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Band Alignment at GaxIn1–xP/AlyIn1–yP Alloy Interfaces
from Hybrid Density Functional Theory Calculations

Lukas Meier,* Christian Braun, Thomas Hannappel, and Wolf Gero Schmidt*

1. Introduction

The III–V compound semiconductors play an important role for
a variety of electronic and optoelectronic devices such as high
electron mobility and heterostructure bipolar transistors, diode
lasers, light-emitting diodes, photodetectors, electro-optic modu-
lators, and frequency-mixing components. Apart from the binary
compounds, ternary and quaternary alloys also may be combined
within a countless variety of heterostructure configurations.
The efficient exploitation of this flexibility requires, however,
knowledge not only of the electronic properties of single com-
pounds and alloys[1] and their surfaces[2] but also information
on the band alignment of the respective interfaces.[3–7]

This motivates this article, which addresses the stoichiometry-
dependent band alignment at the GaxIn1�xP=AlyIn1�yP alloy
interface. This interface occurs, e.g., in heterostructure solar
cells and tandem absorber structures for the direct solar-to-
hydrogen conversion.[8] GaP and AlP have indirect bandgaps

of 2.34–2.35[9,10] and 2.5 eV,[11] respectively,
at zero temperature. In contrast, InP is a
direct-gap semiconductor with a low-
temperature bandgap of 1.42 eV.[12] Accord-
ing to photoluminescence data,[13] the Ga
content of GaxIn1�xP at the direct–indirect
bandgap crossover is at about x¼ 0.71.
Measurements for AlyIn1�yP indicate the
direct–indirect crossover for y¼ 0.41,[14]

whereas recent density functional calcula-
tions place it at y¼ 0.48.[15]

To the best of our knowledge, there
are neither experimental nor theoretical

data available on the relative positions of the valence band max-
ima (VBM) and conduction band minima (CBM) at the
GaxIn1�xP=AlyIn1�yP alloy interface, apart from valence band
offsets at the binary end points.[3,4] This article aims at closing
this gap by providing band alignment values for the complete
composition range. We focus here on the “natural” band lineups
between unstrained materials obtained from the branch-point
energies of the respective materials.[16–21] They are determined
here within hybrid density functional theory (DFT).

2. Methodology

In detail, DFT calculations are performed using the Vienna ab
initio simulation package (VASP).[22] The generalized gradient
approximation (GGA) as well as hybrid functionals is used to
model the electron exchange and correlation interaction. In par-
ticular, the revised Perdew–Becke–Ernzerhoff (PBEsol)[23] GGA
functional and the Heyd–Scuseria–Ernzerhof (HSE) hybdrid
functional[24] are used for structural relaxations and electronic
structure calculations, respectively. In the latter, the fraction of
exact exchange is increased to 29% for a better match with
the measured bandgaps. Table 1 shows a comparison of the
direct and indirect bandgaps of AlP, GaP, and InP calculated here
with experimental data. It can be seen that the fundamental
bandgap for all three semiconductors is well described with
hybrid DFT, within about 0.1 eV, whereas larger deviations
occur for higher transitions. The electron–ion interaction is
described by the projector-augmented wave (PAW) scheme.[25,26]

The electronic wave functions are expanded into plane
waves up to a kinetic energy cutoff of 650 eV. The Brillouin-zone
integration is performed using the Monkhorst–Pack scheme
with a k-point density of 2� 2� 2. The ternary alloys are
modeled by rhombohedral 16 atom unit cells. To take the
different realizations of a given stoichiometry of the group-III
ions into account, the calculated band-edge energies are averaged
accounting for their respective statistical weights.
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The composition dependence of the natural band alignment at the GaxIn1–xP/
AlyIn1–yP alloy interface is investigated via hybrid functional based density
functional theory. The direct–indirect crossover for the GaxIn1–xP and AlyIn1–yP
alloys is calculated to occur for x¼ 0.9 and y¼ 0.43. The calculated GaxIn1–xP/
AlyIn1–yP interface band alignment shows a crossover from type-I to type-II with
increasing Ga content x. The valence band offset is essentially positive irre-
spective of the alloy compositions, and amounts up to 0.56 eV. The conduction
band offset varies between �0.85 and 1.16 eV.
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The AlP, GaP, and InP calculations are performed at the
respective equilibrium lattice parameters of 5.473, 5.476, and
5.932 Å, which are close to the corresponding low-temperature
experimental values of 5.464, 5.451, and 5.869 Å. The lattice con-
stants of the ternary alloys have been interpolated linearly
between the binary compounds according to Vegard’s law.
To estimate the band discontinuities, the valence and conduction
band edges are aligned to the branch-point energies of the
respective systems. Following Schleife et al.,[5] the branch-point
energy is approximated here as
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where Nk is the number of k points used to sample the Brillouin
zone and εvi and εcj are the ith highest valence and jth lowest
conduction band states at the wave vector k, respectively.
Here, the 16 highest valence and the 8 lowest conduction states
are included in the calculation of the branch-point energies for
the 16 atom unit cells.

3. Results and Discussion

The band structures of GaxIn1�xP calculated on the
DFT–GGA level of theory for the binary end points as well as
x ¼ 0.875 are shown in Figure 1. To ease the interpretation,
the bands of the 16 atom unit cell are unfolded in the
Brillouin zone of the primitive unit cell.[27] It is found that the
indirect–direct crossover in the band structure occurs for Ga-rich
alloys, in agreement with experimental data.[13]

To determine the critical xc more precisely, we perform hybrid
DFT calculations. The calculated band-edge energies giving rise
to direct and indirect transitions are shown in Figure 2 (lhs), and
have been fitted using the expression

EðxÞ ¼ E1x þ E0ð1� xÞ � bxð1� xÞ (2)

where E1 and E0 are the energies of the binary end points.
We calculate a considerable positive bowing of the order of
1 eV for the conduction band energies: values of bΓ ¼ 1.21 eV
for the conduction band energies at the Γ point and
bX ¼ 0.97 eV at the X point are determined here. The bowing
is less pronounced for the valence band, bΓ ¼ �0.36 eV. The
direct–indirect crossover is calculated to occur for rather Ga-rich
samples, i.e., for xc ¼ 0.9. We are not aware of previous theoret-
ical findings in that respect. A value of xc ¼ 0.71 has been
concluded from photoluminescence data.[13] Theoretical data
are available, however, for the GaP/InP valence band offset:
based on the alignment with respect to the core levels, Wei
and Zunger[3] and Li et al.[4] calculated 0.11 and 0.47 eV, respec-
tively. The present value of �0.07 eV supports the early predic-
tion by Zunger.

Table 1. Comparison of the minimum electronic transition energies
(in eV) between valence and conduction states of AlP, GaP, and InP
calculated here on the GGA and hybrid level of theory with
experimental data as cited in ref. [28].

AlP GaP InP

Γ� Γ Γ� X Γ� Γ Γ� X Γ� Γ Γ� X

GGA 2.37 1.45 1.59 1.55 0.48 1.37

Hybrid 3.44 2.49 2.62 2.49 1.41 2.30

Exp. 3.63 2.51 2.90 2.35 1.42 2.44

Figure 1. Band structures of GaP, Ga0.875In0.125P, and InP (from left to right) calculated on the DFT–GGA level of theory. The bands are unfolded into the
1� 1 Brillouin zone following the study by Medeiros et al.[27] Arrows indicate the crossover.

Figure 2. Composition dependence of branch-point aligned valence and
conduction band energies of Gax In1�xP (lhs) and AlyIn1�yP (rhs) calcu-
lated within hybrid DFT. The solid lines result from fits to Equation (2).
The bowing parameters (in eV) as well as the direct–indirect crossover
compositions are indicated.
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A similar analysis has been performed for AlyIn1�yP, see data
shown in Figure 2 (rhs). Here, smaller and negative parameters
have been determined for the conduction band bowing,
bΓ ¼ �0.65 eV and bX ¼ �0.2 eV, whereas the valence band
bowing is more pronounced than for GaxIn1�xP. The present
calculations result in bΓ ¼ �0.65 eV. The direct–indirect cross-
over is calculated to occur for intermediate stoichiometries,
i.e., for yc ¼ 0.43. This is in between the value determined by
photoluminescence spectroscopy, yc ¼ 0.41[14] and previous
calculations that obtained yc ¼ 0.48.[15] Again, the valence band
offset for the binary end points can be compared with previous
theory based on the alignment with respect to the core levels.
The AlP/InP interface valence band offsets were predicted to
amount to 0.65 and 1.00 eV, respectively, in the studies by
Wei and Zunger and Li et al.[3,4]. Our value of 0.43 supports
the early finding by Zunger.

Obviously, the stoichiometry dependence of the GaxIn1�xP
and AlyIn1�yP band edges is different. The conduction band
energy of AlyIn1�yP increases for 0 ≤ y ≤ 0.43 until a maximum
value of 1.42 eV is reached at yc ¼ 0.43. For higher Al content,
the conduction band energy decreases rather linearly. In con-
trast, the fundamental conduction band energy of GaxIn1�xP
increases monotonically and with considerable bowing over
the entire composition range. The valence band energies, on
the other hand, are relatively independent of the stoichiometry
for GaxIn1�xP and decrease almost monotonically with strong
bowing over the entire composition range for AlyIn1�yP.

The calculated valence and conduction band energies of
GaxIn1�xP and AlyIn1�yP can now be used to predict the
composition-dependent band alignment at GaxIn1�xP=AlyIn1�yP
alloy interfaces. Figure 1 shows the calculated natural valence
and conduction band offsets at the interface over the entire
composition range. Thereby, we follow the notation that positive
band offsets correspond to the situation that the band-edge
energy of GaxIn1�xP is above the respective band-edge energy
of AlyIn1�yP.

The valence band offsets are positive for almost the complete
composition range, apart from a very narrow range characterized
by a minute concentration of Ga in GaxIn1�xP and about 20% Al
in AlyIn1�yP, see gray area in the upper plot of Figure 3.
Furthermore, the valence band offsets increase with growing
Al concentration and are highest for medium Ga concentrations
around 50%. The maximum valence band offset of 0.56 eV is
reached for the AlP=Ga0.6In0.4P interface.

In contrast to the (almost) purely positive valence band offsets,
the conduction band offsets may be positive and negative for a
broad range of stoichiometric combinations, see lower plot in
Figure 3. The maximum value of 1.16 eV is realized for
GaP/InP interfaces, whereas the minimum of �0.85 eV is pre-
dicted for InP/Al0.43In0.57P heterostructures.

Both type-I and type-II heterojunctions can be realized with
GaxIn1�xP=AlyIn1�yP interfaces, as shown in Figure 3. A further
classification is obtained by considering the character of the fun-
damental bandgap in the respective alloys. The combinations
direct–direct, direct–indirect, indirect–direct, and indirect–
indirect can be realized for suitable chosen stoichiometries as
shown in Figure 3. The stoichiometries leading to direct–direct
combinations (x ≤ 0.90 ∧ y ≤ 0.43) as well as indirect–direct

combinations (x ≤ 0.90 ∧ y ≥ 0.43) can lead to negative as well
as positive conduction band offsets.

Effects of strain or dipoles as well as atomic reordering may
modify the band lineup at real interfaces. To roughly estimate the
influence strain may have on the band alignment, we perform
calculations for uniformly strained AlP and InP compounds,
assuming a common lattice constant of 5.703 Å at the interface.
This changes the valence and conduction band offsets from
0.43 to 0.47 eV and from �0.66 to �0.04 eV, respectively.
Obviously, the conduction band offsets are very susceptible to
strain engineering, whereas the valence band offsets seem
more robust.

4. Conclusion

In summary, the band structures of GaxIn1�xP and AlyIn1�yP
alloys and the band alignment at the respective interfaces have
been calculated within hybrid DFT. The calculated direct–
indirect crossover points of x¼ 0.9 and y¼ 0.43 for the ternary
compounds are consistent with the experimental data and

Figure 3. Valence (top) and and conduction band offsets (bottom) for the
Alx In1�xP=GayIn1�yP alloy interface in dependence on the stoichiometry
calculated on the hybrid level of theory.
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previous theoretical work. The band offsets at the alloy interface
can be tuned over a wide energy range. Although the conduction
band offsets are positive for nearly the complete composition
range, the valence band offset varies between �0.85 eV and
1.16 eV. This allows for the realization of both type-I and type-
II heterostructures. An additional degree of freedom for the
interface engineering is provided by the possibility to combine
materials with direct and indirect fundamental gaps. Interface
strain can be expected to affect, in particular, the conduction
band offsets.
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