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Investigation of van der Waals crystals of GaSe and GaSxSe1−x

by photoreflectance method
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Photoreflectance spectra of layered undoped GaSe and GaSxSe1−x crystals present Franz–Keldysh oscillations

indicating the near-surface built-in electric field, that can participate in the separation of photoinduced charge

carriers in ultrahigh-sensitive photodetectors based on these materials. The measured value of the field strength in

GaSxSe1−x turned out to be almost 1.5 times less than in GaSe, that may indicate a smaller number of free charge

carriers in the solid solution. The broadening parameter of GaSxSe1−x spectral lines is also significantly lower than

in the case of GaSe. This is due to the fact that isovalent atoms, being added into the GaSe, fill Ga vacancies,

reducing the number of defects and the concentration of intrinsic charge carriers. The high-field modulation mode

observed in the photoreflectance spectrum of GaSxSe1−x doped with an Al donor impurity indicates a relatively

small thickness of the depletion region due to the presence of a large number of free electrons.
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1. Introduction

The study of graphene-like semiconductor crystals is one

of the topical directions in the field of modern electronic

technology materials [1–5]. Such semiconductors include

gallium monoselenide (GaSe), consisting of tetralayers,

inside which atomic layers in the order Se-Ga-Ga-Se are

covalently bonded, while individual tetralayers are inter-

connected by weak van der Waals forces. Such a crystal

structure allows to layer the material in plane (0001) and

obtain single two-dimensional tetralayers [6]. On the basis

of such two-dimensional GaSe, a highly efficient detector

of optical radiation of visible and ultraviolet spectrum

regions with a maximum sensitivity of 2.8A/W (with a

wavelength of 254 nm) and an extremely high claimed

quantum efficiency [7] was created. Besides, on the basis of

several GaSe tetralayers, prototypes of photodetectors with

a sensitivity of ∼ 1000A/W at a wavelength of 400 nm [8]
were created. In addition, 2D GaSe crystals can be used

to create promising high-frequency p-channel field-effect

transistors [9] capable of making a complementary pair to

n-channel graphene-based transistors.

Due to its layered structure, GaSe has a strong optical

properties anisotropy: the values of the refractive and

absorption indices along the crystal optical axis and in the

plane perpendicular to it are significantly different [10],
that caused the wide use of GaSe in nonlinear optics

devices [11].

The growth of layered chalcogenides crystals of IIIA

group post-transition metals, which include GaSe, is mainly

carried out using chemical transport reactions method [12]

or Bridgman−Stockbarger method [13]. However, it should

be noted that GaSe crystals are still of limited use, since

in their pure form they contain many defects: point defects

in the form of Ga vacancies, as well as microdefects in

the form of Ga inclusions, dislocations, and disturbances

in the atoms packing in a crystal [14]. The dislocation

density can reach 109 cm−2 [15]. Due to the high content

of defects, GaSe hardness in the directions other than the

main crystallographic axis c has a Mooss scale value close

to zero [16]. As a result, the quality of the bulk material

surfaces outside the plane (0001) limits its use in optical

devices [17].

To assess the relative defectiveness of the crystal struc-

ture of the obtained crystals, it is desirable to use non-

destructive diagnostic methods. For this purpose optical

photoreflectance spectroscopy [18] can be used. Besides,

using this method, it is also possible to determine the near-

surface electric-field intensity without contacts. Such a built-

in field in gallium monoselenide, if present, can be used

to separate photoinduced charge carriers that appear when

the material interacts with light. This makes this material

promising for use in photodetectors, since it allows not to

create p−n homo- and heterojunctions traditionally used to

separate electrons and holes.

296



Investigation of van der Waals crystals of GaSe and GaSxSe1−x by photoreflectance method 297

2. Examined samples and experimental
procedure

A part of the studihhed GaSe samples was grown by

”
2D Semiconductors“ using Bridgman method. Another

series of samples was grown in the crystal growth laboratory

of V.S. Sobolev Institute of Geology and Mineralogy,

Siberian Branch of the Russian Academy of Sciences. In

the second case, a modified Bridgman method was used,

in which the plane (0001) of the grown crystal is close

to or perpendicular to the growth axis [19]. This series,

in addition to pure crystals, contained GaSe samples with

several mass percent of sulfur added during growth, that

resulted in the formation of GaSxSe1−x solid solutions.

Some GaSxSe1−x samples were doped with aluminum. Due

to the addition of isovalent atoms (S, Al) to the GaSe lattice,

the number of Ga vacancies and other possible defects

significantly reduces, that results in the improvement of

crystal structural quality [20,21]. Besides, adding S into

the lattice of nonlinear optical GaSe leads to an increase in

the efficiency of frequency conversion using this crystal in

the mid-IR range up to 15 times [22]. Aluminum is a donor

of free electrons, its addition compensates intrinsic GaSe

p-conductivity, reducing the charge carrier concentration by

5−7 orders [22].

The photoreflectance (PR) method used in this study is a

kind of modulation optical spectroscopy [18], which allows

to determine without contact the electric-field intensity and

the position of the Fermi level in the near-surface region

of semiconductor crystals [23,24], the concentration of free

charge carriers [25] etc. Photoreflectance spectroscopy can

also be used to estimate the degree of interaction between

epitaxial layers of graphene-like crystals with a substrate [26]
in the course of their growth using molecular beam epitaxy

method [27].

The PR signal is formed by modulating the near-surface

electric field by interrupted at a given frequency optical

radiation source (usually a laser) with photon energy greater

than the band gap of the material under study. As a result of

such a periodic action, the reflection (R) of the probe beam

changes: the value measured in this method is the difference

between the crystal reflection coefficients in the absence and

presence of laser illumination (Roff − Ron), scaled as per the

normal reflection coefficient of the material under study Roff.

Depending on the built-in near-surface field intensity,

three modulation modes [28] are distinguished:

− low-field, when the built-in electric field has a relatively

small intensity. In the PR spectrum, there is a single

oscillation corresponding to the optical transition
”
valence

band−conduction band“;

− intermediate-field, when, in addition to the signal

corresponding to the band gap energy, damped oscillations,

called Franz−Keldysh oscillations, are observed in the PR

spectrum. Their period can be used to determine the

value of the electric field intensity in the near-surface

semiconductor region;

− high-field, when the near-surface electric field in the

course of modulation changes from the maximum value

to zero in the region of signal formation, as a result of

which the photoreflectance spectrum is broadened and the

oscillating structure disappears.

The study [29] demonstrates the results of investigation

of post-transition metal chalcogenides, in particular GaSe,

using various optical methods, including photoreflectance

spectroscopy. Besides, in this study the emphasis is made

on determining the band gap value, and the near-surface

electric field is not discussed.

In the study presented here, the spectra were measured

using a PR setup assembled on the basis of diffraction

spectrometer IKS-31. The source of modulating radiation

was a highly stable violet laser SSP-DHS-405 with an

operating wavelength of λ = 405 nm. The intensity of the

monochromatic light beam reflected from the same sample

region, where the modulating laser radiation was directed

was recorded using a silicon photodiode, a preamplifier, and

a lock-in amplifier SR830.

3. Results and discussion

Fig. 1 shows photoreflectance spectra of GaSe sam-

ples #A (Institute of Geology and Mineralogy and #B

(
”
2D Semiconductors“). In case of the PR spectrum of

GaSe #A, the solid line shows the type of the signal after its

processing by the method of apodization of high harmonics

of the fast Fourier transform result. Dots show initial

experimental data.
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Figure 1. Photoreflectance spectra of undoped GaSe sam-

ples. The solid arrows indicate the observed extremes of the

Franz−Keldysh oscillations E j ( j = 1, 2, 3), as well as Eg

from [30]. The dashed line shows the theoretical spectrum

constructed according to the low-field model [31].
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The PR spectrum of the GaSe sample #A contains

Franz−Keldysh oscillations (FKO), the extrema of which

are indicated by arrows in the figure and defined as E1,

E2, and E3. This is the intermediate-field modulation mode,

in which based on the period of the observed oscillations

the calculation of the built-in electric field intensity in the

near-surface crystal region is possible.

The sample #B spectrum contains two FKO extrema,

indicated by arrows. Due to the broadening effects, the

remaining extrema turned out to be smoothed out. Assu-

ming the intermediate-field mode, one can also calculate

the electric field intensity. This assumption is true from

the point of view that the PR signal in the low-field mode

would have a different form compared to the one obtained.

Fig. 1 shows a comparison of the experimental GaSe #B

PR signal with the theoretical spectrum constructed within

the framework of the low-field model [31]. The study [31]
gives a mathematical description of the spectrum, where

the variable parameters that affect its shape are the phase θ,

the amplitude C, and the broadening parameter Ŵ. At the

experimental temperature T = 100K, the GaSe band gap is

Eg = 2.094 eV [30]. By varying the variable parameters,

the values θ = 5.1 rad, Ŵ = 8meV, and C = 10−4 were

obtained, at which the simulated curve almost completely

coincides with the experimental signal in the region Eg

(see Fig. 1). However, in this case, the theoretical spectrum

does not have an extremum, designated for sample #B as E2.

It should be noted that with the same selected variables, and

the phase value θ = 0.15 rad, the theoretical curve has a

slightly noticeable extremum in the region of E2 = 2.107 eV,

but does not coincide at all with the measured spectrum in

shape. The comparison of the theoretical curves with the

experiment indicates, that the low-field model is not able to

fully describe all the experimental data, and the analysis of

the PR spectrum of the #B sample within the mean-field

mode is correct.

The FKO period coincides with the period of the

function cos
(

2/3
(

(E − Eg)/~�
)3/2

+ ϕ
)

, where ~� —
electro-optical energy, ϕ — phase factor [32]. To

calculate the electric field intensity, the energies of

the observed in the PR spectrum FKO extreme values

E j > Eg are determined, where j = 1, 2, 3 (see Fig. 1).
Then the argument of the previously given cosine is

equated to the values jπ at E = E j , and the expression

(E j − Eg)
3/2 = 3/2~�3/2( jπ − ϕ) is obtained. Using the

least squares method, line constructed on the points of

dependence (E j − Eg)
3/2 on number j of FKO extrema,

has a slope of m used to determine electro-optic energy

~� = m2/3/2.81 (meV). The built-in electric field intensity

is related to the found energy as F = 3.24µ1/2(~�)3/2

(kV/cm), where µ — reduced effective mass in units of

free electron mass m0. This method of determining F is

described in detail in the study [33]. The reduced effective

mass for GaSe is µ = 0.178m0 [34].

The electric field intensity in the sample #B, determined

on two observed FKO extrema, has a value of 11 kV/cm.
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Figure 2. Photoreflectance spectrum of GaS0.05Se0.95 at

T = 100K. The intermediate-field modulation mode, in which

Franz−Keldysh oscillations are observed, are designated by arrows.

In the #A sample, according to three available extrema, the

corresponding intensity was 13 kV/cm. The error of the

presented measurements is 0.5 kV/cm.

From the expression describing the spectrum shape in the

intermediate-field mode [35], we can express the broadening

parameter Ŵ:

Ŵ = ln

[

E2 − Eg

E3 − Eg
·

(1R/R)2
(1R/R)3

]

×

~�3/2

(E3 − Eg)1/2 − (E2 − Eg)1/2
, (1)

where (1R/R) j — the value of the amplitude of the j-th
extremum relative to signal zero line, E j — the value

of the energy of j-th extremum. Since, as a result of

the broadening effects, the third extremum of the FKO

sample #B turned out to be smoothed, the exact value

of the Ŵ parameter cannot be determined. The value of

the broadening parameter found according to (1) for the

GaSe #A sample was Ŵ = 7.5 meV.

The PR spectrum of the GaS0.05Se0.95 solid solution

(1wt% sulfur) also has the intermediate-field modulation

mode (Fig. 2).
The presented PR spectrum was also processed by

apodization of high harmonics of fast Fourier transform re-

sult. Assuming the temperature dependence of the band gap

on the GaSxSe1−x solid solution at small values x of iden-

tical dependence for GaSe at the experimental temperature

T = 100K the value Eg(GaS0.05Se0.95) = 2.111 eV [30,36].
The value of the electric field intensity in the near-surface

region of the considered crystal F = 9 kV/cm, obtained on

the base of three FKO extrema, differs from the value in

Semiconductors, 2022, Vol. 56, No. 4



Investigation of van der Waals crystals of GaSe and GaSxSe1−x by photoreflectance method 299

2.06 2.10 2.14 2.18 2.22

E, eV

T = 100 K

GaS Se0.11 0.89 :Al

D
R

R/

Eg

2.202.162.122.08

Figure 3. Photoreflectance spectrum of GaS0.11Se0.89 doped

with Al. High-field modulation mode.

pure GaSe (F = 13 kV/cm) by almost 1.5 times. This may

be due to the fact that the addition of 1wt% of sulfur

in GaSe significantly reduces the number of free charge

carriers (up to 4 orders of magnitude) [37], resulting in

an increase in the depletion region and a decrease in the

electric field intensity. The broadening parameter Ŵ for this

solid solution, according to (1), was 1meV, which is several

times smaller, than that for GaSe. The result obtained may

indicate a much smaller number of defects in the material

crystal structure with the addition of a small number of S

atoms filling multiple Ga vacancies in GaSe.

Doping of GaSxSe1−x solid solutions with aluminum

leads to a significant increase in the electric field intensity.

The PR spectrum of the GaS0.11Se0.89 : Al (2.5wt% of S)
sample doped with Al in an amount of 0.02 at% contains

strongly broadened along the energy axis single oscillation

(Fig. 3).

The presented spectrum corresponds to the high-field

modulation mode, in which the averaging of the PR signal

over the region of its formation, which occurs in the crystal,

leads to a significant broadening of the observed spectrum

and the disappearance of the oscillating structure. This

indicates the presence of a large amount of dopant and,

The values of the electric field intensity in the near-surface

region F , as well as the values of the broadening parameter Ŵ

for the studied samples

Sample F , kV/cm Ŵ, meV

GaSe #A 13 7.5

GaSe #B 11 −

GaSxSe1−x (x = 0.05) 9 1

GaSxSe1−x : Al (x = 0.11) −

as a consequence, a small width of the near-surface region

of the space charge [38]. The calculation of the electric field

intensity F , as well as the broadening parameter Ŵ, by the

described methods is impossible in this case.

All the values of F and Ŵ of the studied samples found in

the course of the experiments are summarized in the table.

According to calculations, the value of the band gap of

the GaSxSe1−x solid solution in the case of a sample with

x = 0.11 Eg(GaS0.11Se0.89) = 2.153 eV [30,36] (indicated
by an arrow in Fig. 3), that corresponds to the experimental

data.

4. Conclusion

In the course of the study, the photoreflectance spectra

of undoped GaSe and GaSxSe1−x crystals, as well as

GaSxSe1−x samples doped with Al were measured. The

PR spectra of GaSe and GaSxSe1−x have an intermediate-

field modulation mode, in within the electric field intensity

in the near-surface region of the crystals was found with

the help of Franz−Keldysh oscillations. The field intensity

in the case of an undoped GaSxSe1−x F = 9 kV/cm sample

turned out to be almost 1.5 times less compared to GaSe

(F = 13 kV/cm). This may be due to the presence of a

smaller number of free charge carriers in the solid solution

due to the compensation of the intrinsic p- conductivity of

GaSe by sulfur atoms. Doping of the GaSxSe1−x crystal

with aluminum leads to a change in the PR modulation

mode from intermediate-field to high-field one, as a result

the measured spectrum has a broadened form, and the

calculation of the field intensity F and the broadening

parameter of spectral lines Ŵ is impossible. The value of Ŵ

in the case of undoped GaSxSe1−x samples turned out to

be significantly lower, compared to GaSe samples (7.5 and

1meV, respectively). This fact indicates an improvement

in the structural properties of gallium monoselenide, when

sulfur atoms are added to its crystal lattice. Thus,

modulation photoreflectance spectroscopy has demonstrated

the possibility of determining the relative defectiveness of

van der Waals crystals.
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