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Abstract: Interest in layered van der Waals semiconductor gallium monosulfide (GaS) is
growing rapidly because of its wide band gap value between those of two-dimensional transition
metal dichalcogenides and of insulating layered materials such as hexagonal boron nitride. For
the design of envisaged optoelectronic, photocatalytic and photonic applications of GaS, the
knowledge of its dielectric function is fundamental. Here we present a combined theoretical and
experimental investigation of the dielectric function of crystalline 2H-GaS from monolayer to
bulk. Spectroscopic imaging ellipsometry with micron resolution measurements are corroborated
by first principle calculations of the electronic structure and dielectric function. We further
demonstrate and validate the applicability of the established dielectric function to the analysis of
the optical response of c-axis oriented GaS layers grown by chemical vapor deposition (CVD).
These optical results can guide the design of novel, to our knowledge, optoelectronic and photonic
devices based on low-dimensional GaS.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In the last few years group-III monochalcogenides such as gallium sulfide, GaS, [1–3] gallium
selenide, GaSe [2,4] and gallium telluride, GaTe [5,6], have attracted increasing attention. These
van der Waals (vdW) layered semiconductors consists of a stacking along the c-axis of covalently
bonded tetralayers (X-Ga-Ga-X, X=S, Se, Te) held together by vdW forces (see Fig. 1). Their
energy band gap values, Eg, span the visible range, with GaTe (Eg ≈ 1.7 eV) [5] < GaSe (Eg
≈ 2.0 eV) [7] < GaS (Eg ≈ 2.3 - 2.6 eV [8–13]) to values higher than 3 eV for monolayers,
being between the two-dimensional (2D) transition metal dichalcogenides (TMDs) and insulating
materials such as hexagonal boron nitride (h-BN) [3], as shown in Fig. 1.

Among those, low-dimensional layered GaS is of special interest because its bandgap has been
predicted to increase from the bulk value of Eg ≈ 2.3 - 2.6 eV to Eg ≈ 3.2 eV for the monolayer.
[14–16] Indeed, the wide band gap of layered GaS has been already exploited in a variety
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Fig. 1. (a) Side and (b) top view of the crystalline structure of 2H-GaS. (c) Positioning of
Ga-monochalcogenides GaS and GaSe in the bandgap energy space of two-dimensional
semiconductors, with their corresponding band-gap energies for the bulk (left value of the
bar) and for the monolayer (right value of the bar).

of optoelectronic applications spanning from transistors [17] and visible-UV photodetectors,
[1,18–21] and to energy storage, gas sensing, and photocatalysis [1,22–24].

Despite the exploited applications, optical properties of layered GaS are still widely scattered.
For instance, only two experimental contradicting profiles can be found in literature for the
dielectric function of bulk GaS, [12,25] while, to the best of our knowledge, the dielectric function
of low-dimensional GaS and its dependence on the number of layers is still uninvestigated.

Here we assess the dielectric function of GaS, from bulk down to monolayer, by a combined
theoretical and experimental investigation. Imaging spectroscopic ellipsometry measurements of
the dielectric function of bulk c-axis cleaved single crystal 2H-GaS and of mechanically exfoliated
monolayer and few-layers have been correlated with density of states and band diagrams, and
dielectric function calculated by first principles methods in the framework of density functional
theory (DFT). Our calculations and experimental results demonstrate that for monolayers and few
layers GaS mainly the in-plane component, which is almost independent of the number of layers,
defines the dielectric function. From the assignment of the Ga and S orbitals contributing to the
interband electronic transitions and associated critical points (CPs), the interlayer vdW interaction
due to chalcogenide S-electrons contributes to the out-of-plane component. A blue-shift of the
fundamental indirect bandgap is found both experimentally and by theory from 2.6 eV for bulk
to approximately 2.7 eV for about 5 layers and extrapolated to 3.1 eV for monolayer. We also
demonstrate the applicability of the determined dielectric function to analyze extensively and
quantitatively the optical response of polycrystalline GaS layers deposited by chemical vapor
deposition (CVD).

Thus, our results on the GaS optical properties provide a solid foundation to the design of
photonic, optoelectronic and photocatalytic applications of low-dimensional GaS.
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2. Methods

2.1. GaS layers preparation

Mechanically exfoliated GaS flakes were obtained using a standard thermal tape method on a
hotplate set at 90°C by 2H-GaS c-axis oriented bulk crystals purchased from 2D semiconductors
and HQ graphene. Epitaxial quality c-plane sapphire (0001) with a surface roughness (RMS= root
mean surface roughness) of 0.2 nm was used as substrate. Further details about exfoliated layers
can be found in Refs. [21,26]

Crystalline GaS layers were also grown using chemical vapor deposition (CVD) on sapphire
at 650°C using Ga2S3 as precursor (kept at a temperature of 800°C) and H2 as carrier gas at a
pressure of 100 mbar.

2.2. GaS layers characterization

The exfoliated and CVD layers were characterized chemically, structurally, and morphologically
by a combination of techniques.

All the samples analyzed here (i.e., bulk exfoliated and CVD) had a chemical composition of
Ga/S= 1.0± 0.1 as revealed by X-ray photoelectron spectroscopy (XPS). XPS measurements
were carried out by a Scanning XPS Microprobe (PHI 5000 Versa Probe II, Physical Electronics)
equipped with a monochromatic Al Kα X-ray source (1,486.6 eV), with a spot size of 200 µm.
Survey (0–1,200 eV) and high-resolution spectra (C1s, O1s, S2p, S2s, Ga2p3, Ga3d) were
recorded in FAT mode at a pass energy of 117.40 and 29.35 eV, respectively. Spectra were
acquired at a take-off angle of 45° with respect to the sample surface. Surface charging was
compensated using a dual beam charge neutralization system, and the hydrocarbon component of
C1s spectrum was used as internal standard for charging correction, and it was fixed at 285.

The crystalline quality after exfoliation was checked by X-ray diffraction (XRD) in thin film
geometry. The measurements were performed with an Ultima IV diffractometer (Rigaku Corp.,
Japan), equipped with parallel beam optics and a thin film attachment, using Cu Kα radiation
(λ= 1.5405 Å), operated at 30 mA and 40 kV, over the 2θ range 5-70°, at a scanning rate of
1°/min, with a step width of 0.02°.

Raman spectroscopy was performed with a LabRam Horiba using a 532 nm wavelength laser
(20 mW) with a ×100 microscope objective (NA= 0.9).

Morphology and thickness of ultrathin layers were determined by atomic force microscopy
(AFM) using the Autoprobe CP (Thermomicroscope). The sample topography was recorded in a
single-pass mode using a gold-coated Si tip (their frequency is ∼80 Hz) in non-contact mode.

Scanning electron microscopy (SEM) was carried out for the morphological characterization
of the samples with a Zeiss Supra 219 40 FEG SEM equipped with a Gemini field emission gun.
Analyses were carried out at an extraction voltage of 3 kV and 221 a 30-µm aperture.

In order to validate the derived bulk dielectric function, the same samples were measured
with various ellipsometers, namely UVISEL (Horiba), Wollam VASE M2000 Ellipsometer
varying the angle of incidence from 50° to 70°, in the photon energy range 0.75–6.5 eV, and
with the spectroscopic imaging ellipsometer EP4 (Accurion GmbH, Göttingen) in the spectral
range 1.5 - 5 eV, with the angle of incidence set at 50°. All sets of data were modelled with the
same model consisting of substrate/GaS/surface/air. The substrate sapphire was experimentally
measured before the GaS transfer. The GaS was modelled by a dispersion equation consisting of
an ensemble of Tauc-Lorenz (for the E0 bandgap determination) and Lorentzian oscillators for
the higher interband transitions and critical points (E1-E6). The surface layer was modelled by a
2 Å thick oscillator (fixed by the AFM).
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2.3. First principles calculations

Density functional theory first principles calculations based on a numerical atomic orbital method
were carried out using the SIESTA code [27]. All the calculations were performed with the
generalized gradient approximation (GGA), using the revised exchange-correlation potential
parameterized by Perdew–Burke–Ernzerhof (PBEsol) [28] to simulate the electronic exchange and
correlation. Core electrons are described by ab initio optimized norm conserving pseudopotentials,
generated following the recipe given by Hamann, [29] available in the PSEUDODOJO [30]
in the Kleinman–Bylander fully nonlocal separable representation. The 3s, 3p, 3d, 4s, and 4p
were considered as valence electrons of Ga and explicitly included in the calculations. For S, as
valence electrons, 3s, 3p, and 3d were chosen.

The one-electron Kohn Sham eigenvectors were expanded in a basis of localized numeric
atomic orbitals (NAO) as implemented in the SIESTA code. The size of the basis set chosen for
Ga was single ζ for the semicore 3s, 3p and 3d; double ζ for 4s, 4p and 4d polarization orbital.
The size of the basis set chosen for S was double ζ for 3s, 3p and 3d orbitals, in all cases with
default cutoff radii. The electronic density, Hartree, and exchange correlation potentials, as well
as the corresponding matrix elements between the basis orbitals, were calculated in a uniform
real space grid. The equivalent plane wave cut-off used to represent the charge density was 1200
Ry. For the Brillouin zone integrations, a Monkhorst–Pack [31] sampling of 15× 15× 3 was
used for the bulk phases and 20× 20× 1 for the slabs representing mono-, bi- and tri-layers. For
the 2H-bulk structure computation, atoms and unit cell were allowed to relax until the maximum
component of the force acting on any atom was smaller than 0.01 eV Å−1, and the maximum
component of the stress was 0.1 GPa. For determining the slabs unit cell parameters, we started
from the equilibrium lattice parameters of bulk calculations and the atoms were allowed to relax
only in the x-y plane perpendicular to the c direction.

2.4. Optical response

The frequency dependent optical response of the studied structures was obtained using first-
order time-dependent perturbation theory to calculate the dipolar transition matrix elements
between occupied and unoccupied single-electron eigenstates as implemented in the SIESTA
code. The optical constants of a solid can be derived from the complex dielectric function
ϵ(ω) = ϵ1(ω) + iϵ2(ω). The frequency-dependent dielectric function can be written within the
dipole approximation as

ϵ2(ω) =
2π
mN

ω2
p

ω2

∑︂
v,c

∫
BZ

dk
(2π)3

|Mcvk |
2
δ(εck − εvk − ℏω)

where m is the electron mass, N is the number of electrons per unit volume, and ω2
p = 4πNe2/m

is the plasma frequency, with e being the electron charge. The single particle electronic states
|ψ⟩ of energy ϵ are labeled by their crystal momentum k and their valence (v) and conduction (c)
band index. The sum is over connecting valence and conduction states and over all the k points
in the first Brillouin zone. The optical matrix element is given by Mcyk = ⟨ψck |ê · p|ψvk⟩, where
ê is the polarization of the incident light and p is the momentum operator. The real part of the
dielectric function ϵ1(ω) can be obtained from the imaginary part using the Kramers-Kronig
relation.

In order analyze the origin of the peaks appearing in the ϵ2(ω) spectra due to interband
transitions, we have calculated the values of the optical matrix element Mcvk for every pair of
conduction and valence bands at each k point with an energy difference equal to the photon
energy at which the peak appear. In this way, we can analyze the pair of bands contributing to
the interband transition visible in ϵ2(ω) spectra. All bands have been included in the optical
calculations. The optical mesh used for is 38× 38× 12 for the bulk and low dimension phases.
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The gaussian broadening has been set to 0.3 Ry. In plane optical response was calculated using the
unpolarized type, which consider the light propagation vector parallel to c-axis and perpendicular
components of the electric field are averaged over the other spatial directions.

3. Results

3.1. GaS crystalline and electronic structure

The GaS phase stable at room temperature and atmospheric pressure is the 2H hexagonal lattice
with space group P63/mmc (no. 194) schematized in Figs. 1(a),(b). It can be mechanically
[23,32] and chemically exfoliated [22] down to a monolayer that belongs to the space group P6̄m2
(no 187), entering the blooming 2D materials family. Figure 2(a) shows typical SEM images of
GaS exfoliated samples down to monolayer, clearly showing the layered structure of the exfoliated
crystalline samples analyzed herein. Figure 2(b) shows the scheme as well as lattice parameters
and atomic coordinates of 2H-bulk GaS primitive unit cell used in the calculations. Interestingly,
the DFT calculations revealed that the monolayer and few-layer GaS retains the same unit cells
parameters of the bulk (reported in Fig. 2(b)), indicating that the vdW stacking of layers does not
affect the in-plane atoms arrangement. This is an important point to consider and explain the
independence of in-plane structural and electronic properties of number of layers. Specifically,
the optimized crystal lattice constant a obtained by our DFT calculations is 3.541 Å for both the
2H-bulk and monolayer; c is 16.616 Å; the Ga−Ga and Ga−S bond lengths are, respectively, 2.35
Å and 2.31 Å, resulting in the S-Ga-Ga-S thickness of 4.52 Å, with an interlayer distance of 3.79
Å. Figures 2(d)-(g) show the calculated electronic band structure density of states (DOS) and
projected density of states (PDOS) indicating the contribution of the Ga 4s, Ga 4p, S 3s and S 3p
for the monolayer, bilayer, trilayer and bulk GaS. The calculations have been performed using
density functional theory (DFT) as implemented in SIESTA [27] (see Methods) and minimizing
the energy with standard conjugate-gradient techniques. For the mono-, bi- and tri-layers the
calculated electronic structures fail to describe a Mexican hat-type dispersion, which can be
observed as a double-peak feature around the Γ-point and previously reported by other authors,
[33,34] giving a rather flat band around Γ instead. The aforementioned effect is relatively subtle,
and we do not consider that it will affect the optical response of the system; nevertheless, by
employing a more complete basis set the feature is recovered.

The band diagrams reveal that bulk as well as monolayer GaS are indirect band gap semi-
conductors as their valence band maximum (VBM) is located at Γ while their conduction band
minimum (CBM) lies at the M point (K for few layers). Furthermore, due to band ordering along
the c-axis, the calculated indirect bandgap energy increases going from GaS bulk to monolayer,
being 1.96 eV for bulk, 2.11 eV for trilayer, 2.21 eV for bilayer and 2.47 eV for GaS monolayer
as shown in Fig. 2(c). Similarly, the direct bandgap increases from 3.51 eV for bulk to 3.66 eV
for trilayer, to 3.77 eV for bilayer and to 3.93 eV for monolayer. This increase in the bandgap
with the decrease in the number of layers is in good agreement with other calculated values
using the same functional, i.e., the PBEsol, [35] although it is known that DFT systematically
underestimates the value of the bandgap with semi-local exchange-correlation functionals.

3.2. GaS dielectric function from bulk crystal to monolayer

Figure 3(a) shows the real, ϵ1, and imaginary, ϵ2, part of the complex dielectric function, ϵ(ω)
ϵ1(ω)+ iϵ2(ω), derived under the isotropic assumption modelling of experimental ellipsometric
spectra for a 2H-GaS bulk single crystal cleaved along the c-axis. The crystal has been qualified
structurally by XRD, that showed only the (004), (006), (008) and (010) reflections and by the
Raman spectrum (shown in Fig. 5(e)) characterized by the characteristic A1

1g, E1
2g and A2

1g Raman
modes of GaS [36] at 187, 293 and 359 cm−1 and with an intensity ratio A1

1g/A2
1g ∼1 that we

have statistically verified (measuring 100 spectra of single crystal GaS with different Raman
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Fig. 2. (a) Picture of cm-scale exfoliated 2H-GaS with SEM views of monolayer, trilayer
and multilayer GaS samples. (b) Scheme primitive unit cell of 2H-GaS indicating the lattice
parameters as well as atomic coordinates. (c) Calculated indirect and direct (squares) and
measured (starts) bandgap energy values depending on the number of GaS layers up to
bulk. Calculated electronic band diagram and density of states (DOS) for (d) monolayer, (e)
bilayer, (f) trilayer and (g) bulk GaS.
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instruments in various laboratories). From the analysis of the ellipsometric spectra, an indirect
bandgap energy Eg= 2.50± 0.05 eV has been determined for bulk 2H-GaS, which agrees well
with previously reported bandgap values measured by various methods. [8–13]

Fig. 3. (a) Real, ϵ1 and imaginary, ϵ2, parts of the complex dielectric function of GaS bulk
single crystal. (b) Critical point analysis of the experimentally determined bulk dielectric
function by using the second derivative spectra of ϵ1 and ϵ2. The arrows indicate the
critical points. (c) Calculated out-of-plane (E| |c) and in-plane (E⊥c) components of the
imaginary part of the complex dielectric function of bulk GaS. (d) Critical point analysis
of the calculated out-of-plane (E| |c) and in-plane (E⊥c) components of the imaginary part
of the complex dielectric function of bulk GaS. (e) Band diagram of GaS representing
the contribution of the S3p, S3s, Ga4p and Ga4s to each band. The size of the marker is
proportional to the strength of the orbitals contribution. (f) Band diagram of GaS representing
the bands contributing to the interband transitions responsible to the CPs appearing in the
dielectric function spectrum.

Based on the band structure and the dipolar transition matrix elements between occupied and
unoccupied single-electron eigenstates, the complex dielectric function has been calculated for
bulk GaS using first-order time-dependent perturbation theory as implemented in SIESTA [27].
Fig. 3(c) shows the imaginary, ϵ2, part of the dielectric function calculated for bulk GaS for the
in-plane polarization (E⊥c) and out-of-plane polarization (E| |c). Noteworthy, the calculated
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in-plane dielectric function reproduces very well the measured dielectric function, indicating that
the in-plane component mostly contributes to the GaS dielectric function, probably because of
the weak vdW interactions between stacked layers. Therefore, by the comparison of Fig. 3(a) and
Fig. 3(c), we could infer that in the case of GaS, the isotropic assumption in the modelling of the
dielectric function mainly results in the in-plane component.

A critical points (CPs) analysis using the second derivative spectra of ϵ(ω), d2ϵ1/dE2 and
d2ϵ2/dE2, calculated numerically and smoothed using a Savitzky–Golay [38] algorithm reveals
several CPs in the experimental ϵ(ω) at E1 = 3.95 eV, E2 = 4.25 eV, E3 = 4,45eV, E4 = 4.75 eV,
E5 = 5.45 eV and E6 = 5.75 eV as shown in Fig. 3(b). The details in Table 1 show that the CP
energies are in good agreement with those reported in literature [12,25]. Noteworthy, those
CPs are well reproduced by the theoretical calculations allowing to distinguish which of them
contribute to the in-plane (E⊥c) and out-of-plane components (E| |c) of the dielectric function.
Specifically, the CPs labeled as E1, E3 and E5 can be assigned to the in-plane (E⊥c) whereas
E2, E4 and E6 can be assigned to the out-of-plane (E| |c) component. For the assignment of the
CPs, Fig. 3(e) shows the fat bands of bulk GaS representing the contribution of the S3p, S3s,
Ga4p and Ga4s orbitals to each band. The size of the marker is proportional to the strength of
the contribution. Therefore, it can be inferred that:

• at M-point, the conduction band minimum (CBM) contains relatively equal anion S 3p and
cation Ga 4p character;

• although at the M, K, L and H boundary zone points in the highest valence band the anion
S3p contribution is small in comparison with Ga 4p, it increases along the lines M-Γ, K-Γ,
H-A and L-A to reach maximum values at the center zone Γ and A points;

• the valence band maximum (VBM) at Γ contains a strong, nearly pure S pz-like charge, in
addition to some Ga-Ga antibonding character.

Table 1. Summary of the energy of the main critical points (CPs) as compared to the
literature values from Refs. [25,37]

Ref T (K) E1 (eV) E2 (eV) E3 (eV) E4 (eV) E5 (eV) E6 (eV)

Ref. [25] 300 3.95 4.22 4.51 4.75 5.50 5.78

Ref. [37] 5 4.03 4.30 4.61 4.82 5.57 -

This work experimental 300 3.95 4.25 4.45 4.75 5.45 5.75

in-plane DFT - 3.95 - 4.8 - 5.75 -

out-of-plane DFT - - 4.62 - 5.31 - 6.09

Considering the different contributions of the Ga and S atomic orbitals, the following interband
transitions can be assigned to the CPs (see Fig. 3(f)):

• The low-energy peak at 3.95 eV (E1) corresponds to transitions between the highest valence
band and the lowest conduction band in the neighborhood of the high symmetry points K
and H in reciprocal space where the bands run parallel. It has a mixed cation Ga-px,y and
anion S-px,y character as it involves wave functions of both, originating from excitation of
the Ga-Ga bond and of non-bonding S-pz, to s-state transitions.

• The CP at 4.25 eV (E2) accounts for transitions in the M-Γ line around M between the
highest valence band and the conduction band located above approx. 2eV that involves
predominantly occupied Ga 4p and S 3p into empty Ga 4s states. High transitions
amplitudes appear in the paths T and S between high symmetry points (Γ-K and A-H
respectively), corresponding to a sharp feature in the density of state.
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• The CP at 4.45 eV (E3) is assigned to vertical transitions between mixed S 3p and Ga 4p
from the lower lying valence band at ≈ −2 eV around Γ to the pair of lowest conduction
bands with Ga 4s character. The same occurs between flat bands along the high symmetry
path Γ-A. Additional contributions arise along the M-Γ and L-A path involving low lying
valence bands around −3 eV and the lowest conduction bands, almost parallel close to
M and L, that probably comprise S 3 pz and Ga 4 pz states. In K and H this excitation
replicates involving the same orbitals.

• In the case of the CP at 4.75 eV (E4) the vertical transitions are out of the high symmetry
points and practically located along the center of the M-K-Γ and H-A paths. These
transition are associated with S 3px,y to Ga 4s orbitals.

• The high energy main peak at 5.45 eV (E5) corresponds to the CP labeled E5 that involves
mostly transitions associated with S 3px,y to Ga 4s orbitals. We find practically continues
probabilities along the Γ- M and A-L paths between deeper valence and conduction bands.
The peak is reinforced with contributions along T and S.

• Another CP appears at the energy 5.75 eV (E6) as a shoulder in the main peak. It has
important contributions around K and H high symmetry points and minor contributions
spread over almost the whole Brillouin zone. Optical transitions involve mostly occupied
Ga 4p and empty Ga 4s states.

From this assignment, it can be inferred that transitions of mixed character involving Ga and
S states result in the main peaks observed in the ϵ2 spectrum corresponding to the intralayer
covalent bonding of GaS, whereas anion S-states contributes mainly to the broad features in the
range 4.2 to 5 eV, due to the vdW interaction between layers. This is supported by the second
derivative analysis of the theoretical dielectric function for both polarizations, namely the intense
CPs E1 and E5 appearing in the d2ϵ2/dE2 (probing parallel to the layer) while the E2, E4 and E6
mainly characterize the d2ϵ2/dE2 (probing along the c-axis and therefore interlayers).

In order to assess any thickness dependence of the dielectric function of GaS in the few-
layer regime, different exfoliation runs of the same bulk crystal were executed. Spectroscopic
imaging ellipsometry (SIE) measurements were performed on GaS flakes of different and known
thicknesses down to few layers transferred onto a smooth sapphire substrate. Given the ≈ 1µm
lateral resolution of SIE, spectroscopic ellipsometry spectra have been acquired in specific flakes
of known and homogeneous thickness avoiding averaging effects between layers of different
thicknesses. Figure 4(a) shows the ellipsometric enhanced contrast map of a typical GaS flake.
The regions of interest (ROIs) where the dielectric function has been measured are indicated
in green, and the corresponding ROIs optical micrograph and AFM topography are shown in
Figs. 4(b),(c). The thickness of the layers in the ROIs is approximately 50 Å and 180 Å as
measured by AFM line profiles. Those ROI GaS flakes measured by SIE, have been characterized
structurally by Raman spectroscopy as reported in Fig. 5(e). The Raman spectra acquired in the
ROIs present the characteristic A1

1g, E1
2g and A2

1g Raman modes of GaS [36] with preserved 1:1
ratio between the A1

1g and A2
1g modes characteristic of the 2H-polytype, as also supported by the

main (002) and (004) reflections in the XRD pattern also show in Fig. 5.
Figure 4(d) shows the ellipsometric magnitudes of Ψ and ∆ maps measured at the photon

energy of 3.5 eV. The Ψ and ∆ maps for additional photon energies are available in the data
set Ref. [39]. From the Ψ and ∆ maps (at the various photon energies) over the ROIs, and
considering the thickness measured by the AFM profilometry, the dielectric function has also
been determined for both the 50 Å (approximately 5 layers) and 180 Å (approximately 18 layers)
thick GaS flakes as shown in Fig. 4(e). The ellipsometric fitting is shown in Fig. 4(f),(g) using a
model as the one sketch as inset. Interestingly, the dielectric function for the 180 Å GaS flake
overlaps with bulk GaS indicating that for already that number of layers, the 2H- bulk dielectric
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Fig. 4. (a) Ellipsometric enhanced contrast micrograph (ECM) of an exfoliated GaS flake
on a sapphire substrate. The green regions (ROIs in the main text) indicate the area where the
spectroscopic ellipsometry measurements have been performed. (b) Optical micrograph and
(c) AFM topography images of the analyzed red regions. (d) Representative ellipsometric Ψ
and ∆ maps measured at the photon energy of 3.5 eV of the black square region indicated in
(a). The green dashed contour in (d) indicates the homogeneous Ψ and ∆ regions to extract
the few layer dielectric function. (e) Real, ε1, and imaginary, ε2, parts of the dielectric
function extracted for the 50 Å and 180 Å thick GaS flake, corresponding to approximately
5 layers and 18 layers, respectively. For comparison, the GaS bulk dielectric function is
also plotted. Example of fitting quality for the experimental imaginary part of the pseudo
dielectric of (f) 50 Å and (g) 180 Å thick exfoliated GaS layers using a layer-stack model as
the ones sketched. The χ2 of the fittings are 0.5 and 2.5 respectively.
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Fig. 5. (a) Picture of the cm-scale grown GaS on sapphire substrate. (b) Imaginary part,
‹ϵ2›, of the pseudo-dielectric function of a typical CVD grown GaS sample with a thickness
of approximately 1µm. The measured spectra have been fitted using the model sketched
in (b). For comparison, the determined reference dielectric function of 2H-GaS is plotted
(black-line). (c) Scanning electron microscopy image of the analyzed CVD GaS sample. (d)
XRD spectra of exfoliated and CVD. (e) Raman spectra of bulk, ∼50 Å and ∼180 Å thick
exfoliated GaS, and of ∼ 1µm CVD GaS. A sketch and labeling of the A1

1g, E1
2g and A2

1g
GaS modes are included. The peak at 377 cm−1 is due to the sapphire substrate (*) on which
samples are deposited; the full width at half maximum (FWHM) is also given. (f-h) AFM
images of the CVD sample: (f) topography and corresponding phase of CVD GaS crystals
very homogeneous in phase evidencing grain boundaries; (g) 3D topography of the crystals
with grain boundaries; (h) 3D topography of the CVD crystal boundary showing the layered
structure of the CVD sample.
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function applies also to few layers. Noteworthy, also for very few layers, namely monolayer
to 5 layers, the dielectric function approaches that of bulk GaS, consistently with the in-plane
component determining the dielectric function also of few layers GaS, independently of the
number of layers. Indeed, with the decrease of the number of layers, an increase of the bandgap
to 2.7± 0.5 eV for approximately 5 layers and to 3.1± 0.5 eV for monolayer is found in agreement
with the trend revealed by the DFT calculations.

3.3. Optical properties of CVD grown crystalline GaS

We also demonstrate that the determined dielectric function can be applied to the analysis of
CVD grown crystalline GaS samples with thicknesses ranging from few layers up to ≈ 1 µm. In
order to qualify the CVD GaS, Fig. 5 shows a picture of the cm-scale grown GaS on sapphire
substrate, with the XRD pattern showing only the (002) and (004) reflections demonstrating that
our CVD GaS consists of crystals orientated perpendicular to the c-axis as in the case of the bulk
2H-crystal, whose layered structure can be seen in Fig. 5(h). The fact that only the most intense
reflections could be seen for the CVD sample could be due to the misalignment of the stacked
layers and to grain boundaries clearly visible in Figs. 5(f),(g). The size and planar coalescence of
those crystals can be seen in the SEM picture in Fig. 5(c) as well as by AFM in Figs. 5(f),(g),
with a grain surface roughness RMS (root mean square roughness) of 0.9 nm. The AFM images
in Fig. 5(f) show the topography and phase of CVD GaS crystals very homogeneous in phase
evidencing grain boundaries. The corresponding Raman spectrum, shown in Fig. 5(e), presents
the characteristic A1

1g, E1
2g and A2

1g Raman modes of GaS, with the A1
1g and A2

1g modes preserving
the 1:1 ratio wavenumber characteristic of a well ordered 2H- polytype. The full width at half
maximum (FWHM) is also indicated.

The imaginary, ⟨ϵ2⟩, part of the pseudodielectric function of CVD GaS is compared to the
reference GaS dielectric function in Fig. 5(b), along with its fitting using the sketched model.
Interestingly, the CVD GaS pseudodielectric function shows well shaped GaS CPs, with a
lower amplitude, due to grain boundaries well visible in the SEM and AFM images. The
pseudodielectric function of the CVD GaS has been fit with the optical model sketched in
Fig. 5(b), consisting of bulk GaS (same dielectric function as in Fig. 3(a)) and a surface roughness
layer modeled using a Bruggeman effective medium approximation of 80% bulk GaS and 20%
voids. The quality of the fitting, also shown in Fig. 5(a), demonstrates that the established
dielectric function for GaS can be used to model the optical response of the c-axis oriented CVD
GaS layers, with the voids volume fraction giving an indication of the grain boundaries, and
therefore of the coalescence and large size of grains.

4. Conclusions

We have reported, to the best of our knowledge, the first detailed experimental and theoretical
analysis of the dielectric function of bulk and low-dimensional GaS down to monolayer obtained
by both mechanical exfoliation and CVD. Noteworthy, the contribution of the in-plane dielectric
function, which is mostly independent of number of layers, predominates. The critical points
appearing in the dielectric function of GaS are identified in terms of location in the reciprocal
space and atomic character of the states involved in the interband transitions. Hence, the main
features in the optical response function of GaS were found to result from excitations of Ga
4p and S 3p to empty Ga 4s and 4p antibonding levels, corroborating the predominance of the
intralayer bonds to the dielectric function, with a negligible contribution of the interlayer vdW
interactions. The established dielectric function applies to the analysis of both exfoliated and
CVD GaS and opens new paths to accurately model and design new optical devices based on
GaS.
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