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Photoinduced changes in impedance and conductivity of CuInSe2 films

depending on their synthesis technology
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Using the controlled selenization method, CuInSe2 films with a chalcopyrite structure were synthesized. It

was established that the selenization temperature (Tsel) is a critical parameter determining the morphology and

electrophysical properties of the films. A nonlinear current-voltage characteristic was found, caused by the electrical

inhomogeneity of the material. The optimum Tsel = 350 ◦C was determined, at which the maximum photoelectric

effect and the longest relaxation time are observed. At Tsel < 300 ◦C, a photoinduced change in impedance was

detected.
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1. Introduction

Polycrystalline semiconductor films CuInSe2 with chal-

copyrite structure are one of the essential and promising

materials in production of highly efficient solar energy

converters [1–4]. CuInSe2 (GIS) — is a I-III-VI2 semi-

conductor of p-type with a straight band gap of about

1.0 eV, which is ideal for photoelectric materials. These

materials are featuring high efficiency of solar elements

22.6% as per NREL) [5–7]. To create efficient solar cells

based on Cu(In,Ga)Se2 (CIGS) or LEDs, it is necessary

to control defects that impair their performance. In the

study [8] the major
”
cause“ was described — anion

vacancies. On the other hand, anion vacancies, due to

the strong relaxation of the lattice when their charge state

changes, are a universal cause of stable photoconductivity

in many important semiconductor materials. A paradox

is observed in CuInSe2: a material with a large number

of defects demonstrates record-high efficiency values for

thin-film technologies (more than 20%). The study [9]
explains this paradox using modeling with ab initio analysis.

The authors discuss the properties of the so-called
”
ordered

defective phase“ CuIn3Se5 . They show that its
”
band gap“

is almost the same as that of the stoichiometric CuInSe2.

This means that even areas with a strong deviation from

stoichiometry do not create barriers to photocurrent. Based

on all the above, it is important to note the distinctive

feature of CIS — high tolerance to structural defects and

deviations from stoichiometry. Significant concentrations

of point defects (vacancies, interstitial atoms, etc.) and

extended defects (grain boundaries) do not lead to catas-

trophic recombination of charge carriers, as in many other

semiconductors (e. g., Si). This is a key property for its wide

application in photovoltaics. The conductivity (type and

level) is effectively controlled by the ([Cu]/[In] ratio as well

as the growth/annealing conditions. With the deficiency of

copper ([Cu]/[In] < 1) p-type of conductivity is enhanced,

and with the excess of copper ([Cu]/[In] > 1) n-type may

occur [10]. The annealing conditions in the selenium

atmosphere affect selenium vacancies, and the temperature

changes the mobility of defects. For example, annealing

in vacuum creates vacancies V(Se) (donors), and in the

atmosphere of Se — compensates for them. Growth and

annealing conditions such as temperature, selenium vapor

pressure, time, and atmosphere all affect the formation and

concentration of point defects that determine the electrical

properties of [11–13]. The forward band gap (∼ 1.0 eV)
causes a very high light absorption coefficient (> 105 cm−1)
in the visible and near-infrared spectral regions of poly-

crystalline CuInSe2 films [14]. Despite the high defect

density, electrons (non-basic carriers in p-type of CIS) have

a relatively long diffusion length (Ln > 1µm) [15]. This

fundamental property, along with its defective tolerance,

makes CIS exceptionally suitable for thin-film solar cells.

Magnetic properties do not play a role in its application,

since the material is diamagnetic or weakly paramagnetic

and does not exhibit any ferromagnetism. Reaching the

record-hitting efficiencies (> 23%) in devices based on
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its solid solution CIGS attests its outstanding photovoltaic

characteristics.

Another main parameter determining the completeness

of the GIS phase formation reaction is grain size; defect

concentration; stoichiometry — selenization temperature

Tsel [16–18]. The results of X-ray diffraction and Ra-

man spectroscopy showed on example of thin films of

Cu2SnSe3 that films deposited at lower selenization tem-

peratures (350−500 ◦C) contained mixed phases of cubic

or monoclinic Cu2SnSe3 in addition to the secondary phases

Cu2−xSe and SnSe [19]. At low selenization temperatures, it

is considered that the selenization reaction is incomplete and

intermediate phases are formed. The optimal selenization

temperature is considered to be 450−550 ◦C, since there

is a complete reaction of formation of a homogeneous

crystalline phase [20] CuInSe2 films have large grains

> 1µm. This is the temperature range where the chal-

coperite structure with the best electrical properties is

formed. As the selenization temperature rises, the mobility

of charge carriers increases in the optimal range, due to a

larger grain size and an improvement in crystallinity, which

leads to a decrease in scattering by lattice defects [21].
High selenization temperatures < 550−600 ◦C are a risk of

decomposition of CuInSe2 system into volatile components,

deterioration of morphology (melting of grains, voids),
possible formation of nonstoichiometric phases or secondary

phases at grain boundaries.

Despite the great practical need to study the physical

properties of CuInSe2, the effect of the frequency of an

alternating electric field on the transport characteristics of

these compounds has not been studied. Experimental

studies on magnetoimpedance in CuInSe2 are still an

unresolved issue. Because magnetic fields can affect the

mobility of current carriers and their scattering at grain

boundaries. The magnetic impedance on polycrystalline

CuInSe2 films will depend on the selenization temperature

and on grain boundaries, nonstoichiometry, and defects.

Specifically, changes in Cu/In ratios (e. g., films with an

excess of In) and nonstoichiometry can create defective

states that affect transport characteristics in a magnetic field.

The purpose of this work was to establish the optimal

selenization temperature for the synthesis of polycrystalline

CuInSe2 films that exhibit the maximum photoinduced

change in resistance and impedance in a magnetic field.

2. Synthesis and measurement
procedure

Thin films of CuInSe2 with chalcopyrite structure were

obtained by a three-stage controlled selenization method

of Cu/In intermetallic precursors pre-deposited on glass

substrates. Deposition was carried out on an automated

magnetron system
”
BATT AMK-MI“. A conductive disk

with a diameter of 40mm and a thickness of 4mm was

used as a target, made by fusing the initial elements Cu

(99.99 at.%) and In (99.999 at.%) taken in a stoichiometric

composition. To obtain high purity Cu-In-Se, the first

two stages were carried out at a pressure of p = 10−3 Pa,

which minimizes possible contamination. To reduce

potential evaporation of synthesized binary copper and

indium selenides from the film surface, at the third stage,

the pressure of the vapor-gas mixture Se+N2 increased

to 1 Pa. The advantages of this approach to the synthesis

of polycrystalline films are the possibility of obtaining large-

area layers with a homogeneous composition and the same

thickness. The temperature in the reaction zone of Cu-In

layers with Se (selenization temperature Tsel) varied in the

range 200 ◦C ≤ Tsel ≤ 550 ◦C.

Phase composition and structure properties of the

grown CuInSe2 films were studied using PANalytical

Empyrean Series 2 X-ray diffractometer with emission

wavelength (CuKα) λ = 0.15418 nm, within the angles

range 2θ = 15 ÷ 60◦, with the angle setting accuracy of

0.0001◦, 22 linearity ±0.004◦, and scanning rate 0.02◦ .

The phases were identified by comparing experimentally

determined interplanar distances with ICDD data (The
International Centre for Diffraction Data).
The surface morphology and chemical composition of

the synthesized CuInSe2 films were studied by scanning

electron microscopy (SEM LEO-1450), in the magnification

range ×1000÷×30000 and resolution of 3.5 nm.

Electrophysical measurements of CuInSe2 films were

carried out at room temperature in the frequency range

ω = 102−106 Hz. The electrical resistance was measured

using a four-contact method. A photoinduced change in

resistance and impedance in a magnetic field was performed

when the sample surface was illuminated between the

contacts with a laser with a wavelength of 420 nm (blue).
The duration of resistance measurement under illumination

was ∼ 1min. The light flux power was maintained constant

during the experiment.

3. Experimental findings
and their discussion

The morphology of CuInSe2 (CIS) films obtained by

selenization strongly depends on the temperature of the

selenization process, as it is a key parameter controlling

reaction kinetics, element diffusion, and grain growth. All

the films obtained were characterized by the absence of

visible micro-punctures and good adhesion to the surface

of glass substrates. The films contain microinclusions

and conglomerates, which are three-dimensional regions of

irregular shape closer to a quasi-spherical one (Figure 1).
With increasing reaction temperature Tsel < 400 ◦C the

microinclusions become larger and their number rises. At

selenization temperatures Tsel = 450 ÷ 550 ◦C the degrada-

tion of the film surface is observed, the microinclusions are

diminished. On the surface of individual large conglom-

erates, the presence of micro voids (defects) is observed,

probably related to the evaporation processes of the film

material.

Physics of the Solid State, 2025, Vol. 67, No. 10



1898 O.B. Romanova, S.S. Aplesnin, T.M. Gadzhiev, M.N. Sitnikov, M.A. Aliev, O.S. Nikitinsky...

a b c d e f g h

1000+

Figure 1. Morphology of the surface of CuInSe2 films fabricated at selenization temperatures of Tsel = 200 ◦C (a), 250 ◦C (b), 300 ◦C (c),
350 ◦C (d), 400 ◦C (e), 450 ◦C (f), 500 ◦C (g), 550 ◦C (h). Increase×10.0 k.
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Figure 2. Average size of micro-inclusions versus selenization

temperature in CuInSe2 films.

The size distribution of the density of surface microinclu-

sions obeys a lognormal law at L > 0:

f (L) =
1

Lσ
√
π
exp

(

−
ln2(L/a)

2σ 2

)

, where f (L) →
n(L)

S
,

(1)
where a and σ (average square, standard deviation) —
parameters of lognormal distribution, n(L) — number of

micro-inclusions of size L, S — film area, f (L) = 0 at

L → 0.

Figure 2 shows the curve of the average size of mi-

croinclusions versus temperature in CuInSe2 films obtained

at Tsel = 200−550 ◦C. By extrapolating the line to the

temperature axis, we obtain the value of the minimum

selenization temperature Tselmin ≈ 200 ◦C, at which the

formation of microinclusions can be observed. It should

be noted that it was close to the temperature of Cu2Se

formation.

Chemical analysis of the synthesized CuInSe2 films

showed that their composition is quasi-stoichiometric, and

the distribution of components over the surface is un-

even within (±3%). As the selenization temperature

increases, the selenium concentration increases, and at

Tsel = 350÷ 400 ◦C the composition of the films is close

to stoichiometric.

Figure 3 shows data from X-ray diffraction analysis

of CuInSe2 films obtained at selenization temperatures

Tsel = 200−550 ◦C. The presence of a series of diffraction

lines on the X-ray image suggests that the structure of

the synthesized films is itself a chalcoperite structure

(according to the standards file (Powder Diffraction File)
from the International Center for Diffraction Data (ICDD)
for CuInSe2 PDF 00-040-1487). X-ray diffraction patterns of

films obtained at selenization temperatures of Tsel ≥ 450◦C
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Figure 3. Data from X-ray diffraction analysis of polycrystalline

CuInSe2 films synthesized at different selenization temperatures
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Figure 4. a) — Current-voltage curves of samples synthesized at Tsel = 200 ◦C (1); 250 ◦C (2); 350 ◦C (3); 400 ◦C (4). The insert

window in Figure 4, a shows the current-voltage curve for the samples Tsel = 500 ◦C. (b) — The current-voltage curves in the logarithmic

scale for the samples Tsel = 200 ◦C (1); 300 ◦C (2); 350 ◦C (3); 400 ◦C (4); 500 ◦C (5). In the insert window, the dependence of the

degree of electrical heterogeneity on the selenization temperature. (c) — relative change of resistance 1R = R(light)−R(0)/R(0) when

exposed to light R(light) and with no light R(0) versus voltage of samples synthesized at Tsel = 200 ◦C (1); 250 ◦C (2); 300 ◦C (3);
350 ◦C (4); 400 ◦C (5); 500 ◦C (6). The insert in Figure 4, c shows 1R versus Tsel for CuInSe2 film.

revealed the presence of additional bands, probably associ-

ated with the compound Cu1−xSex .

Let’s analyze how these facts affect photoconductivity

and photoinduced changes in impedance, knowing that in

photoconductivity, grain size and defects affect the lifetime

of carriers. For impedance, grain boundaries and porosity

change the resistance and capacitance components.

The current-voltage curve (I-V) can provide information

about the degree of electrical heterogeneity. In films with

an electrically inhomogeneous charge distribution, the I-V

is described by the Mott or Poole−Frenkel law [22]. As

the selenization temperature of films increases to 350 ◦C,

the resistance increases and reaches a maximum for films

synthesized at 350 ◦C. The behavior of the I-V is symmetri-

cal and nonlinear (Figure 4, a). The current versus voltage

is delineated by a power function I = AUn, where power

exponent n grows from n = 1.2 (Tsel = 200 ◦C) to n = 1.5

(Tsel = 300 ◦C) and at Tsel = 500 ◦C n = 1.4 (Figure 4, b,

insert window Figure 4, b). At T = 350 ◦C the films are

better described by Mott’s law, i. e., there is a spatial

volume charge in the films. A further increase in the

selenization temperature leads to higher conductivity and

lower nonlinearity of the current-voltage curves.

Figure 4, c illustrates the relative change of resistance

1R = R(light) − R(0)/R(0) versus voltage when the sam-

ples are exposed to light R(light) and not exposed to

light R(0). This figure confirms the dependence of

photoconductivity on the selenization temperature. For

samples synthesized at T sel = 200 ◦C, 250 ◦C and 350 ◦C,

the resistance decreases under illumination and reaches its

Physics of the Solid State, 2025, Vol. 67, No. 10
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Figure 5. Frequency dependences of the real and imaginary parts of the impedance of samples obtained at Tsel = 200K (a, b); 250K (c, d);
400 (e, f). The adjustable functions of the Debye equation are marked by solid lines.

maximum effect on a film synthesized at Tsel = 350 ◦C.

According to the morphological analysis data, films have

a maximum grain size at this temperature and the synthesis

condition at this selenization temperature is optimal for the

fabrication of films with maximum photoelectric effect.

For CuInSe2 films synthesized at Tsel > 350 ◦C resistance

grows with lighting. Perhaps, when illuminated above this

temperature, the average mobility of electrons and holes

changes. At Tsel < 400 ◦C the mobility of electrons, which

experience elastic scattering on a negative spatial charge,

prevails, the mobility of holes is significantly less than that

of electrons. As a result, the holes shield the negative

charge. At high temperatures, the concentration of defects

rises, according to microstructural analysis data. Electrons

and holes induced by photon absorption are pinned on

these defects, which results in the formation of charged

regions and causes additional scattering of current carriers.

A change in the charge state of a defect can significantly

affect its ability to dissipate the main current carriers. Either

this is due to a change in the charge state of defects at grain

boundaries or on the film surface when exposed to light,

which increases the height of barriers under light exposure

and makes it difficult for current carriers to pass between

the grains.

In addition to the fact that the samples contain many

defects in the form of traps and vacancies, they are

also electrically inhomogeneous. Figure 5 illustrates the

frequency dependencies of real Z′ (ohmic resistance R)

Physics of the Solid State, 2025, Vol. 67, No. 10
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Figure 6. Relaxation time versus selenization temperature.
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and imaginary Z′′ (reactance X) part of the impedance.

An increase in selenization temperature Tsel leads to higher

values of the impedance components up to 350 ◦C.

Relaxation time is a key parameter determining the

efficiency of semiconductor materials for applications based

on photoconductivity: solar cells, photodetectors, pho-

toconductive cells, and optical sensors. The frequency

dependence of the impedance components is described in

Debye model:

R(ω) =
A

1 + (ωτ )2
; X(ω) =

Bωτ

1 + (ωτ )2
, (2)

where A and B — parameters which remain constant and

do not depend on temperature, and τ — current carriers

relaxation time.

Figure 6 shows relaxation time versus selenization

temperature for CuInSe2 samples, which is satisfactorily

described by a power function: τ = A/(T − 350K)2 at

T < 350K and τ = B/(T−350K)3 at Tsel > 350K.

The relaxation of charge carriers in CuInSe2 films may

be an experimental evidence of their complex and inho-

mogeneous electronic structure, with many defects and

grain boundaries that directly depend on the processing

temperature. The dependence of the relaxation time on

the selenization temperature can be used as a method

for determining high-quality films with minimal defective

structure and with a photoelectric effect. The relaxation

time (τ ) reaches the maximum value for the film syn-

thesized at Tsel = 350 ◦C, and exceeds the limits of the

instrument measurements. In this temperature range, the

maximum nonlinearity of I-V and the maximum value of

the photocurrent are reached. The photogenerated holes

shield the spatial charge, as a result, the mobility of electrons

increases.

The impedance rises with increasing selenization temper-

ature, passes through a maximum at 350 ◦C and plummets

with further heating (Figure 7).

A study of photoinduced changes of impedance

1Z = Z(light) − Z(0)/Z(0) under the action of light Z(light)
and without light Z(0) for CuInSe2 samples synthesized

at different selenization temperatures showed no effect

in the temperature range Tsel = 300−550 ◦C (Figure 8).
A promising direction is the synthesis of samples at 200 ◦C

and 250 ◦C, since the maximum effect of 1Z was found on

samples synthesized at these temperatures. At Tsel = 200

and 250 ◦C the impedance goes down during lighting 1Z

by 5−8% (Figure 8). The selenization temperature plays
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the role of an activator of the process. Selenium depletion

of the film will result in excess of copper and indium.

Therefore, photoeffects can be dubbed an indicator of

synthesis quality. These methods make it possible to

optimize the synthesis process by selecting conditions that

maximize the desired optoelectronic properties of a future

device. In the synthesis of solar cells, it is useful to study

the fundamental role of defects in CIS.

4. Conclusions

CuInSe2 films with chalcoperite crystal structure were

obtained by controlled selenization. Analysis of the data

obtained showed that the selenization temperature is a

critical parameter for controlling the morphology of CIS

films. The films exhibit a nonlinear I-V, which is associated

with electrical inhomogeneity. Analysis of I-V of films

synthesized at 350 ◦C showed that the dependence I(U)
is described by Mott’s law and the presence of a volumetric

spatial charge in them. The optimal selenization temperature

of films with the maximum value of photoelectric effect

and with the maximum value of relaxation time has

been identified. Lowering of selenization temperature

Tsel ≤ 300 ◦C causes a photoinduced change in impedance.
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