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Abstract Cu,ZnSnS, (CZTS) thin films were prepared
by thermal sulfurization of co-electrodeposited CuZ-
nSn (CZT) metal precursors. Electrodeposition times
between 10 and 40 min were used to study the influence
of this parameter on the composition, structure, thickness,
and morphology of the sulfurized films. CZT precursors
and CZTS films were characterized by X-ray diffraction
(XRD), energy-dispersive spectroscopy (EDS), and Raman
spectroscopy. The morphologies were evaluated by elec-
tronic microscopy. The electrodeposition time was found
to influence the chemical composition of the metal precur-
sor, especially the Cu and Sn content. Furthermore, XRD
results showed the formation of CusZng, while Sn seemed
to be present in an amorphous state. A cauliflower-like
morphology was observed in the precursors, especially at
long deposition times, which can be related to an electro-
deposition mechanism controlled by mass transfer. A sig-
nificant increase of the film thickness was observed after
sulfurization. The morphology changed to round particles
and presented a bi-layered structure with an internal com-
pact layer of nanometer size particles and an external layer
formed by micrometer-size particles. Raman spectroscopy,
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XRD, and EDS measurements confirmed the formation of
crystalline CZTS after sulfurization. In addition, a disperse
Cu,S secondary phase co-existed in the film. Increasing the
precursor deposition time increased the amount of second-
ary phases in the film after sulfurization. Direct energy gap
values close to 1.5 eV were estimated for CZTS films using
transmittance spectra in the infrared region. CZTS films
obtained with short electrodeposition times are promising
as absorbers in kesterite thin films solar cells.

Graphical Abstract

CZTS-10E

Keywords Co-electrodeposition - Sulfurization -
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1 Introduction

Cu,ZnSnS, (CZTS) is a quaternary semiconductor that has
emerged as a potential absorber substitute for CulnGaSe,
in photovoltaic devices. This material has excellent
optical properties (a>10° cm™') and a direct bandgap
energy value (Eg,p) that matches the solar spectrum
(1.4 eVLEG,p<1.5 eV) [1, 2]. Furthermore, it does not
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contain toxic elements such as selenium or expensive and
scarce ones as indium and gallium. Due to these properties,
CZTS films are being intensively studied and are excellent
candidates for developing low-cost, highly efficient, and
environmentally friendly solar cells [3-7].

In order to achieve real cost reductions, the deposition
of thin films should involve inexpensive equipment and
be easily transferable to industrial scale. Electrodeposition
meets all these requirements and has been used for decades
in coatings with applications in several fields [8].

Different electroplating routes to obtain CZTS have
been reported. Recently Colombara et al. have published
a review giving detailed information of the main electro-
deposition routes for CZTS [9]. In general, three main
methodologies have been employed so far. The most com-
monly used one involves the electroplating of stacked lay-
ers of individual elements, followed by a treatment in sulfur
atmosphere to transform the precursor into CZTS [10, 11].
This approach, called the stacked elemental layers route
(SEL), has led to high-quality kesterite films yielding effi-
ciencies of 8.2% for a pure-selenide CuZnSnSe, (CZTSe)
device [12] and 8% for a pure-sulfide CZTS device [13].
A second method employs one-step electrodeposition of
all constituents adding a sulfur source into the electrolyte
[14-16]. In our previous work [17], we used this method
and found some problems related to the stability of the
sulfur source in the precursor, causing delamination of the
films at electrodeposition potentials higher than —0.85 V
(vs. SCE). Moreover, real sulfur incorporation in the mate-
rial was achieved after the sulfurization stage. A third route
requires the preparation of a Cu—Zn—Sn precursor (CZT) in
the so-called co-electrodeposition approach, to later incor-
porate S by sulfurization during annealing and so trans-
form the precursor into CZTS [18-24]. In the last couple
of years, this route has attracted particular attention. Cheng
et al. [25] explored the electrodeposition on FTO by adjust-
ing the pH value of the electrolytic solution to 7.0 using
diethanol amine and using two potentials and two anneal-
ing temperatures. They achieved the deposition of high-
quality CZTS films fabricated from CZT precursors apply-
ing a deposition potential of —1.3 V (vs. Ag/AgCl) during
20 min and 580°C as sulfurization temperature. Li et al.
[23] investigated the influence of two different sulfuriza-
tion processes on the morphological and structural prop-
erties of CZTS prepared on Mo-coated glass. They found
that a close-zone annealing in S vapor leads to the forma-
tion of CZTS absorbers with large grains and less addi-
tional phases. Hreid et al. [26] explored the effect of differ-
ent concentrations of Cu(Il), Zn(II), and Sn(II) ions in the
electrolytic bath solution on the properties of electrochemi-
cally deposited CZT. They found that the metal content in
the CZT films was linearly dependent on the concentration
of the corresponding metal ion in the precursor solution.
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Moreover, it has been found that the increase of Cu(I) con-
centration in the solution facilitated the formation of binary
phases such as CuzSns and CusZng.

There is still room to explore in greater depth the varia-
bles associated to this preparation route. Thus, the purpose
of this work is to evaluate the influence of the electrodepo-
sition time on the composition, structure, morphology, and
final thickness of a metallic CZT precursor prepared by co-
electrodeposition and followed by a reactive thermal sul-
furization to obtain CZTS. In contrast to previous studies
reported in the literature, our experimental conditions lead
to high rates of deposition and films suitable to be incorpo-
rated in solar-cell prototypes, even electrodeposition times
as short as 10-20 min.

2 Experimental

Fluorine-doped tin oxide glasses (FTO, from Pilkington
TEC Glass, TEC 8, p=8 Q sq_l) were used as substrates
(15x10%x2 and 20x20x2 mm?’). The substrates were
cleaned successively in detergent and isopropylic alcohol
solution in an ultrasonic bath. A three-electrode cell, with
a Pt mesh as counter electrode and a saturated calomel
electrode (SCE) as reference electrode, were used. All the
electrochemical potential values will be given against this
reference, unless otherwise noted. Electrochemical meas-
urements were carried out employing a PGZ 101 Voltalab®
potentiostat/galvanostat. The electrolytic bath consisted
of an acidic aqueous solution containing 0.03 mol L~!
CuSO,, 0.1 mol L' ZnSO,, and 0.01 mol L™' SnSO,.
Also, 0.1 mol L™! sodium citrate (Na;C¢H5O,) was used
as complexing agent with a final solution pH of 4. Prior to
electrodeposition, the redox reactions of each of the vari-
ous components of the electrolytic bath were analyzed by
cyclic voltammetry. The voltammograms were recorded at
0.01 V s~! and the potential was scanned first in the nega-
tive direction. Ternary precursor thin films (CZT) were
electrodeposited in potentiostatic mode, applying a poten-
tial of —1.15 V. Deposition times between 10 and 40 min
(CZT-10, CZT-20, CZT-30, and CZT-40) were explored to
obtain different film thicknesses. The solution was purged
with nitrogen prior to the electrodeposition to remove dis-
solved oxygen. After completing the electrodeposition, the
samples were rinsed with distilled water and dried in air.
Electrodeposited CZT precursors were submitted to
a reactive sulfurization annealing stage so as to obtain
CZTS film. This thermal treatment was carried out in a
three-temperature zone thermal reactor. First, the sam-
ples were placed in the cold zone of the tube (room
temperature). Then the second zone was heated to
500°C and in the third zone the sulfur powder (0.3 g)
was allowed to reach 350°C (melting starts at around
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150°C). At this point, the samples were moved to the
second zone in order to start the sulfurization process,
as the vaporized sulfur got in contact with the samples
assisted by argon flux. After 1 h, the furnace was left to
cool down naturally. These samples will be referred to
as CZTS-10, CZTS-20, CZTS-30, and CZTS-40, where
the number indicates the time in minutes used for the
precursor (CZT) electrodeposition. Finally selected films
were etched in a 0.5 mol L™! KCN solution for 1 min in
order to remove Cu,S secondary phases and adjust the
chemical composition of the film [27]. These samples
were labeled with “E” at the end of the acronym to indi-
cate the etching procedure (i.e., CZTS-10E and so on).

The crystalline structure of the as-deposited metallic
precursors as well as of the sulfurized films was ana-
lyzed by X-ray diffraction using a PANalytical X Pert
PRO diffraction system employing Cu-Ka radiation at
40 kV and 40 mA. The samples were scanned between
15° and 80°, with a step size of 0.01°. The crystallo-
graphic data for each phase were taken from the litera-
ture [28].

Two scanning electron microscopes (JEOL JSM-
6460LV and Carl Zeiss Supra 40 FESEM) were used
to study the film morphology. The bulk elemental com-
position of CZTS films was analyzed by X-ray energy-
dispersive spectroscopy (EDS) using an EDAX Genesis
XM4—Sys 60 and Oxford Instruments, INCA processor.
The composition of each film was calculated averaging
three independent EDS measurements.

Raman spectroscopy measurements were performed
using an Invia Reflex confocal Raman microprobe
using a 50X objective. Excitation was provided with the
514 nm emission line of an Ar" laser. The laser power
on the sample was less than 2 mW measured with a sili-
con photodiode (Coherent Inc.). For this condition, no
thermal effects could be detected as a result of recording
the Raman spectra. Raman maps were obtained scanning
a square zone (80x 80 pum) in the sample and recording
a total of 25 spectra in the x and y directions. For both
axes, the step between spectra was set in 20 pm.

A Shimadzu UV-3600 Plus spectrophotometer was
employed to register transmission spectra in the wave-
length range 700-1000 nm to calculate the band gap
energy (Egap) by extrapolation. All the measurements
were carried out at room temperature, using the FTO
substrate as a reference.

The thickness of CZT and CZTS films was measured
using a KLA TENCOR D-100 profilometer and com-
pared with SEM cross-section images. Profilometry
measurements were also used to calculate the roughness
of the films using TalyProfile Gold software.

3 Results and discussion
3.1 Electrodeposition of CZT films

Figure 1 presents the voltammograms of FTO substrates
in different electrolytes including only 0.1 mol L™! sodium
citrate (as a complexing agent, curve a) and solutions incor-
porating each individual ion: Cu** (curve b), Zn>* (curve
¢), and Sn** (curve d) together with the electrochemi-
cal response of the FTO electrode in the precursor solu-
tion with all the ions present (curve e). Curve (a) shows
that there is no electrochemical signal when using sodium
citrate (NaCit) as electrolyte and FTO as substrate in this
potential range. The cyclic voltammogram of copper ions
(curve b) follows the reported complexing effect of citrate
jons [29, 30] where the reduction of Cu®* starts negative
to —0.3 V with a broad cathodic peak around —0.6 V. The
reduction of Zn>* ions (curve c) starts at high negative
potentials and seems to be overlapped with hydrogen evolu-
tion. In the reverse scan, an oxidation peak around —1.0 V
confirms Zn deposition on FTO. Sn** ions start to reduce
to metallic Sn around —0.8 V and in the anodic scan two
peaks are observed at —0.7 and —0.55 V and attributed to
the oxidation to Sn’* and Sn** ions, respectively. From
the preceding analysis, it is evident that the deposition of
a precursor with a balanced composition is only possible
at an electrodeposition potential negative to —1 V. In fact,
electrodeposition potentials as negative as —1.63 V (vs.
Ag/AgCl) have been employed to achieve a balance com-
position of the various elements [24]. Curve e shows the
response of the system when all the ions are present. At
potentials negative to —1.15 V, the current is dominated
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Fig. 1 Cyclic voltammograms of FTO in different electrolytes con-
taining: (a) 0.1 mol L™! NaCit, (b) 0.1 mol L~' NaCit+0.02 mol L™}
Cu**, (¢) 0.1 mol L™ NaCit+0.1 mol L™" Zn**, (d) 0.1 mol L™
NaCit+0.01 mol L™! Sn** and, (¢) CZT precursor electrolyte. Scan
rate 0.01 V s™!
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by hydrogen evolution. To prevent delamination, the CZT
electrodeposition was carried out at —1.15 V.

The chemical composition of CZT precursors was evalu-
ated through EDS measurements. For films electrodepos-
ited at different times on FTO substrates, the atomic com-
position for each element is shown in Table 1. Regardless
of the deposition time, the films exhibit a high copper con-
tent, which is expected because its reduction potential is
more favorable compared to those of tin and zinc. The zinc
content appears to remain nearly constant at all deposition
times, while the tin concentration in the film decreases with
time at the expense of copper enrichment.

The chemical composition of CZTS films obtained by
reactive sulfurization of the CZT precursors is presented in
Table 2. In addition, changes after etching sulfurized films
in KCN solutions are also included in this Table. After
sulfurization, the samples show high contents of copper
and sulfur which can be related with a material contain-
ing both CZTS and Cu,S. Also, it can be seen that longer
electrodeposition times produce precursors with higher
copper contents, which after sulfurization could promote
the formation of more Cu,S. The amounts of zinc and tin
in CZTS show a trend similar to that observed in the CZT

precursors, where the tin content is higher than the Zn con-
tent only at the shortest electrodeposition time (10 min) and
then decreases as the deposition time becomes longer. The
effect of the KCN attack in the CZTS is quite significant
in this case, where the copper concentration in the precur-
sors and post-sulfurized CZT films is high. One minute
immersion is enough to adjust the chemical composition of
the films to values close to the stoichiometric formula of
CZTS (CuysqZn;, 545N, 54S504)- In turn, the CZTS films
obtained from CZT-20, CZT-30, and CZT-40 present a
Cu-poor and Zn-rich composition that matches the require-
ments for high efficiency CZTS photovoltaic devices [12].
The crystal structure of a CZT precursor electrodepos-
ited during 40 min is analyzed in Fig. 2a. The diffractogram
shows only characteristic peaks of the FTO substrate (SnO,,
PDF 77-0452) and a bimetallic compound identified as
CusZng (PDF 71-0397), also known as y-brass, where Cu
and Zn atoms are arranged in cubic unit cell. This interme-
tallic compound has been detected before by other authors
in electrodeposited CZT films [23, 26]. No signals of tin,
in its elemental state or alloyed with the others metals, are
present in the diffractogram. As Sn was detected by EDS
(see above), it is most likely present in amorphous state. No

Table 1 Chemical composition

. Sample at.% Cu at.% Zn at.% Sn Cu/Zn Cu/Sn Zn/Sn Cu/(Zn+ Sn)
of electrodeposited CZT films
CZT-10 60.94 18.54 20.52 3.29 2.97 0.90 1.56
CZT-20 62.89 18.78 18.33 3.35 343 1.02 1.69
CZT-30 64.41 20.68 14.90 3.11 4.32 1.39 1.81
CZT-40 67.78 20.64 11.58 3.28 5.86 1.78 2.10

Table 2 Chemical composition (at. %) of sulfurized CZT precursor films (CZTS) and KCN-etched CZTS thin films obtained by EDS

Sulfurized (500 °C
1 h)
Sample at.% Cu at.% Zn at.% Sn at.% S Cu/Zn Cu/Sn Zn/Sn Cu/(Zn+ Sn) S/metal
CZTS-10 35.13 7.25 12.53 45.09 4.85 2.80 0.58 1.78 0.82
CZTS-20 38.33 12.43 9.64 39.60 3.08 3.97 1.29 1.74 0.66
CZTS-30 44.96 13.83 6.40 34.81 3.25 7.03 2.16 222 0.53
CZTS-40 45.18 13.57 8.27 32.98 3.33 5.46 1.64 2.07 0.49
Sulfurized (500°C 1 h)+ 1 min 0.5 mol L™! KCN etching
Etched sample at.% Cu at.% Zn at.% Sn at.% S Cu/Zn Cu/Sn Zn/Sn Cu/(Zn+ Sn) S/metal
CZTS-10 23.60 11.24 14.37 50.79 2.10 1.64 0.78 0.92 1.03
CZTS-20 22.52 14.43 12.46 50.59 1.56 1.81 1.16 0.84 1.02
CZTS-30 23.84 17.07 13.17 45.92 1.40 1.81 1.30 0.79 0.85
CZTS-40 22.06 16.75 13.75 47.44 1.32 1.60 1.22 0.72 0.90
Stoichiometric CZTS

at.% Cu at.% Zn at.% Sn at.% S Cu/Zn Cu/Sn Zn/Sn Cu/(Zn+Sn) S/metal
Cu,ZnSnS, 25 12.5 12.5 50 2 2 1 1 1
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Fig. 2 XRD pattern of a CZT-40 film and b CZTS films ¢ KCN-etched CZTS films

differences were found in the diffractogram when changing
the electrodeposition time (not shown).

X-ray diffractograms of sulfurized CZT films prepared
at different times (10—40 min) are presented in Fig. 2b.
After sulfurization, CZT films transform into CZTS,
and the XRD pattern satisfactorily matches the kesterite
structure (PDF 26-0575, space group I-42m), which con-
sists of a cubic close packing (ccp) array of anions, with
cations occupying one-half of the tetrahedral voids. As it
is observed in Fig. 2b, the peaks are intense, sharp, and
narrow, as expected for a material with good crystalline
degree. In addition, digenite or Cu,_,S (PDF 02-1292) and
copper sulfide Cu,S (PDF 03-1071) were also identified
in the diffractogram. Copper sulfides are usually present
in CZTS thin films as secondary phases [31-33]. Moreo-
ver, for CZTS films electrodeposited at longer times, the
diffraction peaks assigned to these compounds are more
intense indicating a higher proportion of these phases in the
film. This confirms our previous observation related to the

EDS results (Tables 1, 2) where longer electrodeposition
times increase the copper content in the CZT precursor,
which promotes Cu,~,S and Cu,S formation after sulfuri-
zation. Chemical etching in KCN solutions is the standard
procedure to remove copper sulfide compounds [32]. Dif-
fraction patterns of treated films are presented in Fig. 2c. It
can be seen that those peaks assigned to Cu,_.S and Cu,S
in the non-treated films are absent after etching.

Figure 3 presents Raman maps of sulfurized CZT pre-
cursor electrodeposited at different times, with and without
KCN etching. Regardless of the deposition time, all spectra
contain the main vibrational modes of the kesterite struc-
ture such as the A, principal mode found between 330 and
337 em™' and E(TO/LO) mode located between 280 and
290 cm™! [34, 35]. As it was observed with XRD, aside
from kesterite, copper sulfide is also present in sulfurized
films as proved by the signal around 475 cm™' characteris-
tic of Cu,S/Cu,_,S compounds [36]. Raman maps clearly
show that this secondary phase is not as continuous as

@ Springer
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Fig. 3 Raman maps of selected CZT electrodeposited precursors at different times and sulfurized at 500 °C during 1 h. Also the effect of KCN

etching is presented for a film electrodeposited at 40 min

kesterite is, appearing randomly along the surface. It can
also be confirmed that films electrodeposited at longer
times contain more Cu,”,S after sulfurization, as the char-
acteristic signal is present in a larger number of spectra, in
agreement with XRD and EDS results. Raman also con-
firms that undesired copper sulfide dissolves during KCN
etching.

The changes in the morphology of the different films
involved in this study can be followed by scanning electron
microscopy (SEM). Images of the films synthesized using
various electrodeposition times are presented in Fig. 4.
The morphology of CZT precursors (CZT-10/CZT-40) is
characteristic of a diffusion-controlled growth producing
a so-called cauliflower-like structure frequently found in
electrodeposited copper compounds like chalcopyrite or
kesterite thin films [21, 37]. As the electrodeposition time
increases, the cauliflower structure becomes bigger and
branched, which indicates the growth of the nuclei formed
at shorter times. At the shortest time (CZT10, Fig. 4), the

@ Springer

agglomerates present nanometric sizes (100-300 nm)
while at the longest time (CZT40, Fig. 4) the size of the
agglomerates is in the micrometric scale. After sulfuriza-
tion (CZTS-10/CZTS-40), the morphology of the film
turns from the caulifiower structure to that of round-shape
dispersed particles. This is a characteristic structure more
related with a crystalline material, as it was confirmed pre-
viously with XRD and Raman spectroscopy. After KCN
etching, besides the change in the chemical composition,
the morphology of the film is altered and seems to turn into
a more refined structure. This effect is more pronounced for
films deposited at longer times where diffusion-controlled
growth becomes dominant.

Cross-section pictures corresponding to CZT, CZTS,
and CZTS-E films are shown in Fig. 5. For the as-depos-
ited film elongated “cauliflower,” branches arise from the
top of the FTO substrate mainly at electrodeposition times
higher than 20 min. It seems to be an open structure with
some degree of porosity. Gougaud et al. [38] have reported
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Fig. 4 Top view SEM pictures of electrodeposited CZT precursors, CZTS films and KCN-etched CZTS films

this kind of dendritic structure with an irregular thickness
which is normally found in electrodeposited copper and
zinc from a sulfate bath and it is produced by a diffusion-
controlled process. After sulfurization and transforma-
tion of CZT into CZTS, all the films become thicker. This
can be taken as an evidence of thermal expansion of the
material during annealing. Scragg et al. [39] have reported
a similar behavior after sulfurization of electrodeposited
elemental staked layers with a thermal expansion factor
of 2.7. Jeon et al. [40] have reported a significant vertical
expansion due to Se incorporation during selenization of
CZT metallic precursors. In our films, an expansion factor
between 2 and 3 has been found depending on the precursor
electrodeposition time. In addition, a bi-layered structure is
observed, with a compact and more refined structure near
the FTO substrate and a second layer formed by bigger par-
ticles deposited on the top, especially at higher deposition
times. In order to provide more evidence of this phenome-
non, Fig. 6 presents cross-section SEM pictures of a CZTS
film obtained via sulfurization of a CZT-40 precursor. This
kind of bi-layered structure was also previously reported
in co-electrodeposited kesterite films [41, 42]. Regarding
this, it is likely that thicker precursor films (mainly CZT-30
and CZT-40) may need longer sulfurization times to reach
a more uniform and compact structure as that observed

starting out with thinner precursors (CZTS-20 and CZTS-
10). This implies that sulfurization times must be adjusted
to the precursor thickness after electrodeposition to opti-
mize the structure and morphology of the resulting CZTS
film. In our samples, 60 min of sulfurization are enough to
consolidate and produce a compact CZTS structure for a
precursor film electrodeposited during 10 min, which after
KCN etching presents an average thickness close to 2.5 um
(CZTS-10E).

Also, the bi-layered structure could be related to the
fact that longer electrodeposition times produce more
Cu,S secondary phase co-existing with the CZTS. Fur-
thermore, due to the thermal expansion of the precur-
sor after sulfurization, electrodeposition times of 30
and 40 min produce films with thicknesses that surpass
the optimal thickness for an absorber material in a thin
film solar cell that is between 2 and 3 um [43]. For addi-
tional comparison, a typical profilometry measurement
of each film is inserted in Fig. 5. Table 3 summarizes
average values for film thicknesses registered with both
methods. At shorter and intermediate electrodeposition
times, both techniques give comparative thickness values,
while at the longest time (40 min) the measurements are
less accurate, especially for the values extracted by SEM
images. The thickness registered by profilometry seems
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Table 3 Film thicknesses of electrodeposited CZT, CZTS, and KCN-
etched CZTS films estimated using profilometry and cross-section
SEM images

Sample Profilometer/um  SEM/um Roughness (Ra)/um
Electrodeposited CZT films
CZT-10 0.68+0.11 0.98+0.07 0.031+0.004
CZT-20 1.65+0.21 1.93+0.38 0.14+0.04
CZT-30 1.95+0.49 1.55+0.21 0.15+0.04
CZT-40 2.45+0.35 6.49+1.56 0.18+0.10
Sulfurized CZT films
CZTS-10 2.65+0.21 3.03+0.16 0.17+0.04
CZTS-20 3.75+0.35 3.61+0.36 0.38+0.04
CZTS-30 4.00+04 593+0.55 0.60+0.08
CZTS-40 7.35+0.49 7.51+090 0.92+0.11
KCN-etched CZTS films
CZTS-10E  2.33+0.04 236+0.18 0.07+0.01
CZTS-20E  3.38+0.18 334+039 0.29+0.11
CZTS-30E  4.33+0.29 7.51+030 0.39+0.05
CZTS-40E  x X X

The roughness of each film expressed via the arithmetic mean rough-
ness profile factor (Ra) is also included

to be an average value of those extracted using cross-
section SEM images. However, the films show some
degree of roughness. Arithmetic mean roughness profile
factor (Ra) values are also presented in Table 3. Precur-
sor films present lower roughness than sulfurized ones
and after etching the roughness reduces again in agree-
ment with the analysis of SEM top view images of etched
CZTS films (Fig. 4). Moreover, film roughness seems to
increase as the thickness of the films grows, indicating
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Fig. 7 a Transmittance spectra in the IR region of sulfurized CZT
precursors: (a;) CZTS-10E, (a,) CZTS-20E, (a;) CZTS-30E; and
(a,) CZTS-40E. b Energy gap (Eg,p) estimation according to the

that longer electrodeposition times produce less homog-
enous deposits.

On the basis of previously published works, we expected
to obtain CZT precursors with thicknesses between 1 and
2 u using electroplating times between 10 and 40 min. For
instance, in the work of Gurav et al. [21], the experimen-
tal conditions to prepare CZTS thin films are very simi-
lar to those reported in this work with the difference that
the substrate is Mo sputtered glass instead of FTO. Also,
the authors used H,S during the sulfurization stage and
reported thicknesses lower than 1 p of CZTS films elec-
trodeposited during 40 min and sulfurized at 580°C for
1 h. Our CZT films surpass the micron barrier with only
10 min of electrodeposition and agree better with the
results reported by Lee et al. [22], even if still thicker at
equal electrodeposition times. Despite this contrast, our
results suggest a higher rate of deposition and formation of
the precursor, which from and industrial point of view is
more attractive. 10 minutes are enough to produce a precur-
sor with a thickness close to the micron that after the ther-
mal treatment reaches a thickness suitable for an absorber
in thin film solar cell.

Figure 7a presents optical measurements centered in the
near-infrared region and the corresponding bandgap energy
Egap calculation (Fig. 7b) for sulfurized CZT precursors,
after KCN etching. In fact, all the transmittance spectra
show a sharp fall for wavelengths below 850 nm, where
an absorption edge corresponding to direct band-to-band
transition is present. For all the films, the transmittance of
radiation varies between 20 and 40%. This can be expected,
given that the thickness of these films is relatively high, as
discussed above. The values of transmittance in this trans-
parency region are originated in light dispersion which may

bd)

(b3)

0.D.%/a.u.

1.3 1.4 1.5 1.6 1.7 1.8

hv/eV

procedure described in the text. (b;) CZTS-10E, (b,) CZTS-20E, (b3)
CZTS-30E, and (b,) CZTS-40E
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depend on sample morphology. From the transmittance (T),
the experimental optical density (OD), also called absorb-
ance, can be calculated as OD=—log;, T [44]. Based on
the allowed direct interband transition, the energy gap
(Egap) value can be determined from a plot of the optical
density (OD)? versus photon energy (hv), which shows a
linear region. The corresponding Eg,p can be obtained by
extrapolating a linear fitting from the (OD)? versus Av plot,
finding the energy value where this linear fitting intersects
the horizontal photon energy axis [44, 45]. Plots for the dif-
ferent films are included in Fig. 7b with their correspond-
ing extrapolation to estimate of the band gap energy, result-
ing in Egap=1.47 eV. Eg,p values are in agreement with
those reported in the literature for the pure sulfur kesterite
Cu,ZnSnS, that presents an energy gap close to 1.5 eV [21,
23]. The evaluation of different films shows that electro-
deposition times do not seem to affect the energy gap.

4 Conclusions

CZTS films were successfully deposited on FTO from
electrodeposited CZT precursors and further sulfurized by
annealing in S-rich atmosphere. The electrodeposition time
significantly affects the chemical composition of the pre-
cursor, with especial influence in the Cu and Sn content.
CZT precursors present a cauliflower-like morphology,
especially at long deposition times, which is typical of an
electrodeposition mechanism controlled by mass transfer.
However after sulfurization, Raman spectroscopy, XRD,
and EDS measurements confirm the formation of crystal-
line CZTS. Also, Cu,S compounds co-exist dispersed in
the film. Raman and XRD analysis reveal that the amount
of secondary phases increases with longer electrodeposi-
tion times. After sulfurization the film thickness increases
between 2 and 3 times indicating a thermal expansion of
the CZT precursor. Moreover, CZTS films obtained from
precursor electrodeposited at longer times (30—40 min) pre-
sent a bi-layered structure pointing out that the sulfuriza-
tion time was only enough to consolidate films obtained at
shortest electrodeposition times (thinner CZT precursors).
Further from the well-known effect of Cu,S removal, a
short treatment in KCN solution seems to produce a certain
degree of particle refining and surface smoothing. A direct
energy gap of 1.47 eV was estimated for CZTS films using
transmittance spectra in the infrared region. Etched CZTS
films obtained from 10 to 20 min electrodeposited precur-
sors end up having a suitable composition, structure, and
thickness for their potential incorporation in a PV device.
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