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ABSTRACT: Two-dimensional semiconducting gallium sulfide (GaS) has garnered
notable interest for its distinct structural and optical properties, which position it as a
promising candidate material for various applications ranging from photodetection and
photovoltaics to nonlinear frequency conversion. In this work, we determined the out-
of-plane longitudinal sound velocity, v;, via impulsive time-domain femtosecond

broadband Brillouin scattering measurements performed on a single flake-like GaS
crystal. We obtained a value v;= (3140 + 20) m/s, which yields an out-of-plane

compressive elastic constant, Cy;= (38.1 + 0.5) GPa.

1. INTRODUCTION

The advancements in the field of ultrafast and high-energy
laser pulses,' > combined with improvements in pump—probe
excitation and detection schemes, have led to the development
of multiple experimental approaches for the generation and
observation of coherent acoustic phonons in diverse
materials.””"® The use of ultrashort laser pulses to produce
coherent acoustic waves, followed by detection via time-
delayed ultrashort probe pulses, originated in the 1980s,
establishing picosecond ultrasonics.”” Over time, numerous
investigations have explored the propagation of acoustic
phonons through both opaque and transparent media using
various optical pump—probe configurations.””'® As the
photoelastic interaction between ultrashort pulses and trans-
parent crystals satisfies Brillouin scattering (BS) criteria, this
variant of picosecond ultrasonics has been termed time-domain
Brillouin scattering (TDBS)."”

In TDBS, the rapid thermal expansion resulting from the
intense and impulsive laser absorption initiates a coherent
acoustic wave.”’~** This wave propagates from the surface into
the bulk, moving at a speed that depends on the material’s
elastic characteristics. The acoustic pulse serves as a dynamic
reflecting interface, causing temporal changes in the local
density (ie., dielectric function), which are tracked using a
probe pulse.”'™>” Our TDBS approach utilizes broad-band
white-light probe pulses paired with optical heterodyne
detection. Figure la illustrates the geometrical arrangement
in which the refracted and reflected portion of the probe pulse
(ray 2), which interacts with moving acoustic wave, interferes
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Figure 1. (a) Schematic of the ray propagation geometry in the
experimental setup, with the pump beam impinging perpendicularly
on the crystal’s surface, while the probe beam is angled at
approximately 8 & 10°. Also depicted is the moving acoustic pulse,
which acts as a reflective boundary. (b) Side and top views of the Ga$S
crystalline structure. (c) Photograph of Ga$S sample; distance between
ruler divisions = 1 mm.
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Figure 2. (a) Broadband, time-resolved transient reflectivity spectrum attained at room temperature with a time step of 500 fs. Panels (b,c) display
two temporal signals obtained at probe wavelengths of 650 and 850 nm, respectively; the wavelengths are also indicated as vertical lines in (a). The
experimental data are depicted as gray, while fittings using eq 2 are shown in panels (b,c) as green and red traces, respectively. Incident excitation

fluence = 1.5 mJ ecm™>

with the fraction reflected at the air-material interface (ray 1).
Moreover, broadband detection allows precise determination
of the out-of-plane longitudinal sound speed, achieved through
linear regression across a wide wavelength range.

This work focused on the acoustic study of a high-quality
single flake-like two-dimensional (2D) GaS crystal to
determine the out-of-plane longitudinal sound speed via
TDBS. The latter represents the compressive wave’s velocity
perpendicular to the plane of the crystal’s 2D layers. GaS, a
group-III monochalcogenide, has garnered attention due to its
remarkable semiconducting properties.”® Additionally, its
strong UV absorption and effective carrier mobility make it
well-suited for photonic and optoelectronic applications like
fast UV photodetectors,”” > hydrogen evolution catalysis,”*
field-effect transistors,>> energy storage,3'6’3'7 gas sens.ing,m’3'9
and nonlinear optics.””*" Previous studies have investigated
GaS'’s structure and optical properties,***® while BS has been
employed to ascertain its elastic properties under varying
chemical compositions and pressures.”’ > Extending BS to
the time domain in this work offers a direct measure of the out-
of-plane longitudinal sound speed, showcasing the combined
benefits of frequency- and time-domain BS methods.

2. EXPERIMENTAL SECTION

The GaS sample studied was a high-quality, flake-like S-phase
single crystal measuring roughly 6 mm laterally and less than
0.5 mm thick, with purity exceeding 99.995%, sourced from
HQ Graphene. Prior to mounting, the crystal underwent gentle
mechanical exfoliation to clean its surface. As a stable 2D
layered diamagnetic semiconductor, f-Ga$S exhibits an indirect
bandgap of 2.53 eV at room temperature’” and a hexagonal
unit cell’” with parameters of @ = b = 0.359 nm, ¢ = 1.549 nm,
and a = f = 90° y = 120°. Figure 1b shows the crystal’s
structure from both side and top perspectives, illustrating GaS
layers containing two covalently bonded Ga atoms between
two layers of S atoms with a distinct stacking sequence of S—

Ga—Ga—S along the c-axis.”* The layers are held together by
weak van der Waals forces, contributing to the thermal and
mechanical stability of the beta phase compared to other GaS
phases.>

Our experimental pump—probe setup employs a Pharos-SP
femtosecond laser from light conversion, delivering 170 fs
pulses at a 6 kHz repetition rate with a central wavelength of
1030 nm. To generate pump laser pulses at 4,,y,, = 320 nm
(3.87 eV), we utilized optical parametric amplification,
followed by second harmonic frequency conversion. For
differential transient reflectivity measurements, the pump
beam was modulated using a mechanical chopper operating
at half of the acquisition rate. The setup ensured stable signal
detection by creating a pump beam spot size of about 300 ym
at full-width half-maximum (fwhm) at the crystal’s surface
using a long focal length lens. Ultraviolet excitation well above
the f-GaS bandgap effectively eliminated the need for a thin
transducing metallic layer.>> Broadband probe pulses were
generated by directing a small portion of the initial laser output
through a 3 mm thick yttrium aluminum garnet crystal,
filtering out the remaining 1030 nm component with a
bandpass filter. This process produced a white light super-
continuum covering A,.qp. = S00—950 nm, which was used to
capture transient reflectivity variations. A short focal length
lens focused the probe beam to approximately 50 um at the
fwhm on the sample surface.

Figure la depicts the arrangement of pump and probe
beams relative to the 2D crystal layers. The pump beam strikes
the surface perpendicularly, while the probe beam is angled at
approximately @ = 10°. The reflected and refracted probe
beams, labeled as ray 1 and ray 2, respectively, interact in
distinct ways: ray 2 reflects from the acoustic pulse moving
within the material and then interferes with ray 1 at the
detector. Given the much higher speed of light compared to
that within the medium, the detection method operates in a
stroboscopic fashion, capturing dynamic changes as they occur.
An optical delay stage positioned along the probe beam path
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was used to control the optical path difference between the
pump and probe pulses. The transient reflectivity signals were
recorded with a frame transfer rate of 1 kHz using a dispersive
spectrometer.

3. RESULTS AND DISCUSSION

The Brillouin frequency, denoted as v, results from alternating

constructive and destructive interference effects between ray 1
18,56,57

and ray 2 and can be expressed as

)
— sin“ @

4o

nZ
vg =21,

(1)

where /, is the probe pulse wavelength in air, v is the out-of-
plane longitudinal sound speed, and n is the real part of the
GaS crystal’s refractive index. The detailed derivation of this
equation via ray tracing is provided in ref 18. Equation 1
facilitates direct extraction of vy from the transient reflectivity
profiles measured over a broad wavelength range, offering
valuable insights into the material’s elastic properties.

Figure 2a shows a broadband, time-resolved transient
reflectivity spectrum obtained at room temperature. The
dominant feature in the TDBS signal is a long-lived oscillation,
which overlaps with a slowly changing background caused by
the dynamics of the photoexcited carriers within GaS.

Figure 2b,c display specific time slices of the broadband
transient reflectivity spectrum at probe wavelengths 4, = 650
and 850 nm, respectively. In these graphs, the oscillatory gray
traces represent the raw experimental data, while the green and
red solid lines correspond to fitted models. These fits are based
on the phenomenological model described in eq 2

S(t) = A,(1 — e_(t_tl)/fl) + Aze—(t—tz)/rz

+ A3e_(t_t3)/f3sin(27wBt +¢)+C (2)

Equation 2 shows the determination of vy for each probed
wavelength, Ao, through a set of adjustable parameters: time
constants 7,_;,3, amplitudes A, , 3, initial time offsets t._; , 3,
phase ¢ (relative to time zero), and an offset C, which
represents the long-term signal asymptote. The first two terms
describe the background signal caused by carrier dynamics
over time, while the third term, a damped sinusoidal function,
is key for identifying v5. The damping component accounts for
effects like decoherence and absorption that primarily affect ray
2, especially as probe photon energies approach GaS’s
bandgap.

A linear correlation emerges from eq 1 when the measured

n* —sin’ 0
j'()
Refractive indexes from the literature,” spanning the range of
probe wavelengths used, were modeled using Cauchy’s
equation, n(4g) = A + B/A§ + C/A¢. Given that GaS exhibits
uniaxial birefringence, the ordinary refractive index component
is relevant in this optical setup. This configuration facilitates a
straightforward extraction of the out-of-plane longitudinal
sound speed from the slope of the linear fit, which equals 2v; .

*

*
BS frequencies, v, are plotted as a function of j— =
0

Figure 3 illustrates the linear relationship between vy and 3—,
0

derived from eq 1 and based on the standard beam
propagation model, which assumes negl’i§ible absorption
effects on ray 2. According to Chang et al,” this assumption
holds when the ratio of the imaginary to real components of
the refractive index (k/n) is less than 0.07. As reported by
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Figure 3. Linear correlation between Brillouin frequency, v, and the
ratio n*(4y)/4o from 4, = 500 to 700 nm. The gray trace represents
experimental data; the black line is the linear fit with a slope of 2v; =
6.281 nm/ps and a standard deviation of 0.001 nm/ps.

McMath et al,*® the maximum value of k/n across the
wavelength range used in this study is approximately 0.01,
which supports the validity of the propagation model and eq 1.

The slope of the linear fit in Figure 3 was determined to be
2v; = 6.281 + 0.001 nm ps~’, corresponding to an out-of-plane
longitudinal sound speed of v, = 3140 + 20 m/s in GaS. The
primary source of error in the evaluation of the sound speed
stems from uncertainties related to the incident angle of the
probe beam.

Furthermore, when the material’s response is perfectly
elastic or linear according to Hooke’s law, the determined out-
of-plane longitudinal speed of sound is related to the
compressive elastic constant Cy; = pv; %, where p = 3.86 g/
cm® is the mass density of GaS.”” By substitution of these
values, the elastic constant C;; was calculated to be (38.1 +
0.5) GPa. This value is consistent with those regported earlier
using frequency-domain BS by Polian et al.*”** (37.7 GPa),
Honma et al.** (37.9 GPa), and Fischer et al.>° (38.5 GPa).
Additionally, it closely matches the 38.5 GPa reported value by
Gatulle et al,>'>? using ultrasonic waves on large, several-
millimeter crystals, and the 36.4 GPa by Powell et al." using
neutron scattering.

4. CONCLUSIONS

The excellent agreement between the values of C;; reported
from BS experiments in the frequency domain®’ ™" and our
result, obtained from Cy; = pv; %, confirms that GaS’s response
to intense impulsive fs photoexcitation remains within the
linear elastic regime, where stress is proportional to strain. This
finding supports the use of this nondestructive, all-optical
technique for determining the elastic constants of more
valuable and smaller 2D layered materials, which are unsuitable
for conventional mechanical testing or acoustic methods that
require much larger specimens.”"””
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