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In this study the experimental evidence of the existence of Cu-Cd disordering in Cu,CdSnS, is presented.
The influence of low-temperature annealing from 100 °C to 400 °C to the optical and structural prop-
erties of CuyCdSnS4 polycrystalline powder was studied. Raman scattering and temperature dependent
photoluminescence analysis were used to show that the degree of disordering can be reduced with the
low-temperature annealing below the critical temperature. According to our study the critical temper-

ature lies in the range from 200 °C to 250 °C. It was found that, the change in the degree of disordering in
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type of defect clusters.

Cu,CdSnSy is accompanied with the change in the radiative recombination channel related to different
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1. Introduction

The I>-1I-IV-VI4 quaternary compounds have attracted consid-
erable interest as potential absorber materials in photovoltaic solar
cells due to suitable energy band gaps, high absorption coefficient
and earth abundant elements. Solar cells based on CuyZnSnSy
absorber have achieved the power conversion efficiency as high as
9.2% [1]. Because of the similar properties, CuCdSnS4 is also
considered as possible photovoltaic material. Nitche et al. synthe-
sized single crystal of Cu,CdSnS, by iodine vapor transport and
identified the crystal structure as a stannite type I42m [2]. The
compound has direct band gap Eg ~1.4 eV and an absorption coef-
ficient larger than 1 x 10* cm~! in the visible range of spectrum
[3,4]. According to Shockley—Queisser efficiency limit for solar cells
using a single p-n junction, the bandgap of Cu,CdSnS, is closer to
the ideal bandgap 1.34 eV [5] (using an AM1.5 solar spectrum) than
CupZnSnSy (Eg ~ 1.5 eV) to reach higher device efficiency. CuCdSnSy4
is an intrinsic p-type semiconductor and the p-type conductivity is
attributed to Cu vacancies (V¢y) [6] and/or copper in cadmium site
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(Cucq) acceptor defects [7].

Different methods have been studied to prepare Cu,CdSnS4 thin
films, such as atom beam sputtering 3], solution method [8,9], co-
sputtering deposition [10], spin coating [11,12], spray pyrolysis [13],
sol-gel method [14], etc. We have used monograin powder tech-
nology and reported 2.7% efficiency for pure CuyCdSnS4 solar cells
[15]. Recently, we presented improved monograin layer solar cell
efficiency of 4.2% at the PVSEC-26 conference. Despite of the suit-
able material properties the performance of Cu,CdSnS, devices is
still low. In CuzZnSnSy, the main limitation is due to low open cir-
cuit voltage (Vo) as compared to the band gap energy value Eg.
Recently, it has been shown in several studies [16—18] that the
existence of Cu and Zn cation disorder in CuyZnSnS4 kesterite
crystal structure could be one reason for the large open circuit
voltage deficit. Main reason for poor performance of CuyCdSnSy
solar cells is not yet clarified and more information about the op-
toelectronic properties is needed.

Similarly to CuZnSnSg4, density functional theory calculations in
Ref. [7] indicate that the Cu-Cd cation disorder is also possible in
CuyCdSnSy. These first principles calculations have shown that the
antisite defect Cucq and self-compensated defect complex
Cucq + Cdcy have very low formation energies, 0.59eV/atom and
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0.21 eV/atom, respectively. It was also shown that the random
distribution of different defect pairs induces spatial band gap
fluctuations, in the case of Cucq + Cdcy with the depth of about
0.1 eV. Another defect pair 2Cucq + Sncq has also low formation
energy and in case of high concentrations it may result in very large
band gap fluctuations of about 0.43—0.65 eV [7]. Since these un-
favorable defect clusters have very low formation energies
throughout all the compositional range of Cu,CdSnS4 [7] only
thermal treatments could be used to modify the type of prevailing
defect clusters. Among single native defects, the calculated
acceptor level of Cucq is 0.13 eV above the valence band edge. The
donor level Cd¢y is shallow (~0.05 eV below the conduction band
edge), but Sncq is a deep donor (~0.8 eV below the conduction band
edge) that may act as electron-hole recombination center [7].
However, there is no experimental evidence of the Cu-Cd cation
disorder in Cu,CdSnS4 available in literature. Moreover, there is lack
of experimental data about the defects and related recombination
mechanisms in Cu,CdSnS4. This information is of crucial impor-
tance for the development of efficient solar cells. In this study we
used temperature dependent photoluminescence (PL) spectros-
copy and Raman spectroscopy for exploring the optoelectronic
properties of Cu;CdSnSy4 polycrystalline powder that was modified
by low-temperature heat-treatments.

2. Experimental

Polycrystalline powder of Cu,CdSnS; was synthesized from
elemental Cu (99.9%), Sn (99.9%), S (99.999%) and binary CdS
(99.999%) powders by solid-state reaction in sealed evacuated
quartz ampoules. For the synthesis, the starting materials were
weighted in appropriate metal ratios (Cu: Sn: CdS = 1.85: 1: 1) with
addition of sulfur and grounded in an agate mortar. The mixture of
precursors was mounted into quartz ampoule, sealed under vac-
uum and placed in the chamber furnace. The temperature of the
furnace was increased from room temperature (RT) to 200 °C with a
rate of 10°/min. Sulfurization process of metal components was
obtained by keeping the mixture at 200 °C for 24 h. Subsequently,
the temperature of the furnace was increased to 900 °C with the
rate of 12°/min and powder was homogenized at this temperature
for 168 h. A complete homogenization was obtained by decreasing
the temperature to 740 °C and keeping the powder at this tem-
perature for 168 h. Finally, the powder was cooled from 740 °C to RT
for 19 h.

It has been previously shown that the optoelectronic properties
are strongly influenced by the structural disordering in kesterite-
type materials [19,20] and the degree of disordering can be
reduced by low-temperature annealing treatments below the
critical temperature (T, ~ 260 °C for CuzZnSnS4 and T ~ 200 °C for
CupZnSnSey) [21,22]. In present study similar low-temperature
annealing was applied on Cup,CdSnS4 polycrystalline powder to

identify the existence of structural disordering and to investigate
the corresponding changes in the optical and structural properties
of CU2CdSDS4.

For this study, the synthesized polycrystalline powder was
ground in an agate mortar and divided to equal amounts to the
quartz ampoules, which were subsequently evacuated to 102 Torr
vacuum and sealed with C3Hg/O, flame. All sealed ampoules were
heated up to 740 °C, annealed at this temperature for 1 h and then
cooled by quenching into cold water. This annealing was done for
healing out the mechanical damages on the powder particle sur-
faces caused by grinding process.

Subsequent low-temperature annealing study was done at
following temperatures (Ty;,): 100 °C,150 °C, 175 °C, 200 °C, 225 °C,
250°C,300°C,350°Cand 400 °C for different time periods from 1 h
to 2 weeks. After low-temperature annealing, the ampoules were
quenched to cold water. Our experiments showed that the stable PL
band position was reached by annealing at least 1 week at tem-
perature below 200 °C, annealing at higher temperatures
(Tann > 200 °C) needed less time to reach stability. To be sure that
the degree of ordering at a given temperature is reached, all pow-
ders used for the structural and optical studies were annealed for 1
week.

The structural investigation of the CuyCdSnS4 polycrystalline
powders was carried out by X-ray diffraction (XRD) and Raman
spectroscopy. XRD patterns of the powders were recorded on a
Bruker AXS X-ray diffractometer D5005 using Cu K1 radiation
(A = 1.5406 A) with variable slit V12. Obtained data was analyzed by
ICDD PDF 2015 database (International Center for Diffraction Data).
Raman spectra were recorded by using the Horiba's LabRam HR800
spectrometer equipped with a multichannel CCD detection system
in the backscattering configuration using 532 nm laser line with
spot size of 5 pm. The same equipment was used for room tem-
perature photoluminescence (RT-PL) measurements.

The chemical composition of polycrystalline powder was
analyzed by energy dispersive X-ray spectroscopy (EDX) using
Bruker Esprit 1.8 system. The morphology of crystals was studied
with the high-resolution scanning electron microscope (HR-SEM)
Zeiss ULTRA 55. EDX mapping was carried out over the poly-
crystalline surface to investigate the elemental distribution and
compositional uniformity over large area and different polycrystals.
For low temperature PL measurements, the powder crystals were
mounted in the closed—cycle He cryostat and cooled down to 10 K.
The 441 nm He-Cd laser line was used for PL excitation and the
spectra were detected by using InGaAs detector.

3. Results and discussion
3.1. Results of structural and compositional analysis

The elemental

composition of

synthesized Cu,CdSnS4

Fig. 1. (a) SEM image of the polished cross-section and (b) elemental mapping by EDX for Cu, Cd, Sn and S of individual Cu,CdSnSy4 crystals.
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Fig. 2. XRD patterns of the Cu,CdSnS, polycrystals annealed at 100 °C and 400 °C for 1
week.

polycrystalline powder was determined from polished cross-
section of individual crystals. Fig. 1 presents SEM micrographs of
(a) the polished cross-section and (b) the elemental mapping of Cu,
Cd, Sn and S of individual Cu,CdSnS4 crystals. Fig. 1b reveals that
the elements are homogeneously distributed in the bulk of the
powder crystals.

The average bulk composition of synthesized Cu,CdSnS4 poly-
crystalline powder determined by EDX analysis is [Cu] = 24.5 at %,
[Cd] = 13.0 at %, [Sn] = 12.5 at % and [S] = 50.0 at %. After different
low-temperature annealing experiments, the composition of the
powder did not change.

For structural studies, XRD and Raman analysis were performed.
The XRD patterns of the CuyCdSnS; polycrystalline powders
annealed at Tgp, = 100 °C and Ty, = 400 °C, are presented in Fig. 2.
The major diffraction peaks can be attributed to (112), (200), (004),
(220),(204), (312) and (116) planes of stannite type Cu,CdSnS4 with
the space group [42m (ICDD PDF 04-003-8937). The a- and c-lattice
constants were calculated from the XRD data and are a = 5.592 A
and ¢ = 10.857 A for both samples. All annealed Cu,CdSnS, poly-
crystalline powders showed similar XRD pattern and no other
phases were detected.

Raman spectra of the CuCdSnS; polycrystalline powder
annealed at Ty, = 100 °C and Ty, = 400 °C are presented in Fig. 3.
The spectra of Cu,CdSnS, annealed at different temperatures are all
similar except for the widths of the peaks and for clearance only the
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Fig. 3. Raman spectra of Cu,CdSnS, annealed at temperatures 100 °C and 400 °C for 1
week. The inset graph shows the dependence of the FWHM of the A; Raman mode at
332 cm~! on the annealing temperature.

spectra for the material annealed at the lowest (Tyn, = 100 °C) and
at the highest temperature (Ty,, = 400 °C) used in this study are
presented. The observed Raman spectra are in agreement with
previously published data [10,15,23] and the two Raman active A
symmetry modes characteristic for the stannite type structured
Cu,CdSnSy4 can be found at 332 cm ™! and 283 cm L. These modes
result from the motions of anions only. Other symmetry Raman
modes (E and B, modes) were detected at 89 cm™}, 138 cm™,
237 cm~ !, 268 cm™!, 343 cm~!, 352 cm™! and 364 cm ™.

No significant difference in the Raman peak positions of
Cu,CdSnS,4 polycrystalline powder annealed at different tempera-
tures could be detected. From the inset graph in Fig. 3 a clear ten-
dency towards increasing full width at the half maximum (FWHM)
of the dominating A; mode with increasing annealing temperature
can be seen. It has been shown that in kesterite Cu,ZnSnS4 and
CupZnSnSey4 the low-temperature annealing at different tempera-
tures below and above the critical temperature leads to the changes
in the degree of Cu-Zn ordering and in the width and symmetry of
the A; Raman peak [21,22,24,25]. Broadening of the A; Raman peak
with increasing annealing temperature was observed and attrib-
uted to the higher degree of disordering. It was found that the
asymmetry of the A; peak is caused by a shoulder peak at low
wavenumber side that was attributed to the A; mode of the
disordered CuyZnSnSy. The same trend as was seen in CuyZnSnSy is
observed in present study for Cu,CdSnS,4 indicating higher level of
disordering with increasing annealing temperature. An example of
the fitting of the A; Raman peak of CuyCdSnS; annealed at
Tann = 100 °C and Ty, = 400 °C with two Lorentzian peaks is shown
in Fig. 4. The shoulder peak at the low wavenumber side at
331 cm! can be attributed to the disordered CuyCdSnS4 and its
relative intensity decreases with decreasing annealing
temperature.

3.2. Photoluminescence analysis results

To determine the influence of low-temperature annealing to the
defect structure of Cu,CdSnS; temperature dependent photo-
luminescence (PL) measurements were performed. PL spectroscopy
is non-contact and one of the most sensitive tools for studying the
defects in semiconductors. Low temperature (T = 10 K) PL spectra of
all studied CupCdSnS; polycrystalline powders annealed at
different temperatures consist of one broad asymmetric PL band,
see Fig. 5. We observe a shift in the PL band position towards lower
energies with increasing annealing temperature. The highest en-
ergy PL band is situated at 1.215 eV corresponding to the Cu,CdSnSy

Ty = 100°C |
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Fig. 4. Fitting of the A; Raman peak of Cu,CdSnS, annealed at 100 °C and 400 °C for 1
week, with two Lorentzian peaks. The shoulder peak at the low wavenumber side at
331 cm™! can be attributed to the disordered Cu,CdSnS,.
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Fig. 5. The normalized low-temperature (T = 10 K) PL spectra of Cu,CdSnS, poly-
crystalline powders annealed at different temperatures in the range from 100 °C to
400 °C for 1 week. A shift of the PL band towards lower energies with increasing
annealing temperature can be seen. The upper inset graph presents the original PL
spectra showing the decrease in the PL intensity with decreasing annealing temper-
ature. In the lower inset graph, the dependence of the FWHM of the PL band on the
annealing temperature is shown.

polycrystalline powder annealed at 100 °C for 1 week (sample will
be named as “ordered” based on the Raman results). The lowest
energy PL band is detected at 1.064 eV corresponding to the
Cu,CdSnS,4 polycrystalline powder annealed at 400 °C for 1 week
(sample will be named as “disordered”).

The overall difference in the PL band positions of the ordered
and disordered Cu;CdSnS4 is about 150 meV. As can be seen from
the upper inset graph in Fig. 5, the intensity of the PL signal de-
creases with decrease in the annealing temperature. In addition,
narrowing of the PL band is observed for higher annealing tem-
peratures, the full width at the half maximum (FWHM) being
largest for the lowest annealing temperature (T, = 100 °C), see
lower inset graph in Fig. 5. Two regions were observed in the
dependence of the FWHM on the annealing temperature: above
Tann = 200 °C, the FWHM is almost constant ranging from 0.12 to
0.13 meV, and below Ty, = 200 °C the FWHM increases up to
0.16 eV with decreasing annealing temperature. It is also important
to notice that the PL bands are located more than 0.2 eV below the
bandgap energy of Cu,CdSnS4 that is reported to be 1.4 eV at room
temperature [15] and is even higher at low temperature (T = 10 K).

In order to determine the recombination mechanisms behind
the PL bands temperature dependent PL measurements were per-
formed. Due to the asymmetric shape of the PL bands, all the
spectra were fitted with empirical asymmetric double sigmoid
function [26] that describes well such broad and asymmetric PL
bands with exponential tail in the low-energy side that are very
common in multinary compound semiconductors with spatial

Table 1

potential fluctuations. The spatial potential fluctuations result from
high concentration of randomly distributed charged native defects
[25—27]. The asymmetric shape results from the band tails of the
density of states function extending into the band gap. The average
depth of the fluctuations y can be determined from the slope of the
low energy side of the PL band [26—28]. The corresponding y values
of the PL bands of the Cu,CdSnS4 polycrystalline powders annealed
at different temperatures can be found in Table 1 and it was found
that the average depth of the fluctuations is very similar in all
samples indicating to similar large defect concentrations.

From the temperature dependencies of the PL spectra the
temperature dependence of the PL band maxima and integrated
intensity were analyzed. It was found that the PL bands measured
from the Cu,CdSnS4 polycrystalline powders annealed at temper-
atures below Ty, = 200 °C are composed of two PL bands that are
labeled #1 and #2 (an example of the fitting of the spectra is pre-
sented in Fig. 6). The presence of two PL bands also explains the
widening of the PL spectrum with decreasing annealing tempera-
ture. From the Arrhenius plots the thermal activation energies of
the quenching of the PL bands were determined by using the
theoretical expression for discrete energy levels for fitting [29]:

¢0 (1)

T) =
() 14 a1T3/2 4 ayT3/2 exp( — Er/KT)’

where @ is integrated intensity, «; and «; are the process rate pa-
rameters and Er is the thermal activation energy. The obtained
values of the thermal activation energies E7 in dependence of the
annealing temperature are listed in Table 1 together with the po-
sitions of the PL band maxima and FWHM. Two annealing tem-
perature regions can be observed: two PL bands were detected in
Cu,CdSnS,4 annealed at temperatures below Ty, = 200 °C showing
thermal activation energies of around 60 meV and 110 meV, and
one PL band was observed in Cu,CdSnS4 annealed at temperatures
above Tynn = 200 °C having high thermal activation energy above
130 meV.

It has been shown that in disordered Cu;ZnSnS4 recombination
mechanism involving defect clusters inducing local bandgap en-
ergy shrinkage is dominating [24]. The latter results in large band
gap fluctuations that create efficient recombination paths for
photogenerated carriers in the material. In ordered Cu,ZnSnS4
recombination involving deep acceptor defects (>200 meV) is
prevailing at low temperatures [24]. Similarly, high concentration
of Cucq + Cdcy and 2Cucq + Sneq defect complexes is predicted in
Cu,CdSnSy4 [7], being responsible for the Cu-Cd disordering. Ac-
cording to the theoretical calculations, the difference in the
bandgap energies of disordered and ordered Cu,CdSnS4 is about
100 meV [7]. Therefore, recombination mechanism involving defect
clusters is also expected in this material.

Considering that the bandgap energy of Cup,CdSnS; at low

Parameters describing the low temperature PL bands of the Cu,CdSnS, polycrystalline powders annealed at different temperatures: y — average depth of the spatial potential
fluctuations, hvpax — PL band peak position, Er - thermal activation energy and FWHM — full width at the half maximum of the PL band. For two samples (175 °C and 300 °C,

temperature dependencies were not measured).

Annealing temperature (°C) Y (meV) hvmax#1 (eV) Ers#1 (meV) FWHM(#1) (eV) hvmax#2 (eV) Er#2 (MeV) FWHM(#2) (eV)
100 23 1.165 110+ 4 0.13 1.245 60«5 0.10

150 22 1.123 105 + 6 0.13 1.189 62+7 0.11

175 24 1.112 — 0.12 1.161 — 0.11

200 25 1.116 86+ 8 0.12

225 24 1.106 146 + 7 0.13

250 25 1.093 135+7 0.12

300 26 1.079 — 0.13

350 27 1.065 1517 0.13

400 27 1.064 133+5 0.12
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temperatures is close to 1.5 eV, the PL bands are very far from the
band edge, separation of the PL band from the band gap is over
300 meV and over 200 meV for #1 and #2, respectively. Different
thermal activation energies of the PL band quenching were found
for #1 (above 100 meV) and #2 (below 100 meV), indicating to a
different recombination channel. Considering the thermal
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Fig. 8. PL band positions of Cu,CdSnS, polycrystalline powders depending on the low-
temperature annealing in the range from 100 °C to 400 °C for 1 week.

activation energies and the PL band positions with respect to the
low temperature bandgap energy of Cu,CdSnSy, one can see that in
both ordered and disordered Cu,CdSnS4 the dominating radiative
recombination is related to the defect clusters inducing bandgap
energy shrinkage that was also seen in disordered Cu,ZnSnS4 [30].
However, the dominating defect clusters are different in ordered
and disordered Cu,CdSnSs. We propose that in disordered
CupCdSnSy the 2Cucq + Sncq defect complexes inducing large
bandgap energy fluctuations (with depth > 0.4 eV [7]) dominate. In
ordered material the coexistence of 2Cucq + Sncq and Cucq + Cdcy
defect complexes is present resulting in the two observed PL bands
#1 and #2. However, based on the PL intensity analysis (see upper
inset graph in Fig. 5) the overall concentration of the mentioned
defect complexes is reduced in ordered material.

RT-PL measurements were also performed to the Cu,CdSnS4
polycrystalline powders annealed at different temperatures. Simi-
larly to low-temperature PL (10 K) results a shift of the PL band
towards lower energies with increasing annealing temperature was
observed, the positions of the PL bands being 1.45 eV and 1.37 eV
for samples annealed at 100 °C and 400 °C, respectively. For
clearance, only the spectra of ordered and disordered Cup,CdSnS4
(e.g. annealing temperatures 100 °C and 400 °C) is presented in
Fig. 7. Much broader PL band is observed for the disordered ma-
terial, most probably caused by larger band gap fluctuations.
Considering the room temperature bandgap energy of Cu,CdSnS,
around 1.4 eV [3,4], the observed PL bands result from the band-to-
band recombination. Notice, that it is not the same PL band that was
observed at low temperature (10 K).

Finally, Fig. 8 shows low-temperature PL band position of
CupCdSnS4 depending on the annealing temperature in the range
from 100 °C to 400 °C for 1 week. The vertical dashed lines in Fig. 8
indicate to the annealing temperature region where the PL band
position is almost constant and change in the recombination
mechanism has not yet taken place. Almost constant FWHM of the
A1 Raman mode was observed in the same annealing temperature
region from 200 °C to 250 °C. We can conclude that it is possible to
modify the degree of disordering with the low-temperature
annealing treatments below the critical temperature that accord-
ing to our study lies in the temperature range from 200 °C to 250 °C.

4. Conclusions

From the Raman scattering and temperature dependent PL
analysis of the Cu;CdSnSy polycrystalline powder we can conclude
that the Cu-Cd disordering predicted by the theoretical first prin-
ciples calculations [7] is present in this material. We have shown in
this study that the degree of disordering can be reduced with the
low-temperature annealing treatments below the critical temper-
ature that according to our study lies in the temperature range from
200 °C to 250 °C. It was found the change in the degree of dis-
ordering in CuyCdSnS4 is accompanied with the change in the
radiative recombination channel related to different type of defect
clusters.
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