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Abstract: We report the absorption and photoluminescence spectra of GaSe single crystals in the
near-edge region. The temperatures explored the range from 17 to 300 K. Specifically, at a temperature
of 17 K, the photoluminescence spectrum reveals an interesting phenomenon: the Wannier-Mott
exciton separates into two states. These states are a triplet state with an energy of 2.103 eV and a
singlet state with an energy of 2.109 eV. The energy difference between these two states is 6 meV.
Furthermore, the bound exciton (BX) can be localized at an energy of 2.093 eV. It is worth noting
that its phonon replicas (BX-nLO) can be clearly distinguished up to the fourth order. Interestingly,
the energy gaps between these replicas exhibit a consistent spacing of 7 + 0.5 meV. This intriguing
finding suggests a high-quality crystalline structure as well as a strong coupling between the phonon
and BX-nLO. Additionally, at low temperatures, both the ground state (1 = 1) at 2.11 eV and the
excited state (n = 2) at 2.127 eV of free excitons can be observed.

Keywords: GaSe thin slab; free exciton; bound exciton; optical phonon replicas

1. Introduction

Gallium selenide (GaSe) is a member of a group of compounds known as group
layered A™BY! binary chalcogenides. It consists of vertically stacked tetralayers of Se-
Ga-Ga-Se, which are held together by van der Waals forces. This compound possesses
exceptional properties that have contributed to advancements in photodetectors [1-6],
water splitting [6-8], lasers [9-12], and nonlinear optics [13-15]. The various stacking
sequences of the tetralayers give rise to different polytypes, including $3-, ¢-, v-, and o-
phase structures. Among these, the ¢- and y-phases are the most common and have a
pseudodirect optical bandgap. In these phases, the indirect bandgap is only 25 meV lower
than the direct bandgap [16].

A comprehensive understanding of the optical properties of materials near the funda-
mental band edge is essential for effectively designing photonic and photovoltaic devices.
Several studies have investigated the optical properties of this material using different
techniques, including Raman scattering [17-20], photoluminescence (PL) [21-25], absorp-
tion [26-28], and spectroscopic ellipsometry [29-32]. In 1974, Voitchosky and Mercier [33]
conducted a study on PL in various pure and doped single crystals of GaSe. The study
covered a temperature range of 4.2 K to 300 K, with excitation intensities ranging from
4.1075 to 3.10> KWcm 2. The results indicated that there were no specific emission lines
associated with any particular impurity in the crystals. However, the spectra at 4.2 K
could be classified based on the number of impurities added. Above 40 K, all crystals
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exhibited the same spectra. This temperature dependence of the spectra is due to the rapid
decrease in luminescence between 20 and 40 K, which is caused by recombination at trap
states. Furthermore, at high temperatures, the significance of free-exciton recombination
increases. Antonioli et al. [34] (1979) performed a study to measure the optical absorption
coefficient for E L c (where the c-axis is perpendicular to the cleavage plane) in GaSe. The
measurements were taken between 480 and 700 nm and at temperatures ranging from
65 K to room temperature. The results of the study indicated that the oscillator strength
of the first exciton level remained constant regardless of temperature, which aligns with
the expected behavior according to the theory of the Wannier exciton. Additionally, the
electrons exhibited a strong coupling with the fully symmetric A; phonon mode, which had
a polarization parallel to the c-axis and an energy of 16.7 meV. A year later, Toullec et al. [35]
observed the excited (n = 2 and n = 3) levels of the exciton in the absorption spectra at 10
K for GaSe with a thickness of 97.5 pm. In contrast to the results obtained by Ref. [33],
in 1981, Capozzi and Minafra [36] carried out PL measurements on both undoped and
Cu-doped crystals of GaSe, a layered semiconductor. These measurements were carried out
at temperatures ranging from 80 K to room temperature. The main distinction observed
in the doped crystals, as opposed to the undoped samples, was the appearance of two
new bands and an enhancement in light emission. In 2015, O Del Pozo-Zamudio et al. [37]
reported on the low-temperature micro-PL of GaSe films with thicknesses ranging from
200 nm to a single unit cell. The results showed a dramatic decrease of 10*~10° when the
film thickness was reduced from 200 to 10 nm. Usman et al. [24] recently used micro-PL to
study the changes in exciton bands and structural characteristics of a few layers of GaSe.
Their temperature-dependent investigation, ranging from 100 to 380 K, showed that the
PL redshifts due to a narrowing band gap. Additionally, the intensity of the PL decreases
as a result of thermally stimulated nonradiative recombination, which is caused by an
increase in the electron-phonon interaction. Even if there are a few studies on the optical
properties of GaSe single crystals as mentioned above, there has not been a comprehensive
study of the temperature dependence of these properties, including both absorption and
photoluminescence methods.

In this study, we present a systematic investigation on the absorption and photolu-
minescence spectra in the near-edge region of GaSe single crystals across a temperature
range of 17 to 300 K. At 17 K, we observed a splitting of the Wannier-Mott exciton into
triplet (2.103 eV) and singlet (2.109 eV) states, as seen in the PL spectrum. The energy
difference between these states is 6 meV. The bound exciton (BX) is localized at 2.093 eV,
and its phonon replicas (BX-nLO) up to the fourth order are clearly distinguishable in
this work. The energy gaps between the replicas are consistently spaced at 7 & 0.5 meV,
indicating high crystalline quality and a strong coupling between phonon and BX. This
coupling originates from the thermal activation of the bound exciton. Additionally, at low
temperatures, we observed both the ground state (n = 1) at 2.11 eV and excited state (n = 2)
at 2.127 eV of free excitons. It should be emphasized that we could observe absorption
and photoluminescence of the excited state of excitons (n = 2) in the GaSe thin slab. This
information is valuable for device engineering and improves our understanding of the
fundamental optical properties of GaSe.

2. Materials and Methods
2.1. Sample Growth and Preparation

GaSe single crystal was grown using the temperature-gradient method [32]. Gallium
(99.99%) and selenium (99.99%) powders were weighed at a molecular ratio of 1:1 and used
as precursor substances. These substances were loaded into a quartz ampoule, which was
then evacuated to a pressure of <10~% Torr (<10~2 Pa) and sealed. To protect the ampoule,
it was inserted into another quartz ampoule before annealing in a vertical furnace. The
temperature was gradually increased to 980 °C and held for 16 h to homogenize the melt.
Finally, the temperature was slowly cooled from 980 °C to 960 °C at a rate of 1 °C per
hour, and then rapidly cooled from 960 °C to room temperature at a rate of 20 °C per hour.
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To perform the absorption measurements, a GaSe thin slab was prepared by mechanical
exfoliation using Scotch tape.

2.2. Characterization

X-ray diffraction (XRD) analysis was carried out with an XD8 Advance (Bruker, Bil-
lerica, MA, USA) instrument using Cu-K« radiation. XRD data were collected in the 26
range of 10 to 70 degrees, with a scanning rate of 2.4 degrees per minute. Raman scattering
measurements were conducted using the XploRA PLUS Raman spectroscopy instrument
from Horiba, Kyoto Japan. A 532 nm excitation wavelength was used, along with a 1%
neutral-density filter and a 2400 grooves/mm grating. The laser was focused on a spot of
approximately 1 um diameter on the sample using a 100x objective lens (N.A. = 0.8), and
the scattered light was collected.

To conduct morphological analysis, we utilized a JEM-2010 (JEOL, Kyoto, Japan)
transmission electron microscope with an accelerating voltage of 200 kV. The analysis
involved high-resolution transmission electron microscopy (HRTEM) and selected-area
electron diffraction (SAED). GaSe flakes, obtained through ultrasonic exfoliation in ethanol,
were directly transferred onto a TEM grid. It is crucial to complete the transfer rapidly to
minimize GaSe oxidation in ambient conditions.

For temperature-dependent transmission and PL measurements, the prepared sample
was then loaded into a cryostat (APD cryogenics, Allentown, PA, USA) and evacuated
using a turbomolecular pump with a base pressure of approximately 10~® mbar (10~* Pa).
The transmission measurements were performed with illumination by a halogen lamp
(50 W) passed through a 2 mm diameter pinhole on the cold finger. A 355-nm laser diode
(Teem Photonics, Grenoble, France) was used as the excitation source for PL. measurements
under an incident angle of 45°. The excitation power of 0.225 W/cm? was carried out
according to the PL temperature dependence. The signal was collected by an optical fiber
and recorded by a QE65 Pro spectrometer (grating density: 900 grooves/mm, bandpass:
400-650 nm, QE65 Pro, Ocean Optics, Delray Beach, FL, USA).

3. Results and Discussion

Figure 1a displays the XRD pattern of the GaSe single crystal in the c-plane. The peaks
at 11.14, 22.34, 33.77, 45.50, and 57.80° correspond to the (002), (004), (006), (008), and (202)
planes, respectively. These peaks were clearly observed and are consistent with previous
reports on the hexagonal structure of GaSe [38,39]. The lattice constants of GaSe can be
determined using the hexagonal system, yielding values of a = 3.76 A and ¢ = 15.93 A.
Further investigation of the crystal quality was conducted using Raman scattering and
HRTEM for structural examination and high-resolution imaging, respectively. In Figure 1b,
the Raman spectrum of the sample reveals peaks E} % A% % E%g, E} % and A%g at60.2,134.8,
213.4, 248.7 and 308.5 cm ™!, respectively. These values align closely with previously
reported results [19,20,25,40,41]. Both XRD and Raman scattering results indicate that
the GaSe single crystal was formed in either the ¢ or 3 polytypes. The e-GaSe is the
most common polytype of GaSe. The thickness of the sample was then checked by an
optical microscope, as shown in Figure 1c. The thickness is about 40 pym. Additionally,
Figure 1d presents the HRTEM image of the c-plane of the GaSe structures. The SAED
pattern confirms the six-fold rotational symmetry of the hexagonal structure of the GaSe
single crystal.
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Figure 1. (a) The XRD pattern of the GaSe single crystal aligned along the (001) plane is shown, as
well as (b) its Raman spectrum. (c) An optical image of the cross-section of the sample. (d) A HR-TEM
image of the sample in the c-plan. The SAED pattern is shown in the inset.

Figure 2a illustrates the change in absorption in a GaSe thin slab with the temperature
increasing from 17 to 300 K. The absorption coefficient, «, is determined by converting
the transmission spectra using the relation « = 1/dlog(Iy/I); here d represents the sample
thickness, I is the transmission without the sample, and I is the transmission with the
sample. It is clear that as the temperature decreases, there is a blue shift and sharpening
of the excitonic feature and band edge. Figure 2b depicts the presence of the ground
state (n = 1) and excited state (n = 2) of free excitons at lower temperatures. According
to Figure 2b, the optical band gaps are approximately 2.11 and 2.0 eV at 17 and 300 K,
respectively. These values are consistent with previous studies [26,27,34,35,41]. We note that
the thickness of the GaSe slab used in this study is comparable to that reported by Bourdon
and Khelladi [42]. However, in Ref. [42], the excited exciton state was not evident. We
conjecture that reducing the thickness of a GaSe slab further may allow for the observation
of higher excited states of excitons (n =3, 4, ...).

The temperature dependence of the PL spectra, excited by a 355 nm laser, is shown in
Figure 3a,b. The PL intensity increases rapidly as the temperature decreases. The dominant
peak can be attributed to the recombination of free excitons (FX), specifically to the n =1
exciton state associated with the direct gap. This observation is consistent with earlier
reports [21,24-26,29,32,33,43,44]. At low temperatures, other peaks occur below the FX,
which may be due to bound excitons (BX) or ground states of excitons with large binding
energy (Frenkel excitons). The high-energy FX is undoubtedly caused by the ground states
of Wannier-Mott excitons. These Wannier-Mott excitons are formed by electrons from the
bottom conduction band and holes from the top valence band at the I'-point [32].



Crystals 2024, 14, 539 50f 10

(a) (b) n=1
n=1
- ! 300 K
/ l n=2
n e ‘ 17K
]
)
c
- o
300 S =
240 R 9
S <
% 180 5_
pere 125 5
Q/’@s 75 k=
A ‘ | | L , : , , ,
1.9 2.0 21 22 1.9 2.0 2.1 2.2
E (eV) E (eV)

Figure 2. (a) Temperature dependence of the absorption spectra of the GaSe thin slab from 17 to 300 K
is investigated in this study. To improve clarity, we have included several representative spectra.
(b) The absorption spectra of the GaSe thin slab are shown for comparison at 17 K and 300 K.
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Figure 3. Temperature-dependent PL spectra of a GaSe thin slab obtained in two temperature ranges:
(a) 17 to 150 K and (b) 150 to 300 K.
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To further investigate the optical properties of GaSe single crystal at low temperatures,
Figure 4a,b presents the PL and absorption spectra at 17 and 300 K, respectively. In Figure 4a,
the exciton ground state (FX) splits into the triplet (2.103 eV) and singlet (2.109 eV) states,
with an energy deviation of 6 meV. This deviation is comparable to the values (4 meV)
obtained at 4.2 K by Mercier et al. [45]. The difference may be attributed to different light
source excitations, as reported by Zalamai et al. [23]. The bound exciton (BX) is localized
at 2.093 eV, and its phonon replicas are clearly distinguishable. The associated peaks are
equally spaced in energy with an interval of 7 & 0.5 meV, which corresponds to the E} o
mode in the Raman scattering measurement [33]. This value is similar to the phonon
replica on the higher energy side of the first exciton state reported by Ishii et al. [46] using
transverse electroreflectance at 4.2 K. Furthermore, observations of up to the fourth-order
phonon replicas of free-exciton emission were possible, indicating the high crystalline
quality and strong coupling of phonon and BX. It is worth emphasizing that both the
splitting of the exciton ground state and the phonon replicas in the PL spectra of GaSe occur
at low temperatures. As temperature increases, the intensities of BX-related emissions
rapidly decrease due to the thermal activation of the bound exciton. This phenomenon is
well-known because free excitons can bind to structural defects or impurities, leading to
suppressed emission at low temperatures in favor of the bound excitons [21,22,43,47]. The
Stokes shift between the ground exciton state (n = 1) and the singlet FX is approximately
1 meV at 17 K, while it is 14 meV at 300 K.

(@) 17w oot (b) 300 K A0SoPten

singlet FX (n=1)
z triplet FX g =
2 hes n=2) | 3 . %
o |2 BX-1LO ¢ &—). o [
B v 8 3 N
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Figure 4. PL and absorption spectra of the GaSe thin slab at (a) 17 K and (b) 300 K.

The shift of the exciton depending on the temperature can be described by the follow-
ing expression:
1

7 (1)
where the linear term accounts for the thermal expansion of the lattice and the other for the
phonon contribution to the electron’s energy [34].

Figure 5a,b depicts the temperature dependence of the ground and excited exciton
states of the absorption and PL spectra, respectively, along with the corresponding best-fit
parameters of Equation (1) listed in Table 1. The dots represent the data, while the solid lines
depict the fitted curves. The fitting results reveal that the phonon energy hiw,, of the ground
exciton states for both absorption and PL are 18.6 £ 3.5 and 20.4 & 2 meV, respectively.
These values are consistent with those obtained by Antonioli et al. [34] (18.8 & 1 meV) and
are very close to the optical mode at 16.7 meV, as shown in Figure 1b. Moreover, the phonon
energy for the excited exciton states is nearly identical to the phonon mode (30.8 & 1 meV).
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Figure 5. Energy of the ground excitons (square dots) and excited excitons (circle dots) of GaSe are
shown as a function of temperature. The experimental data are represented by dots and the fitted
curves are shown as solid lines in both (a) absorption and (b) photoluminescence.

Table 1. The best-fit parameters of the temperature dependences of the exciton states of absorption
and PL obtained using Equation (1).

Exciton
States Ej (eV) A (meVK) B (meVK) hwyy (meV)
Absorption n=1 2.111 £ 0.002 —-05+0.7 103 £ 10 18.6 £3.5
P n=2 2.128 4+ 0.001 —0.6 £ 05 —111+78 20.8 +7.8
PL n=1 2.111 £+ 0.001 -08+04 —121+7 204 +2
n=2 2.127 +0.001 -11+0.1 —217 £ 40 292+2

Figure 6 illustrates the evolution of the PL spectra at 17 K for various power excitation
densities. As the excitation intensity increases, the peaks become broader. When the
excitation power reaches its highest level, the BX-nLO peaks broaden to the extent that the
emission appears continuous within our spectral resolution. Furthermore, as the excitation
power densities increase, the band-filling effect becomes more prominent. With a rise in
excitation power density, a greater number of electron-hole pairs are generated, and the
electrons and holes located at k # 0 also recombine, thus contributing to the observed peak
width [48]. This phenomenon is observed in numerous materials [49,50].
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]=——0.225 Wicm®
] 2 .

= et X
J—7.89 Wiom? BX2L0  BX 1 l singlet - FX
J——22.54 Wiem? l l

PL Intensity (a. u.)
LY
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204 206 208 210 212 214
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Figure 6. Luminescence spectra (log scale) of GaSe single crystal measured by excitation into the
conduction band with the 355 nm at 17 K and for different excitation intensities.
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4. Conclusions

In conclusion, this study presents the absorption and photoluminescence spectra of the
GaSe single crystal near the band-edge covering temperatures ranging from 17 to 300 K. Ata
temperature of 17 K, an intriguing phenomenon can be observed in the photoluminescence
spectrum: the Wannier-Mott exciton splits into two distinct states. These states consist of
a triplet state with an energy of 2.103 eV and a singlet state with an energy of 2.109 eV.
Additionally, there is a bound exciton (BX) that can be localized at an energy of 2.093 eV.
It is important to note that its phonon replicas (BX-nLO) can be easily distinguished up
to the fourth order. Notably, there is a consistent spacing of 7 & 0.5 meV between these
replicas. This finding suggests that there is a strong interaction between the phonon
and BX, indicating an excellent quality of the crystalline structure. Furthermore, at low
temperatures, we can observe both the ground state (1 = 1) at 2.11 eV and the excited state
(n = 2) at 2.127 eV of free excitons. It is important to highlight that the absorption and
photoluminescence of the excited state (1 = 2) of excitons are observed in the GaSe thin slab.
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