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PHOTOLUMINESCENT PROPERTIES OF CulnS;
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CulnS; crystals were grown by the Bridgman method and characterized by X-ray diffraction and Raman scattering
methods. Photoluminescence of CulnS: was studied by confocal laser microscopy. A nonlinear dependence of the
luminescence intensity on the intensity of the exciting light was established.
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1. INTRODUCTION

Ternary semiconductor compounds
A'BcYIcrystallizing  in  tetragonal  chalcopyrite
structure have attracted considerable attention due to
their potential application in photovoltaic solar energy
conversion [1-6]. Ternary semiconductor CulnS; is
considered as one of the most promising materials for
the fabrication of thin-film solar cells due to its
optimal band gap of 1.5 eV. Solar cell technologies
using chalcopyrites A’BCY" have made rapid
progress in recent years [7]. The efficiency of thin-
film solar cells based on CulnS; is ~24%. In [8, 9], the
optical absorption of CulnS; and the band gap at 2°K
are 1.55 eV for CulnS; [8], and in [9] at 300 K the
band gap is 1.48 eV. According to [10, 11], the band
gap in CulnS; is 1.3 eV. The luminescent properties
were studied in [12-19]. In [12] the luminescence was
measured as a function of temperature from 8 to 300
K. Ten different peaks were present in the band edge
region. Four peaks at 1.5347, 1.5324, 1.5288, and
1.5281 eV, due to acceptor or donor-bound excitons,
were observed at 8 K. It was found that luminescence
persisted even at room temperature. These peaks were
also observed in [13]. In [17], time-resolved PL

radiative lifetime of free excitons was obtained at low
temperatures. The radiative lifetime of a free exciton
A was found to be 320 + 30 ps at 10 K. CulnS;
guantum dots are promising light emitters,
demonstrating a high photoluminescence quantum
efficiency (PLQE) of 65% at a long emission
wavelength of 920 nm [18].

This paper presents the results of the
photoluminescence investigation of CulnS, at 300 K
using confocal laser microscopy, with the aim of
obtaining additional information on the
photoluminescent properties of CulnS,.

2. EXPERIMENTAL PROCEDURE

The CulnS; compound was synthesized by direct
alloying of the initial ultra-pure components Cu, In
and S, taken in a stoichiometric ratio, in quartz
ampoules evacuated to 10 Torr. Culn$S; crystals were
grown by the Bridgman method by slow cooling of
melts of stoichiometric composition. The obtained
crystals were characterized by X-ray diffraction
(Fig. 1) and Raman scattering (Fig. 2). CulnS;
crystallizes in a tetragonal structure (space

group 142d ). The lattice parameters are a = 5.519 A,

spectra of free excitons were obtained and analyzed ._-171133A  ¢/a=2.017.
for the first time for CulnS; single crystals, and the | ’
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Fig. 1. X-ray diffraction pattern of the compound Culn$S;
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The luminescence and Raman scattering spectra
of CulnS, were measured on a Nanofinder 30 confocal
Raman microspectrometer (Tokyo Instr., Japan). An
Nd:YAG laser with an output wavelength of 532 nm
and a maximum power of 10 mW was used as an
excitation source. The spectral resolution was no
worse than 0.5 cm™. The radiation detector was a
cooled (thermoelectrically to -100°C) CCD camera
(1024 by 128 pixels) operating in the photon counting
mode. The Raman scattering spectra of CulnS, were
measured in the backscattering geometry in
unpolarized light.

3. RESULTS AND DISCUSSION

Fig. 2 shows the Raman spectrum of CulnS;. The
spectrum consists of several lines with maxima at 127
cml, 257 cm?, 296 cm™ and 339 cm™. There are 8 |

atoms in the primitive cell of CulnS2 crystals, and the
vibrational spectrum consists of 24 normal modes, of
which 21 are optical, described by the following
irreducible representations: 7=1A; +2A; + 3B1 + 3B
+ 6E, where A4, B1, B;and E modes are Raman active,
B, and E modes are also IR active, and A; modes are
optically inactive [20]. Figure 2 clearly shows the A;
mode at 296 cm™.

Fig. 3 shows the photoluminescence spectra of
CulnS; at 300 K at different intensities (1 mw-10
mW) of the exciting light. The spectrum consists of a
narrow band with a maximum position at ~811 nm
(1.529 eV) and a half-width of 30 nm (55 meV). The
position of the maximum does not change with
increasing of excitation intensity and is close to the
value of the band gap, so this gives reason to believe
that this is edge luminescence. The position of the
maximum corresponds to the literature data.
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Fig. 2. Raman scattering spectrum of CulnS; crystals.
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Fig.3. Photoluminescence spectra of CulnS; at different laser light intensities.
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In [8], from studies of the optical absorption
edge, the band gap of CulnS; has a value of 1.55 eV at
2 K, and in [9], at 300 K, the band gap is 1.48 eV. In
[14], the PL spectra of pure CulnS, and doped
Yb:CulnS; were studied. For both crystals, a small PL
peak is observed at about 1.50-1.53 eV. The position
of the peak almost coincides with the energy of the
band gap of CulnS; ~1.53 eV, and the authors
attribute it to exciton recombination. In [21], in high-

quality CulnS; single crystals, sharp exciton peaksI

were observed in the near-boundary region of the PL
spectra at 4.2 K. According to the authors, the lines at
1.536 and 1.554 eV in the spectra are associated with
transitions of free excitons. In the PL spectra, the
exciton line splits into two peaks at 1.5348 and 1.5361
eV, which the authors attributed to the lower and
upper branches of the exciton polariton, respectively.

The exciton nature of photoluminescence is
confirmed by the quadratic dependence of the PL
intensity on the excitation intensity (Fig. 4).
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Fig.4. Photoluminescence intensity of CulnS; as a function of excitation level

Fig.4 shows the dependence of
photoluminescence intensity on the intensity of the
exciting light. As can be seen, the dependence is
nonlinear. Since at the beginning of the dependence,
the PL band intensity increases with the excitation
level according to the law Ip,~ I.;°, and then increases
according to I, ~ I;2 and at high excitation levels PL
increases according to the quadratic law Ip,~ IZ,.
Such behavior of the PL band intensity at 1.51 eV was
observed at 90 K in [22]. With an increase in the
excitation rate, the spectrum narrows, indicating the
onset of a stimulated emission mode, which is
confirmed by the superlinear dependence of the
emission intensity on pumping. In [8], the authors

associate the observed emission line with an energy of
1.53 eV with the resonant annihilation of free
excitons.

4. CONCLUSION

CulnS; crystals were grown by the Bridgman
method with slow cooling of melts of stoichiometric
composition. The photoluminescence band with a
maximum at ~ 811 nm and a half-width of 30 nm was
observed at 300 K. It was found that the dependence

of the photoluminescence intensity on the intensity of
the exciting light is nonlinear.

[1] L.L. Kazmerski. Ternary-compound thin-film
solar cells. Nuovo Cimento D, 1983, v.2,
pp.2013-2018

R. W. Birkmire, L. C. DiNetta, P. G. Lasswell,
J. D. Meakin, and J. E. Phillips, High
efficiency CulnSe, based heterojunction solar
cells: Fabrication and results, Solar Cells,
1986, v.16, pp. 419-427.

C. Rincon, S.M. Wasim, G. Marin, G. Sanchez
Pérez, and G. Bacquet. Temperature
dependence  of the  photoluminescence

[2]

(3]

11

spectrum of single crystals of CulnTe,. Journal
of Applied Physics, 1997, v.82, pp. 4500-4503.
D. Braunger, Th. Durr, D. Hariskos,

Ch. Koble, Th. Walter, N. Wieser, and

H.W. Schock, Improved Voc in CulnSe;-based
Solar Cells, in Proceedings of the 25th IEEE
Photovotaic Specialists Conference IEEE, New
York, 1996, pp.1001.

J. Klaer, J. Bruns, R. Henninger, K. Siemer,

R. Klenck, K. Ellmer, and D. Braunig, Efficient
CulnS, thin-film solar cells prepared by a

[4]

[5]



[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

ILA. MAMEDOVA, 1.Q. QASIMOOLU, N.A. ABDULLAYEV

sequential process. Semicond. Sci. Technol.
1998, v.13, p.1456.

R. Klenk, J. Klaer, R. Scheer, M. Ch. Lux-
Steiner, I. Luck, N. Meyer, and U. Ruhle, Solar
cells based on CulnS;—an overview, Thin
Solid Films, 2005, v.480/481, pp. 509-514.

M. Nakamura, K. Yamaguchi, Y. Kimoto,

Y. Yasaki, T. Kato, and H. Sugimoto, “Cd-Free
Cu(In,Ga)(Se,S), Thin-Film Solar Cell With
Record Efficiency of 23.35%,” IEEE Journal of
Photovoltaics, 2019, v.9, is.6, pp.1863 — 1867.
B. Tell, J.L. Shay, and H.M. Kasper. Electrical
Properties, Optical Properties, and Band
Structure of CuGaS; and CulnS;, Phys. Rev. B
1971, v.4, pp. 2463-2471.

J. Gonzalez and C. Rincon. Optical absorption
and phase transitions in CulnSe; and CulnS;
single crystals at high pressure, Journal of
Applied Physics, 1989, v.65, pp. 2031-2034.
M. Angelov, R. Goldhahn, G. Gobsch,

M. Kanis, and S. Fiechter. Structural and
optical properties of CulnS, bulk crystals,
Journal of Applied Physics, 1994, v.75, is.10,
pp. 5361-5366.

L.I. Gurinovich, V. S. Gurin, V. A. lvanov,

1.V. Bodnar, A. P. Molochko, and N.P. Solovej.
“Crystal Structure and Optical Properties of
CulnS; Nanocrystals in a Glass Matrix,”
Phys.Stat.Sol. (b), 1998. v.208, is.2, pp. 533-
540.

Kenji Yoshino, and Tetsuo Ikari, Sharp band
edge photoluminescence of high-purity CulnS;
single crystals. Applied Physics Letters, 2001,
V.78, pp.742-744,

J.J. M. Binsma, L.J. Giling, and J. Bloem,
Luminescence of CulnS;. J.Lumin. 1982, v.27,
pp.55-72

N. Tsujii, Y. Imanaka, T. Takamasu,

H. Kitazawa, and G. Kido, Photoluminescence
of Yb 3+ - doped CulnS; crystals in magnetic

Received: 28.12.2024

12

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

fields Journal of Applied Physics, 2001, v.89,
pp. 2706-2710.

H. Miyake, T. Hayashi, and K. Sugiyama,
Preparation of CuGaxIn,;S; alloys from in
solutions, J. Cryst. Growth, 1993, v.134,
pp.174-180.

Kazuki Wakita, Futoshi Fujita, and Nobuyuki
Yamamoto, Photoluminescence excitation
spectrum of CulnS, crystals. Journal of
Applied Physics, 2001, v.90, pp.1292-1296.
Kazuki Wakita, Kazuhito Nishi, Yoshihiko
Ohta, and Naoji Nakayama. Time-resolved
photoluminescence studies of free excitons in
CulnS; crystals, Applied Physics Letters, 2002,
v.80, pp. 3316-3318.

L.J. Lim, X. Zhao, Z.-K. Tan, “Non-Toxic
CulnS,/ZnS Colloidal Quantum Dots for Near-
Infrared Light-Emitting Diodes,” Advanced
Materials, 2023, v.35, is.28, p.2301887.

Sho Shirakata, Akihiro Ogawa, Shigehiro
Isomura and Tetsiya Kariya,
Photoluminescence and Photoreflectance of
CuGa(Si1xSex)2 and Cu(Gaix Iny)Sz Alloys.
Proc.9th Int. Conf. Ternary and Multinary
Compounds, Yokohama, 1993, Jpn. J. Appl.
Phys. 1993), vol. 32, suppl. 32-3, pp. 94-96.

H. Neumann, Lattice vibrations in A'B"'CV',
chalcopyrite compounds, Helvetica Physica
Acta, 1985, v.58, pp.337-346.

M. V. Yakushev, Energy of excitons in CulnS;
single crystals, Applied Physics Letters, 2006,
v.88, pp. 011922,

A.l. Dirochka, S.G. lvanova, L.N. Kurbatov,
E.V. Spiitsyn. F.F. Kharakhorin, E.N. Kholina.
Recombination radiation of semiconducting
compounds CulnSe;xSx. Fizika 1 Technika
poluprovodnikov ~ (Sov.j.  Semiconductors),
1975, v.9, Ne 6, pp. 1128-1132.



