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Mechanical strength and band alignment of BAs/GaN heterojunction polar interfaces:
A first-principles calculation study
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Recently, GaN-on-BAs has been synthesized and demonstrated as a promising architecture for efficient
thermal management in GaN based high-power electronic devices with remarkably reduced thermal bound-
ary resistance compared to that of GaN-on-diamond. In this paper, we report studies on ideal strengths
and band alignments for polar BAs/GaN heterojunctions and superlattices using first-principles calculations.
The results show that under normal compression, all BAs/GaN interface configurations show much higher
compressive stiffness compared to that in bulk GaN [0001] direction, with the GaN softening during its
structural transformation under compression markedly suppressed, which improves protection of the electronic
properties under external impacts. The natural band alignments of the mismatched BAs/GaN heterojunctions
are calculated by a three-step approach. Most of the heterojunction and all the superlattice interfaces show
type-II staggered band offsets. Large polarization built-in electric fields are predicated in superlattice with
repeatedly positive- and negative-charged N-As and Ga-B interfaces, producing a saw-tooth like dipole potential,
which can effectively separate electrons and holes to different interfaces, desirable for the photocatalytic
processes. Our research shows that BAs/GaN heterojunction can not only provide a much-needed alternative
to GaN-on-diamond heat dissipation system in future designing of high-power electronic devices, but also offers
possibilities of applications in photovoltaic and photocatalytic devices as a type-II semiconductor heterojunction
or superlattice.
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I. INTRODUCTION

Gallium nitride (GaN) based semiconductor materials
enable numerous applications from efficient solar cells, solid-
state lighting devices, to high-power and high-frequency
transistors by virtue of its wide band gap, high electron sat-
uration drift speed, high mechanical and thermal stability,
high breakdown field, and capability of either n- or p-type
doping [1–3]. Although the output power density in GaN
based high-electron mobility transistors have been demon-
strated to reach 40 ∼ 50 W/mm [4,5], the heat dissipation of
the self-heating channels become a severe bottleneck limiting
these high-power electronic devices operating reliably under
extreme high temperatures (600 ∼ 700 ◦C in air or 1000 ◦C
in vacuum) [6,7]. So far, GaN-on-SiC and GaN-on-diamond
heterostructures are the available solutions to improve the
thermal management in these GaN based high-power and
high-frequency devices because of the large thermal con-
ductivity of 4H-SiC (∼450 W/mK) [8,9] and diamond
(∼2200 W/mK) [10,11]. However, inherent drawbacks exist
in both of these substrate systems. In GaN-on-SiC systems,
the relative moderate mismatch in crystal lattices (∼3.7%)
[12] and thermal expansion coefficients (∼20.0%) [13–16]
between GaN and SiC allotropes, such as 4H-SiC, makes it
easy to grow GaN directly on SiC, which enables designing
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of the vertical conduction high-voltage and high-power de-
vices to avoid degradation of electron mobility by interface
quality and to increase its breakdown voltage by adjusting
the thickness of SiC layer [17,18]. In addition, highly linear
temperature sensors based on GaN/SiC heterojunction can
be integrated directly on the same substrate of such GaN-
on-SiC systems for accurate temperature monitoring under
high-power operation [19]. However, the comparatively low
thermal conductivity of 4H-SiC requires larger gate to gate
spacing in GaN-on-Sic systems, and so reduces their areal
power density [20]. In GaN-on-diamond systems, on the other
hand, the high thermal conductivity of diamond substrate en-
ables the reduction of gate pitches, which can increase the
areal power density by at least 3 times [20]. But the large
mismatch in crystal lattice (∼11%) and thermal expansion
coefficient (∼86%) between GaN and diamond [15,21] makes
it difficult to epitaxially grow GaN high quality single crystal
film directly on diamond substrate with low thermal stresses.
Moreover, the strong atomic bonding of diamond makes its
phonon frequencies much higher than those in GaN and
metal layers between GaN and diamond, which effectively
increases phonon reflections on the interface and enhances
the thermal boundary resistance between GaN self-heating
channels and diamond substrate [22]. It is desirable to find
new substrates, which possess not only the merits of both SiC
and diamond, but also other advantages they do not have,
that is, moderate mismatch in crystal lattices and thermal
expansion coefficients, high thermal conductivity, and small
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thermal boundary resistance due to the maximum overlap of
its phonon density of states with that of GaN. Boron arsenide
(BAs), a III–V zinc-blende semiconductor recently synthe-
sized in high quality with measured unusually high thermal
conductivity (∼1300 W/mK) that surpasses all other bulk
materials except diamond [23–25], prove particularly use-
ful as a new substrate for thermal management and vertical
operation of GaN based high-power devices [22] due to its
relative moderate mismatch in crystal lattices (∼5.6%) [26]
and thermal expansion coefficients (∼25%) [15] with GaN,
comparable to those of 4H-SiC. More importantly, BAs also
has a phonon density of states that overlaps perfectly with
those of GaN and metal layers between GaN and BAs, which
results in a reported eight-time reduction of thermal boundary
resistance in a synthesized GaN-on-BAs system compared
to that in GaN-on-diamond systems [22,27]. Furthermore,
BAs has several other advantages compared to diamond, such
as low costs and easy to adopt the existing III–V semicon-
ductor technology [25]. With an indirect band gap structure
similar to those of Si and 4H-SiC [28,29] and high optical
absorption coefficient [30,31], BAs can also work as an ac-
tive electronic and optoelectronic component, not merely a
cooling substrate. Especially because BAs has both a high
hole and electron mobility (2110 and 1400 cm2/V s) [32] and
native p-type dopability [33], together with its low mass den-
sity, low effective carrier mass, chemical stability at ambient
conditions, it makes BAs an excellent material for versatile
optoelectronic applications [32,34,35], including photocatal-
ysis, photovoltaics, and photoelectronchemistry [31,32] etc.
However, although high quality BAs crystals were success-
fully synthesized [23–25], due to the high volatility of arsenic,
vacancy defects can be easily introduced during the synthesis
of BAs, which can reduce their thermal conductivity, and
as many arsenic compounds are toxic, extreme caution is
required in experimental synthesis processes.

Recently, the applications of heterojunctions formed be-
tween group III-V and other semiconductors have attracted
increasing attention, where the precise interface configura-
tions and band alignments play a vital role. For instance,
GaN can be used as a p-type semiconductor to form a
GaN/ZnO heterojuction with n-type ZnO to design ultra-
violet light-emitting diodes. Special polarization engineered
N-polar p-GaN/O-polar n-ZnO interface greatly enhances the
ultraviolet emission of the GaN/ZnO heterojunction [36],
where the band alignment depends sensitively on interface
configurations of the GaN/ZnO heterojunction [37]. Another
example is BAs, of which the band gap (reduction), and elec-
tron and hole mobility (increase by 60%) can be controlled
sensitively by strains resulted from the lattice mismatch
of the heterostructure interfaces [26]. A InxGa1−xN/BAs
heterostructure was proposed for photovoltaic device applica-
tions, and the calculation revealed a type-II band alignment
with 0.3 < x < 1, while a type-I band alignment was pre-
dicted for GaN/BAs (x = 0) [26], where the band alignments
were obtained by calculating the average electrostatic po-
tential inside each individual BAs and InxGa1−xN slab to
the vacuum region, and align the vacuum level of BAs and
InxGa1−xN to determine the band offsets. This method is
simple as the detailed interface atomic configurations are ne-
glected and is still being used by some authors [26,38,39].

However, if the detailed atomic interface configurations, in-
cluding effects of polarizations and charge transformations
between the interfaces are to be considered, the average elec-
trostatic potential of the total interface structure is adopted
to align the bands across the interface (see Sec. II), and
this second method is more widely used [37,40–44]. Large
differences in band alignments exist for different interface
configurations when interface dipole and deformation poten-
tials are included [45]. A typical example is the GaN/ZnO
heterojunction, where a type-II band alignment was pre-
dicted but the conduction and valence band offset, (CBO and
VBO), differ greatly for the Zn-N interface (CBO = 1.53 and
VBO = 1.50 eV) and the Ga-O interface (CBO = 0.11 eV and
VBO = 0.07 eV) [37]. This motivated us to carry out more de-
tailed studies on BAs/GaN heterojunction with the interface
configurations, interface dipole, and deformation potentials
fully taken into consideration. Our results shown below that
these effects make the band alignment of BAs/GaN hetero-
junction drastically different from those predicted previously
[26]. The lattice constant (3.38 Å) of BAs on its (111) plane
and that (3.19 Å) of GaN on its (0001) plane has a moderate
mismatch of 5.6% in forming the BAs/GaN heterojunction,
which is smaller than those of heterojunctions with large
lattice mismatch (>7%) [46–49], but can still induce sharp
in-plane strain deformation potential across the heterojunction
interface [50]. For practical heterojunction applications, the
exact conduction and valence band offsets are one of the most
important quantities, which determine the confinement and
transport property of carriers [51]. Effects of the atomic inter-
facial structures, interface polarizations and deformations, all
can significantly change the band offsets between two semi-
conductors and alter the motion of charge carriers [43,52,53].

There exist three types of heterojunctions for applica-
tions in different fields. Most of electronic devices, such as
optoelectronic light-emitting diodes, require a type-I band
alignment to form quantum well heterostructures where
CBO/VBO should be greater than 1 eV to confine electrons or
holes competently [54,55]. While a type-II heterojunction can
effectively reduce the recombination of electron-hole pairs to
improve the photocatalytic efficiency, such as that in hydro-
gen generation from photocatalytic water splitting [56,57].
Recently, a superlattice structure with zincblende-wurtzite
(ZB-WZ) interfaces has been proposed to spatially separate
the photogenerated electrons and holes for efficient hydrogen
generation from water splitting due to the type-II band align-
ment and the interface polarization-induced sawtooth-like
electric field potential in the ZB-WZ superlattice [42]. In addi-
tion, such type-II band structure also facilitates the transport
of charge carriers and dissociation of excitons, with poten-
tial applications in photovoltaic devices [58,59]. The charge
carrier transport in a type-III heterojunction, where the band
positions are further set off, can promote energy transition
from conduction to valence bands, offering unique applica-
tions in tunnel field effect transistors and wavelength photode-
tectors [60,61]. Beyond that, the mechanical strength of the
heterojunction interfaces should also receive special attention
[62–64], as excessive compressive or cleavage stresses can
lead to cracks that destabilize the heterojunction interfaces.

In this paper, we report in-depth studies on the mechan-
ical strengths and band offsets in BAs/GaN heterojunctions
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and superlattices. Four possible and energetically favor-
able microstructure interfaces of the BAs (111)/GaN (0001)
heterojunction, selected from 12 tested configurations, are
constructed using a large supercell with vacuum insertion on
its two ends. The full-range stress-strain curves are calculated
under tensile and compressive strains vertical to the BAs/GaN
interface, which determine the cleavage and compression
strengths of different interface configurations. A large en-
hancement of mechanical stiffness in the GaN parts of all the
heterojunctions is observed and explained. The band align-
ment is investigated by the density functional theory (DFT)
with the Heyd–Scuseria–Ernzerhof (HSE) hybrid functional,
where the maximum positions of valence bands relative to
(averaged) electrostatic potentials in the two bulk semicon-
ductors, the dipole potential due to the difference between
the electrostatic potentials of the two polar semiconductors
forming the heterojunction, and the in-plane strain deforma-
tion potential across the interface are used to determine the
VBO of the heterojunction (see more details below). Our
calculations show that three out of the four BAs/GaN hetero-
junction interfaces, including the most stable B-N interface,
show a type-II band alignment, different from the previous
prediction, which can serve as a more appropriate starting
point for studying tailored InxGa1−xN/BAs heterostructure
with matched interface lattices [26]. We further show that
in forming BAs/GaN superlattices, all the four interfaces
become type-II band alignment. Especially, in BAs/GaN su-
perlattices with periodical B-Ga and As-N interfaces, large
interface polarization-induced saw-tooth like electric field po-
tential exists, which can further separate electrons and holes
into different interfaces, making the BAs/GaN superlattice
structure particularly suitable for semiconductor photocata-
lystic applications.

II. COMPUTATIONAL DETAILS

A. First-principles calculations

First-principles calculations based on DFT are carried out
with the electron-ion interaction described by the projector-
augmented-wave (PAW) pseudopotentials [65], as imple-
mented in the plane-wave basis code VASP [66,67], where
the exchange-correlation interaction of electrons is treated
by the generalized gradient approximation (GGA) proposed
by Perdew–Burke–Ernzerhof (PBE) [68]. The unit cells of
wurtzite GaN and zinc-blende BAs bulk structures are pre-
sented in Fig. 1, where the plane wave cutoff energy is set to
500 eV with a k-point mesh of 10 × 10 × 10 and 10 × 10 × 6
for BAs and GaN, respectively. Since the PBE functional
will underestimate the band gap, the HSE hybrid functional
[69,70] is adopted for the band gap calculation to achieve
the values reported experimentally. The mixing parameter, α,
describing the fractions of the short-range nonlocal Hartree-
Fock and GGA exchanges [71,72], takes the value of 0.25
[26] and 0.35 [44] for BAs and GaN, respectively. For the
structure optimization and electronic structure calculations,
the convergence criteria of the total energy and Hellmann-
Feynman force on atoms are set to 10−5 eV and 0.01 eV/Å.
The calculated lattice parameters are listed in Table I below.

FIG. 1. The relaxed structures of (a) wurtzite GaN, (b) zinc-
blende BAs bulk crystals, respectively. The species of atoms are
indicated in the inset, where the darkened atoms represent those
forming the bonding interface of the heterojunction.

B. Calculations of ideal strengths of heterojunctions

To study the mechanical properties of heterojunction inter-
faces, there exists two models: one is a periodical superlattice
model, and the other is a slab model with vacuum insertion on
its two ends. For the superlattice model, it generally involves
two different kinds of interfaces [42,73,74]. The calculated
mechanical properties of the superlattices, such as ideal ten-
sile or compressive strength, are a reflection of the strengths
for a composite material, instead of a single heterojunction,
which cannot accurately describe the strength of one selected
interface. In order to calculate the interfacial strength accu-
rately for a selected interface configuration, we construct a
heterojunction structure using the slab model. A slab supercell
including 4 bilayer wurtzite (0001) plane of GaN and 3 tri-
layer zinc-blende (111) plane of BAs with a 40 Å vacuum on
the two ends of the slab, which effectively separates different

TABLE I. The calculated lattice parameters (a, b, c) of bulk BAs
and GaN, compared to other theoretical and experimental results,
together with the obtained interface energy (γIF ) and work of ad-
hesion (Wad ) of the heterojunction with different interface bonding
configurations.

Lattice parameters (Å)

Present Theory Experiment
Compounds

a = b c a = b c a = b c

BAs 4.81 4.81 4.81 4.81 [82] 4.78 4.78 [24]

GaN 3.22 5.24 3.24 5.24 [83] 3.19 5.19 [84]
3.21 5.26 [44]
3.19 5.19 [85]

Heterojunction interface energy
γIF (eV/Å2)

Interface bonding 1 2 3 4

γIF 0.069 0.164 0.092 0.202

Heterojunction interface work of adhesion
Wad (eV/Å2)

Interface bonding 1 2 3 4

Wad 0.291 0.157 0.141 0.078
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FIG. 2. The atomic structures of the polar BAs (111)/GaN (0001) heterojunction supercells, with an inserted 40 Å vacuum space (not fully
shown), for (a) B-N (interface 1), (b) B-Ga (interface 2), (c) As-Ga (interface 3) and (d) As-N interface (interface 4). The species of atoms are
indicated in the inset. The layer atoms with their z coordinates fixed during each step of the incrementally tensile or compressive deformations
are indicated in (a).

slabs and avoid spurious periodical interactions, is used in the
calculation as shown in Fig. 2. We select four B-N, B-Ga, As-
Ga, and As-N interface configurations, assigned as interface
“1-4”, according to their heterojunction work of adhesion after
complete relaxation of 12 tested interface equilibrium struc-
tures (see Fig. S1 and Table S1 in the Supplemental Material
(SM) [75] for details). Passivation with pseudohydrogen is
used to eliminate the surface states. The plane wave cutoff
energy is set to 500 eV with a k-point mesh of 11 × 11 × 1,
which ensure the convergence of the energy and force on
each atom in the heterojunction supercell to 10−5 eV and
0.01 eV/Å.

The uniaxial tensile or compressive loading are simulated
by a quasistatic displacement-controlled deformation process
similar to our previous calculations on indentation strength in
bulk crystals with periodic nano-twinning interfaces [76,77],
in which the lattice vectors of the supercell of the heterojunc-
tions and the atomic slab thickness inside the supercell are
incrementally deformed by applying tensile (or compressive)
strains with an incremental strain step of δεzz = 0.005 along
the z direction normal to the heterojunction interfaces. At each
step, the applied tensile strain εzz, and the z coordinates of one
bottom bilayer of GaN and a top triple layer of BAs atoms
[see Fig. 2(a)], are fixed to determine the calculated tensile
stress σzz, while the other five independent components of
the strain tensors and all the other atomic coordinates inside
the supercell are simultaneously relaxed until the following
conditions are met: (i) all the other five components (except
σzz) of the Hellmann-Feynman stress tensor are negligibly
small (<0.1 GPa), and (ii) the force on each atom becomes
practically zero (<0.01 eV/Å). The shape of the (deformed)
supercell, the positions of the atoms, and the relation between

the tensile stress σzz and corresponding tensile strain εzz are
determined completely at each step by this constrained atomic
relaxation. The layers of the atoms, of which the z coordinates
are fixed at each incremental deformation step [see Fig. 2(a)],
are thick enough to prevent bond breaking near the artificial
vacuum interfaces under tensile or compressive strains. The
relation between tensile stress (σzz) and strain (εzz) are deter-
mined by [78]

σzz = 1

V

∂EIF

∂εzz
(1)

where EIF and V are the total energy and volume of the
interface supercell (including the inserted vacuum space),
respectively, calculated in the VASP code. For real crystals,
the calculated stress σ is independent of V , because if V
increases, the number of atoms or EIF inside V increases
linearly. For supercell with vacuum space, however, its V
changes if the vacuum space changes, but EIF remains the
same, so the calculated σzz becomes dependent on the vacuum
space in V . The calculated stress should be rescaled by a factor
c/c0 to obtain the true stress, where c is the length of the
supercell (including the vacuum space) in the z direction and
c0 is the effective atomic slab thickness inside the supercell.
Here, we define c0 as the distance between the bottom and top
layers of pseudohydrogen. We tested the rescaled stress for
supercells with a 25, 35, and 40 Å vacuum, and the results are
nearly identical. This is similar to 2D heterojunction systems
[79,80], where the stress obtained from the DFT calculation
has to be rescaled to remove the vacuum space included in the
supercell over which forces are being averaged.
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C. Band alignment at heterojunction interfaces

The band alignment or offsets of a heterojunction is de-
termined by the difference between the band gaps of two
materials, which results in discontinued electron energy levels
across the interface. This discontinuity or band alignment
dictates mainly the carrier injection and transport properties
of the heterojunction [51]. Generally, a natural VBO of semi-
conductors A and B is defined as [40,41]

V BO(i)
AB = EB

v − EA
v + �V (i)

P + �E (i)
D (2)

where B is the substrate and A is the material grown on
top of the substrate, and i (i = 1, 2, 3, 4) stands for differ-
ent interface bonding. The first two terms on the right-hand
side express the bulk band edges of the two semiconduc-
tors determined by the difference between the valence band
maximum (VBM) and macroscopic-averaged electrostatic po-
tential (MAEP) of each bulk semiconductor. The third term
(�V (i)

P ) is the dipole potential resulted from the difference
between the MAEP across the heterojunction calculated self-
consistently [40,41], where dipole corrections to remove the
artificial polar electric fields from the vacuum region are
introduced [37]. Since the HSE hybrid functional requires
huge computational resources and the difference between its
results and those with GGA-PBE functional is within 50 meV
[81], and our own electrostatic potential calculation tests for
HSE and GGA-PBE using interface 1 as an example show
nearly identical results (see Fig. S2 in SM for details [75]),
so we obtain �V (i)

P and all other quantities originated from
the electrostatic potentials of the heterojunctions by GGA-
PBE only. The dipole potential �V (i)

P is determined by first
the calculation of the electrostatic potential V (x, y, z) of the
heterojunction system, and its planar average over the plane
parallel to the polar heterojunction interface, V (z), which
varies only in the perpendicular z direction:

V (z) = 1

S

∫
S

V (x, y, z)dxdy (3)

where S indicates the unit-cell area of the interface plane.
This planar-averaged electrostatic potential oscillates quickly
along the z axis because of the atomic spatial charge density
variations of electrons and ionic cores, which can be averaged
out over the fast oscillating atomic period l0, giving rise to
MAEP:

Ṽ (z) = 1

l0

∫ z+l0/2

z−l0/2
V (z′)dz′. (4)

Generally, MAEP is a flat constant for nonpolar planes, but
there is an additional electric field induced by the polar het-
erojunction interfaces, which makes the MAEP inclined. By
extrapolating the MAEP curves from each bulk-like region to
the interface position, one can eliminate the effects of the po-
larization fields in determining the lineup of band gaps across
the interface. Moreover, these polarization electric fields can
generate additional confinement potentials for charge carriers
in heterojunction supperlattices, as we discuss below.

The last term �E (i)
D in VBO is the in-plane strain defor-

mation potential. We calculate the deformation potential by
constructing homogeneous junctions in a three-step method
[50] (or see below for detailed calculation of �E (i)

D for

BAs/GaN heterojunctions). Finally, CBO of the heterojunc-
tion is obtained by the difference of the band gap Eg of each
interface constituent,

CBO(i)
AB = EB

g − EA
g + V BO(i)

AB (5)

where the same supercells of BAs/GaN heterojunction, plane
wave cut-off energy, k grid and convergence criteria are used
as those in ideal-stress calculation. We emphasize that HSE is
adopted for the calculations of EA,B

v and EA,B
g , while all other

results are obtained by GGA-PBE. The calculation method of
the band offsets in the BAs/GaN superlattices is exactly the
same as that for the heterojunctions.

III. RESULTS AND DISCUSSIONS

A. Interface energies and works of adhesion
of BAs/GaN heterojunctions

The calculated lattice parameters of bulk BAs and GaN are
listed in Table I, which agree well with the previous theoretical
[44,83,85] and experimental results [24,84]. The stability of
an interface at equilibrium can be evaluated by its interface
energy (γIF), which is the excess energy per unit area after the
interface is formed. A smaller γIF indicates an easier tendency
to form the heterojunction interface. The interface energy of
our heterojunction supercells is calculated by the following
equation, which extends the definition of γIF by including the
effect of hydrogen passivation [86–88], with the calculated
results listed in Table I:

γIF =
(

EIF − NBAsE
bulk
BAs − NGaNEbulk

GaN −
∑

ÊX
H

)/
S

− σBAs − σGaN, (6)

σBAs = (
Eslab-BAs − nEBAs − mBÊB

H − mAsÊ
As
H

)
/2A, (7)

σGaN = (
Eslab-GaN − nEGaN − mGaÊGa

H − mNÊN
H

)
/2A, (8)

where EIF is the total energy of the BAs/GaN interface super-
cell; Ebulk

BAs and Ebulk
GaN are the total energies of a BAs and GaN

bulk unit cell, respectively, with NBAs and NGaN the unit-cell
numbers of BAs and GaN in the BAs/GaN interface supercell
having an interface area S; ÊX

H represents the energy of the
pseudohydrogen attached to the X (X = B, As, Ga, or N)
element, calculated based on a tetrahedral cluster [89–92];∑

ÊX
H indicates the summation of all the pseudo-hydrogen

energies in the heterojunctions. σBAs and σGaN are surface
energies of [111] BAs and [0001] GaN slabs with passivation
pseudohydrogen atoms; Eslab-M (M = BAs, GaN) is the total
energy of the modeled slab with pseudohydrogen passivation;
n is the number of the BAs (or GaN) bulk unit cells in the slab
with a surface area A, while mX is the number of pseudohy-
drogens attached to the X (X = B, As, Ga, or N) element in
the slab.

The stability after formation of the polar BAs (111)/GaN
(0001) heterojunction with interface 1-4 bonding types (see
Fig. 2) are investigated by their work of adhesion (Wad ), which
is the reversible work needed to separate an interface into two
free surfaces, defined using the following formula [86,93]:

Wad = EGaN + EBAs − EIF

S
(9)
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where EIF is the total energy of the heterojunction as de-
fined in Eq. (6), and EGaN and EBAs are the total energies
of isolated GaN and BAs slabs, respectively, which are cal-
culated by cutting the heterojunction supercells along the
interface boundary into two separated slabs (see Fig. 2), so
the effects of pseudohydrogen passivation cancel in Wad . S
represents the interface area. The obtained works of adhesion
are also listed in Table I, where the positive values of Wad in-
dicate that the formed heterostructures are stable. To compare
with the results of Wad , we also calculated the energy barrier
to pull a BAs/GaN heterojunction interface apart (see Fig. S3
in SM [75]) during tensile and compression deformations,
which shows that the equilibrium heterojunction structures
are all at the energy potential valley, indicating their stability.
The increasing order of the energy barriers to pull the het-
erojunctions apart is consistent with that of Wad for different
heterojunction configurations.

We see from the Table I that the energy trends of γIF

and Wad are fairly consistent where a small γIF is correlated
with a large Wad (except for the interface 3), with the former
governing the nucleation and growth of the heterojunction
interface, and latter determining the mechanical strength of
the heterojunction interface after formation under cleavage
experiments. It is expected that interface 1 is easy to form with
the smallest γIF and highest mechanical strength indicated by
the largest Wad , while interface 3 is also easy to form with
the second smallest γIF and fairly high mechanical strength,
and both of which can be synthesized since smooth N-polar
and Ga-polar GaN substrates, which support interface 1 and
3, respectively, have been successfully obtained [94].

B. Ideal strengths of BAs/GaN heterojunctions

The ideal strength of crystals, which are the maximum
stresses that crystals can sustain under various deformations,
is one of the most fundamental mechanical properties of mate-
rials. For instance, the ideal tensile and compression strengths
of a heterojunction normal to the interface determines its
cleavage stability and resistance to compression stress when
the heterojunction device is hit by an external impact or under
large thermal-induced stresses, which is especially important
for heterojunction devices working in hazardous environ-
ments. In order to understand the mechanical strength of
the BAs/GaN heterojunction interfaces given in Fig. 2, we
calculated the ideal tensile and compression strengths along
their [0001] direction with the stress-strain curves plotted in
Fig. 3, in comparison with those in bulk BAs along [111]
and bulk GaN along [0001] directions, respectively. Under
tensile strains, the maximum stresses for interface 1 and 2
reach 28.94 and 28.78 GPa, which are slightly lower than that
(29.11 GPa) of bulk GaN in [0001] direction and about 2 GPa
higher than that (26.71 GPa) of bulk BAs in [111] direction,
while the tensile peak stresses for interface 3 (22.96 GPa)
and 4 (22.15 GPa) are much lower. Beyond the maximum
point, the stresses decrease rapidly with further increment of
strain, and the heterojunctions are ultimately broken indicated
by a decrease of stresses to nearly zero. As decohesion is
important for understanding fracture or cleavage processes,
bond length variations at selected tensile deformation stages
are systematically analyzed, as shown in Fig. 4, with the

FIG. 3. (a) Tensile and compression stress–strain curves of
BAs/GaN heterojunction for different interface configurations along
[0001] direction normal to the interfaces. Also shown are the
stress-strain curves for bulk GaN and BAs along [0001] and [111]
directions, respectively. (b) Tensile and compression stress-strain
curves of slab-GaN (8L), slab-BAs (9L) and SL-1 along [0001]
direction. The other three curves are the same as those in (a), plotted
for an easy comparison.

corresponding bond lengths labeled in Fig. 2(b). The results in
Fig. 4 show that for most of the interfaces (interface 2, 3, 4),
the bonds (L0) between two materials stretch and break first,
while for interface 1, the strong B-N interface bond remains
almost unchanged and the bonds (L−2, L−3) near the interface
inside BAs lengthen and crack instead. For interfaces 3 and
4 where the As-Ga and As-N interface bonds are weak, they
break at the critical strains of 9.5% and 9%, respectively, much
earlier than the critical strains (13% and 14%) at the peak
stress in bulk GaN [0001] and BAs [111] tensile direction,
so the bond lengths away from the As-Ga and As-N interface
vary little, as shown in Figs. 4(c) and 4(d). For interfaces 1
and 2 where the B-N and B-Ga interface bonds are strong,
they crack at the critical strains of 13.5%, close to the critical
strains in bulk GaN [0001] and BAs [111] tensile direction,
so the bond lengths away from the B-N and B-Ga interface
vary significantly, especially in the BAs part, which has a bulk
tensile strength 2 GPa lower than that in bulk GaN, as shown
in Figs. 4(a) and 4(b).
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FIG. 4. [(a)–(d)] Variations of bond lengths in different atomic layers, as labeled in Fig. 2(b), at selected tensile strains for BAs/GaN
heterojunctions with the interface 1-4 configurations.

For compression, the stress-strain curves of the four inter-
faces all lie between those of the two bulk materials, which
differ considerably from each other, as shown in Fig. 3, in-
dicating a large enhancement of strength or stiffness of the
BAs/GaN heterojunction interfaces, especially for compres-
sion strains in the range 0 ∼ –20%. The highest compression
stresses, that is the compression strengths, of the interface
1-4 are about 50 GPa, much higher than that (31.8 GPa) of
bulk GaN. To understand the mechanism of this enhanced
stiffness, we plot in Fig. 5 the snapshots of bulk GaN and
BAs/GaN heterojunction with interface 1 compressed in
[0001] direction. For bulk GaN, its ABAB... stacking structure
in [0001] direction allows the formation of new Ga-N bonds
between neighboring (0001) layers under large compression
(–20%), which will partially compensate the energy increase
during compression, accompanied by a structural transforma-
tion from symmetry P63mc (No.186) to P63/mmc (No.194),
as shown in Figs. 5(a)–5(c). During the structural transfor-
mation, the Ga-N bond length between neighboring (0001)
layers, designated as R in Fig. 5, decreases first under com-
pression until the compression stress reaches its maximum,
and then R increases causing a reduction of the compression
stress, as shown by the solid cubic curve in Fig. 3. Such a
structural transformation does not exist in bulk BAs under
[111] compression, since its A′B′C′A′B′C′... stacking does not
allow the formation of new B-As bonds between neighboring
(111) layers [see Fig. 5(d)]. The energy of bulk BAs in-
creases continuously under [111] compression, which results

in a much higher compression strength compared to that in
bulk GaN. For the BAs/GaN heterojunction interfaces under
[0001] compression, the same structural transformation in its
GaN part still happens, but the increase of the Ga-N bond
length (R) between neighboring (0001) layers disappears due
to the strong compression strength in the BAs part, as shown
in Figs. 5(d)–5(f), which enhances the strength or stiffness
of the heterojunctions. Under compression, the instability of
the heterojunctions is signaled by sudden large bond angle
variations. So we plot bond angles (αi) in different atomic
layers, as labeled in Fig. 2(c), at selected compression strains
in Fig. 6 before the structural collapses set in. During the
compression process, the deformation of bond angles (αi)
inside GaN is generally larger than that (α−i) inside BAs,
indicating a lower stiffness in GaN. And the collapse of the
heterojunctions under compression are always triggered by
the sudden increase in α1 close to the interfaces, when the
compression strains approach to about –21%.

We also calculate the stress-strain curves of slab-GaN,
slab-BAs, and BAs/GaN superlattice structures, in compar-
ison with those of the heterojunction interface 1, bulk BAs
and GaN, as shown in Fig. 3(b). To apply compression (or
tension) on a slab using the supercell model with inserted
vacuum space, one has to fix the relaxation of atoms on the
surfaces of the slab during each step of the incrementally
compressive deformations, as we did for the compression of
the heterojunction interface supercells [see Fig. 2(a)]. Our
results reveal that both BAs/GaN interfaces and fixed GaN
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FIG. 5. [(a)–(c)] Snapshots of bulk GaN compressed in [0001] direction at (a) ε = 0 (equilibrium structure), (b) ε = −0.14 (peak
stress) and (c) ε = −0.2 (structural phase transformation from P63mc (No.186) to P63/mmc (No.194)). [(d)–(f)] Snapshots of BAs/GaN
heterojunction with a B-N interface compressed in [0001] direction at the same compression strains as those in (a)–(c).

surfaces can enhance the compression strength of bulk GaN,
where the GaN slab has two fixed surfaces, the supercell of
heterojunction interface 1 has one BAs/GaN interface and
one fixed GaN surface, and the BAs-GaN superlattice has
only BAs/GaN interfaces. All their compression strengths are
enhanced compared to that of bulk GaN. The mechanisms are
the same, where both the BAs/GaN interfaces and fixed GaN
surfaces prevent the increase of the Ga-N bond length (R)
between neighboring (0001) layers in GaN under compression
induced structural transformation from symmetry P63mc to
P63/mmc [see Figs. 5(a)–5(c)]. In addition, the elastic con-
stants and Poisson’s ratios describe the material strength near
its equilibrium structure. So we calculate the elastic constants
and Poisson’s ratios of the heterojunction interface 1-4, in
comparison with those of bulk BAs and GaN. The correspond-
ing results are given in Table S2 in SM [75].

C. Polar band offsets of BAs/GaN heterojunctions

Band offsets at heterostructure interfaces are essential to
characterize the function and performance of semiconductor

heterostructure devices, such as transistors, solid lasers, light-
emitting devices and so on. In this section, we first considered
(0001) polar plane of GaN as substrate with fixed lattice
parameters, while (111) polar plane of BAs is grown on its top
with the same in-plane lattice constants [26], where the het-
erojunction supercell is separated by a 40 Å vacuum space, as
shown in Fig. 2. Moreover, one bottom bilayer of GaN atoms
together with its passivation pseudohydrogen atoms are fixed,
whereas the other atoms are allowed to relax freely, in order
to facilitate the simulation of a GaN substrate. Therefore, a
5.5% (calculated) lattice mismatch exists in BAs/GaN het-
erostructure interfaces formed between BAs (111) and GaN
(0001) planes, which means the necessity of including the
deformation potentials �E (i)

D to estimate the band alignments.
To obtain �E (i)

D in BAs (111) plane, a homojunction model
is adopted following a three-step method [50]. It should be
noted that if the lattice parameters of GaN are fixed, �E (i)

D
comes only from the deformation of BAs (111) plane. Oth-
erwise, both deformed BAs (111) and GaN (0001) planes
make contributions to �E (i)

D , as we show later for BAs/GaN
superlattices. In order to calculate the deformation potential
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FIG. 6. [(a)–(d)] Variations of bond angles in different atomic layers, as labeled in Fig. 2(c), at selected compression strains for BAs/GaN
heterojunctions with the interface 1-4 configurations before the heterojunctions collapse.

in BAs (111) plane, we create a new orthorhombic supercell
(a1, a2, a3) for BAs with its a3 parallel to its original [111]
direction, as plotted in Fig. 7(a), and allow the lattice param-
eters of BAs to change to (b1, b2, a3) following the two steps
described in Figs. 7(c) and 7(d), where (b1, b2, b3) are lattice
parameters of a orthorhombic supercell (b1, b2, b3) for GaN
with its b3 parallel to its original [0001] direction, as plotted
in Fig. 7(b). Then, the total �E (i)

D is calculated as Ṽb1,b2,a3 −
Ṽa1,a2,a3 , with MAEP Ṽ defined in Eq. (3) and Eq. (4). Since
the in-plane lattice constant of the heterojunction is fixed to
that of GaN, the deformation potentials of the four interface
bonding are the same. We also calculate the electrostatic po-
tential of the above BAs homojunction model in the presence
of pseudohydrogen (see Fig. S4 in SM [75]), which are nearly
identical to those calculated without pseudohydrogen. This is
because the deformation potential is calculated on a nonpolar
plane, so the presence of pseudohydrogen does not affect the
result. According to the calculated results given in Table II,
the deformation potential of BAs (111) plane along a1 and a2

axis is 0.73 eV and 0.72 eV, respectively. The large values
show that �E (i)

D must be taken into account in order to obtain
natural band offsets correctly.

It is well known that wurtzite semiconductors (e.g., GaN)
exhibit a nonvanish dipole in [0001] direction, in which the
centers of positive and negative charges do not coincide due
to the lack of inversion symmetry. Moreover, the (111) surface
of zinc-blend structures (e.g., BAs) will produce piezoelectric

polarization due to the effect of strain. These polarization
fields induce internal electric fields and cause MAEP inclined
inside materials. The planar averaged electrostatic potentials,
V (z) in Eq. (3), and MAEP, Ṽ (z) in Eq. (4), of the four
BAs/GaN heterojunction interfaces are shown in Fig. 8. Apart
from a few atomic layers close to the heterojunction and vac-
uum interfaces, MAEP (red curves) inside two materials can
be well fitted with declined straight lines (green lines) using
the method of linear least squares. The difference in MAEP
at the heterojunction interface, which is defined as the polar
dipole potential �V (i)

P , is given in Table III. In order to test
the calculation accuracy, we gradually increase the number
of atomic layers in the BN interface model [see Fig. 2(a)]
from 9BAs/8GaN to 21BAs/30GaN layers, which shows a
variation of �V (i)

P less than 4%, indicating sufficient numbers
of atomic layers we adopted. The large �V (i)

P appears at the in-
terfaces near which strong built-in polarization electric fields
(steep MAEP slopes) exist inside the heterojunctions.

With the calculated deformation and polar dipole poten-
tials, the in-plane strained (without �E (i)

D ) and natural (with
�E (i)

D ) band offsets of the BAs/GaN heterojunctions for dif-
ferent interface configurations are presented in Table III. We
can clearly see that the values and types of the band offsets
not only depend critically on the interfacial atomic struc-
tures (configurations), but also sensitively on the deformation
potential energy. The band offset line-ups with and without
�E (i)

D for the four BAs/GaN heterojunction interfaces are
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FIG. 7. [(a),(b)] The orthorhombic supercells of BAs and GaN bulk crystals. [(c),(d)] The homojunction structure of BAs used to calculate
the deformation potential in a1 and a2 directions by the three-step method, with the calculated averaged electrostatic potentials given in (e) and
(f), respectively.

depicted in Fig. 9. Most of the heterojunction interfaces, such
as 1, 3, and 4, show a type-II natural band alignments, which
can effectively prevent carrier recombination and improve
photocatalytic efficiency for semiconductor photocatalysis ap-
plications [95]. This is different from the previous study
on InxGa1−xN/BAs heterostructure proposed for photovoltaic
device applications, where the calculation revealed a type-
II band alignment with 0.3 < x < 1, while a type-I band
alignment was predicted for GaN/BAs (x = 0) [26]. Even
for the interface 2, which exhibits a type-I band offset, one

can notice a large MAEP up-bending near the interface [see
Fig. 8(b)], which gives rise to a polarization induced electric
field that expels electrons from and attracts holes towards the
interface. Such polarization induced electric fields have been
proposed to generate saw-tooth-like potentials in zincblende-
wurtzite superlattices for efficient electron-hole separation
with application in hydrogen production by solar water split-
ting [42]. Moreover, our results shown below that in forming
BAs/GaN superlattices, all the four interfaces become type-
II band alignment, suitable for semiconductor photocatalysis

TABLE II. Lattice parameters of the orthorhombic supercell, lattice mismatches, HSE band gaps (Eg), VBM positions (Ev) relative to the
MAEP of bulk BAs and GaN, together with the deformation potential energy (�E (i)

D ) in each direction and total summation due to the lattice
mismatch in BAs. �E (i)

D is the same in all the heterojunction interfaces when the lattice parameters of GaN are fixed.

Lattice parameter Lattice mismatch �E (i)
D in each

(Å) (%) direction (eV)

Compounds a1 a2 a1 a2 Eg (eV) Ev (eV) a1 a2 Total �E (i)
D (eV)

BAs 3.406 5.899 –5.50 –5.50 1.90 5.25 –0.73 –0.72 –1.45
GaN 3.219 5.575 0.00 0.00 3.51 3.84 0.00 0.00
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FIG. 8. [(a)–(d)] Planar average V (z) and macroscopic average (MAEP) Ṽ (z) of electrostatic potentials of BAs/GaN heterojunctions for
interface 1-4 configurations.

applications. We also calculate the density of states on each
layer (LDOS) of the heterojunction interfaces (see Fig. S5 and
Table S3 in SM [75]), which show that interface states inside
the band gaps appear on a few atomic layers closest to the
heterojunction interfaces.

D. Polar band offsets of BAs/GaN superlattices

In practical applications, semiconductor heterojunctions
are exploited to design various unique structures, such as
superlattices or multiple quantum wells (MQWs), in order

to increase active regions, enhance luminescence efficiencies,
and adjust electronic bands for applications in photovoltaics
[96,97], photocatalytics [42], photostrictive materials [98],
light-emitting-diodes [99], and long-wave length infrared de-
tection [100] etc. Here, we further study (111) BAs/(0001)
GaN superlattice structures, which due to the crystalline
symmetries of BAs (zincblende) and GaN (wurtzite) either
contains the B-N and As-Ga interfaces (designated as SL-1),
or As-N and B-Ga interfaces (SL-2), as shown in Fig. 10. The
optimized in-plane lattice constants (a1, a2) or (b1, b2) [see
Figs. 7(a) and 7(c)] for SL-1 and SL-2 are (3.315, 5.742) and

TABLE III. Dipole potential energy (�V (i)
P ), valence (V BO(i)) and conduction (CBO(i)) band offset with and without deformation potential

energy (�E (i)
D ) of BAs/GaN heterojunctions for different interface configurations (in units of eV), together with the type of the heterojunctions.

V BO(i) CBO(i) Type

Interface bonding �V (i)
P Without �E (i)

D With �E (i)
D Without �E (i)

D With �E (i)
D Without �E (i)

D With �E (i)
D

1 (B-N bonding) –0.52 –1.93 –3.38 –0.32 –1.77 II II
2 (B-Ga bonding) 1.52 0.11 –1.34 1.72 0.27 II I
3 (As-Ga bonding) 0.15 –1.26 –2.71 0.35 –1.10 I II
4 (As-N bonding) 0.26 –1.15 –2.60 0.46 –0.99 I II
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FIG. 9. [(a)–(d)] The band alignments without the deformation potential energies and [(e)–(h)] the band alignments with deformation
potential energies for different BAs/GaN heterojunction interface 1-4 configurations.

(3.314, 5.740) Å, which result in a nearly identical lattice mis-
match of –2.5% and 3.0% in BAs and GaN, respectively. The
obtained total deformation potential �E (i)

D is 1.36 eV for both
superlattices. An important character of the superlattice is the
band offsets at the interfaces. Figures 11(a) and 11(b) show
the planar average electrostatic potential and MAEP of SL-1
and SL-2, from which the polar dipole potential �V (i)

P and the
(natural) band offsets are determined, given in Table IV. The
periodical band alignments of the superlattices are shown in
Figs. 11(c) and 11(d), which reveal that all the four interfaces
are type II, with the band offsets marginally different from
those in the heterojunctions because the relaxed equilibrium
structures of the superlattices differ slightly from those of the
heterojunctions. A large alternately directed built-in electric
field is found in SL-2, coming from the sawtooth-like polar
dipole potential, which can effectively separate electrons and
holes to different interfaces, desirable for the photocatalytic

processes. Comparing the slopes of the MAEP curves in Fig. 8
and Figs. 11(a) and 11(b), we can see that the built-in electric
fields in SL-2 are about 3 ∼ 5 times stronger than those in
the corresponding heterojunctions, demonstrating an effective
way to enhance and adjust the polarization electric fields in
SL-2 due to its repeated positively and negatively charged
N-As and Ga-B interfaces. For SL-1, however, the built-in
electric fields have only a small increment compared to those
in the heterojunctions. Figures 11(d) and 11(f) suggest that
the Ga-B interfaces repel, while the As-N interfaces attract
electrons. Since Ga and B are III-group elements, they require
extra electrons to form sp3 bonding of the Ga-B interface.
Therefore, the total charge on the Ga-B interface is nega-
tive, which repels other electrons (that is, the electric field E
points to the Ga-B interface). Analogously, as As and N are
V-group elements, they only contribute four electrons to form
sp3 bonding of the As-N interface, and other electrons can

FIG. 10. (a) The superlattice structure of SL-1 with B-N and As-Ga interfaces. (b) The superlattice structure of SL-2 with B-Ga and As-N
interfaces.
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FIG. 11. [(a),(b)] Planar average V (z) and macroscopic average (MAEP) Ṽ (z) of electrostatic potential of the SL-1 and SL-2 super-
lattices. [(c),(d)] The band alignment diagrams of SL-1 and SL-2. (e) Electron density difference �n (in unit of 10−2/a3

B with aB the
Bohr radius) for SL-2 with B-Ga and As-N interface on a (1210) crystallographic plane. (f) The illustration of electron–hole separations
in SL-2.

TABLE IV. Dipole potential energy (�V (i)
P ), valence (V BO(i)),

and conduction (CBO(i)) band offset including the deformation po-
tential energy (�E (i)

D ) (in units of eV), together with the type of the
heterojunctions, for different interface configurations in BAs/GaN
superlattice SL-1 and SL-2.

Super
Interface bonding �V (i)

P V BO(i) CBO(i) Type -lattice

1 (B-N bonding) –0.49 –3.26 –1.65 II SL-1
2 (B-Ga bonding) 0.82 –1.95 –0.34 II SL-2
3 (As-Ga bonding) 0.07 –2.70 –1.09 II SL-1
4 (As-N bonding) 0.64 –2.13 –0.52 II SL-2

leave the interface, so the total charge at the As-N interface
is positive, which attracts other electrons. The explanation
is consistent with the calculated electron density difference
on a (1210) crystallographic plane for SL-2, as plotted in
Fig. 11(e), where the regions with decreased electron density
are in blue, and those with increased ones are in red. This
also explains why SL-1 with the B-N and Ga-As interfaces
only has a weak polar dipole potential since its interfaces
consist of III- and V-group elements, which form perfect sp3

bonds on the interface and show weak total charge variations.
Figure 11(f) demonstrates electron and hole separation in SL-
2. Once electron-hole pairs are created anywhere in SL-2 by
incident lights, electrons and holes move to different inter-
faces. Our study shows that both SL-1 and SL-2 BAs/GaN
superlattices can be applied to photocatalytic devices, and the
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internal polarization electric field of SL-2 can further enhance
the efficiency of the catalysis processes.

IV. CONCLUSIONS

The ideal tensile and compressive strengths and band
alignments for BAs (111)/GaN (0001) heterojunctions and
superlattices with four interface configurations were investi-
gated in this paper. The results show that the B-N and B-Ga
interface configurations are the two most stable heterojunc-
tions with their normal tensile strengths nearly as strong as
those in bulk BAs [111] and GaN [0001] directions, while the
As-Ga and As-N interfaces are much weaker and break up
earlier under normal tensile stresses. Under normal compres-
sion, all the four BAs/GaN heterojunction interfaces show
much higher compressive stiffness compared to that in bulk
GaN [0001] direction, where the zincblende BAs suppresses
the softening of wurtzite GaN during a structural transforma-
tion from symmetry P63mc to P63/mmc under compressive
stresses. The high compressive stiffness of the BAs/GaN het-
erojunction can protect its electronic properties from drastic
changes under external impacts. The natural band alignments
of the mismatched BAs/GaN heterojunctions are calculated
by a three-step approach, which indicates that most of the

heterojunction interfaces give rise to type-II staggered sys-
tems, while only B-Ga interface results in a type-I straddling
band alignment. Moreover, in BAs/GaN superlattices, all the
natural band alignments of heterojunction interfaces are type-
II. Especially in the superlattice with repeatedly positive- and
negative-charged N-As and Ga-B interfaces, a large polar-
ization built-in electric field exists, inducing a sawtooth-like
polar dipole potential, which can effectively separate electrons
and holes to different interfaces, desirable for the photo-
catalytic processes. Our calculations show that BAs/GaN
heterojunctions can not only provide a much-needed al-
ternative to GaN-on-SiC or GaN-on-diamond heat dissipa-
tion systems in future designing of high-power electronic
and optoelectronic devices, but also offer new possibilities
of applications in photovoltaic, photodiode, and photocat-
alytic devices as a type-II semiconductor heterojunction or
superlattice.
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