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Abstract

We present temperature and laser power dependent photoluminescence (PL) study of high
quality wide-bandgap Cu,CdGeS,4 microcrystals. At T = 10 K three PL bands were detected at
about 1.919 eV (#1), 1.855 eV (#2) and 1.748 eV (#3). The temperature and laser power
dependencies indicate that the properties of PL bands can be explained by donor- acceptor pair
model, where the #1 and #2 bands result from a recombination between distant pairs involving
the same shallow acceptor V¢, with Ex 30 meV and different deep donor defects. The #3 PL
band originates from the deep donor-deep acceptor pair recombination where the depth of deep
acceptor defect is more than 157 meV. Detailed analysis of the PL spectra show the absence of
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deep potential or band gap fluctuations in this material making it suitable for photovoltaic

applications.
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1. Introduction

Earth-abundant, inexpensive and non-toxic materials for thin
film solar cell technologies are attracting considerable atten-
tion due to the growing need for environmentally friendly and
sustainable sources of renewable energy. Thin film solar cells
have the key benefit of their dimensionality, having thick-
ness of a fraction of crystalline silicon solar cells making
them appealing in terms of cost factor with minimum mater-
ial usage. The most advanced thin film solar cell techno-
logies today are Cu(In,Ga)Se,, CdTe, and organic-inorganic
hybrid perovskites. All of them have achieved over 20% con-
version efficiency on the laboratory scale. Although reach-
ing high solar cell device efficiencies, these materials face
various problems limiting their wider commercial availabil-
ity, high cost being one of these issues. Therefore, the search
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for cheaper materials based on abundant elements has direc-
ted the scientific community to kesterite compounds such as
Cu,ZnSnS,, Cu,ZnSnSe4 and Cu,ZnSn(S,Se)4. These semi-
conductors have a direct band gap, high absorption coeffi-
cient values exceeding 10* cm !, p-type conductivity and a
tailored band gap in the range of 1.0-1.5 eV [1]. Unfortu-
nately, the record conversion efficiency of kesterite solar cells
is still below 13% [2].

As a possible solution to increase the efficiency of thin film
solar cells, the tandem structures are recommended, where the
top cell has a larger band gap and thus expands the spectral
sensitivity range of a single junction solar cell toward higher
photon energies. This tandem structure concept is well known
for thin film solar cells based on group III-V compound semi-
conductors and is mostly used for space applications. How-
ever, the tandem cell concept can also be used for other solar
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Figure 1. SEM image of CCGS microcrystals.
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Figure 2. X-ray diffraction pattern of Cu,CdGeS4 microcrystals. Reference ICDD card data for CCGS and CdS are also shown.
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Figure 3. Room temperature Raman spectra of different CCGS microcrystals.

cells. Latest studies have shown that the Cu,ZnGe(S,Se)4 com-
pound could be a good candidate for top cell in Si—wafer-
based devices [3]. Theoretical calculations have also shown
that by using Cu,ZnSnS,4/Cu,ZnSnSe, tandem structures even
the efficiency of kesterite solar cells can be increased up to
22% [4]. However, the band gap energy of Cu,ZnSnS; is
only 1.5 eV and in many cases that is too low for the top
cell. Therefore, a direct larger band gap compound for the
top cell is needed having a natural p-type conductivity, high
absorption coefficient and is preferably with low concentra-
tion of intrinsic defects. It is known that in Cu,ZnSnS, the
defect concentration is usually relatively high causing poten-
tial (and band gap) fluctuations and reducing the carrier mobil-
ity and lifetime [5—7]. Our recent studies have shown that the
average depth of potential fluctuations due to charged defects
in an orthorhombic quaternary compound Cu,CdGeSe, is
smaller than in kesterites- only about 20 meV [8, 9]. It is
expected that similar relatively small potential fluctuations
are also present in orthorhombic Cu,CdGeS4 (CCGS) com-
pound and due to higher band gap energy, it can be used
as a top cell in various tandem structures or as a photoelec-
trode in photoelectrochemical (PEC) water splitting devices.
Unfortunately, there is very little information about defect
properties of CCGS. In quaternary compounds even a small
deviation from the stoichiometric composition lead to the
formation of intrinsic point defects (vacancies, anti-sites, and
interstitials), which significantly influences the electrical and

Table 1. Strongest vibrational modes in Cu,CdGeS4 (cm b,

This work FTIR data [18] Raman data [10]
407 407 —

386 389 385-392

356 361 360

295 294 297

281 282 281-284

266 267 266

155 152 148-152

optical properties of the material. As a member of I,—II-IV—
VI, family, the orthorhombic CCGS (space group: Pmn2;)
has a crystal structure similar to that of kesterite-structured
CuyZnSnS, [10-14]. Reported band gap energy of CCGS var-
ies from 1.85 eV [13] to 2.05 eV [11]. It has already been
used as a counter electrode material in dye-sensitized solar
cells [15]. In this paper we present first experimental res-
ults of defect structure of CCGS studied by temperature and
laser power dependent photoluminescence spectroscopy (PL).
Low temperature PL is one of the easiest and most sensit-
ive techniques to study the defect structure of semiconductor
materials while temperature and laser power dependencies
usually give information about the nature of recombination
processes.
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