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Abstract: In this study, the current—voltage characteristics, temperature dependence of electrical
conductivity, and spectral distribution of photocurrent in layered GaSe single crystals intercalated with Cu
atoms were investigated in directions parallel and perpendicular to the “C” axis. It was established that after
Cu intercalation, the current increased by approximately 30—40 times along the “C” axis and by 10-20
times in the perpendicular direction. This behavior is explained by the formation of additional localized
energy levels in the interlayer region and the increase in the concentration of free charge carriers due to the
incorporation of Cu atoms.

It was observed that y-irradiation leads to a decrease in electrical conductivity and an increase in
activation energy. At an irradiation dose of 15 kGy, the activation energy increased from 0.10 eV to 0.29 eV
along the “C” axis and from 0.14 eV to 0.36 eV in the perpendicular direction.

The spectral distribution of photocurrent revealed maximum photosensitivity in the 560-610 nm
region. After Cu intercalation, the photocurrent intensity decreased by approximately one order of
magnitude. The obtained results demonstrate that Cu intercalation and y-irradiation significantly affect the
charge transport mechanism and the anisotropy of the electrical and photoelectrical properties of GaSe
single crystals.
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1. Introduction

The investigation of new functional semiconductor crystals and the comprehensive study
of their structural, electrophysical, photoelectric, optical, and related properties are of particular
importance in modern materials science and nanoelectronics. The rapid development of
electronics, optoelectronics, and sensor technologies forms the basis for the discovery of new
materials and technological innovations [1, 2]. Such materials enable the fabrication of more
efficient, energy-saving, and multifunctional devices, thereby meeting global scientific and
industrial demands [3]. In this context, hexagonal p-type GaSe single crystals have emerged as
one of the most promising materials attracting considerable attention. The unique properties of
GaSe make it a potential candidate for applications in nanoscale devices, photodetectors, and even
guantum computing systems [4, 5].

The layered structure of GaSe crystals makes them highly suitable for various modification
techniques such as implantation, intercalation, and doping. This layered configuration provides
favorable conditions for the incorporation of atoms or molecules into the interlayer spaces,
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allowing purposeful modification of the material properties [6, 7]. Consequently, GaSe modified
with different functional additives offers broad possibilities for the fabrication of multilayered and
composite structures [7, 8]. Such structures may play an important role in radiation-resistant
devices, space technologies, nuclear energy systems, and military applications, as they improve
both the stability and functionality of the material. Overall, these properties make GaSe a strategic
material for solving modern technological challenges.

It should be noted that intercalation processes in GaSe crystals lead to certain changes in
their crystallographic and electronic structure [9, 11]. These modifications alter the anisotropic
properties of the material and expand its application potential, while simultaneously introducing
new challenges [10]. A comprehensive investigation of these changes is of great importance for
understanding their nature and mechanisms, since this contributes to the optimization of the
material and the elimination of potential limitations [9-14].

In the present study, the anisotropy of the electrophysical and photoelectric properties of
Cu-intercalated GaSe single crystals is investigated. Although intralayer electronic processes in
A3BC-type crystals have been studied extensively, the influence of changes in the electronic
structure within the interlayer region on anisotropic properties has not yet been sufficiently
explored, which motivated the present study [4, 10-14]. This issue is essential for realizing the full
potential of the material, since the role of the interlayer region is particularly important in
controlling the overall properties of layered semiconductors.

Such an approach provides an opportunity for the objective evaluation of the influence of
Cu intercalation on the measurable parameters of GaSe crystals. The analysis based on
experimental data will make it possible to assess the induced modifications in the material and
verify theoretical models. Comparative analysis with future investigations will contribute to
identifying new possibilities for technological applications of the material. This may open up new
prospects for the broader use of GaSe in nanoelectronics, sensor technologies, and radiation
protection, while also contributing to the general field of materials science.

2. Materials and methods

Layered semiconductor GaSe single crystals belonging to the A3B® group were synthesized
by the Bridgman—Stockbarger crystal growth method. During the crystallization process, the
temperature gradient was maintained at 20-30 K/cm, while the growth rate was 0.13 mm/h. The
obtained single crystals exhibited p-type conductivity with a resistivity of p = 2x10° Q-cm at room
temperature. In order to reduce the concentration of Se vacancies, excess Se was added during the
crystal growth process. The degree of conductivity anisotropy with respect to the crystal axis was
approximately 102,

Microstructural and X-ray phase analyses showed that the obtained single crystals
possessed a homogeneous structure. For the investigations, samples with mirror-like surfaces and
a thickness of 200 um were prepared and scanned along the (0001) plane. The phase composition
and crystal structure were confirmed by X-ray diffraction (XRD) and differential thermal analysis
(DTA), revealing the formation of the bright-red GaSe phase.

The intercalation process was carried out electrochemically in a copper sulfate solution
under a constant voltage regime (U = 1 V) for a duration of t = 1 h. Gamma irradiation was
performed using an MRX y-25 Co® facility with a dose rate of 117.606 rad/s.

Electrophysical measurements were performed in the temperature range of 110-300 K. The
applied voltage was regulated using a B7-27A voltmeter, while the current generated in the crystal
was recorded by a B7-30 electrometer-amplifier. The photoelectric properties of the samples were
investigated in the 200-2000 nm spectral range using a SF-4 spectrophotometer, and a 20 W lamp
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served as the source of monochromatic illumination. Ohmic contacts were used during the
measurements, with silver paste employed for contact preparation. The contacts were deposited
both parallel and perpendicular to the crystal surface.

3. Results and discussion
Figure 1 shows the anisotropy of the 1-V characteristics measured in different directions

for GaSe and Cu-intercalated GaSe crystals. The measurements were carried out both
perpendicular to the layers and along the layer planes.
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Fig. 1. Anisotropy of the current-voltage characteristics (I-V characteristics) of GaSe and GaSe—Cu
crystals: a) /C; b) L C

As shown in Figure la (along the “C” axis), the current in the GaSe-Cu sample is
approximately 1-2 orders of magnitude higher than that of pure GaSe over the entire voltage range.
This increase is associated with the formation of additional localized energy levels in the interlayer
region due to Cu atoms, resulting in an increase in the concentration of free charge carriers.
Consequently, charge carrier transport along the “C” axis becomes easier, leading to enhanced
conductivity.

Figure 1b (perpendicular to the “C” axis) demonstrates that the conductivity is generally
higher in this direction, which is related to the more efficient movement of charge carriers along
the layer planes. The graph shows that, particularly at high voltages, the current in the GaSe—Cu
sample increases by approximately 10-20 times compared to pure GaSe. This indicates that Cu
intercalation also increases the concentration of free charge carriers within the layers. However,
the effect of Cu intercalation is more pronounced along the “C” axis, which can be explained by
the fact that Cu atoms are mainly located in the interlayer spaces. Thus, the obtained results
demonstrate that the electrical conductivity of GaSe crystals exhibits clear anisotropy and that Cu
intercalation further enhances this anisotropy.

Figure 2 shows that the electrical conductivity of both GaSe and GaSe—Cu crystals
increases with increasing temperature. The graphs demonstrate a decrease in conductivity with
increasing 1000/T, indicating that the conductivity has a thermally activated character. As the
temperature rises, the number of charge carriers transferred from the valence band to the
conduction band increases, resulting in enhanced electrical conductivity.
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Fig. 2. Anisotropy of the electrical conductivity of GaSe and GaSe—Cu crystals: a) /C; b) L C

Along the “C” axis (Figure 2a), the conductivity of the GaSe—Cu crystal is approximately
1-2 orders of magnitude higher than that of pure GaSe throughout the entire temperature range.
This increase is associated with the formation of additional localized energy levels in the interlayer
region due to Cu atoms, which leads to an increase in the concentration of free charge carriers. At
the same time, the change in the slope of the graph indicates that Cu intercalation also affects the
activation mechanism of charge carriers.

In the direction perpendicular to the “C” axis (Figure 2b), the conductivity values are higher
and the temperature dependence is more pronounced. Since charge carrier transport along the layer
planes is more efficient in this direction, the conductivity increases. The conductivity of the
GaSe—Cu sample being approximately 10-30 times higher than that of pure GaSe indicates that
Cu intercalation increases the concentration of free charge carriers. Nevertheless, the different
behavior of conductivity depending on the direction confirms that the electrical properties of GaSe
crystals exhibit pronounced anisotropy.
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Fig. 3. Anisotropy of the electrical conductivity of y-irradiated GaSe—Cu crystals at different irradiation
doses-a) /C;b) LC
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Figure 3 shows the direction-dependent variation of the electrical conductivity of
GaSe—Cu crystals under different doses of y-irradiation and reflects the thermally activated
character of conductivity in both directions. The systematic decrease in conductivity with
increasing irradiation dose is associated with the formation of additional radiation-induced defects
(donor-type) and trapping centers in the crystal due to y-quanta.

Along the “C” axis (Figure 3a), the conductivity decreases progressively over the entire
temperature range with increasing irradiation dose. While the activation energy for the unirradiated
sample is approximately 0.10 eV, it becomes 0.13 eV for 1 kGy, 0.18 eV for 5 kGy, 0.24 eV for
10 kGy, and approximately 0.29 eV for 15 kGy. The increase in activation energy indicates that
the trapping centers formed as a result of y-irradiation hinder the thermal activation of charge
carriers.

In the direction perpendicular to the “C” axis (Figure 3b), the temperature sensitivity of the
electrical conductivity is higher, and the slopes of the graphs are steeper. In this direction, the
activation energy is approximately 0.14 eV for the unirradiated sample, 0.19 eV for 1 kGy, 0.25 eV
for 5 kGy, 0.31 eV for 10 kGy, and approximately 0.36 eV for 15 kGy. The higher values of
activation energy indicate that the radiation defects generated by y-irradiation more strongly
impede charge carrier transport in the direction perpendicular to the “C” axis.

Thus, with increasing y-irradiation dose, the electrical conductivity decreases while
the activation energy increases. This behavior is associated with the increased concentration of
n-type levels and trapping centers in the crystal.
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Fig. 4. Anisotropy of the spectral distribution of the photocurrent of GaSe and GaSe—Cu crystals at
room temperature (U =50V): a) /C; b) LC.

Figure 4 shows the direction-dependent variation of the spectral distribution of the
photocurrent in GaSe and GaSe—Cu crystals. In both directions, the main photosensitivity
maximum is observed in the 560-610 nm region, which is associated with the fundamental
absorption edge of the GaSe crystal and optical transitions occurring near the band gap. Due to the
nonhomogeneous distribution of Cu atoms throughout the crystal volume, local potential
fluctuations are formed in the interlayer regions. These fluctuations enhance the localization of
charge carriers, lead to the formation of localized energy levels within the forbidden band, and
significantly affect the spectral characteristics of photoconductivity.

The graphs show that both the photocurrent intensity and the changes in its spectral shape
strongly depend on direction, indicating the anisotropy of the photoelectric properties. Along the
“C” axis (Figure 4a), the photocurrent maximum reaches higher values, and the spectral peak is
observed in a sharper form. In the GaSe—Cu sample, the maximum photocurrent decreases by
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approximately one order of magnitude compared to pure GaSe, which is associated with the
localized levels and recombination centers formed as a result of Cu intercalation. These centers
cause recombination of a portion of the photogenerated charge carriers, leading to a decrease in
photocurrent.

In the direction perpendicular to the “C” axis (Figure 4b), the spectral distribution of the
photocurrent is characterized by a broader maximum, and the decrease in photocurrent in the long-
wavelength region is less pronounced. In this direction, the more efficient transport of charge
carriers along the layer planes results in a more stable variation of the photocurrent. After Cu
intercalation, the photocurrent also decreases in this direction, but the reduction is weaker
compared to that along the “C” axis. This can be explained by the fact that Cu atoms are mainly
located in the interlayer regions and therefore exert a stronger influence on charge carrier transport
along the “C” axis.

Cu atoms located in the interlayer gaps increase the potential fluctuations along the “C”
axis. As a result, exciton dissociation and charge carrier localization become more pronounced,
which explains the photoconductivity anisotropy observed both along the “C” axis and in the
direction perpendicular to it.

Thus, the obtained results demonstrate that, in addition to electrical properties, the
photoelectric properties of GaSe crystals also exhibit pronounced anisotropy, while the localized
levels formed due to Cu intercalation increase the recombination of photogenerated charge
carriers, leading to a decrease in photocurrent.

4. Conclusion

The conducted investigations revealed that the electrical and photoelectric properties of
Cu-intercalated GaSe single crystals exhibit pronounced anisotropy. The electrical conductivity
along the “C” axis was found to be approximately 1-2 orders of magnitude higher, which is
associated with more efficient charge carrier transport along the layer planes. After
Cu intercalation, the I-V characteristics demonstrated that the current increased by approximately
30-40 times along the “C” axis and by 10-20 times in the direction perpendicular to the “C” axis.
The increase in electrical conductivity is explained by the formation of additional localized energy
levels in the interlayer region due to Cu atoms, leading to an increase in the concentration of free
charge carriers.

It was established that y-irradiation causes a decrease in electrical conductivity in both
directions. At a dose of 15 kGy, the conductivity along the “C” axis decreases by approximately
2-3 orders of magnitude, while the activation energy increases from 0.10 eV to 0.29 eV. In the
direction perpendicular to the «C» axis, the increase in activation energy from 0.14 eV to 0.36 eV
indicates that y-irradiation exerts a stronger influence on charge carrier transport in this direction.
These changes are associated with the formation of radiation-induced defects and trapping centers.

The spectral distribution of the photocurrent showed that the maximum photosensitivity is
located within the 560-610 nm region. After Cu intercalation, the maximum photocurrent
decreased by approximately one order of magnitude, which was attributed to the enhanced
recombination of photogenerated charge carriers. Thus, it was determined that Cu intercalation
and y-quantum irradiation modify the charge carrier transport mechanism in GaSe single crystals
and significantly alter the anisotropy of conductivity and photosensitivity.
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AHM30TPOINUS DJEKTPUYECKNX U ®OTOIJIEKTPHUECKNUX CBOVCTB
MOHOKPUCTAJIVIOB GaSe, HTHTEPKAJIMPOBAHHBIX ATOMAMM Cu

P.C. Mapaaros, JI.J3. CaabIribl

Pezrome: B pmanHOW paboTe wWcClIeNOBaHBI BOJBT-aMIEPHBIE XapaKTEPUCTHKH, TeMIIepaTypHas
3aBHCUMOCTb  JJICKTPONPOBOJHOCTH M  CHEKTPAIBHOE pacrpenesieHHe (OTOTOKa B CIOUCTBHIX
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MoHOKpucTaiax (GaSe, WHTepKanIupoBaHHBIX aromMamu Cu, B HampaBiCHUSX, MNapauieIbHOM H
MEPICHANKYIISIPpHOM ocHu «C». YCTaHOBIEHO, 4TO Tocie MHTepKamsinud Cu BelMnYrHA TOKa BO3pacTaeT
npudmmsuTensHo B 30—40 pa3 B Hanpasnennu ocu «Cy» u B 10—20 pa3 B meprieHANKYISIPHOM HaIPaBICHAN.
3T0 00BsCHAETCS 00pa30BaHUEM JIOMIOJHUTENBHBIX JIOKATBHBIX SHEPTETHUECKUX YPOBHEH B MEKCIOCBOM
o0JacTH ¥ yBEeTMYEHHUEM KOHIIEHTPAIMU CBOOOTHBIX HOCHUTENEH 3apsAia BCIIEIACTBHE BHEAPEHUS aTOMOB
Cu.

[lokazano, yTo y-00Jy4YeHHE MPUBOAUT K YMEHBIICHHIO 3JICKTPOIPOBOJHOCTH W YBEIHUYECHHIO
SHEPTUH aKTUBAIMK. Y CTAHOBJICHO, 4TO Tipu o3¢ 15 kGy aneprus akruBanmu Bozpactaet ot 0.10 eV 1o
0.29 eV B nHanpasienuu ocu «C» u ot 0.14 eV 10 0.36 eV B nepneHauKyIIpHOM HalpaBICHAN.

B cniektpanpHOM pacnpeneneHun GOTOTOKa MaKCUMallbHast POTOUYBCTBUTENBHOCTS HAOIIO1aeTCs
B obmactu 560-610 nm, mpu 3ToM mocie uHTepKaasiuud Cu MHTEHCUBHOCTH (DOTOTOKA YMEHBLIAETCS
MpUMEpHO Ha oAWH TopsaoK. llomydenHble pe3ynbTaThl TOKa3bIBalOT, 4TOo WHTepKamsamus Cu u
y-00JIydeHrEe CYIIECTBEHHO W3MEHSIOT MEXaHW3M IIepeHoca HOCHTeNleH 3apsga W aHW30TPOIUIO
ANEKTPUYECKHUX U (POTOINEKTPHIECKUX CBOMCTB MOHOKpHCTaILTOB GasSe.

Knwouesvie cnosa: vHTEpKAISILNA, aHU30TPOIIHSL, Y-00Ty4eHHUE, HIEKTPOIPOBOIHOCTb.

Cu ATOMLARI iLO® INTERKALASIYA OLUNMUS GaSe MONOKRISTALINDA
ELEKTRIK VE FOTOELEKTRIK XASSOLORIN ANiZATROPiYASI

R.S. Madstov, L.E. Sadiqh

Xiilasa: Bu igdo Cu atomlari ilo interkalasiya olunmug layli GaSe monokristallarinin corayan—goarginlik
xarakteristikalar, elektrik kegiriciliyinin temperatur asililigi vo fotocarayanin spektral paylanmasi “C”
oxuna parelel va perpendikulyar istigamatds arasdirilmisdir. Miioyyan edilmisdir ki, Cu interkalasiyasindan
sonra caroyanin “C” oxu istigamotindos toxminan 30-40 dofo, perpendikulyar istigamatds iso 10-20 dofa
artdigr miiayyan edilmisdir ki, bu da Cu atomlarnin laylararas: oblastda slavo lokal enerji saviyyslori
yaratmasi va Sarbast yiikdasiyicilarinin konsentrasiyasini artirmast ils izah olunur. y-sialanma naticasinda
elektrik kegiriciliyinin azalmasi vo aktivlosmo enerjisinin artmasi miisahido edilmis, 15 kGy dozada
aktivlosmo enerjisinin “C” oxu istigamotinds 0.10 eV-dan 0.29 eV-a, perpendikulyar istigamatdo iso 0.14
eV-dan 0.36 eV-a godor artdigi miioyyan olunmusdur. Fotocarayanin spektral paylanmasinda maksimum
fotohossasliq 560-610 nm oblastinda miisahido edilmis, Cu interkalasiyasindan sonra fotocorayanin
intensivliyinin toxminon bir tortib azalmasi qeydo alinmigdir. Alinmis naticalor Cu interkalasiyast vo y-
stialanmanin GaSe monokristallarinda yiikdasiyicilarin daginma mexanizmini vo elektrik-fotoelektrik
xassalorin anizatropiyasini shomiyyatli sokildo doyisdirdiyini gostorir.

Agar sozlar: interkalasiya, anizatropiya, y-siialanma, elektrik kegiriciliyi.
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