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STRUCTURE AND PHOTOELECTROCHEMICAL PROPERTIES
OF ELECTRODEPOSITED Cu,;ZnSn(S,Se); FILMS

Abstract. A one-step electrochemical synthesis of Cu,ZnSnSe, (CZTSe) and Cu,ZnSnS, (CZTS) films on Mo-
coated glass from aqueous electrolytes containing both Cu'®, Zn", Sn*? and Se™* or S™ ions has been developed.
Electrodeposition was performed at a constant potential with subsequent annealing at a temperature of 450 °C in air
for 60 minutes. Cu,ZnSn(S o6,5€0.04)4 films were obtained by sulfurizing clectrodeposited Cu,ZnSnSe, layers in a
sulfur atmosphere at 500 °C for 60 minutes. The structure and phase composition of the films was confirmed by
XRD and Raman spectroscopy. It was confirmed by the PEC method that all films had p-conductivity. It was
established that a change in the chemical composition of the films affects the electrophysical properties, and for
Cu,ZnSn(S,Se), layers the photoresponse was 5-6 times higher than for four component compounds.

Key words: electrodeposition, CZTSSe, kesterite, thin film, photoelectrochemistry.

Graphical Abstract
light off
250
3 i / s—
2 173 r F
200 - N -
: 3 5 3 < =T 11
_: 150 B E E i y I ‘ I ‘
g 1504 3 g 262 ; ‘
2 2201204 Y %' 218 E | | J
= 100 Mo | L g | < -104 J | ‘/
s | 1321116 o E = b e
£ g @ 020004 ‘ ;e 287 & / \
Qy " i =154
; \ i /
D_W Wk,___mmj Jd N A / light on
‘ y r y : ; : : : ; -20 — .
=5 5 o 5 Bl 100 150 200 250 300 350 400 3 = o0 50 200
20, degree Raman shift (cm™) Time, seconds
Introduction

Recent progress in creating solar photovoltaic cells based on four-component semiconductors
Cu(In,Ga)Se, (CIGS), Cu,ZnSnS, (CZTS) stimulates researchers to further develop the technology of
growing more advanced and efficient thin-film structures [1, 2]. It is known that polycrystalline thin films
of the compounds Cu,ZnSnS,, Cu,ZnSnSe,; and Cu,ZnSn(S:Se; ), with the structure of kesterite are
promising materials for the production of cheap solar cells. These compounds consist of components that
are widespread in nature and can be considered as an inexpensive, affordable material, the use of which
does not violate environmental standards, in contrast to frequently used cadmium sulfide, copper-indium
selenides, etc. The band gap of these kesterites, depending on the content of sulfur and selenium, can vary
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from 0.98 to -1.8 ¢V, [3, 4], and a high adsorption coefficient (o = 10" cm™') for photons with energies
greater than width the band gap allows efficient radiation absorption in the chalcogenide layer to be
thinner than a few microns. This reduces the amount of material used. Global studies show that the
effectiveness of thin-film elements with a material based on multicomponent chalcogenides with a
structure of kesterite is continuously increasing [2-5]. An effective solar radiation conversion of 12.6%
was reported, which was achieved for the Cu,ZnSn (S,S¢,_,), solid solution [5].

The deposition of thin-film absorption layers is often performed using various vacuum techniques at
high temperatures. However, single-stage methods of electrodeposition of four and five-component film
semiconductors from aqueous electrolytes at low temperatures are attracting more and more attention [6—
9].

One of the important applications of multicomponent chalcogenide semiconductors CZTSSe is their
use as photocathodes in photoelectrochemical (PEC) decomposition of water. This process attracts
attention due to its environmental friendliness and low cost [10, 11]. Methods for the decomposition of
water using CZTS photocathodes were developed when they started using compositions of this material
with thin layers of sulphides of other metals, for example, cadmium and indium [12]. The CZTS method
of electroplating and the subsequent deposition of metal sulfide layers and their activation with platinum
are also being successfully used. For example, modification of CZTS by applying a double layer of In,S; /
CdS followed by precipitation of a dispersed Pt catalyst made it possible to obtain in the two-clectrode
PEC process the efficiency of water decomposition equal to 1.63% without any noticeable degradation of
the photocathode due to photocorrosion. In,S; films act as mediators for efficient electron transfer on Pt
blotches as well as a protective layer to avoid contact between the CdS layer and the external electrolyte
solution [13].

In order to develop the technology of using materials based on kesterite to create thin-film photocells
or film photocathodes, information on the correspondence of the composition, structure, and optical, in
particular, photoelectrochemical properties of these materials, which significantly depend on the
production method, is needed [14].

The work of a number of authors [15-21] is devoted to this question. An XRD microstructural
analysis for films prepared by magnetron sputtering of metal precursors followed by sulfurization /
selenization showed a strong dependence of domain sizes and microstresses on the composition. Domain
sizes increased with increasing sulfur content, and selenium-rich films tended to have a more
homogeneous domain size distribution. This phenomenon is associated with a lower energy of formation
of binary phases with sulfur, which leads to the formation of kesterites, whereas the increase in
microstrains is explained by the replacement of large selenium atoms by smaller sulfur atoms in the lattice
and the presence of secondary phases. [18].

The method of single-stage electrodeposition of all components at a constant potential from aqueous
solutions allows one to reduce the content of double phases in the structure and their influence on the
photoelectrochemical properties [5-8].

In this work, the method of potentiostatic deposition of Cu,ZnSnS, and Cu,ZnSnSe, from electrolytes
containing simultaneously all components is used. The goal of this work is to compare the structural
characteristics of CZT(S,Se) films obtained using a single-stage electrodeposition method with subsequent
annealing, and their photoelectrochemical properties.

Experimental part

Electrochemical deposition of thin films of compounds Cu,ZnSnS, and Cu,ZnSnSe, was carried out
on Mo/glass substrates (working electrode), from aqueous solutions at a constant potential. The potential
was maintained using the Gill AC potentiostat-galvanostat from ACM Instruments relative to the Ag/AgCl
electrode (KCI sat). A three-electrode thermostatted cell was used. The counter electrode was a platinum
coil (or platinum mesh).

Cu,ZnSnS, (CZTS) films were electrochemically precipitated from an ¢lectrolyte based on 0.2 M
sodium citrate with the addition of 0.1 M tartaric acid and 0.01 M CuSO4 « 5H20, 0.005 M SnS04, 0.01
M ZnS04 « 7TH20, and 0.05 M Na2S203 « 5SH20 at pH 4.6. The ¢lectrolysis was carried out at a constant
potential E =-1.0 V with stirring the ¢lectrolyte with a magnetic stirrer at room temperature.
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Electrodeposition of Cu,ZnSnSes (CZTSe) films was carried out from an electrolyte with a pH of 1.5
based on a solution of 0.1 M tartaric acid, which contained 0.002 M CuSO, * 5H,0, 0.01 M ZnSO, *
7H,0, 0.01 M SnCl, « 5H,0 and 0.005 M NaHSe¢Os;. The clectrolysis was carried out at a constant
potential E =-0.6 V with stirring the ¢lectrolyte with a magnetic stirrer at room temperature.

The obtained samples were washed with distilled water and dried in air. The obtained CZTS and
CZTSe films were annealed at a temperature of 450 °C in an atmosphere of air for 30 minutes.

To form the five-component compound Cu,ZnSn (Sey, S;x) 4, the process of sulfurization of freshly
precipitated thin films Cu,ZnSnSe, was carried out. The process was carried out in a quartz tube, where
the sample Cu,ZnSnSe, and colloidal sulfur were located. Argon was used as the carrier gas. The
temperature in the furnace was raised at a rate of 13 °C / min and, after reaching a temperature of 500 © C,
annealing was performed for 60 minutes, then the samples were cooled with the oven to room
temperature. After that, the films were not chemically treated. This stage is performed at the State
Research Institute for Physical Sciences and Technology, Vilnius.

The study of the structure of the obtained films was performed by the XRD method. XRD spectra
were obtained using a SmartLab X-ray diffractometer (Rigaku) at a constant voltage of 9 kW using a
rotating Cu anode to study the structure of the samples obtained.

A combined Solver Spectrum system (NT-MDT, Russia) was used to study the Raman spectroscopy
method and record the Raman spectra (using a 600/600 grating; 532 nm laser; signal accumulation time 60
seconds). The EDAX method (JSM 6610 LV JOEL, Japan) was used to determine the clemental
composition of the electrodeposited CZTS, CZTSe and CZT(S,Se) films after they were annealed.

The method of photoelectrochemical (PEC) analysis was performed using a Gill AC potentiostat-
galvanostat in a three electrode quartz cell, where the working electrode was made with thin film samples,
the platinum coil was used as a counter electrode, and a silver chloride electrode was used as a reference
electrode. Photocurrents were recorded in the dark / light mode in a solution of 0.1 M sodium sulfate. A
halogen lamp was used as the light source, and the lighting power was 80 mW/cm2.

Results and discussion

Structure analysis

A structural analysis of electrodeposited CZTS films on a Mo/glass substrate and annealed in air at
450 °C was performed using XRD (Fig. 1 (a)). Observed reflexes CZTS kesterite phase and Mo substrate.
From the analysis of the diffraction data, it becomes obvious that there are no pronounced reflexes of the
double sulfide phases in the electrodeposited films. Estimation of the main peaks corresponds to the
provisions 112 and 220 of the kesterite. Peaks are also noted that correspond to the ester levels of 200 and
312. The polycrystalline nature of the precipitates obtained corresponds to the crystal structure of the
kesterite [JCPDS card: 26-0575]. Similar results were obtained in [8, 10].

SEM images of deposited CZTS films are shown in Figure 1(b). This picture shows an image in
cross-section mode, from which it can be seen that the CZTS film has good adhesion to the glass substrate.
CZTS film thickness varies from 0.35t0 2.9 .

Intensity (a.u.)
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Figure 1 - (a) XRD spectre and (b) cross-sectional SEM image of CZTS film after annealing
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Electrodeposited CZTSe films after annealing were investigated using x-ray diffraction analysis.
Figure 2 shows the diffraction patterns before and after annealing. On as-deposited films (Fig. 2, spectrum
1), weak reflections of CZTSe and Mo phases appear (cubic lattice, parameter a = 3.149-3.150 A). The
XRD spectrum of the film after annealing showed three main reflexes at 27.49 ©, 45.25 © and 53.53 °,
which correspond well to CZTSe values (ICDD 96-153-1984) with crystalline orientations (112), (220)
and (312).

Mo

1

Intensity (a.u.)
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Figure 2 - XRD spectrum of CZTSe films: 1 - before annealing; 2 - after annealing

As can be seen from Fig. 3(a), the grain size and morphology of the film surface is similar to the
images obtained in [8] for CZTSe films deposited by an electrochemical method in one stage. The study
by the cross-section method showed that the films deposited in our experiments have a maximum
thickness of 1.9u (Fig. 3 (b)).

Creko

Figure 3 - SEM images of (a) surface and (b) cross-section of CZTSe/Mo/glass

Immediately after deposition, CZTSe samples were subjected to sulphurization to obtain thin films of
the five-component compound CZTSSe. The study of the phase composition of thin films obtained after
sulfurizing CZTSe showed the presence of a polycrystalline kesterite phase CZTSSe (Fig. 4). All the
dominant diffraction peaks of this film can be attributed to the peaks of the tetragonal structure for
CZTSSe: (112), (020/004), (132/116) at 28.4°, 33.05°, 47.39° and 56.15° (ICDD 96- 900-4751). Metal
phases other than Mo, as well as intermetallic compounds or oxides were not detected. Detailed analysis
of the samples showed that the peak (112) of the CZTSe phase is shifted from 27.49 © to 28.4 ° due to the
partial replacement of Se by S and the formation of the five-component compound CZTSSe. Logarithmic
intensity was used to better show low intensity peaks. As can be seen from the fragments of the XRD
spectrum, low-intensity peaks can be attributed to the CuS (ICDD 00-085-39280) and ZnS (ICDD 00-002-
0564) phases. As well as the presence of double peaks 220/204 and 132/116 at 47.29 ° and 56.03 °,
confirm the formation of the CZTSSe phase.
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All the CZTSSe phase peaks are shifted to large angles, which indicates a decrease in the lattice
parameters due to the replacement of Se with S. Given these data, we can conclude that the film was
single phase and crystallized in a partially disordered structure of the kesterite.

In addition to the XRD analysis, a combination scattering study (Raman spectroscopy) was
performed, which is useful for studying the phase purity and composition of the materials of the kesterite.
A simple XRD analysis does not always allow us to determine that a film has a single phase, because
many double and triple intermediates have a similar structure and exhibit reflections similar to CZTS (for
example, Zn(S)x, Cu2Sn(S)3) [22]. Fig. 5 compares the Raman specters for the three studied compounds
CZTS, CZTSe and CZTSSe, obtained using the method of electrodeposition with subsequent annealing.
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Figure 4 - XRD specter of CZTSSe films

In Fig. 5 (a), the main peaks of the Raman spectrum for CZTS are located around the vibrational
mode of the Al lattice, which reflects the vibrations of the sulfur atom, while the remaining atoms remain
fixed. The main peak appears at 338 cm™, which is consistent with a previously published work for CZTS
(338 cm™ main peak with additional peaks at 287, 368 cm™) [23]. This suggests that under selected
conditions of single-stage potentiostatic deposition with subsequent annealing, the compound Cu,ZnSnS,
(CZTS) was obtained. Figures 5(b,c) show the Raman specters for the CZT(S,Se) and CZTSe films.
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Figure 5 - Raman specters of kesterite thin films: (a) Cu,ZnSnS, (CZTS), (b) CZTSSe; (c) CZTSe
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For the CZTSe compound, the appearance of three peaks was noted (Fig. 5 (c¢)), where the main
vibration mode (196 cm™) reflects the vibrations of the selenium atom bound to the CZTSe compound.
The two main peaks 196 (197) and 173 (170) are most often discussed as the main attributes of the
Cu,ZnSnSe, structure [19].

For CZT(S,Se) (Fig. 5 (b)), four peaks were found, of which one at 173 cm-1 corresponds to the
CZTSe phase and another peak at 287 cm™ corresponds to CZTS, the other two peaks can be attributed to
the CZT(S,Se) phase. The strong shifts of the fundamental vibrational modes can be associated with the
replacement of Se atoms with a large diameter by small sulfur atoms. The method of Raman scattering
refers to the methods of studying the surface with a penetration depth of 100-150 nm with laser energy
higher than 2.2 ¢V [24]. Therefore, the obtained Raman spectra reflect the state of the surface atoms and
the structure of the formed films.

To determine the elemental composition of the films obtained, the EDAX method was used (table 1).

Table 1 - Chemical composition (at.%) of CZTS, CZTSe and CZT(8S,Se) thin films

Material Cu /n Sn Se S
CZTS 257 114 12.4 - 50.3
CZTSe 19.6 10.6 14.6 552 —

CZTSSe 13.7 2598 7.30 1.6 475

According to the results of EDX analysis, as a result of sulfurization, a high S/(5+Se) ratio is
achieved in films subjected to sulfurization at 500 °C. This ratio remains approximately constant and
varies within 0.94 + 0.02.

Photo electrochemical properties

The photoelectric properties of the obtained materials (CZTSe, CZTS, CZTSSe) were studied using
the photoelectrochemical analysis (PEC) method with the Gill AC potentiostat-galvanostat in a three
clectrode quartz cell, where the working electrode was samples obtained on Mo/glass substrates, the
platinum coil served as a counter electrode, a silver chloride electrode (Ag/AgCl, saturated KCl) was used
as a reference electrode. Photocurrents were recorded in a solution of 0.1 M sodium sulfate. A halogen
lamp (80 mW/cm®) was used as the light source. The results of the study of photovoltaic properties are
presented in Figure 6.
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Figure 6 - Chronoamperometric dependence of the photocurrent of electrodeposited films

The dependence of photocurrent density on time was obtained in the dark / light mode (light off / light
on) at a constant potential of -10 mV, which is defined as the stationary potential established between the
semiconductor and the electrolyte. The photocurrents of CZTSe films remain constant, while for CZTS
they slightly decrease in time and amount to 3 pA/em® and 2-2.5 pA/em?, respectively. For the
CZT(S,Se)/Mo/glass sample, the photocurrent obtained after sulfurization is higher and amounts to ~ 20
nA/ecm’. Photo corrosion and chemical corrosion are the main problems of semiconductors at PEC, where
there is a likelihood of chemical corrosion of the semiconductor surface in the electrolyte. It can be seen
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from Fig. 6 (b, c) that the photocurrent gradually decreases, and this is probably due to photo-corrosion S*
from the surface of a thin chalcogenide film, since it is more strongly observed on unprotected CZTS
photoelectrodes, similar to observations [17]. Whereas for a sample with a CZTSe film (Fig. 6(a)), the
photocurrent remains constant for 500 seconds and longer.

For a five component compound, the decrease in photocurrent over time is less noticeable.

The results obtained indicate that a change in the surface and bulk structure of multicomponent
chalcogenide films plays a significant role in changing their photoelectrochemical characteristics.

Conclusion

A comparison of the structural and photoelectrochemical characteristics of multicomponent thin-film
chalcogenides CZTS, CZTSe, CZT(S,Se) was made. CZTS, CZTSe thin films were obtained by the
method of one-step electrodeposition from aqueous electrolytes on Mo/glass substrates with subsequent
annealing in air. Freshly precipitated CZTSe films were subjected to sulphurization in sulfur vapor at 550
° C. It is shown that all obtained films correspond to polycrystalline kesterite. The formation of the
corresponding phases of the quaternary and five-component compounds was confirmed. From the
fragments of the X-ray fluorescence analysis of the CZT(S,Se) spectrum, it was established that low-
intensity peaks can be attributed to the CuS and ZnS phases. Raman spectra confirm the formation of the
CZTS, CZTSe, CZT(S,Se) phases and indicate a significant shift of the Raman spectra for CZT(S,Se),
which is associated with the partial replacement of selenium atoms with smaller sulfur atoms. The
elemental composition of electrodeposited films corresponds to the phases of the compounds. The ratio
S/(S+Se) in films subjected to sulphurization at 500 °C varies within 0.94 + 0.02. The PEC method
determined that the photocurrent for the five-component compound CZT(S,Se) is about 5-6 times higher
than for the four-component compounds. A directional change in the microstructural parameters and
morphology of the CZT(S,Se) films during their manufacture will be necessary to achieve high efficiency
in photoelectrochemical application.
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1}:[. B. CoroIbCKHH aTBIHAAFHI JKAHAPMAH, KATATH3 JKOHE 3ICKTPOXHMHASA HHCTUTYTHL, AMarsl, Kazakcraw;
2Benapycr; ¥ nr1eIK Feumsivu AKaICMUAHBIH MATCPHATTAHY OOMBIHINA FRIIBIMH-MPAKTHKAIBIK OPTAJIBIFBI

IIKTPOTYHALIPELIFAH Cu,ZnSn(S,Se); KABBIKIITAJTAPLIHBIH
KYPJILIMEI MEH ®OTODJIEKTPOXUMHUSIEIK KACHETTEPI

Annoramus. Cu'™, Zn™, Sn*?, Se™ memece S™ monmape! 6ap cy el 3mekTponHTTEpACH MO- KANTATFAH ITBIHBLIA
Cu,ZnSnSe, (CZTSe) wome Cu,ZnSnS, (CZTS) xaOBIKMIATAPBIHEIH Oip CATBUIBI 3ICKTPOXMMHSIBIK CHHTC31
o3ipieHai. DICKTPOTYHABIPY YPIiCi TYPAKTHI TIOTCHIHAIIA OPBIHIANIBI sKoHE KedineH 60 muHyT imiHme 450°C
TEMIIEPATy PaChIHIA KYHAIPY OPBIHAANABL. IMEKTPOTYHABIphUFaH Cu,ZnSnSe, KabaTTapsIH KYKIpT aTMOc(epackiHaa
60 muHyT imiame 500°C -ta cymbdypuzammmay apksuibl Cu,ZnSn(Sgs S€o04)4 KAOBIKIIATAPH ANBIHABL ATBIHFAH
KaOBIKMIATAPIBIH KypasIMBI MCH (pasamslk Kypambl POA mecH PaMaH CHEKTPOCKOTHS OTICTCPIMCH pPACTAIFAH.
Bapneik kaObikmanap p-ertkisrimrikke we OoiFamsl PEC omicimeH pactamasl. KaOBKmanapaelH XHMHSLIBIK
KYPAMBIHBIH ©3Tepyl JNeKTpO(M3MKANBIK KacHETTEpiHe acep ereTiHairi aHbIkrangsl, an  CuZnSn(S,Se),
KabarTapsiHzaa (POTOCE3IMTANIBIFBI TOPT KOMIOHCHTTI KOCBLIBICTAPFA KaparaHaa 5-6 ece KoFrapbl O0IIbL.

Tyiiin ce3aep: amekrpoTyHAbIpy, CZTSSe, KeCcTepHuT, KYKA KAOBIK, (POTOIICKTPOXHMHUSL.
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1I/IHCTHTyT TOTUTHBA, KaTaau3a u 3ackrpoxumun M. [, B. Cokonbckoro, Anmater, Kazaxcraw;
*Hayuno-npaxTuueckuii nentp HAH Benapycu no MarepuanoseacHmio, Munck, Bemapychs

CTPYKTYPA U ®OTODJIEKTPOXUMHUYECKHE CBOMCTBA
IJEKTPOOCAXKAEHHBIX IIJIEHOK Cu,ZnSn(S,Se),

Annoramus. Pa3padoTraH OZHOCTATWITHBIN 3ICKTPOXHMMHYCCKHH cuHTE3 IICHOK Cu,ZnSnSey (CZTSe) m
Cu,ZnSnS, (CZTS) Ha CTeKIe, MOKPHITOM Mo, H3 BOJHBIX JICKTPOTHTOB, COACPKALINX OJHOBPEMEHHO HoHbI Cu'?,
Zn'"*, Sn'*, Se™ wm S™ DnekTpoocaKICHNE BHIMOMHAIN MPH MOCTOSHHOM MOTCHIHANC C MOCICAYFOLIHM OTKATOM
npu remmeparype 450°C B armocdepe Boszayxa B teucuue 60 munyT. Thierku Cu,ZnSn(Sq o6 S€o,04)4 OBLIH IOy YCHBI
MyTEM CYJIb(ypH3ALUH INMCKTPOOCAXICHHBIX ¢10eB Cu,ZnSnSe, B atmocdepe cepwt ipu 500°C B TeucHue 60 MUHYT.
Crpykrypa u (a3oBBI COCTAB ILICHOK TOATBEPXKACH METOOOM PDA W CHCKTPOCKONHH KOMOHWHAIIHOHHOTO
paccestaus. Metomom PEC noaTsep kaeHo, UTO BCE IUICHKH MMENIH P-TIPOBOJUMOCTD. Y CTAHOBJICHO, YTO H3MCHCHHC
XHMHYCCKOTO COCTABa IICHOK BIMACT HA 3MCKTPOPHU3HMUCCKHC CBOUCTBA, U A cinoeB Cu,ZnSn(S,Se), (oTooTrmK
0Ka3anicd B 5-6 pa3 BBIIIE, YeM I YETPEXKOMIIOHCHTHBIX COCAMHCHUIA.

Kmrouernie cioBa: mekrpoocaxkacane, CZTSSe, KeCTCPHT, TOHKAS THICHKA, (POTOIICKTPOXHMHS.
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