
INORGANIC CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

Cite this: Inorg. Chem. Front., 2021,
8, 2771

Received 11th February 2021,
Accepted 30th March 2021

DOI: 10.1039/d1qi00187f

rsc.li/frontiers-inorganic

Raman and optical characteristics of van der
Waals heterostructures of single layers of GaP and
GaSe: a first-principles study†

Yigit Sozena and Hasan Sahin *a,b

One of the effective methods to modulate or improve the fundamental properties of 2D van der Waals

materials is building their heterostructures. In this study, we employ first-principles calculations based on

density functional theory to predict the ground state properties of vertically aligned single layer crystals of

GaP and GaSe. First, it is shown that, depending on the intimate contact atoms in GaP, the crystal for-

mation of heterostructures displaying characteristics of type-I and type-II heterojunctions is possible.

Here, the quasiparticle bandgaps for the spatially direct and indirect electronic transitions are calculated

to be 2.70 and 1.78 eV, respectively. Vibrational analysis not only reveals the dynamic stability of the

heterostructures but also allows the calculation of the Raman activity spectrum of each structure, provid-

ing a fingerprint of the stacking type. In addition, by solving the BSE equation on top of G0W0 approxi-

mation, the optical gaps, reflectance and transmittance spectra of the heterostructures are determined.

The calculated absorption spectra demonstrate that the spectral position and characteristics of the optical

transitions are altered depending on the heterojunction type. Furthermore, it is found that the interband

and intraband transitions in the GaP/GaSe heterostructures can also be monitored via their reflectance

and transmittance spectra.

1 Introduction

Following the appearance of graphene,1,2 two-dimensional
(2D) van der Waals structures have become one of the desir-
able classes of materials for optoelectronic applications,3–7

due to their potential advantages of being able to integrate
them in nano-sized devices8 and their scalable intrinsic
properties.9,10 So far, large-scale atomically thin forms of 2D
materials have been mostly synthesized by performing experi-
mental techniques such as mechanical exfoliation11–13 and
chemical vapor deposition.14–18

Among the semiconducting materials, the binary com-
pounds of group III–V elements have particularly been used in
light-based device applications19–25 over the last 50 years,
owing to their remarkable optical properties such as high
photoresponses,26,27 strong light emission,28,29 and high
carrier mobility.30–33 In addition, theoretical studies have
revealed that the 2D honeycomb structures of group III–V

binary compounds can be stabilized even in their free-standing
one-atom-thick form.34 However, in experimental conditions,
the cleavage of these compounds into the 2D form remains
challenging due to the covalent nature of their bulk counter-
parts, which has led researchers to develop more convenient
growth techniques for non-layered structures instead of tra-
ditional ones. However, a very recent study has reported that
2D ultra-thin single crystals of GaP, GaN, GaSe, InP and InSe
can be successfully synthesized.35 As a photonic material, bulk
and nano-sized GaP has been widely used in light-producing
applications due to its superior optical properties,36–40

however, studies on its atomically thin form, which has been
reported to be a wide band gap semiconductor, are still
insufficient.34,41 As a result of the rapid developments in the
field of ultra-thin materials, the search for their potential
applications continues rapidly.

Group III monochalcogenides are another group of 2D
materials composed of vertically aligned tetralayered slabs con-
taining pairs of metal and chalcogen atomic planes. Among
them, bulk GaSe is a semiconductor with a direct band gap of
2 eV which possesses nonlinear optical properties related to its
crystal symmetry.42,43 Thus far, various growth methods have
been reported for the large-scale synthesis of few-layer and
monolayer GaSe.44–48 It has been shown that decreasing the
layer number results in a direct-to-indirect band gap transition
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in GaSe being demonstrated.49,50 In addition, the band gap of
ultra-thin structures of GaSe can be modulated via compressive
or tensile strain.51,52 Various studies have demonstrated that
ultra-thin GaSe crystals can be integrated for a variety of device
applications such as optoelectronics, by virtue of their superior
features such as a high photoresponse,44,46,53 high piezo-
phototronic response,54 and large second-harmonic generation
intensity.55

Constructing van der Waals heterostructures of ultra-thin
materials is an efficient technique for obtaining desired elec-
tronic and optical properties.56–59 To date, the synthesis of
heterostructures composed of TMDs has been reported in par-
ticular. It has been shown that the combination of MoS2 and
WS2 single layers, forming a type II heterojunction, enables
ultra-fast hole transfer in less than 50 fs from the MoS2 to the
WS2 layer.60 Furthermore, interlayer exciton formation with a
long recombination life-time (∼1.8 ns) was demonstrated in a
MoSe2/WSe2 heterostructure as a consequence of the confined
electron and hole states within the separated layers,61 that
allows the material to be used in excitonic based devices.62–64

Moreover, the formation of a vertically aligned heterojunction
of few-layered GaSe and MoS2, which presents a wide-range
photoresponse to wavelengths between the visible and near-
infrared areas of the spectrum in the absence of applied
voltage, has been demonstrated.65 In addition, the structure
formed by the deposition of GaSe on graphene has been
shown to exhibit a fast photoresponse by preventing the for-
mation of trap states within the junction interface.66

The paper is organized as follows: details of the compu-
tational methodology are given in section 2, the single layer
forms of the GaP and GaSe crystals and their energetically
favorable heterostructures are investigated in terms of their
structural and vibrational properties in sections 3.1 and 3.2,
respectively, the electronic and optical properties of the hetero-
structures are discussed in section 3.2.2 and finally, the con-
clusions are given in section 4.

2 Computational methodology

First-principles calculations are employed based on density
functional theory as implemented in the Vienna ab initio simu-
lation package (VASP)67,68 in order to investigate the structural,
electronic, vibrational and optical properties of the GaP and
GaSe single-layers, and their vertical heterobilayers. Projector
augmented pseudopotential datasets are used for the effective
potentials of the core and valence electrons.69,70 Electronic
exchange and correlation interactions are obtained from the
generalized gradient approximation (GGA) of the Perdew–
Burke–Ernzerhof (PBE) functional.71 Van der Waals type weak
interactions are treated by introducing the DFT-D3 method
including the Becke–Johnson damping function.72 For better
approximation of the electronic band gaps, which are underes-
timated by bare DFT functionals, Heyd–Scuseria–Ernzerhof
(HSE06)73 and G0W0

74–76 corrections are applied including
spin–orbit coupling (SOC). To suppress the long-range inter-

actions between repeating layers, the lattice vector vertical to
the basal plane of the 2D structures was adjusted to 20 Å.

By using the automatic mesh method, the Brillouin zone
(BZ) was subdivided with a 10 × 10 × 1 Γ-centered k-point
mesh. The cut-off parameter for the kinetic energy of the
plane-wave basis set was taken as 400 eV. The volume of the
cell was optimized until the total pressure was less than 1
kbar. For phonon calculations, the electronic self-consistent
loop was carried out until the energy variation between the
consecutive steps became 10−8 eV. The cohesive energy per
atom (ECoh) was calculated using the equation below:

ECoh ¼
X
i

niEi � Ecrystal

" #
=

X
i

ni

" #
ð1Þ

where i refers to the atomic types and ni, Ei and Ecrystal stand
for the number of same type atoms per unit cell, the free
energy of the ith atom in a vacuum and the ground state
energy of the crystal structure per unit cell, respectively.

Phonon band dispersions are obtained utilizing PHONOPY
code that uses the small-displacement method to generate the
force constant matrix.77 The off-resonant first-order Raman
spectra are obtained by using the derivative of the dielectric
tensor with respect to the vibrational normal modes. Non-
analytical corrections to the longitudinal optical (LO) and
transverse optical (TO) phonon branches are applied via
density functional perturbation theory (DFPT) as implemented
in the QUANTUM ESPRESSO package.78 The non-relativistic
Martins–Troullier NORMCONS type pseudopotential79 in the
form of the PBE functional80 is used for the DFPT
calculations.

In order to investigate the optical properties, the complex
dielectric function is calculated in order to obtain the excitonic
effects by the implementation of the Bethe–Salpeter equation
(BSE)81,82 on top of the quasiparticle energies derived from
G0W0 approximation with the inclusion of SOC. In the G0W0

and BSE steps, the BZ is sampled with a k-point grid of 12 × 12
× 1 and the energy cutoff for the response function is taken to
be 150 eV. Since the long-range Coulomb interactions dramati-
cally affect the energy of the excitonic states, the vacuum
spacing is increased to 25 Å. For the calculations of the exci-
tonic states, the 8 uppermost occupied and 8 lowermost unoc-
cupied states are considered. The refractive index (n), extinc-
tion coefficient (κ), and absorption coefficient (α(w)) are calcu-
lated with the corresponding equations:

n ¼ 1ffiffiffi
2

p ðε1 þ ðε12 þ ε2
2Þ1=2Þ1=2 ð2Þ

κ ¼ 1ffiffiffi
2

p ð�ε1 þ ðε12 þ ε2
2Þ1=2Þ1=2 ð3Þ

αðwÞ ¼ ffiffiffi
2

p
ω½ðε1ðωÞ2 þ ε2ðωÞ2Þ1=2 � ε1ðωÞ�1=2 ð4Þ

where ε1 and ε2 are the real and imaginary parts of the
complex dielectric function, respectively, and ω is the angular
frequency. Reflectance (R(ω)) and transmittance (T (ω)) depend
on n and κ, and are defined as

Research Article Inorganic Chemistry Frontiers

2772 | Inorg. Chem. Front., 2021, 8, 2771–2781 This journal is © the Partner Organisations 2021

Pu
bl

is
he

d 
on

 3
1 

M
ar

ch
 2

02
1.

 D
ow

nl
oa

de
d 

by
 I

zm
ir

 Y
uk

se
k 

T
ek

no
lo

ji 
on

 5
/6

/2
02

2 
8:

51
:3

6 
A

M
. 

View Article Online

https://doi.org/10.1039/d1qi00187f


RðωÞ ¼ ðn� 1Þ2 þ κ2

ðnþ 1Þ2 þ κ2
ð5Þ

TðωÞ ¼ ð1� RðωÞÞ2e�αðwÞl; ð6Þ
where l denotes the thickness of the crystal. The exciton
binding energy is defined as the difference between the energy
of the optical transition and the energy of the fundamental
direct band gap between the bands of interest.

3 Results
3.1 Single layers of GaP and GaSe

In this section, the structural, electronic, and vibrational pro-
perties of GaP and GaSe single layers are investigated. As
shown in Fig. 1(a), GaP crystallizes in a low buckled honey-
comb structure where the atomic layers of Ga and P atoms lie
in different subplanes separated by a thickness of Δ. On the
other hand, single layer GaSe contains two Ga and two Se
atoms in a hexagonal primitive cell where the axially aligned
Ga atoms are surrounded by trigonally arranged Se atoms,
forming a tetralayered atomically thin slab in the array of Se–
Ga–Ga–Se. As listed in Table 1, the optimized lattice para-
meters (a = b) of the hexagonal unit cells, calculated to be 3.90
and 3.78 Å for the GaP and GaSe crystals, respectively, are in
good agreement with the previously reported theoretical,34 and
experimental83 results. In GaP, the buckling distance (Δ)
between adjacent atoms is 0.44 Å, and the bond length

between the Ga and P atoms is 2.29 Å. In GaSe, the distance
between the outermost Se atoms indicates that the thickness is
4.83 Å and the bond lengths of the neighboring Ga–Se and
Ga–Ga pairs are 2.48 and 2.45 Å, respectively. The calculated
cohesive energies per atom for GaP (3.19 eV) and GaSe (3.53
eV) are considerably lower than the reported values for gra-
phene, MoS2, and h-BN single layers.34,84,85 While the work
function is determined to be 5.64 eV for GaSe, due to the
buckled configuration in GaP, the work functions are found to
be 4.71 and 5.59 eV for the Ga and P sides, respectively.

As presented in Fig. 1(b), the electronic properties of GaP
and GaSe single layers are investigated in the framework of
electronic band dispersions through the whole BZ. It is seen
that GaP is a semiconductor with an indirect band gap of 2.72
eV, whose valence band maximum (VBM) and conduction
band minimum (CBM) are located at the K and Γ high sym-
metry points, respectively. In addition, the light and heavy
hole states at the edge of the Γ point have a split in energy of
about 83 meV due to SOC. On the other hand, GaSe is a quasi-
direct band gap semiconductor where both direct and indirect
transitions are allowed owing to the inverted Mexican hat
shaped dispersion of the VB around the zone center.
The VBM in GaSe resides between the Γ and K points and is
about 64 meV higher in energy than the band edge at the Γ
point. The indirect band gap of the structure is calculated to
be 2.93 eV. The SOC splitting at the Γ point is determined to
be 374 meV. The G0W0 quasiparticle band gaps (EQPs) are
calculated to be 3.68 and 3.81 eV for GaP and GaSe,
respectively.

Fig. 1 For the single layers of GaP (top) and GaSe (bottom): (a) top and side views of the atomic structures (the black arrows represent the lattice
vectors of the hexagonal primitive cell), (b) HSE06 and G0W0 calculated electronic band dispersions, and (c) phonon band dispersions including
Raman activity spectra. Red, blue and green colors represent Ga, P and Se atoms, respectively.
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The vibrational properties of the single layer structures are
investigated by calculating the phonon band dispersion and
first-order Raman activities (Fig. 1(c)). GaP possesses 3 optical
phonon branches. The mode at 145.4 cm−1 represents the
non-degenerate out-of-plane ZO mode which originates from
the anti-phase vibrations of the Ga and P atoms. The highest
optical mode, composed of the in-plane longitudinal optical
(LO) and transverse optical (TO) modes, is found to be degen-
erate at 415.6 cm−1; however, upon considering non-analytical
terms, the LO and TO modes show splitting (33 cm−1) which is
directly related to the polarity of the Ga–P bonds. According to
the Raman spectrum of GaP (see Fig. 1(c)), all optical phonon
modes display Raman activity in which the ZO mode is the
most prominent one. GaSe exhibits 6 optical branches, such
that 3 degenerate in-plane and 3 non-degenerate out-of-plane
modes are present. Two of the out-of-plane modes, namely A″1
and A′1 (at frequencies of 124.6 and 307.1 cm−1, respectively)
and two of the in-plane E″ and E′ modes at 203.8 and
209.2 cm−1, respectively, are determined to be Raman active.
While A″1 arises from the anti-phase oscillation of the upper
and lower Ga–Se pairs, the A′1 and E″ modes appear with the
inverse motion of each atomic plane. On the other hand, the
E′ mode represents the opposite stretching of the Ga and Se
atoms. The Raman activity of the in-plane modes is relatively
weak compared to the out-of-plane modes. Our results reveal
that the non-analytic correction leads to a break in the degen-
eracy of E′ at the Γ point where the in-plane LO and TO modes
split with a frequency of 34 cm−1, and lie at 237 and 203 cm−1,
respectively.

3.2 Vertically stacked vdW heterostructures of GaP and GaSe

3.2.1 Structural and phononic properties. In this section,
the possible vertical stacking types are investigated to obtain
the ground-state configurations of the GaP/GaSe heterobilayer
structures. Depending on the buckled structure of GaP, it is
essential to consider both situations where Ga or P atoms
directly interact with the GaSe layer. Accordingly, we found
that 12 different stacking orders are possible between the
single layers, as represented in Fig. S1.† While in the group of
AA, AA′, AB, AB′, AC and AC′ stacking orders, GaP interacts
directly through the Ga atoms with GaSe, their transposed
structures of ATA, ATA′, ATB, ATB′, ATC and ATC′ occur with the
displacement of buckled Ga atoms with P. The structural
optimizations, performed for each type of heterojunction,
result in the same lattice parameter of 3.84 Å. Here, the crystal

lattices of the GaP and GaSe structures are exposed to biaxial
compressive and tensile strains of 1.54% and 1.59%, respect-
ively, as a consequence of their vertical stacking. As shown in
Fig. 2(a), AA′ stacking, where Ga atoms reside closer to the top
Se atoms, is calculated to be the ground-state configuration as
a result of the strong interaction between Ga–Se pairs. As
listed in Table 2, the binding energy between the individual
layers is 259 meV per unit cell in AA′. When we consider the
cases where the P atoms reside closer to the interface, the ATB′
type stacking order is favoured, with a 52 meV higher energy
per unit cell than AA′. The interlayer distances (the distance
between the uppermost Se and lowermost Ga (P) atomic
planes) in the heterobilayers are found to be 2.98 and 3.04 for
AA′ and ATB′, respectively.

The stability and the vibrational properties of the AA′ and
ATB′ heterobilayers are investigated in terms of the phonon
spectrum. As presented in Fig. 2(b), each structure is free from
any negative phonon branches through the whole BZ, indicat-
ing the stability of each stacked heterobilayer. Obviously, the
overall dispersion characteristics of both heterostructures are
similar. In AA′ stacking, the frequency of the highest optical
phonon branch, corresponding to the LO–TO mode in GaP, is
about 9.7 cm−1 lower than that of ATB′, since the increased
buckling distance, depending on the strong interlayer inter-
actions, weakens the bond strength between the Ga–P pairs. In
addition, the splitting in the LO–TO modes of the
individual layers reduces with the formation of
heterobilayers. This is attributed to the fact that the strong
interlayer coupling alters the charge distribution at the inter-
face, which leads to a decrease in the ionic character of the
heterobilayers.

The Raman spectra of the heterobilayers are presented in
Fig. 2(c) to analyze how the vibrational characteristics vary
depending on the stacking order. Within the low-frequency
region (between ∼0–60 cm−1), ATB′ displays 3 main peaks. The
first two peaks, located at 23.1 and 39.4 cm−1, correspond to
the non-degenerate shear mode (SM) and doubly degenerate
layer breathing mode (LBM) which originate from the in-plane
and out-of-plane rigid body motions of the individual layers,
respectively. The third one at 53.1 cm−1 is composed of the
anti-phase motion of the Ga–Se pairs coupled with the GaP
layer along the basal plane. In the case of AA′, the SM
decreases to 21.9 cm−1, and the LBM vanishes; moreover the
mode at 52.8 cm−1 is lower in frequency but more prominent
compared to that of ATB′. The Raman intensity enhancement

Table 1 Calculated parameters of the GaP and GaSe single-layer structures in the ground state: lattice parameters of the primitive cell, a = b; bond
lengths between Ga and X atoms (X = P or Se), dGa–X; bond length between Ga atoms, dGa–Ga; slab thickness, t; buckling distance, Δ; cohesive
energy per atom, ECoh; charge transfer to P or Se atoms, Δρ; work function, Φ; electronic band gaps calculated using the GGA functionals corrected
with SOC + HSE06, EHSE06

gap , and SOC + G0W0, EG0W0
gap , with high symmetry points indicating where the valence (VBM) and conduction band (CBM)

edges are located; LO–TO splitting at the Γ-point, ΔLOTO, exciton binding energy of the first excitonic transition, Eexc

a=b (Å) dGa–X (Å) dGa–Ga (Å) t (Å) Δ (Å) ECoh (eV) Δρ (e−) Φ (eV) EHSE06
gap (eV) EG0W0

gap (eV) ΔLOTO (cm−1) Eexc (eV)

GaP 3.90 2.29 — — 0.44 3.19 0.7 4.71–5.59 2.72/K–Γ 3.68/K–K 33 0.95
GaSe 3.78 2.48 2.45 4.83 — 3.53 0.6 5.64 2.93/ΓK–Γ 3.81/ΓK–K 34 0.65
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in AA′ arises from the strong interlayer coupling that increases
the polarizability of the structure.

In the range of 100–350 cm−1, the spectrum is mostly domi-
nated by the characteristic Raman active modes analogous to
those of the single layers. The most intense and prominent
peak of each spectrum is the ZO mode of GaP at frequencies of
186.9 and 168 cm−1 for the AA′ and ATB′ stacking orders,
respectively. It is evident that the most precise way to identify
the stacking type is directly related to the peak position of the
ZO mode. In the AA′ stacking order, the A″1 mode is located at
126.3 cm−1, and is slightly red-shifted to 124.3 cm−1 in ATB′. In
contrast, the A′1 mode is found at 299.1 cm−1 in AA′ and is
blue-shifted to 300.2 cm−1 in the case of ATB′. The peaks
located at 232.9 and 234.8 cm−1, stemming from the out-of-
plane motion of the Ga–Se pairs, are seen only for the hetero-
bilayer structures. Since the peak is considerably more intense
in the case of AA′, it can be utilized for the detection of the
heterostructure type. The low-intensity peaks at 199.4 and
199.1 cm−1 are equivalent to the E″ mode in AA′ and ATB′,
respectively. The E′ mode is only observable in ATB′ at a fre-
quency of 205.5 cm−1. Another distinguishable Raman mode
based on the stacking configuration is the highest frequency
mode that represents LO–TO vibrations in GaP, which is
located at 421.8 and 431.5 cm−1 for AA′ and ATB′, respectively.
Note that each out-of-plane mode arises when the oscillations
in individual layers can slightly couple with neighboring
layers, whereas the same conclusion is absent for the in-plane
modes. Herewith, we conclude that Raman spectroscopy is an
efficient tool to confirm the presence of the GaP/GaSe hetero-
structure and detect the type of stacking configuration.

3.2.2 Stacking dependent electronic and optical properties.
As presented in Fig. 3, the electronic properties of the GaP/
GaSe heterobilayer vary in the AA′ and ATB′ stacking types,
since the asymmetric charge distribution within the atomic
planes of GaP enables the alteration of the band alignment
according to the buckling orientation of GaP on GaSe. The
overlapped electronic states at the interface of AA′ type stack-
ing results in the formation of a type-II heterostructure where
the VB and CB possess the dispersion characteristics of GaP
and GaSe, respectively. The heterostructure is a direct semi-
conductor with a EQP of 1.78 eV at the Γ point. Differing from
the electronic structure of GaP, the VBM is located at the Γ
point, since the shrinkage in the lattice of GaP shifts the VB at
the K point to lower levels. On the other hand, ATB′ type stack-
ing forms type-I band alignment where the VB and CB reside
in the GaSe layer. For this heterojunction, EQP is calculated to
be 2.70 eV.

Electronically, GaP/GaSe heterostructures, which have quite
different properties from their components, can be expected to
exhibit unique properties in terms of their optical character-
istics. Therefore, it is important to understand the absorption,
transmission, reflectance and excitonic effects that will occur
as a result of the interactions of these possible GaP/GaSe
heterostructures with light.

As shown in Fig. 4(a) by the dashed red lines, the quasipar-
ticle bandgaps of the GaP and GaSe single layers are 3.68 and

Fig. 2 Top and side views of the optimized atomic structures of AA’
and ATB’ type stacking configurations. (b) Phonon band structures and
(c) calculated first order Raman spectra of the considered stacking
orders.

Table 2 For the AA’ and ATB’ stacking configurations of the GaP/GaSe
heterobilayers: band alignment type; lattice parameters, a = b; interlayer
distance, d∥; buckling distance in the GaP layer, Δ; binding energy
between layers per unit cell, Ebinding; electronic band gaps calculated
within the GGA functional corrected with SOC + G0W0 approximation
with high symmetry points where the valence (VBM) and conduction
band (CBM) edges are located; exciton binding energy, Eexc

Type
a = b
(Å)

d∥
(Å)

Δ
(Å)

Ebinding
(meV)

EG0W0
gap

(eV)
Eexc
(eV)

AA′ II 3.84 2.98 0.55 259 1.78/Γ–Γ 0.35
ATB′ I 3.84 3.04 0.51 207 2.70/ΓK–M 0.52
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3.81 eV, respectively, and their absorption band edges lie
within the range of near-UV, indicating the presence of
strongly bonded electron and hole pairs. It is apparent that
single layer GaP exhibits several bound exciton states in the
higher energy portion of the visible spectrum. The first peak at
2.73 eV that exhibits the highest oscillator strength corres-
ponds to the optical transition between the band edges at the
K point with a large exciton binding energy (Eexc) of 0.95 eV,
which is quite close to that reported for single layer MoS2
(∼1.0 eV)86 and higher than those of black phosphorus (0.70
eV),87 antimonene (0.8 eV) and arsenene (0.9 eV).88 In
addition, the higher energy peaks at 3.21 and 3.29 eV can be
attributed to optical transitions from the heavy and light hole
states at the Γ point, respectively, while the peak at 3.06 eV
may arise from the direct transitions occurring at the M point
or nesting regions.89 Further characterizations are necessary to
clarify the origins of the excitonic transitions in GaP. In the
case of the single layer GaSe crystal, the two optical absorption
peaks within the UV-A region consist of excitons originating
from band-to-band transitions near the zone center or saddle
points in between the Γ–M line.90 Two main excitons are
identified within the first absorption peak, such that the tran-
sition at 3.30 eV indicates the optical gap, while the second

exciton at 3.37 eV is assigned to the first absorption peak
because of the stronger oscillator strength. This result is in
good agreement with the experimental study, which demon-
strates an optical band gap of about 3.30 eV for a graphene-
supported single layer of GaSe.91 The Eexc for the lowest
exciton, derived from the topmost band-to-band direct tran-
sitions near the Γ point,92 is calculated to be about 0.65 eV.

In addition, for AA′ stacking, one can expect interlayer
exciton formation as the charge carriers are spatially separated
due to the localization of the electron and hole states in adja-
cent layers of GaSe and GaP, respectively. The absorption spec-
trum of the AA′ stacked heterobilayer displays two electronic
transitions below the band edge at 1.41 and 1.48 eV. These
peaks are attributed to the interlayer excitons composed of the
transitions from the spin split states at the Γ point to the con-
duction band edge, with an identical Eexc of 0.38 eV. Due to
the spatially independent character of the electron and hole
states the oscillator strengths of such transitions are quite
small. However, in the case of ATB′, the intense absorption
peak at 2.65 eV obviously stems from the electronic transition
that takes place in the GaP component of the heterostructure.
Consequently, the oscillator strength of this electronic tran-
sition, which implies the formation of spatially direct excitons
in ATB′, is significantly stronger compared to interlayer tran-
sitions in AA′. The Eexc for the corresponding peak is 0.52 eV,
which is smaller than that of the isolated GaP layer due to the
increased screening with the heterobilayer formation.93

As shown in Fig. 4(b), the optical transitions are also obser-
vable from the reflectance spectra of the single layers. These
exciton related reflections in GaP are found to be higher in
intensity compared to previously reported results for mono-
layer MoS2.

94 The same conclusion is observable for the GaP
and GaSe structures since the relatively higher oscillator
strengths of optical transitions in GaP lead to stronger reflec-
tions. It is also seen that the maximum reflection, about 42%,
appears from the lowest energy excitonic state in GaP, while in
GaSe, the highest reflectivity values, about 27%, are observed
from the optical transitions closest to the absorption band
edge. Moreover, it is found that the reflectance and transmit-
tance spectra distinctly vary depending on the stacking type.
The reflection is significantly lower below the absorption band
edge of AA′, which is in contrast with ATB′ in which the most
prominent reflection peak originates from the optical tran-
sition with a rate of 37%. In both structures (Fig. 4(c)), the
transmission rate is about 80–85% within the lower energy
portion of the visible spectrum and starts to decrease gradually
until a sharp drop is caused by the first optical transition.
Moreover, the excitonic transitions in these single layer crystals
can also be monitored from their transmittance spectra. In the
transmittance spectrum of AA′, the first two exciton-induced
small dips are easily detectable before the sharp drop due to
the absorption by bound electrons. On the other hand, the
transmission in ATB′ exponentially drops until the excitonic
state completely prevents the light transition through the
medium. Obviously, depending on the stacking type between
the GaP and GaSe layers, the electronic behaviors inside the

Fig. 3 Electronic band dispersions of the AA’ and ATB’ type stacking
configurations of GaP/GaSe heterostructures calculated with the HSE06
functional and G0W0 approximation.
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heterostructures vary and consequently this causes the for-
mation of their distinctive electronic and optical features com-
pared to their individual layers.

4 Conclusions

In summary, by means of density functional based ab initio
calculations, we have investigated the vibrational and optical
characteristics of vertically stacked bilayer heterostructures
composed of GaP and GaSe single layers. Phonon calculations
have revealed that the corresponding single layers are able to
form a dynamically stable crystal environment. We showed
that the alignment of the energy states at the interface varies
depending on the buckling orientation of GaP on top of GaSe,
which induces the formation of type-II or type-I heterojunc-
tions that possess direct and indirect band gaps, respectively.
Moreover, each stacking type is found to be distinguishable via
Raman spectroscopy owing to the significant spectral differ-
ences related to the interlayer interactions. The optical pro-
perties, determined by the inclusion of electron–hole inter-
actions and excitonic effects, revealed that the type-I and type-
II heterostructures display distinctive excitonic absorptions

associated with intraband and interband excitations. In
addition, these transitions are found to be easily detectable
from the transmittance and reflectance spectra of the corres-
ponding heterostructures. We believe that GaP/GaSe heterobi-
layers demonstrate remarkable properties for use in future
photonic and optoelectronic applications.
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(ℏω). The red dashed lines in the absorption spectra refer to the quasiparticle band gaps. The scale bar represents the portion of the electromagnetic
spectrum in the range between the near-infrared and near ultraviolet regions.
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