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Preparing CusZnSnS, films using the co-electro-
deposition method with ionic liquids*
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Cu2ZnSnSy (CZTS) films are successfully prepared by co-electrodeposition in aqueous ionic solution and sulfurized

in elemental sulfur vapor ambient at 400 °C for 30 min using nitrogen as the protective gas. It is found that the CZTS

film synthesized at Cu/(Zn+Sn)=0.71 has a kesterite structure, a bandgap of about 1.51 ¢V, and an absorption coefficient

of the order of 10* cm—1!.

This indicates that the co-electrodeposition method with aqueous ionic solution is a viable

process for the growth of CZTS films for application in photovoltaic devices.
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1. Introduction

The CuZnSnS, (CZTS)-based solar cell is cur-
rently considered to be one of the next-generation
thin-film solar cells because it is free from scarce
and toxic elements and has reduced cost for mass
production.['"?l Tt is known that CZTS has a direct
bandgap between 1.45 eV and 1.6 eV and an ab-
sorption coefficient of 10* cm™! in the visible light
range. Recently, CZTS solar cells have been reported
to achieve a conversion efficiency of 6.7% by using a co-
sputtering process followed by annealing in H,S.[3! For
a CZTS- or copper indium gallium selenide (CIGS)-
based solar cell, two advances are very important:
one is the introduction of the non-vacuum deposi-
tion system, and the other the development of a way
to conveniently control the element molar ratios to
avoid the formation of the secondary phase. Among
the feasible non-vacuum routes for preparing solar
cell materials, the electrodeposition of precursor lay-
ers followed by thermal annealing has been shown to

[4-6] The carrier concentration of

be very promising.
CZTS films formed by sequential electrodeposition of
the constituent metals followed by annealing in sulfur
vapor is estimated to be less than 5x10'6 cm ™3, which
is suitable for a thin-film absorber.l”8! In this paper,
co-electrodeposition of copper zinc tin films is per-

formed using an aqueous choline-based ionic solution.
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The CZTS films are characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), Raman
scattering, and ultraviolet—visible-near infrared (UV-
Vis—-NIR) spectrophotometer measurements.

2. Experiment

An SnOs:F coated glass substrate was used as the
working electrode (cathode), and a tin sheet was used
as the counter electrode (anode). Depositions were
carried out at room temperature without stirring. The
solutions were prepared using deionized water and
salts (ZnCls, SnCly-2H50, CuCly-2H50) of 4N purity.
The ZnCl;y and the SnCly-2H>O concentrations in the
solution were fixed to be 5 mmol/L, and the compo-
sitional ratio of Cu/(Zn+Sn) varied between 0.57 and
0.86. NasS203 was added into the solution to adjust
the pH to 2.7, and a voltage of —1.1 V was applied
during the co-electrodeposition process.

The deposited copper zinc tin films and some ex-
cess sulfur were loaded into a quartz container, which
was inserted into a tube furnace. The tube was filled
with nitrogen and heated at a rate of 50 °C-min~! to
400 °C, which was then maintained for 30 min under
a small flow of nitrogen. The system was then allowed
to cool naturally.

The fabricated CZTS films were characterized
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by X-ray diffraction (XRD, X’pert Prower), scan-
ning electron microscopy with an energy-dispersive
spectrometer (SEM-EDS, JEOL-JSM-6700F /INCA-
ENERGY), and Raman spectroscopy (Renishaw-
2000) measurements. For the XRD measurements, 0
26 scans were carried out from 20° to 60° at a scan rate
of 3 °/min. For the Raman scattering measurement,
the wavelength of the excitation light was 532 nm,
and the power was 30 mW. The thicknesses of the
films were estimated from micrographs of film cross
sections, and the optical measurements were carried
with a UV-Vis-NIR spectrophotometer.

3. Results

Figure 1 shows the XRD patterns of the sam-
ples prepared using different post-treatments. It can
be found that no CZTS phase is observed in the as-
deposited copper zinc tin precursor metal film ob-
tained after the electrodeposition process. After an-
nealing without the sulfur ambient, a CuO phase is
present in the XRD spectrum, which is commonly seen
among the electrodeposited films prepared using aque-
ous electrolytes.[’)’. When sulfur is used in the anneal-
ing step, CZTS film is formed by the incorporation of
sulfur into the metallic precursor film during sulfur-
ization, which then exhibits a kesterite structure with
three major peaks at (112), (220), and (312), together
with one other peak at (200). The results are in agree-
ment with those reported by other groups.[*19=12 In
addition, it is important that no extra oxide phase is
identified in the spectrum, which is due to the elimina-
tion reaction between S and O atoms. The secondary
phase of Cus_,S results from the metallic precursor
film being Cu-rich.
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Fig. 1. X-ray diffraction patterns of samples prepared
with different post-treatments. The peaks marked by #
arise from the substrate.

The XRD patterns of the sulfurized CZTS films
deposited at different Cu/(Zn+Sn) elemental ratios

in the solutions are shown in Fig. 2. All the films
are well grown with good crystallinity, and the (112)-
oriented growth is observed to be dominant for all
fabricated films. However, the impurity peaks from
the Cug,S phases are observed in the XRD results
for the films prepared with higher Cu/(Zn+Sn) ra-
tios, which results in the films being Cu-rich. This
can be verified from the chemical composition ra-
tios of the metallic precursors and CZTS shown in
Table 1. The Cu/(Zn+Sn) ratio in the metal pre-
cursor film increases with the increase in Cu?t con-
centration in the solution, and is higher than that
in the solution, leading to a Cu-rich film. However,
the S/metal ratio remains almost constant in all the
CZTS films, so the Cug,S phase is formed in the Cu-
rich film. The Cu/(Zn+Sn) and the Zn/Sn ratios in
the films slightly increase after sulfurization, which
is caused by the evaporation of tin sulfide. It is no-
table that even with the existence of deviations in the
Cu-ratio between the precursor films, good crystalline
CZTS films with no noticeable impurity are obtained
at Cu/(Zn+Sn)=0.71 after sulfurization.
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Fig. 2. X-ray diffraction patterns of CuzZnSnSy films
deposited at different Cu/(Zn+Sn) ratios. The peaks
marked by # arise from the substrate.

Figure 3 shows Raman spectroscopy results for
Like the XRD re-
sults, the peaks from the Cuy_, S phases are observed
near 475-490 cm' for the films prepared with higher
Cu/(Zn+Sn) ratios, which result in Cu-rich films. Ra-
man peaks at ~ 252 cm!, ~ 287 cm!, ~ 338 cm!,

the same films used in Fig. 2.

~ 351 cm!, and ~ 368 cm! are reported to be from
the kesterite CZTS, and the biggest peak is known
to be positioned at ~ 338 cm~1.11314 For all films,
the full widths at half maximum (FWHMs) for the
338 cm~! peak are measured. The results are dis-
tributed between 7.8 cm~! and 9.5 cm™!. The min-
imum FWHM, 7.8 cm™!, is for the CZTS film de-
posited at Cu/(Zn+Sn)=0.71.
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Table 1. The composition ratios in metallic precursor layers and CZTS films.

Solution Precursor metallic layer CZTS
Cu/(Zn+Sn) Cu/(Zn+Sn) Zn/Sn Cu/Sn Cu/(Zn+Sn) Zn/Sn S/metal
0.57 0.84 1.04 1.71 0.86 1.06 0.95
0.67 0.86 1.05 1.76 0.87 1.08 0.94
0.71 0.86 1.04 1.75 0.87 1.06 0.95
0.76 0.94 1.05 1.93 0.98 1.08 0.94
0.86 1.18 1.05 2.42 1.22 1.07 0.96
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Fig. 3. Raman spectroscopy results of CZTS films de-
posited at different Cu/(Zn+Sn) ratios; the same films as
those shown in Fig. 2 are used.
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tent with the Raman spectroscopy result, where the
CZTS films deposited at Cu/(Zn+Sn)=0.71 show the
smallest FWHM.
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Fig. 4. SEM images of CZTS films deposited at Cu/(Zn+Sn) ratios of (a) 0.57, (b) 0.67, (c) 0.71, (d) 0.76, and (e) 0.86.

The optical transmittances of the CZTS films
were measured using a tungsten lamp as the light
source. The wavelength of the incident radiation

ranges from 560 nm to 1040 nm. The transmitted ra-

diation was measured using an optical power meter for
the evaluation of the absorption coefficient a.!'® The
experimental results for (ahr)? versus photon energy

hv are shown in Fig. 5. The absorption coefficients
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for all films in the visible region are of the order of
10* cm™!, and are comparable to the reported results

(1.4.9.16] However, it is

from the other research groups.
obvious that the absorption coefficient increases with
the increase in the Cu/(Zn+Sn) ratio in the solution,
and reaches the maximal value at the Cu/(Zn+Sn) ra-
tio of 0.71. For a direct bandgap semiconductor, the
absorption coefficient can be evaluated from expres-
sion (ahv)? « (hv — Eg), where E, is the bandgap.
The bandgap can be deduced from the x intercept
shown in Fig. 5. We find that with the increase in
the Cu/(Zn+Sn) ratio, E, decreases from 1.52 eV to
1.47 eV. Such a bandgap shift can be related to the for-
mation of Cus_,S, as shown in the XRD and Raman
results, which is characterized by an absorption onset
at 1.114 eV.['7] The bandgap of the CZTS film pre-
pared with Cu/(Zn+Sn)=0.71 is found to be 1.51 eV,
which is close to the theoretical optimal value for a
single-junction solar cell.
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Fig. 5. Experimental results of (ahv)? versus the inci-

dent photon energy for CZTS films prepared with different
Cu/(Zn+Sn) ratios.

4. Conclusion

It is shown that the
annealing route can be used to prepare CZTS films,

co-electrodeposition-

and that the formation of the secondary phase can
be conveniently suppressed through changing the ele-
ment ratio in the aqueous solution. The results also

show that the oxide impurity in the film is removed
by the elimination reaction between S and O atoms.
The CZTS film synthesized at Cu/(Zn+Sn)=0.71 has
a kesterite structure, an energy bandgap of about
1.51 eV, and an absorption coefficient of the order of
10* em™!. So this low-cost deposition method may be
progressed and adopted for the fabrication of CZTS-
based solar cells.
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