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Abstract
The absorption, reflection and photoluminescence spectra of GaSe crystals with different
thicknesses (100 nm–1 mm) were investigated in a wide temperature interval (300 K–10 K).
Features due to excitonic states in the spectra were recognized. The contours of the excitonic
reflection spectra measured at 10 K were calculated by dispersion equations. On the basis of
these calculations, the parameters of the observed excitons were determined.
Photoluminescence spectra from the cleaved surface and from the uncleaved facet of a sample
were measured at low temperatures.

Keywords: gallium monoselenide, excitonic states, optical spectroscopy, absorption, reflection
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(Some figures may appear in colour only in the online journal)

1. Introduction

Gallium selenide (GaSe) compound is a layered crystal with
unique properties. It is easily cleaved along the cleavage plane
perpendicular to the optical axis c. In the layers plane, this
crystal has covalent chemical bonds and Van der Waals forces
acting between the layers [1, 2]. The existence of weak bonds
between the layers and the absence of dangling bonds exclude
the possibility of surface level formation. The concentration
of these bonds is two orders lower than in usual semicon-
ductors. This allows us to obtain very thin optically homo-
geneous samples with thicknesses down to 100 nm with a
natural mirror surface. Due to the relatively low absorption
coefficient (α ≈ 103 cm–1) in the beginning of the intrinsic
absorption region, deep penetration of the incident radiation
into the sample is possible [1–6].

Detectors of visible and near infrared optical emission were
developed on the basis of this material [5–7]. It is predicted
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that this material will be used in quantum electronics and for
the development of highly effective photovoltaic convertors,
gas sensors, thermoelectric converters and effective sources of
terahertz laser emission [6, 8, 9].

Two-dimensional mono-chalcogenides (GaSe) belong to
a unique and promising class of layered crystals. Different
optical and optoelectronic properties have been investigated
many times [5–11]. The possibilities of device development
on thists basis have been studied too [10, 11].

The progress achieved in growing GaSe crystal technology,
and the prospects for their technical use, have led to numerous
studies of optical properties of GaSe-type semiconductors, and
they have stimulated the band structure calculations of these
crystals. The valence band of single layer GaSe, as predicted
by theory, is inverted into a bow-shaped (often referred to as
an inverted sombrero) and relatively flat dispersion, which is
expected to give rise to strongly correlated effects [9, 10].

Using theoretical calculations and experimental investiga-
tions of multilayered GaSe, the authors of [1, 5, 7, 9, 10] have
demonstrated that the top valence bands in the center of the
Brillouin zone consist of five bands. These bands are split by
spin orbital interaction and crystal fields. Electron density dis-
tribution levels in a layered semiconductor were built by the
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Figure 1. The typical Raman spectrum (A) and crystal structure of
GaSe single crystals (B).

authors and experimental evidence of the validity of such cal-
culations has been obtained. It transpired that energy states,
whose electron density formed from atomic orbitals overlap-
ping between separate layers, situate on the border of the con-
duction band and valence band. This predetermines the pres-
ence of several bands and a very weak anisotropy of excitons
in

−→
k = 0 in GaSe crystals.
In this work, absorption, reflection and photoluminescence

spectra in the near edge region were investigated in GaSe
single crystals in the temperature range 10 K–300 K. The
excitonic states of Wannier—Mott with low binding energy
(21.8 meV) were determined. For the first time, contours of
excitonic reflection spectra were calculated and exciton and
band parameters were determined.

2. Experimental methods

GaSe single crystals were grown in ampoules by the zone
melting method in the form of ingots with a size of
1 × 1.2 × 6.5 cm. These ingots were easy cleaved and
this allowed us to obtain mirror surfaces of plates with dif-
ferent thicknesses from 100 nm 5 mm. Very thin samples
were obtained by exfoliation with the help of scotch tape.
Raman and x-ray spectroscopy were used for crystal qual-
ity control. The Raman spectra and images of the grown
crystals are shown in figure 1(A). The presence of other
structural phases in the volume of GaSe single crystals
was controlled by SEM images and Raman spectra meas-
ured in different places in the samples. The typical Raman
spectrum of a single crystal is shown in figure 1(A). Fig-
ure 1(B) demonstrates the positions of gallium (Ga) and sel-
enium (Se) atoms in the GaSe unit cell (Ga is the small
balls and Se is the large balls) and the crystallographic axes
directions.

Most of the optical transmission and reflection spectra were
measured on a double high-aperture spectrometer SDL-1 with
aperture 1:2 and a linear dispersion of 7 Å mm−1. The low
temperature spectra of the investigated crystals deposited in a
closed-circuit helium optical cryogenic system LTS-22 C 330

were measured when the entrance and exit slits of the spectro-
meter did not exceed 70 µm, i.e. with a resolution of ~0.7 Å.
The obtained plate surfaces were perpendicular to the c axis
and had a high reflection coefficient similar to the reflectivity
of a polished aluminummirror. Raman spectra were measured
with the help of a double grating spectrometer DFS-32 (fig-
ure 1(C)). Wavelength modulation reflection and transmission
spectra weremeasured by a single-grating spectrometerMDR-
2 with aperture 1:2 and a linear dispersion of 7 Å mm−1. PL
spectra were excited in back scattering mode by a He-Ne gas
laser (325 nm) and a semiconductor blue laser (448 nm) and
were measured on a double grating spectrometer SDL-1.

3. Experimental results and discussions

Figure 2(A) illustrates the edge absorption spectra of a GaSe
single crystal measured in the temperature range of 300 K–
10 K. The edge absorption shifts to higher energies as the
temperature decreases. A temperature shift coefficient β =
∆E/∆T= 2.7 10−4eV/K. Figure 2(B) illustrates the compar-
ison of the photoluminescence from the cleavage surface with
the absorption spectra of GaSe crystals measured at room
temperature. The sample thicknesses were chosen to avoid
interference in the measured absorption spectra. The intens-
ive maximum at 2.0335 eV is determined in the photolumines-
cence spectrum. The samemaximum appears in the absorption
spectra. This line is due to the ground state n = 1 of excitons
(transversal mode ωT). A very weak peak E∗ at 2.153 eV is
recognized in the spectra of some crystals and it can be asso-
ciated with excitonic states.

The absorption spectra shown in figure 3 were measured for
crystals with thicknesses of 100 and 300 nm. For the crystals
with these thicknesses, the interference fringes are insignific-
ant. An intensive maximum at 2.1120 eV is observed at 10 K.
This maximum can be attributed to the ground state n = 1 of
Wannier—Mott excitons. The excited states n= 2 and n= 3 of
the exciton are observed at energies of 2.1275 and 2.1305 eV,
respectively. Taking into account the positions of the ground
and excited states of the exciton, the binding energy R of the
exciton is equal to 20.6 meV.

The fitting of the contour of the reflection spectrum calcu-
lated by dispersion relations (Rcalc.) [12] experimentally meas-
ured in the non-polarized light reflection spectrum (Rexp.) is
shown in figure 4(B). The calculations of the reflection spec-
trum contour were effectuated by both single-oscillator and
multi-oscillator models. The theory of these models is suffi-
ciently detailed in [12] (see source references in this work).
The influence of interference fringes on the reflection spec-
tra takes place. Thus, besides the maxima associated with
excitonic states, the maxima due to interference appear (see
figure 4). Those maxima whose positions do not vary with
thickness are selected as excitonic features. In the case of inter-
ference fringes, their positions change with thickness; namely,
the maxima whose position is not dependent on thickness.

Figure 4(A) illustrates the measurements at 10 K reflec-
tion spectra of a bulk GaSe crystal in non-polarized (n/p) and
polarized (E||a and E||b) light. The obtained reflection spectra
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Figure 2. (A) Temperature dependence of the edge absorption
spectra of GaSe crystals. (B) The photoluminescence spectrum
excited by a 448 nm laser line and the absorption spectra of two
crystals with thicknesses of 12 µm (d1) and 7.2 µm (d2) measured
at room temperature.

provide evidence that excitonic spectra in E||a and E||b polariz-
ations are practically identical to the spectra in non-polarized
light. The intensive maximum at 2.1121 eV caused by the
ground state n = 1 of Wannier—Mott excitons is determined
in the spectra. The lines n = 2, n = 3 and n = 4 at energies of
2.1267, 2.1304 and 2.1318 eV, respectively, are discovered in
the high-energy part of the spectra.

The calculation of the reflection spectra forWannier—Mott
excitons (figure 4) gives a good agreement between theory and
experiment at the next parameters: εb = 5.0 (background per-
mittivity), ωT = 2.1121 eV (energy of transversal exciton),

Figure 3. Absorption spectra of GaSe crystals with thicknesses of
100 and 300 nm measured at temperature 10 K.

ωLT= 3meV (longitudinal transversal splitting),γ = 1.4meV
(damping constant), and M = 2.5m0 (exciton mass). The
excited state n= 2 of this exciton is observed at 2.127 eV. The
longitudinal transversal splitting isωLT = 3meV and the bind-
ing energy of Wannier—Mott excitons is equal to 20.4 meV.
Taking into account these parameters, the minimal band gap
Eg for direct transitions from the valence band V1 of Γ 1 sym-
metry to the conduction band C1 with Γ 6 symmetry is equal
to 2.1325 eV. These transitions are allowed in polarization
E⊥c. The reduced effectivemass (µ) of this exciton is 0.038m0

(µ=
ε2bR
13.6 where R is the binding energy of the exciton and εb

is the background permittivity). In this case, the effective mass
of the electrons in the conduction bandC1 (Γ 6) takes the value
of 0.37m0.

Photoluminescence spectra from the cleavage face excited
by different lasers (448 and 325 nm) measured at 10 K are
shown in figure 5. An intensive maximum at 2.1145 eV is
observed in the spectra excited by the He-Cd laser (325 nm).
This maximum is due to the ground state n = 1 of Wannier—
Mott excitons. The inset of figure 5 illustrates the photolumin-
escence spectra in the region of excited states of Wannier—
Mott excitons. The excited states n = 2 (2.1299 eV), n = 3
(2.1332 eV), n = 4 and n = 5 are observed in the inset of
figure 5. The binding energy of the exciton according to the
above-mentioned data is equal to 20.5 meV. The weak max-
imum Eb at an energy of 2.0881 eV is determined at long-
wavelengths. This maximum was observed at similar energies
by Dey et al [13] and attributed to biexciton states. The intens-
ive maximum EF at an energy of 2.0510 eV is observed in
the region of lower energies in the photoluminescence spec-
tra at excitation by the semiconductor laser with line 448 nm.
In [13], the luminescence spectra are investigated at energies
less than the energy of the exciton ground state, where a max-
imum at a similar energy is determined. The authors of this
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Figure 4. (A) Reflection spectra of bulk GaSe single crystal
measured at 10 K in non-polarized light (n/p, raised vertically by
five units) and in E||a (raised by two units) and E||b polarizations.
(B) Reflection spectra contours measured in non-polarized light
(Rexp.) and calculated by dispersion equations [12] (Rcalc.).

work associate this photoluminescence maximum with bound
excitons. The presence of bound excitons in this region is not
excluded and is even possible. In the above-mentioned spectra,
the line EF is possible due to bound excitons or ground states
of excitons with a large binding energy (Frenkel excions).
A very weak peak E∗ is also observed in some crystals at
2.153 eV and can be associated with excitonic states (see
figure 2(B)).

The short-wavelength maximum EV (2.1145 eV) is
undoubtedly caused by the ground states of Wannier—Mott
excitons. These Wannier—Mott excitons are formed by elec-
trons of the conduction band C1(Γ6) and holes of the valence
band V1 (Γ1) [9].

Figure 5. Photoluminescence spectra obtained from the cleavage
surface at excitation by different lasers (352 and 448 nm) measured
at a temperature of 10 K. The inset illustrates the excited states of
the exciton.

TheweakmaximumEB is possibly caused by biexcitons, as
mentioned by Dey et al [13]. In the photoluminescence spec-
tra excited by a 448 nm laser, the same intensive maxima EF,
EV and the weak maximum EB are observed at the above-
mentioned energies. In the photoluminescence spectra excited
by a 325 nm laser, the one intensive long-wavelength max-
imum EF (2.0462 eV) is determined. At excitation by a short-
wavelength line of 325 nm, the intensity of this maximum is
one and a half orders of magnitude less. This can be associ-
ated with the fact that the long-wavelength laser of 448 nm
penetrates deeper into the crystal and the light emission ori-
ginates from the crystal volume. When a short-wavelength
laser of 325 nm excites the crystal, the excitation energy pen-
etrates into a narrower region of the crystal layers and excitons
with a low binding energy, Wannier—Mott excitons, appear in
the luminescence. These excitonic transitions are possible and
have a good agreement with the model of the band structure
shown in the insets of figure 6.

Figure 6(A) illustrates the photoluminescence spectra from
the cleavage surface measured at 10 K with excitation by 325
and 448 nm lasers. Intensive maxima EF (2.0462 eV) and EV
(2.1145 eV) in the photoluminescence spectra excited by a
448 nm laser are observed. A weak peak EB at 2.0881 eV
between these intensive maxima is determined.

The temperature dependence of the photoluminescence
spectra excited by a 448 nm laser is shown in figure 6(B). The
intensive maximum at 2.000 eV is discovered in the photolu-
minescence spectrummeasured at room temperature. Photolu-
minescence lines observed at room temperature at 2.0335 eV
(figure 2(B)) and 2.000 eV (figure 6(B)) can be associated with
longitudinal and transversal branches of exciton polaritons. As
the temperature decreases, the photoluminescence maximum
EV is shifted toward higher energies at the absorption edge.
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Figure 6. (A) Photoluminescence spectra from the cleavage plane
of the sample excited by different lasers measured at a temperature
of 10 K. The inset illustrates the band structure fragment from [9].
(B) Temperature dependence of the photoluminescence spectra
measured in back scattering mode from the cleavage plane excited
by a 448 nm laser. The band structure in Γ point is shown in the
inset.

An additional maximum EF appeared in the long-wavelength
part from the maximum EF at a temperature of 70 K and the
intensity of this maximum grows as the temperature decreases.
The main characteristic of these intensive maxima is the fact
that the maximum EV shifts to higher energies with coefficient
β = ∆E/∆T = 0.38 · 10−2 eV K−1. However, the intens-
ive photoluminescence maximum EF undergo another charac-
teristic temperature shift. This maximum appears at temperat-
ures of 50 K and as the temperature decreases, it shifts toward
lower energies. The temperature shift coefficient β of EF line
is 0.82 · 10−3 eV K−1 (see figure 6(B)).

A similar dependence is also observed in the experimental
results reported in [13] and is associated with free and bind-
ing excitons. In the results of the above-mentioned work, two
maxima are also observed. The maximum appearing at 300 K
shifts toward the higher energies as the temperature decreases
down to 50 K as if with a saturation effect. At temperatures 70
K–100 K, an additional long-wavelength maximum appears
and it shifts to long-wavelengths as the temperature decreases.
Dey et al [13] ascribe the luminescence maxima in this region
as due to impurity states (bound excitons). Such a situation is
possible but the changing energy positions of levels respons-
ible for the maxima EF and EV as the temperature decreases
(different sign of shift coefficients β = ∆E/∆T for max-
ima EF and EV) requires an additional explanation. For these
data, it follows that the level of bound excitons shifts toward
the long-wavelength side with decreasing temperature, and the
bands V1 and C1 shift to the short wavelength side.

It is possible that this effect is associated with the satura-
tion of the impurity donor or acceptor level. In the temperature
range 300 K–50 K, this saturation effect does not appear and at
temperatures lower than 50 K the concentration of charge car-
riers on the impurity level changes. Moreover, this fact leads to
the emission maximum position changing. In the same energy
interval, certainly at an energy of 2.062 eV at 4.2 K in [14],
the maximum attributed to indirect transitions was discovered.
The intensities of the PL spectra in this region of our spectra
and spectra measured in [14] are relatively high. In addition,
several maxima and the most intense EF line at energies of
2.0462 eV are observed in this region. Some authors affirm
that as the temperature decreases, the band structure of GaSe
transforms from indirect to direct [14].

It is possible that in this region, in addition to bound
excitons, ground states of excitons with a higher binding
energy (Frenkel excitons) appear. These excitons are due to
electrons and holes from the conduction band C1(Γ 6) and
valence band V2(Γ 6), respectively. The valence bands in k= 0
are degenerated. Perhaps as the temperature decreases, the
bandV1(Γ 1) shifts down in energy and bandV2(Γ 6) moves up
in energy. It leads to different signs of temperature band shifts
(luminescence maxima). These transitions appear at temperat-
ures lower than 50 K since, at these temperatures, the layered
structure of the crystal shrinks and volume properties of the
crystal are manifested. It should be mentioned that in this crys-
tal, the Frenkel excitons are determined at 77 K in [15] at an
energy of 3.378 eV with a binding energy of 318 meV. The
authors attribute these exciton formations to C1—V1 bands.

The contours of the reflection spectra of the bulkGaSe crys-
tals at 10 K measured in non-polarized light (n/p), in polar-
izations E||a and E||b and with 45◦ angle to axis a and b,
are practically identical. The broad band is observed in the
range E < Eg (2.1 eV) and this band corresponds completely
to the excitonic contour of the reflection spectrum. In a nar-
row energy region near 2.1 eV, a fairly well-studied series
of Wannier—Mott excitations with a low binding energy is
determined. The photoluminescence spectra from the cleav-
age face (PLc) and from the surface perpendicular to the
cleavage face (PLb) at excitation by a laser line 325 nm are
shown in figure 7(B). In the spectra, two regions of intensive
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Figure 7. (A) Reflection spectra of bulk GaSe crystal at 10 K
measured in non-polarized light (n/p), in polarizations E||a and E||b
and at an angle of 45◦ to the axes a and b. (B) Photoluminescence
spectra measured from cleavage plane (PLC) and from the edge of
the perpendicular cleavage plane (PLb) at excitation by laser line
325 nm.

photoluminescence at energies 2.05 and 2.1 eV are observed.
At excitation of the cleaved surface and registration from
the same surface, the photoluminescence maximum EV at
2.1072 eV is observed. In the case where excitation comes to
the surface perpendicular to the cleavage face, the intensive
doublet maximum EF at 2.05 eV is determined.

4. Conclusions

Investigations of edge absorption, reflection and photolu-
minescence spectra of bulk GaSe crystals at temperatures
10 K–300 K show a presence of excitonic states with a low

binding energy (21.8 meV) of Wannier—Mott excitons. The
main parameters of the excitons (εb = 5.0, ωT = 2.1121 eV,
ωLT = 3 eV, γ = 1.4 meV and M = 2.5 m0) were obtained
by calculations of exitonic spectra contours. At an energy of
2.127 eV, the excited state n = 2 of the exciton was observed.
The excited states up to n = 5 were observed in the photolu-
miniscence spectra. Taking into account these parameters, the
minimal band gap Eg for direct transitions from the valence
bandV1 withΓ 1 symmetry to the conduction bandC1 withΓ 6

symmetry is equal to 2.1325 eV. These transitions are allowed
in polarization E⊥c. The reduced effective mass µ of this
exciton is estimated as 0.038m0. The effective mass of elec-
trons in the conduction band C1(Γ6) is 0.37m0. It has been sug-
gested that an exciton with a high binding energy (120 meV)
exists. The observed excitonic series have a good agreement
with the theoretical calculations of the band structure, and the
model of bands in the Brillouin zone center is suggested.
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