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ABSTRACT: Metal monochalcogenides (MXs) have attracted significant interest
due to their unique electronic properties, which can be tuned by varying the
thickness. Gallium sulfide (GaS) stands out among MX compounds for its potential
in photocatalysis, thanks to its bandgap within the visible range. However, the
theoretical predictions of its band structure have not been experimentally validated
until now. To bridge this gap, we performed angle-resolved photoemission
spectroscopy (ARPES) measurements on bulk GaS to investigate its electronic
band structure which revealed that the VBM is located at the Γ point, and from the
analysis of isoenergy contours just below the Fermi level, the contours are relatively
circular and centered around the Γ point indicating a high degree of isotropy and
symmetry in the electronic states. Additionally, density functional theory (DFT)
calculations revealed that the valence bands are composed of Ga 4s, Ga 4p, and S
3p orbitals, while the deeper bands are from S 3s orbitals. Furthermore, the
theoretical calculations are extended to monolayer, two-layer, and three layer to observe the evolution in the band structure. Our
results highlight a unique “Pudding Mold” valence band maximum (VBM) at the Γ point, featuring multiple maxima dispersed
throughout the Brillouin zone. When the GaS sample is thinned to monolayers, this band transforms into a “Pudding Mold” shape,
characterized by significant corrugation at the Γ point. This transformation predicts an increase density of states (DOS), which is
highly advantageous for photocatalysis. The higher DOS enhances the absorption and utilization of visible light, which is essential in
photocatalytic applications, and also provides more active sites for catalytic reactions.

■ INTRODUCTION
The presence of a bandgap in layered van der Waals (vdW)
semiconductors1−5 enables their use in optoelectronic devi-
ces,6,7 field-effect transistors,8−10 gas sensing,11 and photo-
catalysis.12,13 Bandgap engineering in vdW semiconductors is
commonly used to optimize a specific property that can boost
the performance of targeted applications.14,15 Among vdW
semiconductors, group III−VI metal chalcogenides (MX),
where M is Ga or In, and X is a chalcogen atom (S, Se,
Te),6,16,17 provide several advantages, including superior
tunability of the bandgap, high optical absorption in the visible
range of the electromagnetic spectrum, and high carrier
mobility.18 While the majority of III−VI MX compounds have
indirect bandgaps in their bulk form and a direct bandgap in the
monolayer regime,19−21 GaS uniquely exhibits an indirect
bandgap in both the bulk and monolayer.15,22 The persistence of
an indirect bandgap in GaS, even at the monolayer thickness,
could lead to specific benefits. For instance, indirect bandgap
materials are known for their prolonged carrier lifetimes
compared with their direct-gap counterparts. This is because
the momentum conservation rule requires the involvement of
phonons to facilitate electron transitions between the valence

and conduction bands, which typically results in lower
recombination rates.23,24 Consequently, devices that rely on
sustained carrier dynamics, such as photodetectors and solar
cells, could benefit from such properties because they rely on
longer carrier lifetimes to enhance the device performance.25

Moreover, the relatively small energy difference between the
indirect and nearest direct bandgaps in GaS suggests that, with a
modest input of thermal energy, carriers can be excited to the
direct bandgap, potentially leading to pseudodirect transitions
under certain conditions. This hybrid behavior of GaS can be
exploited to tailor material properties through external stimuli,
such as light and temperature, allowing for tunable electronic
and optical characteristics. These properties are particularly
useful in photoconversion processes. Recently, GaS nanosheets
have shown remarkable performance in photoelectrochemical
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devices,26 with maximum responsivity of 6.8 mA W1− in 1 M
KOH at 1.1 V versus reversible hydrogen electrode (RHE)
under 275 nm illumination with an intensity of 1.3 mW cm−2.

Despite the availability of theoretical predictions on the band
structure of bulk GaS,21,27,28 but there is no experimental
validations by ARPES experiments, which are crucial for direct
observation of the electronic band structure. The shape of the
valence band plays a crucial role in determining the mobility of
charge carriers, which directly impacts the efficiency of various
applications, including photocatalysis. In particular, the
curvature and dispersion characteristics of the valence band
influence the transport and mobility of charge carriers.29 Thus, a
well-designed valence band structure can enhance carrier
mobility.30 In photocatalysis, higher carrier mobility facilitates
more efficient separation and migration of photogenerated
charge carriers, which are essential for driving the catalytic
reactions.31 Therefore, understanding and optimizing the shape
of the valence band is vital for advancing the functionality of GaS
in these applications, also in consideration of the promising
implementation of photoelectrochemical devices.26

Here, we demonstrated by synchrotron-based ARPES
measurements that the bulk GaS exhibits parabolic dispersion
symmetrically dispersed around Γ point but this dispersion is
transformed, as predicted by DFT calculations, into “Pudding
Mold” shape for 1L, 2L, and 3L, which includes a parabolic
feature that enhances carrier mobility and a flat region that
increases the DOS, which are crucial for applications such as
photocatalysis. Previously, the “Pudding Mold” shape of the
valence band, observed in NaxCoO2

32 was shown to enhance
thermal power and improve conductivity while simultaneously
increasing the power factor.32 Similarly, in GaS, the “Pudding
Mold” shape is expected to enhance carrier mobility and
increase the DOS. By understanding and optimizing the
electronic band structure of GaS, one can enhance its

performance in photocatalytic applications, making GaS a
promising material for energy conversion and environmental
remediation.

■ METHODS
Single-Crystal Growth. The Bridgman-Stockbarger meth-

od was used to grow the single-crystal GaS ingots. Initially, a
cleaned quartz glass ampule with a length of 250 mm and an
inner diameter of 10 mm was filled with a stoichiometric amount
of high-purity Ga and S, corresponding to 20 g of the final
compound. A diffusion pump was used to evacuate it to a
pressure of approximately 10−6 Torr, and an oxygen-acetylene
torch was used to close the ampule. The ampule was placed in a
handmade furnace in two different temperature zones, and the
growth process was performed according to the temperature
program.
XRD. To determine the crystal structure of bulk GaS, XRD

measurements were conducted using a Bruker D2 Phaser
diffractometer, which utilizes Cu−Kα radiation (1.5406 Å) in
the scanning mode from 5°to 90° 2θ with a step size of 0.02°.
Theoretical Calculations. We performed first-principles

calculations using the Vienna ab initio simulation package
(VASP)33 within the Perdew−Burke−Ernzerhof generalized
gradient approximation (GGA).34 We performed first-principles
calculations using the Vienna ab initio simulation package
(VASP)33 within the Perdew−Burke−Ernzerhof generalized
gradient approximation (GGA).34 We used a plane-wave basis
set with a cutoff energy of 450 eV. Spin−orbit coupling was
considered using the second variant method. The electronic
charge density was calculated using a γ-centered k-grid of
dimensions 12 × 12 × 4. Electronic optimizations were
performed with a tolerance of 10−7 eV, and a Gaussian smearing
of 0.04 eV was used to compute the total energy. The projected
orbital band structure was calculated using VASP. The van der

Figure 1. (a) Top and (b) side views of the atomic structure of GaS, Green and red balls denote Ga and S atoms, respectively. (c) X-ray diffraction
(XRD) pattern of grown single-crystal GaS, whose photograph is shown in the inset. (d) low energy electron diffraction (LEED) pattern.
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Waals interactions between the layers were considered using the
DFT-D3 method.35 To construct an effective tight-binding
model, we employed the VASP2WANNIER90 interface.36 We
constructed Wannier functions based on the dominant orbital
contributions near the Fermi level using Ga s and p orbitals and
S p orbitals. The surface spectral function was calculated using
the recursive Green’s function approach in a semi-infinite
geometry, as implemented in the WannierTools package.37

ARPES. High-resolution angle-resolved photoemission stud-
ies were conducted at the URANOS beamline of the Solaris
Synchrotron38 in Krakoẃ, Poland.38 in Krakoẃ, Poland. The
beamline was equipped with a Scienta-Omicron DA30-L
electron analyzer. The samples were mechanically exfoliated
using adhesive tape under ultrahigh vacuum (10−8 mbar) at
room temperature. The pressure during the ARPES measure-
ment was maintained below 5 × 10−11 mbar and the temperature
during the experiment was maintained at 79 K. During the
ARPES measurements, significant charging of the samples was
observed owing to incident light. Based on our observations,
which indicate that visible light induces a shift in the electronic
structure toward higher kinetic energies, we experimentally
determined that illumination with a yellow LED is the most
effective method to counteract this charging effect and stabilize
the system during measurements. Thanks to the use of this light
source, ARPES measurements could be conducted for many
hours without any visible shift in the electronic structure.

■ RESULTS AND DISCUSSION
GaS is stacked along the c-axis through weak van der Waals
forces, whereas in-plane atoms are held together through
covalent bonds.39,40 Among the several possible polytypes,15,41

gallium sulfide crystallizes from the melt as hexagonal β-GaS;
space group no. 19 (P63/mmc,

42−44 Figure 1a,b).In β-GaS, the
Ga and S atoms in each layer align directly with Ga and S atoms

in the neighboring layer.45 The unit cell of the hexagonal GaS
phase is composed of two S−Ga−Ga-S quadruple layers,42,46

with prevailing covalent intralayer bonding and negligible ionic
contribution,47,48 whereas weak interlayer van der Waals forces
regulate the interlayer cohesion along the optical c-axis.8,49 The
β-GaS phase is particularly stable and can undergo a reversible
polymorphic transition to ε-GaS only at applied pressures
exceeding 3 GPa. The primitive unit cell of the hexagonal β
phase has a lattice parameter a = 3.596 Å and c = 15.550 Å, as
confirmed by X-ray diffraction (XRD) (Figure 1c), in agreement
with previous investigations.50−53 The low-energy electron
diffraction (LEED) pattern of the as-cleaved surfaces revealed
sharp, intense spots, forming a distinct hexagonal pattern, which
is indicative of surface crystallinity (Figure 1d).

To model the electronic properties of bulk GaS, we performed
ab initio calculations using DFT with projector-augmented wave
pseudopotentials, as implemented in the Vienna ab initio
simulation package (VASP). The exchange and correlation
potentials were treated using the Perdew−Burke−Ernzerhof
(PBE) implementation of the generalized gradient approxima-
tion (GGA) (see Methods).

The theoretical electronic band structure of bulk β-GaS is
shown in Figure 2b. Bulk GaS maintains both inversion and
time-reversal symmetry, causing all bands to be doubly
degenerate. The calculated electronic band structure, including
spin−orbit coupling (SOC), shows that the VBM and
conduction band minimum (CBM) of bulk GaS are located at
Γ and M points, respectively, resulting in an indirect bandgap of
1.6 eV (see arrow in Figure 2b). This result is consistent with
previous theoretical predictions.28,45 However, it is worth
pointing out that the functional employed in DFT calculations
is known to systematically underestimate bandgap values.54

In Figure 2c, the ARPES spectrum of the as-cleaved surface of
bulk GaS, overlaid with the theoretical electronic structure,

Figure 2. (a) Hexagonal bulk Brillouin zone (BZ) of GaS with different high-symmetry points. The upper dashed hexagon represents the BZ of the
(001) surface (b) Electronic band structure of bulk GaS with spin−orbit coupling (SOC) included. The indirect bandgap estimated by DFT
calculations is 1.6 eV. (c) Experimental ARPES spectrum of the as-cleaved surface of bulk GaS. The theoretical electronic structure was superimposed
on it. (d) isoenergy contours around the center of the Brillouin zone.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c08588
J. Phys. Chem. C 2025, 129, 3967−3974

3969

https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08588?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08588?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08588?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08588?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c08588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reveals significant details about the electronic bands. The
measurements were conducted with a photon energy of 100 eV
and horizontal linear polarization. The valence bands are
primarily composed of contributions from Ga 4s, Ga 4p, and S
3p orbitals (see also Figure 3), while the deeper bands are from S

3s orbitals. The parabolic nature of the band near the Γ point

suggests low effective mass for charge carriers, which is beneficial

for mobility. In the Γ−M direction, the bands flatten out,

indicating an increase in the DOS.

Figure 3. Orbital projected band structure of bulk GaS with SOC for (a) Ga-4s, (b) Ga-4p, (c) S-3s, and (d) S-3p atomic orbitals. The color map
represents the orbital weight factor on various bands, having a maximum value of 1.

Figure 4. Band dispersion and DOS (1/unit cell·eV) of (a) single-layer (1L), (b) bilayer (2L), (c) trilayer (3L) and (d) bulk GaS in the presence of
spin−orbit coupling. The first valence band of single-layer GaS shows a Mexican-hat-like energy landscape with a minimum around Γ point. This
unusual band dispersion leads to a van Hove singularity in the DOS spectrum of the VBM. Interestingly, with increasing number of layers, the Mexican
hat-type dispersion transforms into a parabolic band with a flat region at the topmost part.
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Figure 2d depicts isoenergy contours around the center of the
Brillouin zone, specifically focusing on the Γ point. These
isoenergy contours provide a detailed map of the energy
distribution in the kx−ky plane at various binding energies. Each
contour plot represents a constant energy slice through the
electronic band structure, illustrating how the energy levels vary
with momentum. At an energy level just below the VBM, the
contours are relatively circular and centered around the Γ point,
indicating a high degree of isotropy and symmetry in the
electronic states. At lower energy levels, the contours begin to
show more complex structures, revealing the anisotropic nature
of the electronic dispersion in these regions. This complexity
indicates variations in the effective mass of charge carriers and
the potential for anisotropic charge transport properties. The
smooth and continuous nature of these contours, particularly
near the VBM, suggests a relatively flat energy landscape. This
flatness corresponds to a high DOS in these regions, which is
beneficial for applications requiring enhanced DOS, such as
photocatalysis. The high DOS implies more available electronic
states for catalytic processes, thereby facilitating more efficient
charge separation and transfer during photocatalytic reactions.

Combining this with the orbital-projected band structure
shown in Figure 3, it is evident that the contributions of Ga 4s
orbitals are primarily observed between −3 and −8 eV, with
significant presence at energies deeper than −14 eV. Around the
Γ point, these bands show parabolic dispersion, indicating their
role in carrier mobility. The Ga 4p orbitals have a strong
presence near the VBM at the Γ point and, along the whole
Brillouin zone, they span from −2 to −5 eV, also contributing
significantly to the conduction bands starting above the Fermi
level. The S 3s orbitals contribute to the deeper bands, primarily
found below −11 eV, with little impact near the VBM. The S 3p
orbitals dominate the valence band region between −2 and −7
eV, significantly influencing the VBM, especially at the Γ point,
contributing to the flat band structure observed, which impacts
the DOS.

In Figure 4, the evolution of the band dispersion from single-
layer (1L) to bulk GaS is depicted, illustrating how the electronic
structure changes with varying thickness from bulk to
monolayer.

For the single-layer GaS, as shown in Figure 4a, the valence
band exhibits a distinctive “Mexican hat” energy surface around
the Γ point, characterized by a local minimum that creates a high
DOS and a van Hove singularity (VHS) near the VBM. This
feature near the Fermi level can induce a Stoner-type magnetic
instability upon hole doping, potentially leading to a half-
metallic ferromagnetic ground state, similar to the case of the
parental compound GaSe.56

As the number of layers increases from single-layer to bilayer,
trilayer, and ultimately to bulk, this “Mexican hat” structure
gradually transforms. The associated VHS, prominent in the
single-layer structure, diminishes with the addition of layers,
depicted in Figure 4b,c by a reduction in the corrugation. In the
bulk form of GaS, Figure 4d, the valence band dispersion
transitions to a more conventional parabolic shape, and the VHS
disappears. This progression indicates a significant shift in the
electronic properties of GaS with increased thickness.

This transformation from a “Mexican hat” structure in
monolayer GaS to a parabolic band structure in bulk GaS
underscores the substantial impact of dimensional reduction on
the electronic properties. This implies that GaS can be
engineered to meet specific functional requirements, enhancing

its potential in fields like photocatalysis, where high carrier
mobility and DOS are essential for efficient performance.

The theoretically predicted pudding mold-shaped energy
dispersion, characterized by a quartic or higher dependence on
the wave vector, has been found to exhibit better electronic and
thermal properties compared to conventional parabolic
dispersion. This unique shape exhibits enhanced figure of
merit and power factor, making it more efficient in thermo-
electric applications. The flatter regions near the valence band
maximum contribute to a higher density of states, boosting
electronic and thermal properties for energy conversion
systems.55 We fitted 1L and bulk to reveal the dependence of
energy on the wave vector as shown in Figure 4; the bulk shows a
parabolic dependence which starts to change when the thickness
is reduced to monolayer which is fitted to pudding mold band
dispersion model, to wave vector of power 4 (Figure 5).

One of the main requirements for photocatalysis is that the
materials must absorb a significant amount of light in the visible
range. Additionally, the valence and conduction band edges of
the material must align appropriately with the redox potentials of
water.57,58 GaS satisfies these two main conditions, and several
computational studies have investigated the suitability of GaS
for photocatalysis in terms of band edge positions with respect to
the redox potential of water.12,59 Specifically, under an irradiance
of 0.5 mW/cm2, GaS-based photoelectrochemical devices
exhibited a photocurrent of approximately 2.1 mA. Additionally,
these devices showed a high photoresponse of 19.2 A/W,
particularly notable in the UV−vis range, with the highest
response observed at a wavelength of 254 nm.7 This optimal
photocurrent and photoresponse can be traced back to the shape
of the VBM and the thickness reduction, but the optimal value is
only in the UV region, which represents only 5% of the sunlight
spectrum. Therefore, engineering the bandgap of GaS while
maintaining the intrinsic electronic structure could provide
optimal absorption of visible light (>40% of the solar
radiation54,60), which is essential in photocatalysis and solar
energy applications. One strategy is to obtain a GaS monolayer
with a Mexican hat-like electronic structure and a smaller
effective mass, which increases the mobility; however, this
Mexican hat-like band structure also increases the DOS, which
enhances light absorption.

■ CONCLUSIONS
Through detailed ARPES measurements we showed that the
VBM is located at Γ point with isotropic dispersion below Fermi
level observed by circular shape around the center of the Brillion

Figure 5. Fitting of the VBM of (a) bulk and (b) monolayer.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c08588
J. Phys. Chem. C 2025, 129, 3967−3974

3971

https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08588?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08588?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08588?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c08588?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c08588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


zone. This feature changes for the deeper energy levels where the
dispersion is more complex. The DFT calculations of bulk GaS
further revealed that the orbital contributions of the valence
bands are from Ga 4s, Ga 4p, and S 3p orbitals whereas the
deeper bands are from S 3s orbitals.

We also showed by DFT calculations that the VBM in 2L, 3L
and monolayer GaS exhibit a unique “pudding mold”-like
dispersion, characterized by a parabolic feature. The “pudding
mold” band structure predicted in 3L evolves into a “Mexican
hat” configuration in the monolayer regime, which is associated
with double Fermi surfaces and a higher DOS that enhances
carrier mobility and a flat region at the VBM that increases the
DOS. These features are critical for various applications,
particularly in photocatalysis, where efficient charge transport
and high DOS are paramount.

Future research should focus on experimental validation of
the theoretical predictions for monolayer and few-layer GaS
exploring the integration of GaS with other materials to form
heterostructures with specific electronic properties.
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