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Abstract: Gallium sulphide (GaS) is an emerging monochalcogenide material that has recently
attracted interest in optical technologies due to its tunable bandgap in the near-UV region. In this
work, we employ in situ, in-operando X-ray diffraction to investigate local atomic modifications
in GaS induced by 400-nm femtosecond laser pulses. We identify the energy threshold at
which irreversible structural changes occur and observe a laser-induced elongation of the unit
cell along the c-axis. This elongation is expected to enhance the anisotropy of the material’s
physical properties. Ab initio calculations further reveal that the experimentally observed =~ 10%
elongation along the c-axis leads to a transition from a direct to an indirect bandgap, accompanied
by a bandgap increase of approximately 0.45 eV. Additional ab-initio optical simulations show
that this structural transformation results in a nearly constant in-plane refractive index contrast
of An = 0.1 across a wide spectral range, from the visible to the near-infrared, with negligible
optical losses, which could be of interest for reconfigurable photonics applications.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Crystalline-to-crystalline transformations in two-dimensional (2D) materials are emerging as a
promising pathway for next-generation reconfigurable photonic and optoelectronic technologies,
as they are expected to be faster and more energy-efficient than conventional amorphous-to-
crystalline switching processes [1]. Among these materials, van der Waals (vdW) semiconductors
such as the gallium monochalcogenides (i.e., gallium sulfide (GaS), gallium selenide (GaSe),
and gallium telluride (GaTe)) are particularly appealing due to their broad and tunable bandgaps,
high carrier mobilities, and strong light—matter interactions [2]. In particular, GaS has attracted
increasing attention owing to its wide bandgap tunability from the visible to the near-UV range
[3,4], intrinsic polymorphism [5], and excellent ambient stability [2].

These properties have already enabled GaS to be integrated into a variety of optoelectronic
applications, including UV photodetectors with fast response times [6—10], nonlinear optical
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devices [11], heterogeneous catalysts [12,13], and ultrafast mode-locked lasers operating at 1.55
um [14]. More recently, GaS has been proposed as a wide bandgap phase-change material
(PCM) capable of enabling reconfigurable on-chip photonic functionalities through light-induced
amorphous-to-crystalline switching [15]. However, the potential to induce crystalline-to-
crystalline transitions in GaS using ultrafast optical excitation remains largely unexplored.
Demonstrating and understanding such transformations could represent a crucial step toward
realizing low-energy, high-speed, and durable PCM-based platforms for reconfigurable photonics
[1].

To unlock this potential, it is essential to gain insight into how light modifies GaS at the atomic
level, particularly through reversible or irreversible structural reconfigurations. While recent
efforts have investigated its nonlinear optical response and ultrafast carrier dynamics [16], direct
experimental evidence of laser-induced structural transformations is still lacking.

In this work, we address this gap by combining in-situ, in-operando X-ray diffraction with ab
initio calculations to investigate the structural and optical effects of femtosecond laser excitation in
GaS. We identify the energy threshold required to trigger irreversible atomic rearrangements and
observe a laser-induced elongation of the unit cell along the c-axis. First-principles calculations
reveal that this *10% elongation drives a transition from a direct to an indirect bandgap,
accompanied by a bandgap increase of approximately 0.45 eV. Furthermore, optical simulations
show that the resulting structural transformation yields an in-plane refractive index contrast of
An =~ 0.1, nearly constant across the visible to near-infrared spectral range, with no optical losses.
These findings highlight the potential of GaS as a reconfigurable photonic material driven by
ultrafast crystalline-to-crystalline transitions.

2. Methods
2.1. Experimental set up

The experiments are performed at the ASUR platform of LP3 laboratory. The schematic of the
experimental set-up is shown in Fig. 1.

a Front end Power amplifier 30 fs, up to 180 mJ, 100 Hz, b
800 nm laser pulses

Major axis a
Scale/div.: 1 mm

Compressor

X-ray 8.04 keV

sample probe pulses

X-ray CCD
camera

X-ray vacuum
30 fs, up to 250 mJ, |—— interaction chamber

100 Hz, 400 nm

laser pulses
Fig. 1. (a) Schematic of the experimental setup. (b) The spatial 2D-distribution of the
400-nm fs pump laser in the sample plane (focused with a 100-cm UV lens), demonstrating
an elliptical spot with a Gaussian-like distribution along the two transverse directions and
free of any hot spots. Only the energy is varied to change the fluence on the sample during
the experiment.

Minor axis b
Scale/div.: 1 mm

A 100-Hz, 30-fs, ~ 180-mJ Ti:sapphire laser system is focused on a copper (Cu) disk to generate
Cu-K,, radiation at the wavelength of 1.54 A (8.04 keV). Benefiting from the fully synchronized
multi-beamline capability of the ASUR platform [17], a second laser beam is used for preparing
the pump beam. The 30-fs, I-mJ pump beam is propagated through a 200-um thick BBO crystal
to generate the 400-nm, fs illumination used for the experiments. The choice of this wavelength



Research Article Vol. 15, No. 10/1 Oct 2025/ Optical Materials Express 2536

= B
{ g

for the pump beam is to target above band-gap excitation of the GaS [5]. An optical focusing
arrangement using a UV fused silica lens with a long focal length generates a large irradiation
spot making it straight-forward to overlap the optical pump and X-ray probe beams at the surface
of the sample. Neutral density filters are used to control the pump fluence driving the material
transformation. The pump fluence is given by F = E/mab, where E is the energy of the laser
(measured before the experiment), and a and b, are the major and minor radius of the elliptical
laser spot on the sample (measured with a charged coupled device (CCD) camera before each
experiment). The sample is positioned on a 6-axis stage to control translational and rotational
movements. A CCD X-ray detector (CEGITEK REBIRX 270 S 500 2D Hybrid Pixel Photon
Counting Detector), equipped with a large chip size (~ 56 cm? with 130 um x 130 um pixel size) is
positioned about 10 cm from the sample center. To further enhance the signal-to-noise ratio, part
of the divergent K, X-ray probe is redirected by a one-dimensional (1D) multilayer X-ray Bragg
optics (AXO-Dresden Gmbh, Germany) along a converging cone of 0.73° to a secondary focus
of ~ 75 pum at the sample plane. This arrangement enables in-situ and in-operando measurement
of the rocking curve of any peak of the diffracting (rotating) sample within a reasonable exposure
time (10000 shots — 100 seconds).

2.2. Computational methods

Density functional theory (DFT) first principles calculations based on norm-conserving pseudopo-
tentials (NCPP) [18] were carried out using the Quantum Espresso (QE) code [19]. Electronic
exchange and correlation interaction was included at semi-local level with the generalized gradient
approximation (GGA), using the exchange functional of Cooper (C09x) [20]. To account for
dispersion interactions, we employ truly non-local correlations as given by Lee et al. (vdW-DF2)
[21]. Core electrons are described by ab-initio optimized Vanderbilt pseudopotentials, generated
following the recipe given by Hamann [22] in the Kleinman—Bylander fully non-local separable
representation [23], available in the PSEUDODOIJO online database [24] (version 0.4.1 of the
ONCVPSP code). NCPP for Ga and S used in the calculations that involve vdW non-local
dispersion interactions were generated with the ONCVPSP code [available on the website
http://www.mat-simresearch.com/]. For Ga element, 3d'? 45> 4p! are considered as valence
electrons. Lighter chalcogenide S atom is constructed with an electronic configuration that
includes six valence electrons (35> 3p*). Rhombohedral (R3n1) conventional standard (o = § = 90°,
v = 120°) supercell of GaS with 12 atoms in total were employed through all the calculations.
Brillouin zone integrations were carried out using a Monkhorst-Pack [25] I centered sampling of
14 x 14 x 2 points and an energy cutoff for plane waves expansion of 90 Ry to attain converged
results. Geometric parameters reported, namely interatomic distances and angles, were obtained
by structural optimization, where atoms are allowed to relax until the maximum component
of the force acting on any atom is smaller than 0.01 eV/A. The frequency dependent dielectric
tensor is obtained using perturbation theory with adiabatic turning on, as implemented in the post
processing code epsilon.x [19]. In the limit of small non-vanishing excited states lifetime (I),
the imaginary part of the dielectric tensor assumes the Drude-Lorenz form, if metal Drude-like
intraband contributions are neglected:

871'62 M(Yﬁ wa(Ek Yl)
eoppw) = ——— : X : (1)
2a.8 QNkm2 Zn#n/ Zk (Ek,n’ - Ek, n) [(wk W — Wk n)2 _ w2]2 + 1202

and the real part can be calculated through a Kramers-Kronig transformation:

w'eqp(w’)

2 & ,
Elaﬁ(w) =1+—=J5 > > dw 2)
s w’

-w
where Q is the volume of the lattice cell, e the electric charge, m the electron mass, w the
laser frequency, N the number of k-points with frequency wy, while n and n’ label valence and
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conduction bands, respectively. The subscripts o and (8 indicate the different cartesian directions.
Ey ,, are the Kohn-Sham eigenvalues of the DFT calculation, f(E, ») is the Fermi distribution
function accounting for the occupation of the levels and the squared dipole matrix elements are
defined, considering the periodic part of the single particle Bloch functions |uy ), as follows:

M s = it P lition) CttinlB Ltk ) 3)

This formulation only accounts for k-momentum conserved independent interband transitions,
neglecting local-field effects and electron-hole interaction (excitonic contribution) in the optical
response.

3. Results

This study focuses on crystalline GaS thin films of thickness ~ 500 nm and with rhombohedral
symmetry (space group R3m, N0166) grown with preferred c-axis orientation on a Si(100)
substrate by chemical vapor deposition [5]. The unit cell of the R3m GasS is shown in Fig. 2(a).
The crystalline structure of this semiconducting material is composed of covalently bonded
S-Ga-Ga-S tetralayers, stacked along the c-axis and held together by weak van der Waals
interactions.

a top view

dinra P é [0100]
Ga-S ba [1000]
O;) o [1010]
Ga-Ga Ga

s~

Ag A
S-Sinter

f vdW g2 15001

oo |

100 200 300 400
Raman shift (cm-?)

Fig. 2. (a) Side and top view of the unit cell of the rhombohedral R3m phase of Ga$S. Arrows
indicate the bond distances reported in Table 1. (b) Raman spectra of the sample used for
the experiment.

Within each tetralayer, the Ga atoms are aligned vertically on top of one another, while the
sulfur atoms in the bottom layer are rotated by 60° relative to those in the top layer, as shown in
the top-view projection. Consistently, the Raman spectrum of the studied films in Fig. 2(b) shows
four Raman modes appearing at 76 (E;), 188 (Ag), 289 (E,) and 360 cm™! (Ag), characteristic of
the R3m GaS phase structure [5]. The tabulated unit cell lattice parameters for this phase are
a=b=3.605 A and ¢ =23.45 A [26], in good agreement with those measured in the films used
in this study [5].

As later shown in Figs. 3 and 4, we measured the (003) diffraction peak of the GaS samples.
The use of a large-area CCD X-ray detector enabled simultaneous acquisition of both transmitted



Research Article

Vol. 15, No. 10/1 Oct 2025/ Optical Materials Express 2538

OPHCAINEENaISIEXPRES S {

Table 1. Comparison of cell parameters (a and c), interatomic distances and angles between
S-Ga-S and S-Ga-Ga obtained experimentally and by DFT in the case of R3 m GaS without and with

illumination. Distances are in A, and angles in sexagesimal degrees labeled by the three defining
atoms. The experimental and DFT distances and angles for the w/o illumination case are taken from

Ref. [5].
a c Ga-Ga Ga-S S-S dintra S - Sinter S-Ga-S S-Ga-Ga

Exp. with - 25.380 - - - - - - -
illumination

DFT with 3.594 25.380 2.442 2.346 5.074 4.630 4.356 100.01 117.80
illumination

Exp. w/o 3.594 23.174 2.507 2.325 5.050 4.604 3.748 101.25 116.82
illumination

DFT w/o 3.594 23.174 2.432 2.343 5.053 4.607 3.745 100.18 117.66
illumination

and diffracted X-ray signals, allowing for precise calibration of the diffraction peak position.
The center of the rocking curve corresponding to the (003) reflection in the pristine material,
obtained by averaging multiple measurements, was found at 8 ~ 5.73°. This angular position
corresponds to a c-axis interplanar spacing of 23.174 A, as calculated using Bragg’s law and the
rhombohedral plane-spacing formula [27], and in agreement with the value reported in [5].

14-mJ/cm?

>19 mJ/cm?

.
]
== |
=

o

Fig. 3. Recorded (003) peak with different pump fluences (a) 8 mJ/cm? (b) 14 mJ/cm?
(¢)> 19 mJ/cm?. The white dotted rectangle encloses the laser pumped region. The insets
show the zoom-in of the pumped region in the diffraction pattern. Note that the 1D X-ray
focusing employed in this experiment probes a region larger than the laser-excited area,
enabling direct comparison between the pumped and pristine material within the same
measurement. The rectangular inset highlights post-mortem changes observed in the (003)
diffraction peak of the sample.
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Fig. 4. A permanent shift in the rocking curve of (003) peak induced by the multipulse pump
set at fluence slightly higher than Fy,. 6-scan experiment done with 0.25° step. The dots
represent the experimental measurements and the solid line the fitting of the experimental
data to a split Lorentzian.

3.1. Threshold fluence for irreversible change

The evaluation of laser-triggered transformation of GasS is essential in view of its potential for
photonic applications. We primarily focus on identifying a working regime in which controlled
irreversible changes can be imprinted in the material. Pulses from the pump laser illuminates the
sample surface for a few tens of seconds (=~ 1000 shots at 100 Hz repetition rate) at fluences < 19
mJ/cm?, and at normal incidence before the material is probed by X-rays to evaluate its response.

Using the X-ray diffraction setup described in the Methods section, we recorded the diffraction
patterns for excitation fluence in the range between 8 and 20 mJ/cm?. In particular, we monitored
the response of the (003) reflection of the R3m phase of GaS. The one-dimensional X-ray focusing
used in this experiment probed a region that extended beyond the laser-excited area, enabling a
direct comparison between the pumped and pristine regions within the same measurement. The
results are summarized in Fig. 3, where the rectangular inset highlights post-mortem modifications
in the (003) diffraction peak following multi-pulse excitation.

At a fluence up to 8 mJ/cm?, the X-ray diffraction analysis did not reveal any change to the
sample. At a fluence of 14 mJ/cm?, the X-ray diffraction pattern started to show some local loss
of the diffracted X-ray signal in the pumped region. Above 19 mJ/cm?, the diffraction from the
pumped region completely fades away. This experiment thus allows us to determine the laser
fluence necessary to permanently change the local structural order of the material, in repetitive
pulsed illumination, to about Fy, ~ 10 mJ/cm?. This fluence threshold defines the upper level of
the energy of the laser pump to be deposited in the material for exploring controlled reversible
processes.

3.2. Changes in the crystallinity

We further investigate, in more detail, the changes induced in the repetitively pumped sample at
fluence closer to the irreversible transformation threshold. Structural changes upon repeated laser
surface irradiation of single crystals and materials similar to GaS has been observed previously
in various forms [28—30]. It brings complementary information to morphological observations,
as done with imaging by optical or electron microscopy of the material following its melting.
To analyze such kind of changes in GaS, we thus capture an X-ray diffraction 0-scan rocking
curve around the (003) peak (see Fig. 4). The diffraction intensity at each point of the rocking
curve was obtained by integrating the diffraction signal and normalizing it with the transmitted
beam intensity. The solid line profiles in Fig. 4 represent the fit to a split Lorentzian of the
experimental data. The use of asymmetric function in fitting the rocking curves have been
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reported on numerous occasions in the past [31,32]. We chose to study this peak because it serves
as a potential indicator of lattice distortion along the c-axis [001] direction of the material’s unit
cell.

The shift of the rocking curve towards a smaller diffraction 6-angle value confirms that an
irreversible change in the local atomic arrangement has occurred in the GaS sample under this
given pump condition. This is unambiguously revealed as all experimental conditions (X-ray and
diffracting object) were kept identical between the two diffraction measurements.

The observed shift to smaller 8-angles indicates an increase in the interplanar spacing dpy;.
According to Bragg’s law, nd = 2dpysin6, a shift of approximately Af = 0.5° in the rocking
curve corresponds to an expanded spacing of dogz = 8.46 A in the pumped region. This reflects
an approximate 10% increase in the original separation between consecutive (003) planes.
Consequently, the lattice parameter ¢ increases from 23.174 A to 25.38 A following multipulse
excitation. On the contrary, this shift in the rocking curve is inconsistent with the formation of the
energetically close GaS hexagonal phase (2 H phase) for which diffraction pattern also has XRD
peaks at the same 6 angular region (002 peak). In the case of transformation towards the hexagonal
phase, it would have been expected that the peak shifts to higher 8 angle, correspondingly to a
smaller interplanar distance (see tabulated 26 values for (002) peak for 2 H phase of GaS in Ref.
[5]).

Taken together, these results suggest that repeated illumination with a 400 nm femtosecond
laser induces an atomic rearrangement that preserves the in-plane structure but stretches the
lattice along the c-axis. This elongation is likely driven by thermomechanical stress generated
by the laser pulses. The experiment is performed at 100 Hz repetition rate which is longer than
the thermal diffusion time occurring typically in microseconds in solids. This suggests that the
system gets enough time to relax in between the shots. Therefore, there is negligible impact of
the repetition rate on the thermomechanical stress building. Rather than the repetition rates the
build-up of stress over the ~1000 accumulations might have contributed to the elongation of the
c-axis in GaS. Notably, this type of laser-assisted structural transformation is reported here for
the first time in GaS. We propose that the enhanced c-axis orientation induced by the 400 nm
femtosecond laser, effectively acting as a uniaxial pressure, could be leveraged to strengthen the
anisotropic physical properties of GaS, with potential relevance for future applications [33,34].

3.3. Effects on the electronic and optical properties

Building on the discussion in the previous subsection, we carried out ab-initio calculations
based on density functional theory (DFT) (see Methods for details) to investigate the effect of
stretching the c-axis of the R3m GaS structure, focusing on the changes in its electronic and optical
properties. Since experimental XRD data is available for the (003) reflection, we performed
structural relaxations by optimizing only the internal atomic coordinates while keeping the lattice
parameters fixed. To model the structure in the absence of illumination, we used the lattice
parameters reported in Ref. [5]. For the illuminated case, we adopted the c-axis experimental
value of 25.38 A. The resulting bond lengths, bond angles, and intra- and interlayer distances
schematized in Fig. 1 are summarized in Table 1.

Figure 5 presents the Kohn—Sham independent-particle band structures and total density of
states (DOS). Figure 5(a) corresponds to the pristine structure, which exhibits a direct band gap
of 1.4¢eV at the A point of the Brillouin zone (BZ). In contrast, Fig. 5(b) shows the case with an
elongated c-axis (with illumination), where the valence band maximum (VBM) shifts along the A-
L direction in k-space, resulting in an indirect band gap of 1.9 €V, i.e, approximately 0.45 eV larger
than that of the pristine structure. Previous studies have extensively explored thickness-dependent
bandgap tuning of the 2 H phase of GaS (f-GaS) [3,35] and e-GaSe [36,37], and highlight the
influence of interlayer interactions in the bandgap value. A transition from indirect to direct
bandgap with decreasing layers number is well documented for transition metal dichalcogenides
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(MoS,, WSe,, WS,, etc.), our calculations point towards a resemblant but swapped feature as
a consequence of interlayer distance augmentation. Additionally, a characteristic Mexican-hat
dispersion near the VBM, typical of few-layer GaS and other chalcogenides [38,35], is observed
here (see inset in Fig. 5(b)) and arises from reduced screening due to the increased interlayer
spacing. While it is well known that Kohn—Sham DFT with semi-local exchange—correlation
functionals tends to underestimate absolute band gaps, our focus here is on the relative changes,
which remain meaningful within this approximation [39].

a Without 400 nm illumination
TS
4 <
%‘ 2 A
Xonaih Sl
>
w Cef \ o 7all
w -4 NN\ ]
;7\—" s?\/ﬁ
-8
r M K TA L H A0 5 10
DOS (1/eV)
b With 400 nm illumination

r M K IA L H A0 5 10
DOS (1/eV)

Fig. 5. Electronic dispersion of GaS (a) without and (b) with illumination. The green
arrows indicate the lowest energy gap in each case. The inset in (b) shows a Mexican-hat
shape of the highest valence band around the valence band maximum.

Figure 6(a) presents the real and imaginary parts of the dielectric function (& = g + igp)
for light polarized parallel to the plane of the R3m Gas$ layers, i.e., the in-plane component.
The dielectric function was calculated for both the non-illuminated and illuminated structures.
Figure 6(b) shows the corresponding in-plane complex refractive index (m = n + ik) over a
reduced energy range where optical losses are negligible. While the extinction coefficient k
is essentially zero for both cases, the refractive index n differs significantly between the two.
To better highlight these differences, Fig. 6(c) displays the refractive index contrast (An, Ak)
between the studied structures. Such contrasts are crucial for reconfigurable photonics, where
local modulation of the refractive index enables tuning of optical responses in photonic devices
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[40]. Remarkably, the structural modification yields a nearly constant An = 0.1 with Ak =0 as a
result of the structural modification.
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Fig. 6. (a) In-plane real and imaginary parts of the dielectric function (¢ = €] + iey) of
the R3 m GaS without and with illumination. (b) In-plane real and imaginary parts of
the refractive index (m = n + ik) of the R3 m GaS without and with illumination in the
low-loss spectral region. (c) Refractive index contrast (An, Ak) between the without and
with illumination (GaS or cases) in the low-loss spectral region.

It should be noted that this calculation of the optical response, based on a simplified approach
using Fermi’s Golden Rule (see Methods), neglects local-field effects and excitonic contributions.
As such, only the in-plane components are reported, and the results are expected to provide
qualitative rather than quantitative agreement [41]. To match the experimental bandgap of
2.55eV [5], arigid energy shift of 1.1eV is applied to both spectra, correcting for the typical
underestimation in DFT calculations.

4. Conclusion

We have studied the interaction of a 400-nm femtosecond laser with a R3m GaS thin film in
repetitive irradiation regime. First, we evaluated the threshold fluence (Fy, ~ 10 mJ/cm?) from
which irreversible changes in GaS structural order occur. At this fluence, rather than getting
amorphization of the material, we observed that the initial unit-cell structure is preserved but
its interplane spacing along the c-axis elongated. This laser-assisted structural transformation,
reported here for the first time in GaS, is likely driven by thermomechanical stress accumulated
during multipulse femtosecond laser energy deposition. Ab initio calculations reveal that this
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elongation leads to a transition from a direct to an indirect band gap, with an increase of
approximately 0.45 eV. Optical calculations show that this structural change induces a nearly
constant in-plane refractive index contrast of An =~ 0.1 over the spectral region with negligible
losses, a promising feature for reconfigurable photonic applications. We believe this work lays
the groundwork for future investigations into light-induced structural dynamics in GaS at the
atomic level and for the development of laser-assisted patterning techniques in 2D chalcogenides.
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