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Abstract: The studied semiconductor structure for photovoltaic cells is composed of SnO»-coated glass and
CdMnSe thin film. A study is made by examining the photoluminescence from the surface of the CdMnSe
thin film with laser power and sample temperature for an as-grown, then an air-annealed thin film, and
undergone CdCl; treatment. Thin films of Cd;xMnxSe (x=0.05) were grown on a glass substrate. The lifetime
of charge carriers under pulsed illumination was determined from the kinetic decay of the photocurrent. The
study of relaxation curves of nonequilibrium photoconductivity under the influence of laser radiation
confirmed the presence of two recombination channels - intrinsic and impurity. Photocurrent relaxation occurs
through fast and slow recombination channels. The fast relaxation time 7= 13 ps associated with the intrinsic
transition, and the slow relaxation time is due to impurity excitation and 7 = 20 us. The photoluminescence
spectra of thin films of Cdi..Mn,Se (x=0.05) were studied. The observed emission lines can be divided into
three parts. Emission lines with maxima 4; = 868 nm, 1, = 888 nm and A3 = 933 nm, which are caused,
respectively, by an optical transition in the region of the edge of the absorption band, an acceptor level located
in the band gap and an optical zone-band transition or annihilation of free excitons.
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Introduction.

One of the current trends in the development of alternative energy is building photovoltaics,
which involves the integration of solar panels with residential buildings or industrial facilities. As a
rule, such devices are assembled on a rigid basis, but assembling panels on a flexible basis would
significantly reduce their specific weight and also facilitate installation.

In recent years, the market demand for solar modules has increased significantly. Strong
competition among manufacturers in the world market requires continuous improvement of the
technical parameters of solar cells and reduction of their prices.

The vast majority of solar cells currently produced for commercial purposes are made of silicon
(Si). Photoelements made of Si solids are widely used, as their absorption, spectral characteristics
correspond to the spectral characteristics of solar radiation and the theoretically calculated maximum
efficiency under standard conditions is 30%. 91% of the energy of light flux falling through silicon,
i.e. the part of the solar spectrum with a wavelength of 1.1 um and shorter, can be converted into
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electricity. Their main drawback is the high cost of silicon ingots due to the expensive operation of
the cutting technology [1].

GaAs and CdTe compounds attract the attention of many researchers as a very promising
material. Because of their use, it was possible to obtain a very large efficiency. Although GaAs have
a number of advantages over silicon, they also have some disadvantages, such as brittleness and high
density. At large values of the band qap Ej, its ability to convert long-wavelength rays is limited (it
absorbs rays with a wavelength less than 0.9 um). CdTe-based solar cells are more durable and strong
[1,2].

In recent years, low dimension semiconductor structures have been the subject of researchers
by many scientific centers around the world [3-10]. In order to obtain high quality and inexpensive
solar cells, it is important to have the following conditions: replacement of massive crystals with thin-
films, proper selection and development of thin-film technology. By replacing massive crystals with
thin-film structures, the total amount of material used for structures obtained on different substrates
can be reduced by 100 or even 1000 times. On the other hand, the transition to thin films simplifies
the requirements for the crystallographic quality and purity of the material, reducing the resistance,
which is one of the main parameters of the solar cell. For this reason, the choice of the optimal value
of the layer thickness is a key factor, and this can be achieved by the molecular beam condensation
method.

In recent years, new types of materials have been used for solar cells. For example, copper-
indium-diselenide, GaAs, CdS, CdTe, CdSe, etc. thin-film photovoltaic elements based on them.
These solar cells have been used for commercial purposes in recent years, and their production
technology is constantly evolving. Over the last decade, the efficiency of such thin-film structures
has almost increased for 2 times.

The material for the absorbing layer of flexible solar cells can be thin films based on cadmium
selenide (CdSe). The advantages of this material include an optimal band gap of ~1.71 eV, as well as
a high absorption coefficient of solar radiation (~5-10° cm™) [11].

Thin films of semimagnetic semiconductors based on Cd are of particular interest for the
purpose of using these materials in photovoltaics [12,13]. Many physical properties of
semiconductors are determined by the nature, state and location of local levels in the band gap. The
study of current-voltage characteristics (CVC) and thermally stimulated current (TSC) spectra does
not fully allow us to judge such important parameters as the capture center, depth, concentration and
capture cross sections, as well as information about the nature of the distribution of local levels in the
band gap of high-resistance materials.

Over the last few years, solar cells based on thin films of CdMnSe semimagnetic
semiconductors (SMSC) are of great interest. These materials have unique properties: high
photosensitivity at room temperature, the wide band gap and the ability to control a number of
physical properties by changing the concentration of the transition metal element in the sample, etc.

The study of recombination processes is a necessary essential stage in the study of the
physical properties of semiconductor materials and devices based on them. It is the mechanism of
charge carrier recombination that determines the features of the occurrence of photoelectric, lumine-
scent and injection phenomena that underlie most areas of practical use of semiconductors. In this
work, the recombination processes of charge carriers in thin films of semimagnetic semiconductors
CdixMnySe are investigated.
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Experiments and discussions.

In this work, solid solutions of CdixMnxSe (x = 0.05) were synthesized and thin films on their
basis were grown on a glass substrate with a conduction SnO> layer at a source temperature Tsour =
1100 K, substrate temperature s = 670 K using the molecular beam condensation (MBC) method
in a vacuum installation YBH-71-P3 in a vacuum of 10 Pa [14,15]. Ni contacts were deposited on
thin films. The type of conductivity was determined by the t.e.m.f, which showed that the obtained
CdixMnxSe thin films have p-type conductivity.

The crystal structure of the obtained thin films was studied by X-ray diffraction method on an
XRD Broker, D8 ADVANGE, Germany. In the X-ray diffraction patterns of Cdi-xMnxSe thin films,
all diffraction peaks confirm that the thin films have a sphalerite-type cubic structure with a lattice
parameter of a = 6.05 A. (Fig. 1).
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Figure 1. XRD spectrum of CdMnSe thin films

In order to determine the recombination mechanism, parameters of recombination centers and
processes of electronic transitions in Cdi-xMnxSe (x=0.05) films, we used a complex of stationary and
kinetic research methods. To obtain kinetic characteristics, semiconductors were illuminated with
short pulses (t~10s) of LEDs. The photoelectric signal, caused by a change in the potential of the
semiconductor under the influence of pulsed illumination, after preliminary amplification by a
broadband transistor amplifier, was fed to the input of the oscilloscope and recorded by a computer
(Fig. 2). The time resolution of the selective circuit was no worse than 10 s, which made it possible
to record the signal in a time interval of 10%+107s.

76



Matanat MEHRABOVA, Nizami HUSEYNOYV, Vladimir KOCHEMIROVSKY,
Aygun KAZIMOVA, Afin NAZAROYV, Vusala POLADOVA
CdMnSe thin films for solar energy converters

1 E| 2
U *I 7

Figure2. Block diagram of the installation for measuring the kinetics of the photoelectric
effect: 1 —generator, 2 — cell; 3 — amplifier with polarization unit; 4 — oscilloscope

In Fig. 3 shows the photocurrent relaxation curve in Cd;xMnxSe (x=0.05). The study of the relaxation
curves of nonequilibrium photoconductivity under the influence of laser radiation also confirms the presence
of two recombination channels in Cd;xMnxSe (x=0.05) - intrinsic and impurity. Photocurrent relaxation occurs
through fast and slow recombination channels. The fast relaxation time z, which is ~13 ps, is associated with
the intrinsic transition, and the slow relaxation time is due to impurity excitation and is 7 ~20 ps.
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Figure 3. Kinetics of photocurrent changes for Cd;..MnxSe (x=0.05) at room temperature.

All these studies have clearly shown that for high-resistance CdMnSe crystals, the main role in
recombination processes is played the various types of recombination centers: fast (s-) and slow (r-) — sensitive.
Under pulsed illumination, the lifetime of charge carriers is determined from the kinetic decay of the
photocurrent. The study showed that the decay of the photocurrent is not monoexponential, which indicates
the presence of several types of recombination. Depending on the energy state of these centers, the effective
lifetime was 1076-107s.

It was considered possibility of estimating the lifetime of nonequilibrium charge carriers in a surface
layer with defects. In the presence of several types of recombination, the effective carrier lifetime can be found

from the expression
1
—=27
,Z-eff i
For a thin film of Cd;xMnxSe (x=0.05), taking into account the introduced structural defects

and the influence of the surface, the effective lifetime can be determined as
1 1 1

Teﬁ" Tl TS
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12 .. . . . .
Where —= ;S; 7 - taking into account the recombination of carriers on structural defects in the thin
N

film, 7, - surface lifetime; s - surface recombination rate; d - plate thickness. Analyzes have shown

that the lifetime is T =13-20 ps, and the surface recombination rate s = 40% .

To measure photoluminescence, a pulsed Nd:YAG laser with built-in 2nd and 3rd harmonic
generators designed to generate radiation with wavelengths of 1064, 532 and 335 nm was used as a
radiation source. The laser pulse duration was 10 ns with a maximum power of ~12 MW/cm?. The
radiation intensity was varied using calibrated neutral light filters. Using a lens, the incident laser
beam was focused onto the surface of the sample with a spot diameter of ~2.0 mm. The luminescence
spectra of thin films of CdixMnxSe (x=0.05) were studied using an M833 automatic monochromator
with dual dispersion (spectral resolution ~0.024 nm at a wavelength of 600 nm), with computer
control and a detector that records radiation in the wavelength range 350 — 2000 nm (Fig. 4).
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Figure 4. Scheme of the experimental setup for measuring photoluminescence of thin films of
CdixMnySe (x=0.05) under the influence of laser radiation: I- pulsed Nd:YAG laser, 2- light filters,
3, 6, 7 - lenses, 4- sample, 5- cryostat, 8-monochromator, 9-photoelectric current amplifier, 10-
storage oscilloscope, 11-computer system.

The observed emission lines can be divided into three parts. Short-wave emission lines with
maxima 4; = 868 nm (with a half-width of 3A°) and A, = 888 nm refer to radiation associated with
Cdi-xMn,Se (x = 0.05) and long-wave emission lines 43 = 933 nm (with a half-width of 4A°) (Fig.5).
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Figure 5. Luminescence spectra under the action of laser radiation in Cdi<MnxSe (x=0.05)
thin films at room temperature
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In our opinion, the short-wavelength emission line corresponds to an optical transition in the
region of the absorption band edge, since the band gap of CdixMnxSe (x=0.05) is 1.7 eV [16-18].
Emission with a maximum A» can be caused by an acceptor level located in the band gap of Cdi-
MnxSe (x=0.05) with activation energy E, = 0.42 eV, or by a vacancy. As for the long-wavelength
emission line, this is a fairly well-known line associated with the optical band-band transition and the
annihilation of free excitons with a binding energy of - 15 meV.

Conclusion.

The studied semiconductors for photovoltaic cells is composed of SnO,-coated glass and
CdMnSe thin film. A study of the cells is made by examining the photoluminescence from the surface
of the CdMnSe thin film with laser power and sample temperature for an as-grown cell, an air-
annealed cell, and a cell that has undergone CdCl, treatment.

CdixMnxSe (x=0.05) thin films were grown on a glass substrate. The lifetime of charge carriers
under pulsed illumination was determined from the kinetic decay of the photocurrent. The study of
relaxation curves of nonequilibrium photoconductivity under the influence of laser radiation
confirmed the presence of two recombination channels - intrinsic and impurity. Photocurrent
relaxation occurs through fast and slow recombination channels. The fast relaxation time 7= 13 ps
associated with the intrinsic transition, and the slow relaxation time 7 = 20 ps is due to impurity
excitation.

The photoluminescence spectra of CdixMnxSe (x=0.05) thin films were studied. The observed
emission lines can be divided into three parts. Emission lines with maxima 4; = 868 nm, 1> = 888 nm
and 4; = 933 nm, which are caused, respectively, by an optical transition in the region of the edge of
the absorption band, an acceptor level located in the band gap and an optical zone-band transition and
annihilation of free excitons.

Acknowledgement: The work was carried out with the financial support of the Science Fund
of SOCAR (No. 22LR-EF/2024)

REFERENCES

[1] J.A.Lucefio-Sanchez, A.M.Diez-Pascual, R.P. Capilla. Materials for Photovoltaics: State of
Art and Recent Developments. International Journal of Molecular Sciences, 20, 976, 42 p.,
2019

[2] M.P.Paranthaman, W.Wong-Ng, R.N.Bhattacharya Semiconductor materials for solar
photovoltaic cells. Springer Series in Materials Science. 218, 2016,

[3] R.Souza da Silva, E.Soares de Freitas Neto, N.O.Dantas. Optical, magnetic, and structural
properties of semiconductor and semimagnetic nanocrystals. Nanocrystals — Synthesis,
Characterization, and Applications. p.62-80, 2012

[4] N.Badera, B.Godbole, S.B.Srivastava, P.N.Vishwakarma, L.S.S.Chandra, D.Jain, V.G.Sathe,
V. Ganesan. Photoconductivity in Cdi.MnxS thin films prepared by spray pyrolysis. Solar
Energy Materials and Solar Cells. 92, p.1646—1651, 2008

[5] B.S.Munde, R.B.Mahewar, L.S.Ravangave. Study of spectroscopic properties of Cdp.sMno.4S
chemical bath deposited thin film for solar cell applications. International Journal of Research
and Analytical Reviews, 5, 3, p.962-966, 2018,

[6] J.S.Dargad, L.P.Deshmukh. Cd;-xMn.S dilute magnetic semiconductor: application in

79



Matanat MEHRABOVA, Nizami HUSEYNOYV, Vladimir KOCHEMIROVSKY,
Aygun KAZIMOVA, Afin NAZAROYV Vusala POLADOVA
CdMnSe thin films for solar energy converters

photoelectrochemical cells. Turk J Phys. 33, p.317 — 324, 2009

[7] A.E.Mali, A.S.Gaikwad, S.V.Borse, R.R. Ahire Influence of Mn’" magnetic ions on the
properties of CdixMnyS thin films synthesized by chemical bath deposition. Journal of Nano-
and Electronic Physics. 13,1, p.01004-5, 2021

[8] M.P.Gonullu, S. Kose. On the Role of High Amounts of Mn Element in CdS Structure.
Metallurgical and Materials Transactions A. 48A, p.1321-1320, 2017

[9] A.N.Nwori, L.N.Ezenwaka, E.L.Otti, N.A.Okereke, N.LOkoli. Study of the optical, electrical,
structural, and morphological properties of electrodeposited lead manganese sulfide
(PbMnS) thin-film semiconductors for possible device applications. Journal of Modern
Materials. 8,1, p.40-51, 2021

[10] J.J.Scragg, P.J.Dale, D.Colombara, L.M.Peter. Thermodynamic aspects of the synthesis of
thin-film materials for solar cells. Chem Phys Chem. 13, p.3035 — 3046, 2012

[11] V.F.Gremenok, V.B.Zalessky, N.N.Mursakulov, M.S.Tivanov. Thin-film solar cells based on
Cu(In,Ga)(Se,S): semiconductor materials with a chalcopyrite structure. Baku, Elm, 252 p,
2013

[12] LR. Nuriyev, M.A. Mehrabova, A.M. Nazarov, R.M. Sadigov, N.G. Hasanov. On the growth,
structure, and surface morphology of epitaxial CdTe films. Semiconductors. 51, p.34-37,
2017, https://doi.org/10.1134/S1063782617010183

[13] M.A.Scarpulla, B.McCandless, A.B.Phillips, Y.Yan, M.J.Heben, C.Wolden, etc. CdTe-based
thin film photovoltaics: Recent advances, current challenges and future prospects. Solar
energy materials and solar cells. 255, 112289, 2023,
https://doi.org/10.1016/j.s0lmat.2023.112289

[14] M.A.Mehrabova, A.O.Mekhrabov. Effect of gamma irradiation on electrical and
photoelectrical properties of Cdi.MnxTe thin films. Machine Science. 2, p.70-77, 2023,
http://dx.doi.org/10.61413/GDKV8772

[15] LR.Nuriyev, M.A.Mehrabova, A.M.Nazarov, N.H.Hasanov, R.M.Sadigov, S.S.Farzaliyev,
N.V.Farajov. Structure and Surface Morphology of Cdi-x(Mn, Fe).Se Epitaxial Films. Journal
of Surface Investigation: X-ray, Synchrotron and Neutron Techniques. 13, p.1083-1085, 2019,
https://doi.org/10.1134/S1027451019060168

[16] Mehrabova M.A., Orujov H.S., Hasanov N.H., Kazimova A.IL., Abdullayeva A.A. Ab initio
calculations of defects in CdMnSe semimagnetic semiconductors. Mechanics of Solids, 55, 1,
p.108-113, 2020, https://doi.org/10.3103/S0025654420010021

[17] J. Antoszewski, E.K.Pecold. Fundamental optical properties of CdiMnxSe single crystals.
Solid State Communications. 34, 9, p.733-735, 1980

[18] J.S. Dargad. Preparation of Cd;.xMnSe DMS Thin Films by CBD: Studies on Optical and
Electrical Properties. International Journal of Applied Research 1,10, p.926-932, 2015

Received: 15.12.2023
Accepted: 19.04.2024

80


https://doi.org/10.1134/S1063782617010183
https://doi.org/10.1016/j.solmat.2023.112289
http://dx.doi.org/10.61413/GDKV8772
https://doi.org/10.1134/S1027451019060168
https://doi.org/10.3103/S0025654420010021

