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The polycrystalline samples of Cu, _sSrSnS, with a trigonal
structure were prepared by solid-phase ampoule synthesis
with a long annealing time (1944 h), and their crystal lattice
parameters were refined and Raman spectra were obtained.
For the first time, the effect of defect structure on the lifetimes
of photogenerated current carriers in the polycrystalline
powders was examined by combining time-resolved
microwave photoconductivity and cathodoluminescence
methods. A significant increase in the lifetimes during the
conversion of Cu,SrSnS, into Cu, ¢SrSnS, was found, which
was probably due to changes in the defect structure.
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Copper quaternary compounds,* which include Cu,_sZnSnS, _,Se,
[CZTS(Se)] with a kesterite structure, occupy a special place
among various semiconductors used to construct absorbing
layers for solar cells. However, currently, the efficiency of solar
cells based on the CZTS(Se) compounds does not exceed 13%
due to the specific structure of these materials. It was assumed
that the similarity of ionic radii of Zn?* and Cu* caused a large
number of Cuy, and Zn¢, anti-structural defects, which serve as
traps for photogenerated current carriers.>® The replacement of
ions in a cationic sublattice with larger ions is of interest to
obtain materials such as the Cu,SrSnS, (CSTS) thin films,27
which can be used in solar cells.8-11 However, it is difficult to
study the effect of defects on electrophysical properties in thin
film materials because the composition of the films8-10 is difficult
to control. Therefore, it is useful to study model systems such as
the CSTS powders of a given composition obtained by solid-
phase synthesis in evacuated quartz ampoules with the subsequent
long-term annealing®?12 in order to optimize the composition of
CSTS films and increase the efficiency of solar cells based on
them.

Here, we describe the solid-phase ampoule synthesis of
Cu,SrSnS, and Cu, ¢SrSnS, polycrystalline powders and a study
of their phase composition and defect structure and the lifetime
of photogenerated current carriers in them.

The CSTS samples (m = 2 g) were synthesized from copper
(99.99%), tin (99.99%), SrS (99.99%, Alfa Aesar), and sulfur
(99.9%). At the first step, the ternary compounds Cu,SnS; and
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Cuy ¢SnS; were produced from the elements in evacuated sealed
quartz ampoules (p,s = 0.27 Pa) and annealed at T = 1100 °C for
10 h.

At the second step, the ampoule contents were ground in an
agate mortar with a required amount of SrS (pre-annealed in a
vacuum at T = 750 °C to remove excess sulfur).

The resulting mixtures were sealed in evacuated quartz
ampoules and annealed at T = 1100 °C for 10 h.

At the last step, the ingots obtained were ground in an agate
mortar for homogenization and annealed again in evacuated
sealed quartz ampoules at T = 620 °C for 1944 h.
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Figure 1 XRD data: (1) standard reference sample (PC PDF4 04-009-
0385), (2) Cu,SrSnS,, and (3) Cuy oSrSnS,,
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Figure 2 Raman spectra of the CZTS samples.

The phase composition of the samples was studied by a
combination of XRD analysis and Raman spectroscopy.’
Figure 1 shows that all samples were single-phase ones. The
crystal structure is trigonal, and the space group is P3;. Table 1
summarizes the refined values of crystal lattice parameters,
which are consistent with published data.”

Figure 2 shows the Raman spectra of the Cu,SrSnS, and
Cuy ¢SrSnS, samples, which are close to those of the films
obtained previously® but markedly different from the theoretical
spectrum® (see Online Supplementary Materials). No lines of
impurity phases were found.

Figure 3 shows the cathodoluminescence (CL) spectra* of the
powders obtained at 78 K, which exhibit maximums at about
1.70 and 1.62 eV for Cu,SrSnS, and Cu, ¢SrSnS,, respectively.
The absence of exciton peaks from the spectra unambiguously
indicates a band-to-band transition, and these maximums can be
associated with levels in a band gap. Since the band gap shifted
with decreasing the copper content, it is possible to associate a
maximum of E = 1.62 eV with defects caused by V, copper
vacancies or associates of such defects.

Table 1 Crystal lattice parameters of Cu, _ sSrSnS, (space group P3,).

Compound a/A c/A VIA3
Cu,Srsns, 6.288 (3) 15.591 (7) 534.05 (3)
Cu, 6SrSnS, 6.288 (4) 15.576 (8) 533.4 (4)
Cu,Srsns,° 6.29 15.578 533.7
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Figure 3 CL spectra of (1) Cu,SrSnS, and (2) Cuy¢SrSnS, powders
obtained at 78 K.

T X-ray studies of the deposited films were carried out on a PANalytical
AERIS diffractometer (Cu-Ka radiation). Raman spectra were studied
using a Bruker Senterra micro-Raman system (532 nm).

* The samples were excited by a pulsed 40 keV electron beam. The CL
spectra were recorded with a DFS-13 monochromator. The CL method
was described in detail elsewhere.1*
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Figure 4 (a) The decay of microwave photoconductivity for
(1) Cu,SrsnS, and (2) CuyoSrSnS, and (b) the dependence of
photoresponse amplitude on light intensity for Cu, ¢SrSnS,. The curves of
microwave photoconductivity decay were smoothed using a 9-point linear
filter, I,= 106 photon cm=2 per pulse.

Note that band gap data for CSTS are contradictory:?
according to Crovetto et al.® the band gap energy for this
compound is E, = 1.95-1.98 eV; a proximate value of E;= 1.93 eV
was obtained by Xiao et al.,'° whereas the value of E, for CSTS
was 1.78 eV according to Tong et al.® Thus, we can assume that
the peak at 1.70 eV for Cu,SrSnS, corresponds to the donor level
in the band gap.

Figure 4(a) shows microwave photoconductivity decays® for
Cu,SrSnS, and Cuy ¢SrSnS,. It can be seen that as the copper
content of samples decreased, the times at which the
photoresponse dropped to zero increased sharply from 20 ns to
about 1 ms, which is significantly longer than that for the CSTS
films described by Tong et al.® (z < 2.06 ns). The dependence of
photoresponse amplitude on incident light intensity, AP ..(1),
was nonlinear for Cuy oSrSnS, [Figure 4(b)]; this may be due to
second-order reaction processes (free electron and hole
recombination) in the sample:®

e +p’ %hv (in radiative processes), 1)

where k.. is the reaction rate constant of electron-hole
recombination. According to published data,'”8 the nonlinear
dependence of photoresponse amplitude on incident light
intensity indicates electron—hole recombination in loss kinetics
of photogenerated current carriers. Microwave photoresponse
for the Cu,SrSnS, sample was small, and it was not possible to
measure its dependence on incident light intensity.

A significant increase in decay times of photogenerated
current carriers with a decrease in the copper content of copper
quaternary compounds Cu, _ sCdSnS, was explained'®2 by the
formation of complex 2Cucq + Sngq clusters with an increase in
o0 and their replacement with copper vacancies V,. By analogy
with these systems, it can be assumed that the maximum at
E =1.70 eV observed in the CL spectrum of Cu,SrSnS, (Figure 3)
refers to clusters of defects, for example, 2Cug, + Sng,, whereas
the peak at E = 1.62 eV for Cu, ¢SrSnS, (Figure 3) corresponds
to copper vacancies V¢, or complexes of defects based on them.

The lifetimes of photogenerated current carriers in a
semiconductor are key parameters determining the efficiency of
a solar cell. Thus, the use of the CSTS copper-deficient films is

§ To study the loss kinetics of photogenerated current carriers, the time-
resolved microwave photoconductivity (MPC) method was applied (a
unique research facility: System for photogenerated current carrier
lifetime measurements by a Microwave photoconductivity method in the
36 GHz frequency range) in the frequency range of 36 GHz at room
temperature. The time resolution of recording circuit was ~5 ns.!516 The
photoconductivity was excited by an LGI-505 nitrogen laser with the
wavelength A = 337 nm and a pulse duration of 8 ns. The maximum density
of the light flux incident on the sample (exposure) was I, = 10'® photon cm=
per pulse. The light intensity was changed using light filters.
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a possible way to create efficient solar cells based on such
materials.

In conclusion, we have prepared the Cu,SrSnS, and
Cuy ¢SrSnS, single-phase powders by solid-phase ampoule
synthesis, refined the crystal lattice parameters by XRD analysis,
and obtained detailed Raman spectra. The microwave
photoconductivity method allowed us to reveal a significant
increase in the lifetimes of photogenerated current carriers
during the conversion of Cu,SrSnS, into Cuy4SrSnS,, which
was apparently due to the replacement of defect clusters caused
by copper vacancies, and explain changes in the CL spectra.

The work was supported by a unique research facility: System
for photogenerated current carrier lifetime measurements by
a Microwave photoconductivity method in the 36 GHz frequency
range of the Institute of Problems of Chemical Physics of the
Russian Academy of Sciences within the state assignment nos.
AAAA19-119070790003-7, AAAA19-119092390076-7, and
075-00706-22-00.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2023.02.037.
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