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Raman spectroscopy polarization dependence analysis in two-dimensional gallium sulfide
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Group-1II post-transition-metal monochalcogenides like gallium sulfide (GaS) are layered semiconductors
with weakly interacting adjacent layers, which allow them to be reduced to the two-dimensional nanometric
thickness level by different exfoliation approaches, similar to graphene. Here, we investigate the intensity
polarization dependence of the Raman modes for a different number of GaS layers and use symmetry analysis
and density-functional perturbation theory to provide further information on these structures. The Raman
polarization-dependent behaviors of the bulk relative modes A, and E,, were found to be independent of the
number of layers, being proportional to cos*(9) for Aj, modes and constant for Ey, modes. The computational
calculations for two and three layers show Raman active modes emerging at Raman shifts near the bulk Raman
modes, with A, (A}) and E, (E) symmetries for an even (odd) number of layers, some of them being observed as
“shoulders” in the experimental Raman spectra. These phonon modes present Raman tensors with components
similar to those observed in bulk, thus explaining the same polar dependencies for different GaS thicknesses. The
Raman intensity calculations were made by implementing the specific experimental geometry used here, thus
resulting in good qualitative agreement. These results are fundamental for the understanding of the structural
and vibrational changes when GasS is reduced to the few-layer limit, layer-number differentiation, and for further
symmetry-lowering studies by strain manipulation or substrate interaction, which are routine issues in both

fundamental research and device fabrication.

DOI: 10.1103/PhysRevB.102.165307

I. INTRODUCTION

The experimental isolation of graphene in 2004 and the
subsequent exploitation of phenomena emerging from its
reduced dimensionality [1] motivated efforts to study the
properties of other two-dimensional (2D) materials, which
were also expected to be obtained from layered van der
Waals solids well-known in the literature [2-4]. Represen-
tative families of these 2D materials are transition-metal
dichalcogenides (TMDCs) such as MoS,, WS,, phos-
phorene systems and, more recently, post-transition-metal
monochalcogenides like GaSe, GaS, InSe, among others
[3-5]. These materials are seen as building blocks to fab-
ricate ultimate heterostructures and complement graphene
in applications at the nanoscale, thus presenting a myr-
iad of mechanical, optical, electrical, and thermal properties
[3-6].

Group-III post-transition-metal monochalcogenides with
MX formula (M = Ga or In, and X = S, Se, or Te, see
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Fig. 1) have attracted increasing attention due to their specific
electronic, optical, and optoelectronic properties, which are
promising for high-performance devices, for example [5,7—
10]. On the contrary to TMDCs, in which an indirect-to-
direct band-gap transition occurs when the number of layers
is progressively reduced to the monolayer level, InSe exhibit
a direct-to-indirect band-gap transition from bulk (1.26 eV)
to few layer (1.45 eV), thus experiencing different photolumi-
nescence performance as compared to other TMDCs [5]. In
multilayer GaSe samples, it was experimentally shown that
uniaxial strain redshifts its photoluminescence by approxi-
mately 50 meV for a 3% strain level [11]. It was theoretically
suggested that GaSe is as good as or even a better lubricant
than graphite [12], and also that its monolayer is promising
for strain sensing in fragile applications [13]. Bulk GaS pos-
sesses an indirect band gap of 3.05 eV [14], being specially
promising for near-blue light emitting devices. This band gap
is also predicted to be tuned with the increasing thickness
from monolayer to bulk, and with mechanical deformations
[15], thus making this material particularly interesting for
completing the TMDCs in the wide band-gap limit.

Raman spectroscopy has become an important tool for
characterizing 2D layered materials (LMs) thanks to the sensi-
tivity of Raman scattering to structural, optical, electronic, and

©2020 American Physical Society
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FIG. 1. Bulk gallium sulfide (GaS) lattice structure for the only
naturally occurring 8 polytype [32]. (a) Top view. (b) Side view.
When exfoliated, few or even monolayer GaS can be obtained due
to the weak van der Waals interactions among adjacent layers.
(c) Backscattering experimental geometry used in this paper for
acquiring Raman spectra.

chemical properties of this class of materials. Raman spec-
troscopy has been useful for probing defects [16—18], strain
[13,19], LM-substrate adhesion [20,21], doping [22], thermal
properties [6,23-27], number of layers [14] and symmetry
[12,28-31]. The Raman spectrum of bulk GaS was previously
studied in literature [32,33], as well as its temperature de-
pendence [34,35], but only recently its thickness dependence
started to be explored in detail [35]. Although ready-to-use
analytical functions relating the position of the so-called A} "

and A%g modes (190 and 360 cm~!, respectively) to sample
thickness were established [35], their polar dependencies, as
well as possible changes induced by the reduced dimension-
ality, are still open to be addressed.

In this paper, the polar dependencies of the Raman spec-
tra intensities of the various phonon modes of few-layer
GaS, as well as their full width at half maximum (FWHM),
are measured. Density-functional-perturbation theory meth-
ods are used to predict the development of their Raman shifts,
and symmetry analysis is performed to access the structural
changes when GaS is reduced to a few-layer limit. The de-
creased dimensionality induced by the exfoliation process and
symmetries according to an even or odd number of layers are
shown to result in phonon modes with Raman shifts close to
known bulk Raman modes, which are used to explain the polar
dependencies observed in the intensity versus 6 plots. The re-
sults presented here are valuable to understand the structure of
GasS at the few-layer regime, to define the number of layers, as
well as the broadening of these phonon modes, and for other
works studying their degree of interaction with substrates.

II. METHODOLOGY

A. Sample and experimental setup

Few-layer GaS was obtained by standard mechanical ex-
foliation [36] from a single crystal source provided by 2D
Semiconductors and deposited on thin glass coverslips. This
step was taken to avoid misinterpretation of one of the signifi-
cant GaS Raman peaks with the conventionally used silicon
substrate, which exhibits a higher-order Raman peak with
a complex line shape [7,11,14,37,38] near 303 cm~!. The
sample thicknesses were estimated by optical contrast, Ra-
man spectroscopy, and atomic force microscopy (AFM). The
AFM analysis was carried out in ambient conditions using an
Asylum Research scanning probe microscope operating in the
tapping mode.

Raman experiments were performed using a homebuilt
confocal optical microscope system based on an Andor
Shamrock SR-303i-A spectrometer, an iDus DU401A-BR-
DD CCD, and an inverted Nikon Eclipse Ti-U microscope
in a confocal backscattering configuration. A laser energy of
1.96 eV was used to excite the Raman spectra. The laser power
was set to 360 uW to improve the signal-to-noise ratio while
also avoiding sample damage. The laser beam was focused by
a 60x oil immersion objective lens of 1.4 numerical aperture
(NA) and the signal was dispersed by a 1200 grooves/mm
grating, resulting in a spectral resolution of +1.4 cm~!. The
influence of the high NA in preserving the light polarization
was checked by using NA =0.25, 2.54 eV excitation energy
and grating of 1800 groves/mm in bulk GaS, and no signif-
icant difference generated by the smaller NA was observed,
see Fig. S1 of the Supplemental Material (SM) [39].

The polarized Raman experiments were performed by ro-
tating the linearly polarized incident laser beam through a
half-wave plate and the scattered light was analyzed by a
linear polarizer [see Fig. 1(c)]. The spectrometer’s grating
and beam-splitter dependencies on polarization were compen-
sated by normalizing the GaS peak intensities by an efficiency
function (EF), which was previously defined in the laboratory
for the graphene’s G band. This EF was defined in such a
way that the G band intensity is independent of the incident
polarization [40], since this phonon mode belongs to the E,,
irreducible representation [41]. The EF is well defined in the
SM [39].

B. Computational methods

First-principles calculations were performed using
density-functional theory (DFT) [42,43] and density-
functional-perturbation theory (DFPT) [44] as implemented
in the PLANE-WAVE SELF-CONSISTENT FIELD (PWSCF) and
PHONON packages of the QUANTUM ESPRESSO distribution
[45]. The Brillouin zone integrations were performed
within Monkhorst-Pack scheme [46] using 8 x 8 x 4 and
8 x 8 x 1 I'-centered grids for the bulk and few-layers GaS.
For lattice and atomic position optimizations, the convergence
was achieved for forces and stress lower than 0.1 mRy/bohr
and 50 MPa, respectively. In the case of the slab models,
images are separated by approximately 16 A of vacuum. The
exchange-correlation energy is evaluated within local density
approximation, using Perdew-Zunger’s parametrization
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FIG. 2. (a) AFM topographic image from a GaS flake. (b)—(f) Height profiles of five regions acquired along the dashed lines. The yellow
dots label the positions where the polarized Raman spectra were carried out.

[47]. The electron-ion interactions were described using
a modified Bachelet-Hamann-Schulter [48,49] scheme for
norm-conserving pseudopotentials. The plane-wave kinetic
energy cuttoff to describe the electronic wave functions
(charge density) was set to 60 Ry (240 Ry). The phonon
Raman shifts and non-resonant Stokes Raman spectra were
computed using DFPT [44,50,51]. Gaussian functions were
used to provide the visual effect of broadening of the phonon
modes for the simulated Raman spectra.

III. RESULTS AND DISCUSSION

An AFM topographic image of a specified GaS flake with
different thicknesses is shown in Fig. 2(a). Thicknesses of
five regions, marked by dashed lines, were estimated through
height profiles. These regions have thicknesses of 2.2 nm,
3.0 nm, 4.1 nm, 7.7 nm, and 38.0 nm, respectively.

The Raman spectrum of bulk GaS is characterized by
five normal modes with the following Raman shifts (irre-
ducible representations): 22.8 cm™! (Ezzg), 74.7 cm™! (Ellg),
189 cm™! (A{g), 291.8 cm™! (Elzg), 295.8 cm™! (Ezlg), and
360.9 cm™! (A7,) [34,52]. Due to the experimental limita-
tions imposed by the long-pass edge filter in the present
experimental setup for low Raman shifts, our Raman data
analysis is restricted to the modes Aj,, E,,, and Af,. The
analysis of the Elzg mode is difficult since its Raman shift is
close to the Ezlg mode’s and presents smaller intensity [53],
especially when the GaS thickness is reduced. Also, both
Ellg and E12g modes are not allowed in the present backscat-
tering geometry, as will be discussed. The intensities of the
Al ¢ and A% modes decrease considerably as the number of
layers decreases [35]. We minimize this problem using a
high numerical aperture objective lens, increasing the laser
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FIG. 3. (a), (c), (e), (g), and (i) are normalized Raman spectra acquired with different polarization angles at the positions P1-P5,

respectively. (b), (d), (), (h), and (j) are polar plots of A! @ Ezlg,
circles are experimental data from Aj,, E,,, .
here according to the traditional convention used for bulk GaS.

power and the acquisition time to improve the signal-to-noise
ratio.

Figures 3(a), 3(c) 3(e), 3(g) and 3(i) show polarized Raman
spectra of GaS collected at the positions P1-P5, respectively,
as specified in Fig. 2(a). It is worth mentioning that the base-
lines from the Raman spectra presented here were previously
subtracted. For now, we will assume the mode-symmetry
assignment attributed to bulk GaS as a label for the corre-
sponding phonon modes in both bulk and few-layer samples.
Later on, during the discussion of the experimental results,
we will present the correct assignment considering few-layer
systems. According to the bulk’s nomenclature, the intensities
of the Raman modes Aj,, Ej,, and A7, decrease with the
decreasing of GaS thickness. Furthermore, for a GaS flake
with thickness below 7.7 nm, the E% . Raman mode is observed
in a couple of spectra and its intensity is not strong enough to
allow for solid conclusions. Thus, for positions P1, P2, and
P3, we focus only on A;, modes.

and Afg modes recorded at the respective positions. Black, blue, and red
and A%g modes, respectively. The phonon modes irreducible representations superscripts are given

For a more accurate analysis, line-shape analysis for each
Raman mode was performed by using one Lorentzian compo-
nent. The central Raman shifts (w) and the FWHM (T"), for
spectra recorded with incident and scattered light vertical po-
larization (0°), are shown in Table I. The Wal, downshifts with
decreasing thickness, while the o7 value is constant within
the uncertainty. On the other hand, the I" increases for both
modes. Actually, the Wal, and its I" have been used to probe

the GaS thickness [14,35]. Our findings show an A} ¢ Raman

shift difference of 2.4 & 0.3 cm~' and an increase in I" of
3.0+ 0.8 cm™!, when P1 and P5 spectra are compared to each
other. According to Ref. [35], the P1 spectrum refers to bilayer
GaS, given that the monolayer occurrence was considered for
height profiles lower than 1.5 nm, and that 0.7 nm steps in
adjacent areas are consistent with GaS single-layer thickness.
These results are in agreement with the AFM height profiles
from Figs. 2(b) and 2(c). The numbers of layers for P1-P5
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TABLE L. Central Raman shifts (w) and FWHM (") for the three modes A! o E

! and A?

2 1¢> considering the bulk counterpart irreducible

representation assignment, at the different positions P1-P5 indicated in Fig. 2(a). Spectra are recorded with incident and scattered light vertical

polarization (0°). The spectral resolution is of 1.4 cm™'.

Aigl Ezlgl A%gl
Thickness (em™) (em™) (em™)
Position (nm) [0} r w r w r
P1 2.2 187.6 £ 0.3 79 £0.6 360.0 £0.2 7.7+£04
P2 3.0 188.0 £ 0.1 55+0.1 360.7 £ 0.1 5.6 £ 0.1
P3 4.1 187.8 £ 0.1 5.7+£0.1 360.6 £ 0.1 5.8+0.2
P4 7.7 188.5 £ 0.1 52+£0.1 2043 £0.2 6.3+0.2 360.7 £ 0.1 5.5+£0.1
P5 38.0 189.0 £ 0.1 42 +£0.1 293.2 £ 0.1 56+02 360.4 £ 0.1 5.2+0.1

are estimated as follows: P1 = 2 layers; P2 = 3 layers; P3 =
4 layers, P4 = 10 layers, and P5 = 53 layers (considered as
bulk here).

The polarization dependence of the Raman intensity is
shown in Figs. 3(b), 3(d) 3(f), 3(h), and 3(j) for different
thicknesses. The intensities of Aj, modes are maximum when
the incident light polarization (relative to polarizer polariza-
tion) is set at 0° (180°) and minimum for 90° (270°). In
contrast, the Ezlg intensity does not depend on polarization.
It is noteworthy that angle-dependent Raman intensities are,
apparently, thickness independent.

Bulk GaS is known to crystallize only in the so-called g
polytype [32], in which the weakly van der Waals-interacting
atomic quadrilayers (QLs) S-Ga-Ga-S are stacked perpendic-
ular to the basal plane, as previously shown in Figs. 1(a) and
1(b). In this stacking geometry, the Ga atoms of one layer
are on top of S atoms of the adjacent layer. The bulk g-GaS
unit cell is composed of two structural formulas (Z = 2) en-
compassing four atoms each, so the material belongs to the
centrosymmetric space group P63 /mmc (D¢, according to the
Schoenflies notation, or No. 194 in the International Tables
for Crystallography Vol. A [54]).

The exfoliation process in few-layer two-dimensional ma-
terials provides symmetry variations due to the loss of
translational symmetry perpendicular to the basal plane [29].
In B-GaS, the parity of the number of QL’s (N) plays an
important role, with odd N belonging to the P6m2 (Déh, or No.
187) noncentrosymmetric space group, while even N belongs
to the P3ml (Dg ;> or No. 164) centrosymmetric space group
[55].

The experimental detection of a given Raman-active mode
depends on both crystal and measurement geometries, which
dictates its scattering intensity. By using the semiclassical
modeling for the first-order Raman effect, it is possible to
understand the observed behavior of the experimental data
obtained for 8-GaS, the possible consequences of symmetry
variations according to odd or even N, and also to perform
comparisons with the bulk counterpart. In this perspective, the
Raman intensity is given by

I, o |{es| R, e /wn, (1

where |e;) and |ey) are the incident and scattered radiation po-
larization unitary vectors, respectively, w, is the Raman shift,

and En the Raman tensor of the nth phonon mode [50,56].

For B-GaS with an odd number of layers N, the Raman
tensors are

a 0 O
Al (O a 0),
0 0 b
d 0 0 0 —-d 0
E'": (0 —d 0), <—d 0 O),
0 0 O 0 0 0

0 0 -—c 0 0 O
E": (O 0 O), (O 0 c).
— 0 0 0 ¢ O

In the case of an even N, the appropriate Raman tensors are

a 0 O
Ajg: (O a 0),
0 0 b

c 0 O 0 —c —d
E, : (O —c d), (—c 0 0 )
0 d 0 —d 0 0

For bulk g-GaS, the Raman tensors are

a 0 O
Alg:(O O),
0 b
0 0 0 0 -—c
Elg:<0 c), (O 0 O),
0 0 — 0 0

d 0 0 0 —-d 0
En: (o —d o), (—d 0 o).
0 0 0 0 0 0

A widely used experimental geometry in the field of
layered two-dimensional materials is the backscattering mea-
surement configuration, in which the direction of the incident
and scattered light propagation are both along the stacking
direction ¢ = z, with opposite sense, as shown in Fig. 1(c).
In this situation, the incident and scattered light polarization
directions |e;) and |eg) are in the B-GaS xy isotropic basal
plane. If it is chosen to keep the crystal with its position fixed,
the incident light polarization direction |e;) can be described
as |e;) = |cos6;, sin 6;, 0), where 6; is the polarization angle
relative to the sample axis. The scattered light polarization
direction can be described as |e;) = |cos 6y, sin 6, 0), where

o oo O9
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FIG. 4. Experimental (dots + lines) and theoretical (continuous lines) Raman spectra of §-GaS, for points P1 (N = 2, bilayer), P2
(N = 3, trilayer), and P5 (53 layers, considered here as bulk). The Raman shifts and intensities for the parallel-polarized theoretical spectra
were extracted from DFT calculations, with the red continuous line representing the calculations from Eq. (2) (/*X). The Raman shifts and
irreducible representations for the phonon modes in the I*X calculated spectra are indicated.

6, is the polarization angle of the linear polarizer also relative
to the sample axis. Due to the in-plane isotropy, we may
choose 6; = 0 and let §; = 0 from now on.

In the backscattering geometry, only the Raman-active
modes of B-GaS with irreducible representations associated
with quadratic basis functions involving x and y (xx, yy, xy,
x2 - yz,...,) will be accessible [41]. Therefore, considering
the Raman tensors described above, for odd N the detection
of A} and E’ modes is expected, with the intensities given
by I(A}) a* cos?(0) and I(E") o< d?, respectively. For even
N, the A, and E, modes are accessible, with intensities
I(Ayy) o« a* cos?*(9) and I(E,) o ¢* and, for the bulk counter-
part, the A, and E», can be detected, with intensities 1(Ag)
a® cos?(9) and I(Ey,) d?. Tt is possible to observe that the
accessible modes are divided in two types: A nondegenerate
and E doubly degenerate Raman-active modes. This occurs
because the exfoliation process preserves the in-layer symme-
try, being the spacial groups for N odd and N even number of
layers high-symmetry subgroups from the bulk 8-GaS space
group. Our results show that these modes exhibits similar
polar-dependent behavior within the same type, irrespective
of the number of layers.

To gather further information about the lattice dynamics,
we simulated the lattice vibrations in NL-GaS, for N = 2,
N =3, and bulk (represented here by the thickest sample

in P5). By using the simulation parameters detailed in the
Methodology section, we found the in-plane lattice constants
of 2L, 3L, and bulk to be equal to 3.499, 3.500, and 3.502
A, respectively, and the out-of-plane lattice parameter for
bulk equal to 15.083 A, in excellent agreement with avail-
able experimental data for bulk, where a = 3.587(3) and ¢
= 15.492(7) [57]. We calculate the intensity of the parallel-
polarized, non-resonant Raman spectra by using [58]

L% o (3] Ry 1) /0. @
The use of Eq. (2) is justified by the following reasons: (i)
we do not have powder GaS, but single crystals with in-plane
isotropy instead and (ii) the experimental data were acquired
in the parallel XX backscattering geometry, with angle 0
among the incident and scattered light polarization in the X
direction, corresponding to the maximum intensities of the
A-type modes. The comparison of the intensities calculated
from Eq. (2) (I**) and the experimental data is shown in
Fig. 4. The relative intensity of the Aj, modes in bulk GaS,
I 2, /1 e is greater than unity in both experiments and results
from Eq. (2), reaching overall good qualitative agreement.
However, it is important to note that the theoretical relative
intensity of the out-of-plane modes can be sensitive to the
thickness of the slab used in calculations, due to the fact
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that the out-of-plane components of the polarizability and its
derivatives to out-of-plane atomic motion are ill defined in this
case [58]. The analysis of this subject is beyond the scope of
the present paper.

The simulated Raman spectra, mode Raman shifts, and
irreducible representations for the phonon modes accessible
in the XX parallel backscattering configuration are shown
in Fig. 4. The superscripts of the irreducible representations
are given in increasing order, from lower to higher Raman
shift. As such, the E21g mode near 295.8 cm~!, in the bulk

nomenclature previously shown, is renamed here Ezzg,

1

since

the low-frequency interlayer mode near 22.8 cm™' is not
experimentally accessible here (but reported in Ref. [33] at
22 cm™!). The overlap of the nonpolarized experimental Ra-
man data and calculated spectra is also displayed, and a
normalization to the intensity of the A-type nondegenerate
mode with the highest peak position center was performed.
By taking the experimental Raman shifts of the most intense
peaks as a reference, and comparing to the most intense cal-
culated peaks, the relative errors were of 0.32% (A%g) and
4.92% (A‘l‘g) in P1, 0.53% (A?), and 4.55% (A?) in P2, and
0.42% (A}g), 3.64% (Ezzg), and 4.50% (A%g) in P5, which are
reasonable.

The simulated spectra show that new additional phonon
modes of GaS appear in the few-layer limit. The new modes
are Aj, and E, for P1 with N = 2, and A) and E’ for P2 with
N =3, from the A nondegenerate and E doubly degenerate
types. The superscripts of these irreducible representations
are also given in increasing order, being A} o E;, and E; for
N =2,and A}, E", and E” for N = 3, not accessible in this
experimental range. It is important to note that, in P1, the
E;’ and A? p additional modes arise, while in P2, the A’lz, E”,

E"*, A’14, and A’15, new modes emerge, P1 and P2 being in the
thinner regions measured. The P2 experimental data shows the
emergence of a left “shoulder” for the peak near the predicted
A? (182.5 cm™!) and A} (187.1 cm™!) modes, as well as
for the right shoulder for the peak near A? (376.4 cm™') and
A® (377.1 cm™1), see Fig. S3 of the SM [39]. This indicates
that the new modes are present and contribute for the general
intensity, which can be used as a strategy to distinguish N = 2
and N = 3 in future Raman studies with higher spectral reso-
lution and better signal-to-noise ratio. The explanation for this
result can be based on the fact that the translational symmetry
along the stacking axis is lost in the exfoliation process and
the unit cells possesses an increasing number of atoms with
the increase of the number of GaS layers, contrary to the unit
cell of the bulk counterpart, thus resulting in the observation
of new modes.

The new modes are expected to display their polar intensity
dependencies in the case of polarization-dependent Raman
studies, which could impact the results shown here. It can be
observed that the new modes appearing in the vicinity of the
Ay, and E,, bulk modes are also of A nondegenerate and E
doubly degenerate Raman-active modes which, as commented
before, have the same polar dependence as observed for the
modes in the bulk sample. For this reason, the peaks composed
by more than one phonon mode display the same behavior as
expected for the modes in their bulk counterpart in the same
Raman shift region.

The occurrence of new modes in the few-layer limit can
lead to the expectation of peak broadening, in agreement
with our experimental results (see Table I), thus corroborating
previous studies [14,35,59]. It was recently found that the
phonon correlation lengths for the Aig and A%g modes of
GaS increase with increasing the number of layers, which
is attributed to the progressive decrease of scattering due to
surface roughness [59]. As formerly studied for other layered
nanomaterials [16—18], the increasing amount of defects leads
to the broadening of characteristic Raman bands. Thus, scat-
tering with surface roughness and defects can also increase the
FWHM of both A, modes. However, this point is beyond the
goal of the present paper and requires further investigation.

IV. CONCLUSIONS

In summary, we have used experimental and theoretical
approaches for addressing the polar dependence of the in-
tensity of Raman modes of few-layer GaS. The exfoliation
process was found to break the translational symmetry along
the direction perpendicular to the basal plane of GaS layers,
giving rise to different space groups for an odd or even number
of layers. As a consequence, the Dgh GaS bulk space group
is changed to the D;h space group for an odd number of
layers, and D3, when the number of layers is even. Although
the bulk GaS modes, usually observed at 189 cm™' (A]),

295.8 cm™! (E,,), and 360.9 cm™' (A],) [34,52], are used
to identify the modes in few-layer GaS, it was shown here
by DFPT calculations for two and three layers that new Ra-
man active modes are activated in these systems due to the
reduced reduced dimensionality. These modes, appearing at
the vicinity of the bulk Raman modes, belong to A, and E,
symmetries for an even number of layers and A} and E’ for an
odd number of layers, with experimental evidence appearing
as shoulders in the Raman spectra from new A| modes for
a number of layers N = 3. The polarization dependence of
the studied Raman spectra does not change noticeably with
number of layers. This agrees with the symmetry analysis
of the tensors for the new Raman active modes observed for
these few layers, which are similar to those of the bulk GaS
counterpart. An adapted intensity calculation formula for the
DFPT calculations was introduced, considering the backscat-
tering geometry used in this paper, presenting good qualitative
agreement with the experimental results. The results presented
here are valuable to understand the fundamental structure of
exfoliated GaS, as well as in studies relating Raman shift
and FWHM changes due to substrate interaction or strain, for
example, which are relevant effects for device engineering and
further developments. The approach presented here is suitable
to analyze the Raman behavior of similar isostructural thin
materials.
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