of AlN/GaN SLs along
z direction. (b) VBOs as a function of in-plane lattice a in (m, n) SLs. At
a = aAlN and a = aGaN, the data correspond to (22, 4), (8, 4), (7, 5), (8, 8),
(6, 8), (4, 8), and (4, 22) SLs from the bottom to up.

But too large a would degrade VBO too much. On the other
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hand, a smaller ratio of LGaN/LAlN results in a smaller a, cor-
responding to a smaller hole concentration but better confine-
ment and larger VBO. In a free-standing (8, 4) SL where the
thickness of AlN layer is about twice of GaN layer, the VBO
at the interface is as high as 0.57 eV, and the hole concentra-
tion reaches 5.9×1013 cm−2 with good confinement near the
interface.

The influence of the in-plane lattice constant on the VBO
at the AlN/GaN interface can be understood by the strain effect
on band gap. In AlN/GaN SLs, AlN is under tensile biaxial
strain, while GaN is under compressed biaxial strain. As a in-
creases from aAlN to aGaN, our calculations show that the band
gap of bulk AlN decreases from 4.05 eV to 3.48 eV. The de-
creasing of the band gap leads to an upshift of VBM for AlN.
Meanwhile, the band gap of GaN is found to be only slightly
decreased from 1.82 eV to 1.71 eV, resulting in a much smaller
upshift of GaN VBM state than that of AlN. Therefore, the
VBO at the AlN/GaN interface decreases with increasing a.

4. Conclusion
In this work, we perform first-principles calculations to

systematically investigate how to control the concentration and
confinement of the polarization-induced 2DHG at interfaces in
AlN/GaN SLs by changing the in-plane lattice constant a and
the thicknesses of each constituent. The 2DHG concentration
at AlN/GaN interfaces calculated from polarization disconti-
nuity is consistent with the experimental results, and can be
increased from 5×1013 cm−2 to 7×1013 cm−2 by increasing
a from aAlN to aGaN. However, this would decrease VBO at
the interface from 0.72 eV to 0.28 eV, which might lead to a
leakage problem at large a. We also find that an increase in the
ratio of AlN to GaN thicknesses would significantly enhance
the internal electric field in GaN, improving the hole confine-
ment near the interface. In pseudomorphic SLs, a = aAlN is
preferred to a = aGaN due to a better VBO. In free-standing
SLs, it is possible to choose a suitable a for a better balance
among the interface hole concentration, distribution, and the
VBO. A larger ratio of AlN to GaN thicknesses results in a
smaller a, leading to better hole confinement and larger VBO,
but slightly smaller hole concentration, and vice versa. Our
study could serve as a guide to improve the hole concentration
and/or the confinement of the 2DHG at the III-nitride inter-
faces, which would help to optimize the performance of rele-
vant devices.
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