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Two-dimensional (2D) layered III-VI semiconductors such as GaSe have attracted a lot of attention in recent
years. Bulk GaSe consists of stacks of layers held together by weak interlayer interaction generally assumed
to be of van der Waals type. However, proper justification of this assumption has been lacking in the reported
studies. In this paper, we explore in detail the interlayer coupling in GaSe by studying lattice dynamics using
first-principles density functional theory. Our study strongly suggests that contrary to common assumption, the
contribution of Coulomb interaction in interlayer coupling can be significantly higher than that of van der Waals
interaction in GaSe and other similar 2D layered semiconductors. The suggested predominance of electrostatic
over van der Waals interaction in interlayer coupling may have important implications for various physical
properties of GaSe and related layered semiconductors. Further, we study polarized Raman spectra, infrared (IR)
activities, mode symmetry assignments, and Born-effective charge tensors for bulk GaSe polytypes (B, €, y).
The Raman mode intensities are calculated for different light polarization setups and signature Raman and IR
active modes are identified for each GaSe polytype (structure). In addition, the influence of film thickness and
strain on Raman and IR mode frequencies and intensities of GaSe are explored and compared with available

experiments.
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I. INTRODUCTION

The discovery of graphene and its remarkable properties
have generated tremendous interest in two-dimensional (2D)
layered van der Waals (vdW) semiconductors in the last
decade [1-9]. In particular, 2D layered III-VI semiconductors
in the MX (M = Ga, In and X =S, Se, Te) family have been
found highly promising for the applications in optoelectronic,
photovoltaic, nonlinear optical and terahertz (THz) generation
devices [10-18]. Atomically thin GaSe nanosheets prepared
by exfoliation have been found as a promising material for
high performance photodetectors [10]. Recently, the trans-
port characteristics of field effect transistor (FET) based on
a single sheet of GaSe and GaS have been demonstrated [19].
The van der Waals heterostructures of GaSe with other 2D
systems such as graphene, InSe, etc., have also attracted a
lot of attention as these can be exploited to fabricate de-
vices with tunable optoelectronic properties with enhanced
functionalities [12,13,20-22]. Furthermore, direct epitaxy of
vdW heterostructures has been suggested to be ideal for clean
interlayer interfaces and scalable device fabrication [14].

The crystal structure of bulk GaSe consists of stacks of
layers held together by weak interlayer coupling. In general,
the layered compounds consist of structurally identical layers
held together by highly anisotropic bonding forces. The forces
between the layers are quite weak as compared to forces
within the layers. In most of the reported studies, the weak
interlayer forces have generally been assumed to be of van der
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Waals (vdW) type. However, this has been a common assump-
tion and no proper justification has been provided in reported
studies to the best of our knowledge. Nevertheless, it has also
been suggested that the interlayer interaction in GaSe may
contain an ionic or Coulomb contribution [23]. The proper
understanding of interlayer forces in GaSe and other related
III-VI layered semiconductors is important since various
physical properties are critically influenced by the coupling
between the layers. Therefore, in this paper, we carry out a
detailed study of the relative contribution of Coulomb (elec-
trostatic) and van der Waals interaction between the layers in
bulk GaSe using first-principles density functional theory. The
presented results strongly suggest that the Coulomb interac-
tion may indeed play a predominant role in coupling between
the layers. Furthermore, contrary to the common assumption,
the contribution of the interlayer Coulomb interaction may be
significantly higher than that of van der Waals interaction.
The bulk GaSe has been reported to exist in different poly-
types or structures (such as 8, ¢, y) with global hexagonal
symmetry. These polytypes differ from each other depending
on the way GaSe layers stack on top of each other [23-26]. In
principle, GaSe polytypes may be identified using powerful
nondestructive characterization tools such as Raman and/or
infrared (IR) spectroscopy which have been widely used to
study dynamical and structural properties in material systems
[27,28]. Over the years, several studies of identification of
stacking sequence (polytypism) in few-layer graphene and
MoS; using Raman spectroscopy in the low-frequency range
have been reported [29-32]. Recently Lim er al. [16] have
reported a study of identification of stacking sequences for
trilayer GaSe using low-frequency (below ~20cm™') Raman

©2021 American Physical Society


https://orcid.org/0000-0002-4417-5107
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.195437&domain=pdf&date_stamp=2021-05-26
https://doi.org/10.1103/PhysRevB.103.195437

MANISH K. NIRANJAN

PHYSICAL REVIEW B 103, 195437 (2021)

spectra. However, it may be noted that the identification of
stacking sequences (polytypism) in bulk phases or thick sam-
ples using low-frequency Raman spectra can be extremely
challenging.

Over the years, several experimental Raman and few IR
studies of the GaSe system have been reported due to its
technological importance. However, to best of our knowledge,
no comprehensive polarized Raman and IR studies of the
aforementioned bulk GaSe polytypes (8, ¢, y) and few-layer
GaSe have been reported [33]. Theoretical Raman and IR
studies are particularly important and offer advantage as these
can be used (1) to assign symmetry labels to Raman, IR, as
well as silent modes, and (2) to identify the signature Raman
and/or IR active modes which may be unique to bulk GaSe
polytypes (B, €, y) and few-layer GaSe. It may be noted
that using experimental data, the symmetry assignment to
all the modes for bulk structures (polytypes) may be quite
challenging since the samples often may contain a mixture
of more than one polytype in different proportions. Theoret-
ical studies can also be used to systematically explore the
intrinsic variation (blueshift and/or redshift) of Raman and
IR mode frequencies and intensities as a function of film
thickness and other factors such as strain (uniaxial, biaxial),
doping, external field, etc. [27,28,34,35]. Therefore, in this pa-
per, we also perform a detailed comprehensive first-principles
theoretical study of (1) Polarized Raman and IR spectra as
well as mode symmetry assignments for bulk GaSe polytypes
(B, €, ), (2) variation of mode frequencies and intensities
as a function of number of layers of ultrathin GaSe films,
and (3) variation of mode frequencies and intensities of single
layer (1L) GaSe due to strain. The polarized Raman spectra
are obtained for different polarization directions of incoming
and scattered light. The results presented in this study may
be expected to serve as reference first-principles theoretical
results for comparison with available experimental data and
for further analyses.

The remainder of this paper is organized as follows. The
theoretical and computational methodology are presented in
Sec. II. The crystal and electronic structures of bulk 8-, ¢-,
y-GaSe are reviewed in Sec. IIl A. The nature of interlayer
coupling is discussed in Sec. IIIB. The polarized Raman
and IR spectra of bulk B-, e-, y-GaSe are presented in
Sec. IIIC. The influence of strain and thickness on Raman
and IR modes/intensities of few-layer GaSe are presented in
Secs. III D and IIT E. Finally, the conclusions are presented in
Sec. IV.

II. THEORETICAL DETAILS
A. Computational methodology

The first-principles calculations are performed within the
framework of density functional theory (DFT) [36] and den-
sity functional perturbation theory (DFPT) as implemented
in the VASP package [37]. The interaction between core
and valence electrons is approximated using the projected
augmented wave (PAW) method [38]. The Kohn-Sham single-
particle orbitals are expanded using a plane wave basis set
with a kinetic energy cutoff of 500 eV or higher. The local
density approximation (LDA) is used to describe exchange-

correlation (xc) interactions [39]. In addition, the results
are also compared with those obtained using xc approxi-
mations such as PBE [40], PBEsol [41], mBJ (meta-GGA)
[42] and HSEO6 [43]. The interlayer van der Waals in-
teractions are included using dispersion interaction based
DFT + D3 scheme [44]. The Brillouin zones of bulk GaSe
is sampled using Monkhorst-Pack 16 x 6 x 4 k meshes or
higher. Self-consistency in the calculations is achieved by
allowing the total energies to converge up to 1078 eV /cell.
The atomic coordinates and lattice parameters are relaxed
until the largest force on each atom is reduced to less than
0.001 eV/A. The single- and few-layer GaSe films are simu-
lated using a periodic slab geometry with ~20-50-A vacuum
region. The 2D Brillouin zones of slabs are sampled using
Monkhorst-Pack 16 x 16 x 1 k meshes. The parameters such
as zone-center phonon frequencies, dielectric permittivity ten-
sors, Born-effective charge tensors, etc., are calculated using
the linear response scheme with the iterative Green’s function
approach for density functional perturbation theory [37]. The
Raman mode intensities are calculated from the dynamical
matrices and derivatives of the dielectric constant tensors
[37,45]. The phonon frequencies and eigenvectors are com-
puted following the diagonalization of the dynamical matrices
constructed from the Hellmann-Feynman forces in the unit
cell. The dynamical matrices are computed for both positive
and negative atomic displacements (0.01 A). The dielectric
tensors are computed using density functional perturbation
theory for both positive and negative atomic displacements in
the unit cell. The derivatives of the dielectric constant tensors
are calculated using the finite difference approach.

B. Raman tensors and intensities

The Raman intensity spectra are calculated using the
Placzeck scheme [46]. In this scheme the first-order nonres-
onant Stokes differential Raman cross section for the mth
phonon mode can be expressed as [27,46—49]

A S
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where v, is the frequency of the mth phonon mode of the
crystal; v; and v, are the the frequencies of the incoming
and the scattered light, respectively. €; (€;) is the polarization
or unit vector of the electric-field direction for the incident
(scattered) light. nfn = (e"n/%sT _ 1)~ ig the Bose-Einstein
statistical factor for the mth phonon mode. V, N, and c are
the volume of the primitive unit cell, number of primitive
unit cells in the sample, and the speed of light, respectively.
The frequencies of incident and scattered light are related as

vy = v; & vy, due to energy conservation. A,, is the symmetric
(3 x 3) tensor for the mth phonon mode and can be evaluated
as

4 0w M,

where % is the electronic permittivity tensor, ry, is the
displacement of the t¢h atom in the « direction, M, is the
mass of atom 7, and U,,(ta) is the orthonormal vibrational
eigenvector of the mth mode. Finally, using the Lorentzian
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FIG. 1. (a) The hexagonal unit cells of bulk 8-, ¢-, and y-GaSe.
(b) Side and top view of bulk S-GaSe. The bigger red and smaller
blue balls are Ga cations and Se anions respectively.

line shape and T, as damping coefficient of the mrh mode,
the Raman intensity spectrum can be computed as

1) = Zlm

In our calculations, we have used A; =532 nm, T =
300K,and T, =2 cm™!.
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C. Infrared intensities

The Infrared intensity associated with the mth phonon
mode can be expressed as [5S0-52]
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where Z_ is the Born-effective charge tensor of atom 7 and
U,,(t B) is the eigenvector of the mth mode. The IR intensity
spectrum can be obtained using an appropriate Lorentzian line
shape as given in Eq. (3).

III. RESULTS AND DISCUSSION

A. Crystal and electronic structure

In this section, we briefly review the crystal and elec-
tronic structures of bulk GaSe. As shown in Fig. 1, the bulk
GaSe crystal structure consists of stacks of layers held to-
gether by weak interlayer coupling. It is usually assumed
that the weak forces between the layers are primarily con-
tributed by the van der Waals interactions and possibly by
minor Coulomb interactions. However, as mentioned earlier

in Sec. I, no proper justification for this assumption has been
reported to the best of our knowledge. Each GaSe single layer
itself consists of covalently bonded four atomic layers in the
Se-Ga-Ga-Se sequence. The Ga cation is bonded to another
similar Ga and to three Se anions in the tetrahedral coordi-
nation. The Se anions are placed in a hexagonal arrangement
at two surfaces. Further, each Se anion is bonded to three Ga
cations below within the layer (See Fig. 1). The Ga cations
and Se anions have coordination numbers 4 and 3, respec-
tively. Over the years, different polytypes (8, ¢, y) of GaSe
having global hexagonal symmetry have been reported [24].
These polytypes differ in the way the Se-Ga-Ga-Se layers
stack on top of each other. The structures of 8- and e-GaSe
have two-layer hexagonal stacking sequences. Likewise, the
y-GaSe structure has a three-layer hexagonal stacking se-
quence. In principle, an infinite number of stacking sequences
are possible, provided that an anion is never in the same
site with its closest cation nor with the adjacent-layer anion.
Figure 1(a) shows the unit cells of bulk g-, e-, y-GaSe. As
can be seen, the unit cells are similar in projection onto the
hexagonal plane but differ in the number and lateral placement
of stacked double layers. Figure 1(b) shows the side and top
views of the bulk B-GaSe. The y-GaSe unit cell is shown
in the hexagonal setting in Fig. 1(a), though its primitive
cell is rhombohedral. Table S-1 of the Supplemental Material
[53] shows the space groups and Wyckoff positions of three
GaSe structures. The lattice parameters and atomic positions
of relaxed unit cells of 8-, e-, y-GaSe computed using LDA,
PBE, PBEsol, PBE+D3, and PBEsol+D3 schemes are listed
in Tables S-2—S-4 [53], respectively. As can be seen, the lattice
parameters and atomic positions computed using LDA are in
reasonably good agreement with the experiments. Recently,
using different xc functionals, Srour et al. [54] have reported
a detailed comparative study of optimized crystal parameters
and electronic structure of GaSe polytypes. In their study, it
was suggested that the PBEsol xc scheme can be expected to
perform reasonably well without any additional inclusion of
the dispersion interactions (DIs). On the contrary, the combi-
nation of PBEsol with the D3 and also with D3(BJ) schemes
tend to overbind, which results in underestimation of a and
¢ (~1-2%) lattice parameters [54]. However, as can be seen
in Table S-2 [53], the LDA approximation also performs rea-
sonably well without any additional inclusion of dispersion
interactions (DIs) such as DFT-D3. Furthermore, the LDA
functional has been found to provide excellent description of
other well-known 2D systems such as MoS,, WS, [55,56],
h-BN [57], graphene/h-BN heterostructures [58]. Therefore,
in the present study, we have chosen LDA to study Raman
intensities of GaSe for different light polarization setups.

The band structure of bulk g-GaSe along the high sym-
metry directions in the Brillouin zone is shown in Fig. S-1
[53]. The band structures for 1L and 2L of GaSe films are
also shown in Fig. S-1 [53]. As expected, the main features in
electronic structures of bulk as well few-layer GaSe are due to
hybridization between orbitals of Ga and Se atoms within the
layer. The valence band is primarily comprised of Ga-4p and
Se-4p orbitals. The bands at ~14 eV and ~7 eV below the
valence band maximum (VBM) are primarily contributed by
Se-4s and Ga-4s orbitals respectively. For the bulk S-GaSe,
the VBM and conduction band minimum (CBM) are at I" and
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M point respectively. The band gap for the bulk g-GaSe is
found to be indirect with magnitude ~0.87 eV (LDA). The
direct band gap with VBM and CBM at the I" point is found
to be ~0.90 eV (LDA). As expected, the band gaps computed
using LDA and/or GGA are underestimated as compared to
the experimental GaSe band gap of ~2.1 eV [59,60]. The
band gaps computed using mBJ (meta-GGA) and HSE06 xc
functionals are found to be 1.87 and 2.02 eV, respectively, and
are in reasonable agreement with the experiments. The band
gaps computed using PBE, PBE+D3, PBEsol, PBEsol+D3
are also listed in Tables S-1-S-3 [53]. The variation of band
gap with increasing number of layers in GaSe films is shown
in Fig. S-2 [53]. The computed band gap is highest for sin-
gle layer (1L) thickness with magnitude of ~2.2 eV (LDA),
~3.8 eV (HSE06), ~3.5 eV (mBJ). Further, for 1L thickness,
the band gap is direct with VBM and CBM at the I point.
The variation of GaSe band gap with increasing number of
layers is consistent with that reported for similar systems such
as InSe [61]. The electronic structure of ¢- and y-GaSe struc-
tures are found to be qualitatively similar to that of B-GaSe.
Overall, the computed electronic structure of GaSe polytypes
are consistent with those reported in earlier ab initio studies
[54,62-64].

B. Nature of interlayer coupling in GaSe

Next, we study the lattice dynamics of bulk B-GaSe and
thereby the relative contribution of electrostatic and van der
Waals forces in interlayer interaction in GaSe. The B-GaSe
polytype is particularly important because of the inversion
center located on the midplane between layers which renders
Raman and IR active modes mutually exclusive. The crystal
structure of $-GaSe is hexagonal with P63/mmc (no. 194)
space group symmetry. The unit cell consists of eight atoms in
two layers and each layer consists of four atoms in Se-Ga-Ga-
Se sequence along [001] direction (see Fig. 1). The symmetry
of the 21 optical phonon modes at the zone center (I" point)
may be classified according to the irreducible representation
of Dgp, point group as

I'= A2u D Elu @ 2E2u ® 2A1g ® 2E1g ® 2E2g
@ 2B, @ 2B, )

The Raman and IR-active modes are mutually exclusive
and may be represented as

Raman = 2A1g@2E1g®2E2g, IR EAZu @Elu. (6)

The A, and A, modes are nondegenrate and correspond
to out-of-plane (along z or ¢ direction) atomic vibrations. On
the other hand, Eg, Ey,, and Ey, are doubly degenerate and
corresponds to in-plane (x-y or basal plane) atomic vibra-
tions. The rest of the modes are optically inactive (silent).
The subscripts g and u indicate even (symmetric) and odd
(antisymmetric) modes respectively. The computed relative
directions of atomic displacements for these modes are shown
in Fig. 2. Due to interlayer interaction, different layers in
GaSe behave nearly isolated weakly interacting monolayers.
Since there are two layers in the 8-GaSe unit cell, the weak
layer-layer interaction results in splitting of two degenerate
normal modes (in monolayer approximation), into a pair of
nondegenerate normal modes. It may be noted that in full
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FIG. 2. The displacements of atoms in the unit cell for conjugate
modes in B-GaSe. Modes in each bracket are conjugate mode pair.
The bigger red and smaller green balls are Ga cations and Se anions
respectively.

monolayer approximation, the interaction between the layers
is assumed to vanish. The pair of monolayer modes spilt by
weak interlayer interaction may be referred to as conjugate
modes [23] and are shown in Fig. 2. The conjugate modes
differ from each other by an interlayer phase shift of 180°
due to inversion center between the layers. As can be seen
in Fig. 2, for each pair of conjugate modes the vibrational
displacements of the adjacent layer are out of phase in one
mode and in phase in the other mode. The computed fre-
quencies of Raman, IR, and silent modes along with their
symmetry assignments are listed in Table I. As evident, the
computed frequencies of most of the modes are in good
agreement with the experiments [23,25,26,65]. The computed
(LDA) frequencies of Raman modes of §-GaSe (with opti-
mized cell volume) are found to be 19.2cm™ (E3,), 57.4 cm'™
(Ellg), 133.4cm’! (A}g), 210.1cm! (Efg), 215.2cm’! (Ezlg),
309.6cm’! (A% g). The transverse-optical (TO) IR-active mode
frequencies are found to be 215.4cm™ (E}) and 239.3 cm™!
(A%u). The degeneracy in the Elzu mode is lifted due to long-
range Coulomb interaction which results in a longitudinal
optical (LO) mode at ~249.6cm™ in addition to a transverse
optical (TO) mode at 215.4cm’!. The Raman mode frequen-
cies of f-GaSe with (experimental cell volume), computed
using LDA, PBE, PBEsol, PBE-D3, PBEsol-D3 are listed in
Table S-5 [53]. The frequencies shown in Table I are ob-
tained using LDA and with cell volume optimized using LDA.
On the other hand, frequencies shown in Table S-5 [53] are
obtained using various xc functionals and with cell volume
fixed to experimental value. As can be seen in Table S-5 [53],
the frequencies computed using PBE scheme are in better
agreement with experiments as compared to those computed
using LDA and PBEsol schemes. Further, the inclusion of
van der Waals interaction in the PBE4+D3 scheme slightly
improves the accuracy of computed mode frequencies. It may
be noted that excellent agreement between LDA computed
frequencies shown in Table I and experimental values may
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TABLE 1. Frequencies (cm™') of Raman, IR, and silent modes
with their symmetry assignments for bulk 8-GaSe. The theoretical
frequencies are computed for optimized unit cell and using LDA
approximation.

Act. Theory  Expt®  Exp  Expt®  Exptd

EZ, R 92 191 20 195
Ellg R 57.4 60.1 60 60.1 59
Aig R 1334 134.6 134 134.3 134
E]Zg R 210.1 249
Ezlg R 215.2 213.1 211 214.0 213
A%g R 309.6 307.8 309 308.0 308
E2  1(TO) 2154 2139

1(LO) 249.6 250 252.1
A, I 2393 237
B, .. 36.5
El . 55.0
B .. 128.5
E, .. 210.2 211.9
Bl 246.1
B? 310.2

lu

4Reference [23].
bReference [25].
‘Reference [26].
dReference [10].

be partially due to the favorable frequency shift caused by
the compressive strain. The LDA optimized cell volume is
smaller by ~3.3% as compared to experimental cell volume
(see Table S-2 [53]). Furthermore, one may also note that
computed mode frequencies correspond to temperature 7 ~
0K, whereas the experimental frequencies (in Tables I and IIT)
correspond to temperature 7 ~ 300K. A decrease in fre-
quency of ~1cm! for mode A}, (~134cm™) and ~2 cm" for

mode A7, (~309cm™) may be expected for the temperature
increase from ~0 K to ~300 K. However, an almost neg-
ligible frequency shift is expected for mode Ezzg (~20cm™)
[66]. The temperature dependent frequency shift is attributed
to anharmonicity arising from phonon-phonon coupling and
three-phonon processes.

As can be seen in Table I, except for mode Elzg, the com-
puted (LDA) mode frequencies and symmetry assignments
are in good agreement with available experiments. It may
be noted that the E 12g mode has not been reported by most
of experimental Raman studies on GaSe as its intensity is
likely to be very weak and broad under all conditions of
excitation. The mode at ~249cm™' has been assigned E7,
symmetry in Ref. [23]. However, our results suggest that the
mode at ~250 cm! is an IR-active LO mode with symmetry
assignment E7 . The frequency of the IR active LO mode is
consistent with that reported in Ref. [25]. As shown in Ta-
ble I, the computed frequency of the E 12g mode is ~210cm™'.
Thus, in our opinion, more experimental studies should be
performed in order to conclusively establish the frequency and
symmetry assignment to mode Elzg in B-GaSe.

Next, we discuss how the frequencies of the conjugate
modes may shed light on the nature of interlayer interaction

in GaSe. As can be seen in Fig. 2, the modes E/, and Ej,

are conjugate modes. The mode E/, is the acoustic mode with
frequency 0.0 cm™. The mode E3, with frequency ~19.2 cm™
can be identified as a rigid layer mode as it corresponds to out
of phase rigid vibrations of two Se-Ga-Ga-Se layers with re-
spect to each other. The frequency of the Ezzg mode computed
using LDA without any inclusion of van der Waals interaction
is in excellent agreement with the experiments. The frequen-
cies and atomic displacements of conjugate modes in which
interlayer coupling plays the dominant role suggest that forces
between layers in GaSe may not be exclusively of van der
Waals type [23]. This may be understood as follows. Figure 2
shows that (Ellu, Ezzg) as well as (Elzu, E21g) are conjugate mode
pairs. If the forces between the GaSe layers are assumed to
be of van der Waals type only, then the frequency of the
mode with out-of-phase vibration will always be higher than
the frequency of the conjugate mode with in-phase vibration.
This is due to the fact that the frequency is not affected by
the van der Waals interaction as two layers vibrate in phase.
On the other hand, the frequency is raised due to van der
Waals interaction as the layers vibrate out of phase. Thus, the
frequencies of the E], and E}, modes are expected to be lower

u
than those of the conjugate Ezzg and Ezlg modes respectively.

The increment in the frequency of the E2'g mode as compared

to that of the EZ, mode may be estimated using a simple
model for identical coupled oscillators. In the case of two
identical coupled oscillators, the frequencies are given as wy

and Vo) + Aw}, where oy is the frequency of the isolated
oscillator and represents the mode in which the oscillators
vibrate in phase, with no influence of the coupling force con-
stant on the mode frequency. Here Awy indicates the coupling
frequency which depends on the mass of the oscillators and

the coupling constant. The mode frequency is Vwé + Aw%
when oscillators vibrate 180 ° out of phase. In the case of 8-

GaSe, the conjugate modes E|, and E3, have frequencies 0.0

and 19.2 cm™'. Therefore, the coupling frequency is expected
to be around Awy ~ 19cm™! . In the case of the conjugate

modes E,, and E},, the frequency of the E;, mode is ex-

pected to be higher by v @} + Aw} — wy = 0.85cm™! where
wo = 215.4cm~! is the frequency of the antisymmetric Elzu
mode. In the case of the (E|,, E22g) conjugate mode pair, the
computed as well as experimental frequency of E| is lower
than that of the Ezzg mode as expected. However, in the case of

the (Elzu, Ezlg) conjugate mode pair, the computed and experi-

mental frequency of E7, is higher than that of the E,, mode.
This indicates that the forces between the layers may not be
exclusively of van der Waals type and therefore may include
a contribution from electrostatic interaction. As mentioned
earlier, the frequency of the rigid layer E22g mode computed
using LDA (as well as PBE) without any extra inclusion of
van der Waals interaction is found to be in good agreement
with reported experimental values. The mode frequencies are
improved only marginally when van der Waals interactions are
included through the PBE+D3 scheme (see Table S-5 [53]).
These results suggest that contrary to common assumption,
the weak interaction between the layers is predominantly of

195437-5



MANISH K. NIRANJAN

PHYSICAL REVIEW B 103, 195437 (2021)

TABLE II. Diagonal components of electronic dielectric con-
stant and Born effective charge tensor for bulk 8-GaSe and e-GaSe.

B-GaSe e-GaSe

Theory  Expt.? Expt®  Theory  Exptc
6% 8.4 8.4 8.5 7.3
£ 7.1 673 71 73
e, 113 102 114 106
£ 7.5 7.6 77
Zi, (Ga) 4218 +2.19
Zi, (Se)  —2.18 ~2.19
7+ (Ga) 40.84 40.87
Zr (Se) —0.84 0.74 —0.87

2Reference [23].
bReference [65].
‘Reference [25].

long-range electrostatic (Coulomb) type instead of van der
Waals interaction.

The computed diagonal components of Born-effective
charge tensors listed in Table II further supports the view
that the contribution of electrostatic interaction in interlayer
coupling may be significantly higher than that of van der
Waals interaction. The Born-effective charge tensor is found
to be quite anisotropic with zero off-diagonal components
due to symmetry. The xx, yy, and zz components of effective
charges of Ga (Se) ions are found to be +2.18¢ (—2.18e),
+2.18e (—2.18¢), +0.84¢ (—0.84¢) respectively. It may be
noted that the component of effective charge tensor of Se
along the z direction (c axis) is —0.84¢ and thus nonvanishing.
The reasonably significant magnitude of the zz component
of Born charges of Se atoms, i.e., Z};(Se), further suggests
that electrostatic interaction between successive Se-Ga-Ga-Se
layers in GaSe may be significantly large as compared to van
der Waals interaction. The computed value of Z7,(Se) is also
in qualitative agreement with the experimental value obtained
on the basis of IR reflectively data [23].

C. Polarized Raman intensities and IR activities

Next, we study Raman tensors, polarized Raman intensities
(for different polarization setups of incident/scattered light),
and IR intensities for bulk 8-, e-, y-GaSe, and ultrathin films
(few layers) of GaSe.

1. Bulk B-GaSe

The Raman tensors associated with the vibrational modes
of B-GaSe are
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FIG. 3. The intensities of Raman active modes of bulk -, e-, and
y-GaSe in (XX), (ZZ), (XY ), and (XZ) polarization setup.

Ey=|-a - -] )

Due to the symmetry of Raman tensors, the intensities of
different Raman-active modes are expected to be sensitive to
the polarization of incident and scattered light [see Eq. (1)].
The computed Raman intensity spectra for the (é;, €;) po-
larization setup is shown in Fig. 3. Here €; and &; are the
polarization direction of incident and scattered laser light. The
strongest Raman intensity is obtained for mode ~133cm™!
(A} g) followed by for mode ~309 cm’! (A%g). As can be seen
in Fig. 2, these modes are associated with the atomic vibra-
tions along [001] or the z direction. Further, as expected, the
Raman intensities of two A;, modes are nonzero only for
(ZZ), (XX)/(YY) polarization setups. The Ezzg (~19cm™)
and E21g (~215cm™) modes have nonzero intensity in the
(XY) polarization setup. Further, the Raman intensity of the
Ellg mode is significantly smaller than that of the E22g mode.
The E|, (~57 cm™") and E7, (~210 cm™") modes have nonzero
intensity in the (XZ) and/or (YZ) polarization setup. The
computed IR intensity is shown in Fig. 4. As can be seen,
the IR intensity of the A3, mode (~239cm!) is significantly
lower than that of the E;, mode (~ 215cm™).

It may be noted that the Raman mode intensities may
be quite sensitive to the angle between the polarization of
incoming and scattered light [55]. As discussed in Sec. II B,
the intensity of the mth Raman active mode exhibits de-
pendence on light polarizations as IX o [é; - A,, - €. In the
case of (XX) and (ZZ) setups, the polarization vectors are
given as é; =é;, =(1,0,0) and ¢; = ¢, = (0,0, 1) respec-
tively. However, for polarizations in the x—z plane and é; =
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FIG. 4. The intensities of Infrared (IR) active modes of bulk 8-,
¢-, and y-GaSe.

€ = [cos(0), 0, sin(#)], the intensity for A;, modes is given
as I(Aj,) |(a-b)cos*(9) + b|*. Thus, the intensity of the Ay,
mode varies from a? to b*> with the angle between the polariza-
tion changing from 0 © to 90 ° in the x—z plane. The E;, modes
have nonzero Raman intensities only for polarization direc-
tions in the x-z and/or y-z planes. Thus, polarizations in the
x-z plane with €; = (1, 0, 0) and é; = [cos(), 0, sin(#)], the
intensity is given as I(Ej,) o c2sin®(@). The intensity I(Ej,)
varies from 0 to ¢? as the angle between the polarizations in
the x-z plane is varied from 0 ° to 90 °. The Raman intensities
of the E>, modes are nonzero only for polarization directions
in the x-y plane. Therefore, for polarizations in the x-y plane
with &; = (1,0, 0) and é; = [cos(#), sin(6), 0], the intensity
is given as I(Ey,) ox d*sin?() which varies from 0 to d* as
the angle between the polarizations in the x-y plane is varied
from 0° to 90 °. These results suggest that different experi-
mental studies may report disparate Raman intensities due to
difference in polarization setups which may arise as different
samples may consist of different crystal orientations.

It may also be noted that different incident laser frequen-
cies are used in different experimental setups. However, the
change in intensity ratios due to the change in incident laser
frequency is insignificant since intensities of all Raman modes
are affected identically by incident laser frequency.

2. Bulk e-GaSe

The crystal structure of bulk e-GaSe is hexagonal with
space group symmetry P-6m,/mmc (no. 187). As shown in
Fig. 1, the unit cell consists of eight atoms in two layers. Each
Se-Ga-Ga-Se layer is similar to that in 8-GaSe and consists
of a single plane of selenium atoms on either side of double
planes of gallium atoms. The 21 optical phonon modes at
the zone center (I point) may be classified according to the
irreducible representation of the Ds}, point group as

T =44, @34} @ 3E' @ 4E". 8)

The e-GaSe structure has no inversion center unlike that in
B-GaSe. This results in some of the modes being both Raman
as well as IR active. The Raman and IR-active modes are

IR = 34} @ 3E;
Raman = 4A| @ 3E’ @ 4E”;
IR 4 Raman = 3E’. 9)

TABLE III. Frequencies of Raman, IR, and silent modes with
their symmetry assignments for bulk e-GaSe.

Act. Theory  Expt® Expt® Expt® Expt.!
E*(E}) R+l 202 20 195
AP(B3,) I 35.1
E"(E}) R 54.8
E"(E]) R 572 60 601 59
Al (Bl) R 128.4
A? (A R 1334 134 1343 134 1357
E"(E},) R 209.5
E(E3) R 211.2 211.9
E*(E}) R+I(TO) 2149 211 2140 213 2145
E® (E}) R+I(TO) 216

R+ (LO) 249.1 250 252.1 250
AP(A}) I 238.6
A}(B),) I 245.7 245
AP (AL R 309.3 309 3080 308 3088
AR(B2) R 309.9

2Reference [25].
bReference [26].
‘Reference [16].
dReference [20].

The A} and A7 modes are nondegenerate and correspond
to atomic vibrations along the [001] or c¢ direction. The
E’ and E” modes are doubly degenerate and are associated
to in-plane (x-y or basal plane) atomic vibrations. The E’
modes are both Raman and IR active. It may be noted that
there are no silent modes in £-GaSe unlike those present
in B-GaSe. The computed (LDA) Raman and IR active
modes with their symmetry assignments are listed in Ta-
ble III. The correspondence between modes of ¢-GaSe and
B-GaSe is also shown in Table III. As can be seen, the com-
puted Raman and IR active modes are in good agreement
with reported experimental values. The computed (LDA)
Raman active modes are 20.2cm™! (E?), 54.8cm’! (E™),
57.2cm™ (E"), 128.4cm™ (A}, 133.3cm™ (A?), 209.5 cm™!
(E'), 211.2em™ (E"®), 214.8cm™ (E™), 216.4cm™ (E),
309.3cm™ (A}, 309.9cm™ (A}). The IR-active TO modes
are found to be 20.2cm™ (E?), 35.1cm™ (4}%), 214.9cm™!
(E™), 216.4cm™ (E?), 238.6cm™! (A%), 245.8cm™ (454, Tt
may be noted that in the case of e-GaSe, though additional
modes are Raman and/or IR active as compared to those in -
GaSe, intensities of some of these modes are extremely weak
or even negligible as discussed later in the section. Moreover,
experimental studies have reported only six Raman active
(first order nonresonant) modes for e-GaSe possibly due to
negligible intensities of other Raman and/or IR modes. As
can be seen in Table II, the computed frequencies of Raman
and IR active modes are in good agreement with available
experiments [16,20,25,26].
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The Raman tensors associated with the Raman-active
modes of ¢-GaSe are

a
Ay=|- a -|; E"= cl;
b c
—c d
E' = i E = . —d :
—c
. —d -
E'=|-d - -] (10)

As can be seen, the structures of Raman tensors of A}, E”,
and E’ modes are the same as those of Ay, E14, and E», modes
of B-GaSe. The computed Raman intensities for the (¢;, &;)
polarization setup are shown in Fig. 3. The primary Raman-
active modes at 133.3cm’! (A’lz) and 309.9 cm™! (A/13) can be
seen for the (ZZ) and (XX )/(Y'Y) polarization setup. The E 2
mode (20.2cm™!) is the rigid layer mode and is equivalent to
the Ezlg mode (19.2 cm™") in 8-GaSe. The Raman intensity for
this mode is significant for (XX) and (XY) configurations.
The Raman intensity is found sizeable for the E? (19.2cm™)
and E* (214.9cm™") mode in the (XY) configuration. In the
case of the (XZ)/(YZ) configuration, the Raman peaks for
the E2 (56.2cm™) and E* (209.5cm™) modes can be seen
in Fig. 3. Further, the IR intensity is found to be highest for
the E (214.9cm™) TO mode (see Fig. 4). The degeneracy in
the E* mode is lifted due to LO-TO splitting which results in
a TO mode at 214.9cm™! and a LO mode at 249.1 cm™'. Both
of these modes are Raman active in the case of ¢-GaSe. In ad-
dition, a small IR peak for the A; (238.6cm™') mode can also
be seen in Fig. 4. The intensities for other IR-active modes
E? (20.2cm™) and A2 (35.1 cm™) are found to be relatively
very weak. The components of Born effective charge tensors
and electronic dielectric constants for e-GaSe are listed in
Table II and are found to be quite similar to those computed
for B-GaSe.

Next, we comment on the modes which may be used to
distinguish the presence of bulk 8-GaSe and/or ¢-GaSe in ex-
perimental samples. Figures 3 and 4 show that the Raman and
IR intensities for bulk B-GaSe and/or e-GaSe polytypes are
almost identical which renders their identification quite chal-
lenging. It may be noted that in the case of few-layer samples
the polytypes may be identified from analysis of Raman spec-
tra in the low-frequency range (below ~20cm™) as recently
reported in Ref. [16] for few-layer GaSe. However, for bulk
samples the identification of polytypes using low-frequency
Raman modes becomes almost intractable. As can be seen in
Table 111, the rigid layer E> mode (~20cm™) in e-GaSe is
IR as well as Raman active, whereas the corresponding rigid
layer Ezzg mode in B-GaSe is only Raman active. Therefore,

IR activity of this mode at ~20 cm™! will clearly indicate the
structure to be that of e-GaSe. However, our results suggest
that the rigid layer E'2 mode (20cm™) in e-GaSe, though IR
active, has almost negligible IR activity. Table I and III also
show that the E® (E?2,) mode with frequency ~250 cm™! is an

IR-active LO mode in e-GaSe (B-GaSe). However, this mode
is also Raman active in the case of ¢-GaSe. Therefore, the

presence (absence) of this mode (~250cm™') in the Raman
spectra can be used to confirm the structure to be that of
e-GaSe (B-GaSe). It may be noted that the computed first-
order Raman activity of this mode (at ~250 cm™!) is found to
be very weak which may render it hard to detect in Raman
experiments. Nevertheless, this mode can be detected using
resonant Raman enhancement as reported in Ref. [25].

3. Bulk y-GaSe

As shown in Fig. 1, the hexagonal y-GaSe unit cell with
R3m space group symmetry (no. 160) consists of three layers
(Se-Ga-Ga-Se sequence) and twelve atoms (see Fig. 1). The
33 optical phonons at the zone center are both Raman and
IR active and may be classified according to the irreducible
representation of C3y point group as

I'=11A;®11E, Raman+IR =114, ®11E. (11)

The nondegenerate A; and doubly degenerate £ modes
correspond to out-of-plane and in-plane atomic vibrations.
The computed (LDA) frequencies of the main Raman modes
are 57.1cm™ (E), 133.4cm™ (4)),210.8cm™! (E),215.3cm™
(E), 237.9cm™ (4), 308.8cm™! (A;). The Raman tensors
associated with the modes of y-GaSe are

AIZ . a -1 E = c . -1

E 12)

Il

|

a
oy

Figure 3 shows the computed Raman intensity for the
(é;, €;) polarization setup. The primary Raman-active modes
at 133 and 309 cm™' with A; symmetry can be seen for the
(ZZ) and (XX)/(YY) polarization setups. For the (XY') setup,
the Raman peaks for £ modes at 57 and 215cm™ can be
seen. Likewise, for the (XZ)/(YZ) setup, the Raman peaks
for E modes at 57 and 215cm™ can be seen. The computed
IR intensity is shown in Fig. 4. Though all modes are also
IR active, the IR intensity is significant for the £ mode with
frequency 215cm!. In addition, a small IR peak can also be
seen for the A mode at 237.9cm™!.

D. Few layers (ultrathin films) of GaSe

Next, we discuss the shifts in frequencies and intensities
of Raman and IR active modes as the thickness (number of
layers) of GaSe ultrathin films is increased. The computed
Raman mode frequencies and intensities for IL-6L of g-GaSe
in the (XX) polarization setup are shown in Fig. 5. Here,
IL indicates a single layer with four planes in the Se-Ga-
Ga-Se sequence. As can be seen, the frequency of the A} ¢

mode increases (blueshift) from 129.7 to 133.4cm™! as the
number of layers is increased from 1L to bulk. However, the
frequency of the A? . mode decreases (redshift) from 312.6 to

309.6cm™! as the layers are increased from 1L to bulk. The
change in Raman intensity of these modes as a function of
layers is shown in Fig. 5(c). The Raman intensities of both
A% cand A%g modes increase with increasing number of layers.
However the relative increase in intensity is higher for mode
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FIG. 5. (a) The Raman intensities of few-layer (1L, 2L, 3L) and
bulk B-GaSe in (XX) polarization setup. (b) The frequencies of A} <
and Aj, modes. (c) The Raman intensities of A}, and A], modes and
intensity ratio (A,/A},) in few-layer 8-GaSe with varying thickness.

Aj o than for A%g mode. Further, as expected, no rigid layer

mode (~20cm!) is obtained for a single layer (1L). The
frequency of the rigid layer mode increases as the layers are
increased from 2L to bulk. The increase in frequency of the
Aj, mode (~133cm™") with layer numbers may be attributed
to the increment in interlayer interactions which results in the
enhancement of the effective restoring forces acting on the
atoms [55]. On the other hand, a decrease in frequency of
the AT, mode (~308 cm™') may be indicative of enhancement
of dielectric screening of the long-range Coulomb forces and
thereby lowering of the effective restoring force on the atoms.
The enhancement in dielectric screening in the case of Afg
may be due to a larger ionic contribution as compared to that
for the A} ¢ mode. As can be seen in Fig. 2, the Ga and Se
ions in two layers vibrate out of phase in the case of the A%g
mode whereas the vibrations are in phase in the case of the
Al ., mode. Overall the computed variation of frequencies of

Aj o and A} . modes with increasing number of GaSe layers is
consistent with reported experiments [16].

We have also studied the variation of band gaps and elec-
tronic dielectric constants of GaSe films as the number of
layers is increased (see Fig. S-2 [53]). The band gap (LDA)
of few layer GaSe decreases from 2.2 to 0.87 eV as the
thickness is increased from 1L to bulk. The band gap changes
(increases) significantly as layers are decreased from 2L to 1L,
which indicates the transition from indirect to direct band gap
(see Fig. S-2 [53]). The electronic dielectric constant tensor
is found to be diagonal with off-diagonal components with
magnitude zero. Further, the in-plane components &, and
&yy are equal due to symmetry. The magnitudes of &, (&)
are increased from 3.34 (1.37) to 8.44 (7.40) respectively,
as thickness is increased from 1L to bulk. The variation of
band gap and dielectric constants with increasing number of
layers is expected since the dielectric constant increases with
decreasing band gap [55].
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E. Influence of strain on Raman mode
frequencies and intensities

Next, we study the shift in Raman mode frequencies and
intensities due to external strain in single layer (1L) GaSe
film. There are four atoms in 1L.-GaSe. The symmetry of nine
optical phonon modes at the zone center (I point) may be
expressed according to the irreducible representation of the
D3y, point group as

F = ZA/l @A/z @E/ @ 2E”,
Raman = 24", @ E' @ 2E”,
IR=A",®E', Raman+IR=E'. (13)

In the case of relaxed 1L-GaSe, the computed frequencies
of five Raman active modes are 55.3cm™ (E”), 129.7 cm’!
(A}), 211.3cm™! (E”), 216.8cm™ (E'), and 312.6cm™ (A)).
The two IR-active TO modes are 216.8cm™ (E’) and
248.5cm’! (A7). It may be noted that the A}, E”, and E’ modes
of 1L-GaSe correspond to the Ay, Ejg, and E>, modes of bulk
B-GaSe. Figure 6 shows the variation in the frequencies and
intensities of the A} (Al E A/IZ(A%g), and E’ (E3,) modes as a
function of compressive and tensile biaxial strain. The E’ (Ezzg)
mode is the primary IR active mode. As expected, the mode
frequencies increase almost linearly with compressive strain.
The increment in the frequencies of the A;l (A} g), A/12 (A% g), and
E’ (Ezzg) modes are found to be ~1.4, ~3.9, and ~3.4cm™! re-
spectively for 1% of compressive strain. Moreover, the Raman
intensity of the A gand A? . modes also increase with compres-
sive strain. However, the increase in intensity is higher for the
A? . mode as compared to that for the Aj ¢ mode. On the other
hand, the Raman intensity decreases in the case of the Ezzg
mode. The variation of mode frequencies and intensities with
uniaxial strain can be expected to be qualitatively similar to
that found in the case of biaxial strain [55].
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IV. CONCLUSION

First principles calculations are performed to investigate
the contribution of Coulomb (electrostatic) and van der Waals
interactions in interlayer coupling in the two-dimensional lay-
ered semiconductor GaSe. The nature of weak forces between
the layers in GaSe is explored by studying the frequencies
of conjugate vibrational modes and the Born effective charge
tensors of ions. The computed results strongly suggest that,
contrary to common assumption, the interlayer coupling in
GaSe and other similar 2D layered semiconductors may be
dominated by electrostatic interaction as compared to van
der Waals interaction. In addition, the polarized Raman spec-
tra, infrared (IR) activities, and mode symmetry assignments
of bulk GaSe polytypes (8, ¢, y) are studied. The Raman
mode intensities are calculated for different polarizations of
incident/scattered laser light and signature modes are iden-
tified for each GaSe polytype (structure). The results also

suggest that bulk GaSe polytypes may be quite challenging
to differentiate solely from the analysis of Raman spectra.
Nevertheless, the bulk phases may be identified by the com-
bined analysis of IR and Raman spectra. The variation of
Raman, IR mode frequencies, and intensities with increasing
film thickness and strain are studied. The computed mode
frequencies, polarized Raman, and IR spectra may be used
as benchmark ab initio theoretical results for comparison with
experiments. We hope that the results presented in this work
will stimulate further theoretical and experimental studies on
GaSe and related 2D layered semiconductors.
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