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Physical and optical properties of polycrystalline Cu0.27Ga1.85Se1.88 and

Cu0.33Ga1.54Se2.13, films synthesized by controlled selenization
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Polycrystalline films of Cu0.27Ga1.85Se1.88 and Cu0.33Ga1.54Se2.13 with a chalcopyrite structure of the Cu−Ga−Se

system were synthesized. The effect of selenization temperature on the chemical composition and structure of films

was studied by X-ray phase analysis and electron microscopy. The dependence of film resistance on concentration

and temperature has been studied. The effect of photoconductivity was discovered on Cu0.27Ga1.85Se1.88 films.

The Raman spectra of these films were calculated. From the absorption spectra, the Urbach energy EU = 0.9 eV

was determined, which indicates a nouniform distribution of localized states in the electronic structure of the films.

Migration and dipole-orientation contributions to the electrical polarization of the films have been established. Using

the Debye model, the relaxation time in film samples of the Cu−Ga−Se system was calculated.
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1. Introduction

Semiconductor compounds of type (I-III-VI2) [1–4] are

promising for use in photonics and optoelectronics. These

ternary compounds crystallize in the chalcopyrite structure.

Materials based on Cu(In1−x ,Gax)Se2 or (CIGS) solid

solutions are also promising for use in thin-film solar cells.

CIGS solar cells achieve up to 21.7% efficiency, exhibit in-

creased short circuit current density (JSC), high open circuit

voltage (UOC) and improved fill factors (FF)[5–7]. These

compositions are not inferior in quality to single-junction

materials of GaAs solar cells on a substrate [8]. By changing

the CIGS composition you can adjust its properties, in

particular, the band gap Eg from 1.01 to 1.48 eV. Such a

smooth change Eg of CIGS solid solutions [9] corresponds
to the infrared and visible regions of the electromagnetic

radiation spectrum, as for GaAs-based materials [10]. In

this regard, obtaining and studying the physical effects of

new compositions of film materials based on Cu−Ga−Se

are important tasks for modifying solar cells.

By changing the concentration of Cu/Ga components in

the Cu−Ga−Se system, you can monotonically change the

band gap of the compound CuGaSe2 [11]. Thus, in the

synthesized thin-film compounds, the band gap increased

from 1.68 eV for CuGaSe2, where Cu/Ga= 0.85 to 1.85 eV

for CuGa3Se5, where Cu/Ga= 0.33. A study of the pho-

tosensitivity of these films showed that samples CuGaSe2
show a photocurrent density of — 19.0mA/cm2. This is

greater compared to films of the composition CuGa3Se5
(where Cu/Ga= 0.33), where the photocurrent density

was — 12.1mA/cm2. The decrease in the photocurrent

density of CuGa3Se5 compared to CuGaSe2 is associated

with increase in the band gap, as well as with increase in

the density of defects and grain boundaries in CuGa3Se5.

Such defects play the role of recombination centers for

photoexcited charge carriers.

CuGaSe single crystals2are p-type semiconductors,

and they can be divided into two groups, low-

resistance (ρ = 102−104 � · cm) and high-resistance

(ρ = 105−107 � · cm) samples. Studies were carried

out on the γ-irradiation effect on the conductivity of

CuGaSe2. It was found that the resistivity of low-resistance

samples increases with increase in radiation γ-dose,

and the resistance of high-resistance samples does not

depend on the radiation dose [12]. Photoconductivity

and luminescence were studied in the temperature

range 90−300K on CuGaSe2 single-crystals [13]. The

features of the photoconductivity spectra at 90K are

explained by interband transitions and transitions from

the splitting levels of the valence band and the excited
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3d level of copper to the top of the valence band. The

luminescence spectra are affected by the near-surface

layer of the single-crystal CuGaSe2. The energy structure

of the conduction band and excitation properties in the

single-crystal CuGaSe2 are considered in the paper [14].
Data obtained from the absorption spectra of a thin film

CuGaSe2 (CGSe), in particular, the band gap (Eg) CGSe

Eg = 1.64 eV as a function of [Ga]/[Cu] are used in solar

cell ZnO/CdS/CuGaSe2 [15].
The review [16] discusses devices based on film CuGaSe2

with Eg = 1.7 eV and solar cells. The differences observed

between CuGaSe2 and CuInSe2 or Cu(In,Ga)Se2 films and

device properties are discussed, as well as correlation of

properties taking into account the effects of alkali metals.

The mechanisms of electron transport of thin-film solar

cells based on CuGaSe2 are considered in the paper [17].
The dependences of transport mechanisms in heterojunction

solar cells based on CuGaSe2 on stoichiometry, type of

substrate, and deposition temperature of CdS buffer layer

were studied. It was established that the determining

parameter of the electron loss mechanism is the doping

level of the absorbing layer. Doping is affected by the

type of stoichiometry deviation, as well as by the content

of additional elements in the substrate, for example, such

as Na, which significantly deteriorates their quality.

An important aspect in the photoconductivity effect

manifestation is the method of obtaining the material, in

particular, the single crystal CuGaSe2 [18].
The dependence of Se beam equivalent pressure (BEP)

during film growth on the density of defects in solar

cells based on CIGS was studied using the admittance

spectroscopy method [19]. It was notes that BEP Se

(1.3 · 103−4.4 · 103 Pa) affects the deficiency of both Se,

and Cu. Increase in phase Cu(In,Ga)3Se5 content was

observed upon BEP Se decreasing. It was shown that

occurrence of traps with activation energies of 300meV

can be associated with divacancy complex VSe−VCu. So,

beam Se pressure shall be monitored to obtain high-

performance solar cells.

Films Cu(InxGa1−x)Se2 (CIGS), grown in different Se

flows were studied by positron annihilation spec-

troscopy [20]. Increased defect phase of Cu(In,Ga)3Se5
was observed in films grown at lower flow of Se. The line

shape parameter (S) of positron annihilation spectra was

used to characterize defects in CIGS films. With the Se

flow decreasing, the parameter S on the surface and in the

near-surface region of the films increases. This phenomenon

is associated with the increased concentration of the defects

complex formed between Se and Cu vacancies.

In the paper [21] CIGS films were obtained using a

three-stage growth method. This method is sensitive to

critical compositions, including stoichiometric compositions

with ratio Cu/In+Ga, with sufficient Se supply. The solar

cell manufactured using the resulting CIGS film showed

an active area conversion efficiency of 16.4% without the

antireflection coating use. It is shown that segregation of

excess Na damages CIGS surface, and this defect is repaired

by sputtering pressure optimization of the underlaying

molybdenum layer.

Physics of interfacial and bulk defects at the interface

and in bulk of thin film photovoltaics based on CuInSe2
were studied in the review [22]. Using electron probe

micro-analyzer and synchronous X-ray diffraction method

in paper [23] a Cu-dependent phase transition in thin

polycrystalline films of CuGaSe2 was studied. It was

shown that in section Cu2Se−Ga2Se3 the composition of the

obtained films varies from stoichiometric CuGaSe2 (1 : 1 : 2)
towards the gallium-rich side. Paper [24] shows limitations

of devices capacity, role of defects and interfaces for capacity

of solar cells Cu(In,Ga)Se2 with heterojunction. It is shown

that defects monitoring is ensured for two, maximum three

stages, during film growth, during heterojunction formation,

and, may be, during one stage of treatment after deposition.

The above brief review shows that producing the

polycrystalline films of Cu−Ga−Se system with specified

stoichiometry and study of their optical and electro-physical

properties are actual to develop effective photoconverters.

This paper purpose is obtaining polycrystalline films with

compositions of Cu0.27Ga1.85Se1.88 and Cu0.33Ga1.54Se2.13
and studying their optical, electro-physical and photoelec-

trical properties.

2. Synthesis of films and measurement
methods

The polycrystalline films of Cu0.27Ga1.85Se1.88 and

Cu0.33Ga1.54Se2.13 were obtained by two-stage method of

controlled selenization of intermetal layers of Cu−Ga pre-

deposited on glass substrates in two-zone thermal diffusion

unit with participation of the carrier-gas (N2) of reac-

tion component Se. The selenization temperature (Tsel)
in reaction zone of layers Cu−Ga with Se varies in

the range 200◦C≤ Tsel ≤ 550◦C, and pressure of vapor-

gas mixture Se+N2 at the re-crystallization stage was

increased from 10−4 to 10−1 Pa. Concentration of copper

and gallium in Cu−Ga−Se system depended on the film

selenization temperature. Samples Cu0.27Ga1.85Se1.88 (1)
Cu0.33Ga1.54Se2.13 (2) and Cu0.25Ga0.58Se (3) were obtained
at Tsel = 500, 450 and 350◦C, respectively [25].

X-ray phase studies were performed at X-ray diffraction

meter Empyrean Series 2 (PANalytical, the Netherlands) us-
ing Cu-Kα radiation (1.5405 Å), scanning angles: 10−140◦,

β-filter. Phases were identified by comparison of obtained in

experiment interplanar spacings d with data of card-index of

Joint Committee on Powder Diffraction Standard (JCPDS).

Film morphology, quantitative and semiquantitative ele-

ment analysis, as well as element mapping of surface of films

Cu0.27Ga1.85Se1.88 and Cu0.33Ga1.54Se2.13 at different zoom

were obtained by method of scanning electron microscopy

S5500 (Hitachi, Japan).

Dielectric constant and dielectric losses and were de-

termined by values of capacity and tangent of loss angle

Physics of the Solid State, 2023, Vol. 65, No. 10
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measured at AM-3028 component analyzer in the range of

frequencies 102−106 Hz and temperatures 300−500K.

The electrophysical measurements of Cu0.27Ga1.85Se1.88
and Cu0.33Ga1.54Se2.13 films were performed in the range of

temperatures 77−400K, frequency band ω = 102−106 Hz,

in zero and magnetic field of 12 kOe. The electrical resis-

tance was measured in the temperature range 80−450K by

four-contact method.

The photoconductivities were measured by two-contact

and four-contact method. The sample surface between the

contacts was illuminated by laser with wavelength of 420 nm

(blue color). The duration of resistance measurement

under illumination was ∼ 1min. The light flux power was

maintained constant during the experiment.

To study the Raman spectra of polycrystalline films

of Cu0.27Ga1.85Se1.88 and Cu0.33Ga1.54Se2.13 at room

temperature a confocal spectrometer-Raman microscope

SENTERRA (Bruker-Optics GmbH, Germany) with a

spectral resolution 3÷ 5 cm−1 in the measurement range

80÷ 4500 cm−1 was used. For excitation a laser with

wavelength of 523 nm (green color) was used.

3. Results and discussions

In X-ray pattern (Figure 1) of thin-film samples

Cu0.27Ga1.85Se1.88 (1) and Cu0.33Ga1.54Se2.13 (2) obtained

at selenization temperatures Tsel above 400◦C there is a se-

ries of diffraction lines (112), (204), (116) corresponding to

the structure of chalcopyrite. With increase in the seleniza-

tion temperature and change in concentration of copper and

gallium in sample a slight bias of main peak (112) [26]
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Figure 1. Data of X-ray phase analysis at T = 25◦C of

samples Cu0.27Ga1.85Se1.88 (1) synthesized at T = 500◦C;

Cu0.33Ga1.54Se2.13 (2) synthesized at 450◦C and CuGaSe2+ phase

Cu2Se+ phase (Cu0.25Ga0.58Se) (3) [25] synthesized at

T = 350◦C.

Table 1. Semiquantitative analysis of Cu0.27Ga1.85Se1.88 film

Element norm. C [wt.%] Atom.C [at.%]

Gallium (Ga) 43.87 46.35

selenium (Se) 50.40 47.02

Copper (Cu) 5.73 6.63

100.00 100.00

Table 2. Semiquantitative analysis of Cu0.33Ga1.54Se2.13 film

Element norm. C [wt.%] Atom.C [at.%]

Gallium (Ga) 36.33 38.62

selenium (Se) 56.60 53.13

Copper (Cu) 7.07 8.25

100.00 100.00

towards the lower angles 2θ is observed (Figure 1). There is
also a decrease in the intensity of peak (112) associated with

increase in the copper concentration, and decrease in the

gallium concentration. The ionic radii for Cu+ and Ga3+ are

close in value and are 0.6 and 0.47 Å respectively [27]. The
parameters of lattice cell for Cu0.27Ga1.85Se1.88 a = 5.593 Å
and c = 10.918 Å; for Cu0.33Ga1.54Se2.13 a = 5.5906 Å and

c = 10.911 Å; value of tetragonal compression for films

γ = c/a = 1.95 were determined. At the selenization

temperature of Tsel < 400◦C in the X-ray pattern in addition

to basic phase corresponding to CuGaSe2 the additional

lines were observed, this corresponds to phases Cu2Se and

Cu0.25Ga0.58Se [25].
The morphological pattern of the polycrystalline films

of Cu0.27Ga1.85Se1.88 (1) and Cu0.33Ga1.54Se2.13 (2) with

thickness about 1µm is given in Figure 2. In the images of

both film compositions the microinclusions were detected,

the size of which varies within 100 nm. Tables 1, 2

present the results of a semi-quantitative analysis of the

elements present (Ga, Cu, S) in samples. A decrease in

the selenization temperature for film production leads to

increase in the copper concentration, and decrease in the

gallium concentration in the Cu−Ga−Se system.

Figure 3 shows Raman spectra measured at room temper-

ature on two polycrystalline films of Cu0.27Ga1.85Se1.88 (1)
and Cu0.33Ga1.54Se2.13 (2). To identify the observed modes,

the data were compared with the calculated RS spectrum

obtained for the initial chalcopyrite CuGaSe2 (insert to

Figure 3).
The electron structure for Cu−Ga−Se crystals was

calculated by the density functional theory method using

CASTEP package [28]. Calculations were made for atom

states on Cu configuration: 3d10, 4s1; Ga: 3d10, 4s2, 4p1;

Se: 4s2, 4p4. The structure relaxation was carried out

using the quasi-Newtonian BFGS [29] scheme for minima

determination of functions of many variables in the presence

Physics of the Solid State, 2023, Vol. 65, No. 10
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Table 3. Calculated frequencies (νcalc, cm−1) for samples of

Cu−Ga−Se system

Type νcalc Icalc(rel. units)

E 64.0 28.74

E 64.0 28.74

B2 74.7 0.1

B1 77.7 8.8

E 97.3 76.78

E 97.3 76.78

E 164.8 20.59

E 164.8 20.59

B1 176.7 26.1

A1 186.3 6319.3

B2 202.1 410.0

E 206.3 358.38

E 206.3 358.38

E 242.1 117.24

B2 244.4 1098.1

E 245.8 14.92

E 245.8 14.92

B1 248.0 4.6

of the first derivative. The lattice constants and atom coordi-

nates of the samples were optimized by minimizing the total

energy. The cutoff energy convergences were set at level of

700 eV. The self-consistent total energies converged within

1.0 · 10−9 eV/atom. The local density approximation (LDA)
functional was used for the calculation. The structure of the

original CuGaSe2 compound belongs to the space group

I − 4̄2d (� 122) [30]. In Figure 3, the insert shows

the calculated RS spectrum of CuGaSe2. This spectrum

corresponds to the experimental spectrum of CuGaSe2 [31].
Oscillation representations of particle modes in center of

Brillouin zone of samples Cu−Ga−Se are as follows:

GKP = 3B2 + 6E (acoustic modes not considered)

Gacoustic = B2 + E. (1)

GKP = A1 + 3B1 + 3B2 + 6E (acoustic modes not consi-

dered). Here A1 — non-degenerate symmetrical irre-

ducible representations, B1 and B2 — non-degenerate

anti-symmetrical irreducible representations, E — doubly-

degenerate representations. Calculated active modes are

shown in Table 3.

In experimental spectra shown in Figure 3, for both

film compositions the intense oscillation at frequency of

Map №_155485
Mag: 1000x HV: 15 kV WD: 8.7 mm

Map №_155487
Mag: 1000x HV: 15 kV WD: 8.6 mm

BSE

BSE

a

b

Figure 2. SEM-images of surface of Cu0.27Ga1.85Se1.88 (1) and

Cu0.33Ga1.54Se2.13 films (2).
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Figure 3. Raman spectra of samples Cu0.27Ga1.85Se1.88 (1)
and Cu0.33Ga1.54Se2.13 (2) at room temperature. In insert:

calculated RS spectra of CuGaSe2 with chalcopyrite structure.

Physics of the Solid State, 2023, Vol. 65, No. 10



Physical and optical properties of polycrystalline Cu0.27Ga1.85Se1.88 and Cu0.33Ga1.54Se2.13... 1629

b

c

a

a b

c d
b

c

a

b

c

a

b

c

a

E B2

B2A1

Se

Cu

Ga

Se

Ga

Cu

Se
Cu

Ga Ga

Se

Cu

Figure 4. Simulated active oscillations of samples of Cu−Ga−Se

system.

∼ 146 cm−1 is observed, which can be ascribed to breathing

mode A1. This mode of structural components Cu−Ga−Se

occurs as result of Se atom movement, but Cu and Ga atoms

remain at a standstill (Figure 4) and correspond to spectrum

of CuGaSe2 [31].
For CuGaSe2 the oscillation frequency of spectrum is

186 cm−1. Bias of oscillation frequency by 40 cm−1 relative

to the design frequency towards the low-frequency region,

this, most likely, is associated with the presence of point

defects in the sample structure The intensity of the Raman

peaks presented in Figure 3 strongly depends on the surface

morphology and phase composition of films synthesized at

different selenization temperatures. Films with structural

defects produce weak peak A1. Double peak at frequencies

234, 260 and 122 cm−1 refer to gallium selenides, peak at

160 cm−1 corresponds to oscillations of components based

on Cu−Se.

Figure 3 shows that in film with Cu0.33Ga1.54Se2.13
composition, obtained at T = 450◦C the oscillation of

component Cu−Se is more intense then in film with

Cu0.27Ga1.85Se1.88 composition (1), obtained at T = 500◦C.

In sample Cu0.33Ga1.54Se2.13 (2) copper concentration is

higher, hence oscillation is more intensive, at the same

time the peaks corresponding to oscillations of components

Ga−Se are less intensive due to decreased gallium concen-

tration in the sample.

The transport properties of thin-film samples

Cu0.27Ga1.85Se1.88 (1) and Cu0.33Ga1.54Se2.13 were

studied (2). The synthesized samples were divided

into two types, i. e. high-resistance Cu0.27Ga1.85Se1.88
with activation energy Ea = 0.3 eV (Figure 5, a), and

low-resistance Cu0.33Ga1.54Se2.13 (Figure 5, b). May be

this difference is caused by selenium deficiency, which

is present in high-resistance samples compared to low-

resistance samples. Decrease in copper concentration in the

sample Cu0.27Ga1.85Se1.88 results in the impurity subband

formation, and conductivity is determined by interband

transitions. The plateau observed on the dependence

log(ρ(T )) at T = 320K for these samples confirms

the assumptions on impurity conductivity. For samples

Cu0.33Ga1.54Se2.13 the dependence ρ(T ) has two plateaus

(Figure 5, b) when the conductivity is maximum. The first

anomaly detected at T = 170K is most likely caused by

the electron structure rearrangement of the sample. The

second anomaly is observed at room temperature.

The impedance spectroscopy method was used to

measure the active resistance and reactance of polycrys-

talline samples Cu0.33Ga1.54Se2.13 in the temperature range

80−380K, no dependence on the magnetic field was

observed (Figure 6). With increase in temperature, the

values of the active resistance (R) and reactance (X)
increase in absolute value and their frequency dependencies

change. The curves R(ω) and X(ω) were described by the

Debye model, and the relaxation time was calculated, which

is τ ∼ 10−4−10−5 s at temperatures above 300K.

R(ω) =
A

1 + (ωτ )2
; X(ω) =

Bωτ

1 + (ωτ )2
, (2)

where A and B — constant parameters and are independent

of temperature, τ — relaxation time of current carriers.

The localization of electrons in quantum wells determines

the capacitive contribution to the linear dependence X(ω).
As discussed above, the sample of film of Cu0.27Ga1.85Se1.88
has high resistance, and the measuring impedance range for

the sample lies outside this range.

Transmittance spectra of films of Cu0.27Ga1.85Se1.88 and

Cu0.33Ga1.54Se2.13, measured in range 190−3300 nm, were

used to determine the band gap of the film samples

(Figure 7). These spectra for both high-resistance and

low-resistance films are not fundamentally different due to

the slight change in copper concentration in the system

under study. Figure 7, a shows the Tauc plot, modified

for the direct interband transition, for one of the films

of Cu0.27Ga1.85Se1.88. The spectra of the samples under

study contain at least two regions with an abrupt increase

in absorption. Theband gaps Eg , equal to Eg1 = 1.65 eV

and Eg2 = 3.71 eV correspond to them. The first band

gap corresponds to CuGaSe2, which, according to data [32],
has a direct interband transition with band gap of 1.71 eV.

Eg2 cannot be attributed to simple phases like Cu2−xSe

or Ga2Se3, since the direct transition in them lies at

2.1−2.3 and 2.07 eV respectively. Thus, this transition

should be attributed to the transition between the electron

states of CuGaSe2, lying noticeably below the top of the

Physics of the Solid State, 2023, Vol. 65, No. 10
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Figure 5. Resistivity of polycrystalline films of Cu0.27Ga1.85Se1.88 (a) and Cu0.33Ga1.54Se2.13 (b) vs. temperature.
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valence band and/or above the bottom of the conduction

band. Hence, the direct gap in the spectrum of electron

excitations does not affect the conductivity, which is of

impurity-defect nature. From the curve of the absorption

logarithm versus the photon energy (Figure 7, b), the

Urbach energy was determined, which is an indicator of

the scale of energy disorder at the edges of semiconductor

bands. There are two linear sections on this curve (below
Eg1 and above Eg1), each of which has a slope ratio of

1.1 eV−1. Hence, the Urbach energy is approximately

EU = 0.9 eV, indicating large fluctuations in the energy

structure. This value of the Urbach energy can be explained

by change in concentration of Ga in a similar material of

Cu(In,Ga)Se2 [33] and of copper through the thickness of

the film of Cu0.27Ga1.85Se1.88, which was established during

the process of selenization.

Experiments determined that only high-resistance films of

Cu0.27Ga1.85Se1.88 have photosensitivity (Figure 8). Under

the influence of laser radiation with wavelength of 420 nm

the current density increases by more than an order of

magnitude during heating and reaches a maximum at

T = 320K, where, according to the data of electrical prop-

erties, the electron concentration at the chemical potential

level increases sharply. Since the level of chemical potential

Physics of the Solid State, 2023, Vol. 65, No. 10
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is a function of the material, which strongly depends, in this

case, on the concentration and type of carriers in the film,

and therefore determines the behavior of Cu0.27Ga1.85Se1.88
system. With temperature increasing the value of the

current density sharply decreases. Low-resistance samples

Cu0.33Ga1.54Se2.13 do not exhibit the photoconductivity

effect.

Figure 9 shows capacitance C(ω) vs. frequency mea-

sured in temperature range 77−400K and frequency range

ω = 102−106 Hz, of film of Cu0.27Ga1.85Se1.88. The mea-

surements were carried out in zero magnetic field and in

field of 8 kOe applied parallel to the capacitor plates, but

no dependence on the field was found. On the curve C(ω)
two frequency regions can be distinguished, low-frequency

ω < ωc = 104 Hz and high-frequency ω > ωc , which are

adequately described by the Debye model.
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Figure 8. Current density vs. temperature during illumination

of sample Cu0.27Ga1.85Se1.88 laser radiation with wavelength of

420 nm.
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Figure 9. Capacitance (a) and dielectric loss tangent (b)
vs. frequency for sample Cu0.27Ga1.85Se1.88 in temperature range

77−400K and frequency range ω = 102−106 Hz. Insert to

Figure 9, a shows capacitance vs. frequency, and insert to

Figure 9, b contains frequency dependence 1/ tg(δ) respectively

for same sample in zoom.
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The capacitance of film of Cu0.27Ga1.85Se1.88 increases

when heated in the low-frequency region (Figure 9, a).
This behavior is typical for dielectrics and semiconductors

with migration polarization [34], which have rather large

relaxation times and are observed at low frequencies. In

the high-frequency region the behavior of the capacitance

is characteristic of the mechanism of dipole-orientation

polarization, which occurs with energy losses to overcome

bonding forces and internal friction. Significant changes

characteristic of this mechanism were found in the dielectric

loss tangent tg(δ) (Figure 9, b). This value depends on

active losses, as a result of increased electron scattering by

local deformations and phonons. When moving from one

polarization mechanism to another, the capacitance does not

change with frequency change, which indicates the absence

of relaxation processes, and the dielectric loss tangent tends

to zero. In the insert to Figure 9, b the dielectric loss

tangent vs frequency 1/ tg(δ) is satisfactorily described by

the resonance formula

1/ tg(δ) =
Aωn

√

(ω2
p − ω2)2 + 4β2ω2

, (3)

where A — parameter independent of frequency, ωp —
resonance frequency, ω — frequency of external electric

field, β — attenuation coefficient. The maximum detected at

1/ tg(δ) (ω) shifts towards higher frequencies when heated

in accordance with equation (3).

4. Conclusion

The polycrystalline films synthesized in the tempera-

ture range 200◦C ≤ Tsel ≤ 550◦C and the pressure range

of the vapor-gas mixture Se+N2 during recrystallization

10−1 Pa had a tetragonal chalcopyrite structure. In the

composition of films of Cu−Ga−Se system the copper

concentration increases with decrease in Tsel. Depending

on the selenization temperature (Tsel) the single-phase films

with compositions of Cu0.27Ga1.85Se1.88(at Tsel = 500K)
and Cu0.33Ga1.54Se2.13 (at Tsel = 450K) had cell param-

eters a = 5.593 Å and c = 10.918 Å and a = 5.5906 Å
and c = 10.911 Å respectively. The Raman spectra and

calculated spectra of the obtained films of Cu−Ga−Se

system are consistent with each other. They consist of lines

corresponding to deformation and stretching vibrations of

chemical bonds between atoms of the elements Se, Cu and

Ga, lines of characteristic vibrations of Cu−Se phases, as

well as lines of phases with chalcopyrite structure. Resis-

tivity vs. temperature ρ(T ) of high-resistance films with

composition of Cu0.27Ga1.85Se1.88 with activation energy

of impurity subband Ea = 0.3 eV, have view characteristic

of materials based on CuGaSe2. On dependence ρ(T )
of low-resistance films Cu0.33Ga1.54Se2.13 two anomalies

were identified, at which the conductivity reaches maxi-

mum. The first anomaly at T = 170K is associated with

the electron structure rearrangement, the second one is

observed at room temperature. Active resistance (R) and

reactance (X) of films of Cu0.33Ga1.54Se2.13 measured by

impedance spectroscopy in temperature range 80−380K

show that they are independent of the magnetic field, and

their values increase in absolute value with temperature

increasing. At temperatures above 300K the relaxation

time τ ∼ 10−4−10−5s was determined from the frequency

dependences of the active resistance and reactance, which

are satisfactorily described by the Debye model. In the

transmission spectra of the film of Cu0.27Ga1.85Se1.88 two

regions with abrupt increase in absorption were detected.

The band gaps Eg1 = 1.65 eV and Eg2 = 3.71 eV corre-

spond to them. High-resistance films of Cu0.27Ga1.85Se1.88
have photosensitivity, and if exposed to laser radiation

(λ = 420 nm) the current density increases by order of

magnitude during heating and achieves the maximum at

T = 320K. From the absorption spectra Urbach energy

EU = 0.9 eV was determined, which indicates a nonuniform

distribution of localized stated in the structure of films.

The capacitance vs. frequency curve C(ω) distinguishes

two frequency bands, the low-frequency ω < ωc = 104 Hz

and high-frequency ω > ωc , which ensure evaluation of

the migration and dipole-orientation contributions to the

electrical polarization of films.
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