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1. Introduction

In recent times abundant, inexpensive and environmentally
friendly materials have got lot of attention from researcher for
thin film solar cells. Cu2ZnSnS4 (CZTS) is a promising absorber
material for thin film which has all those qualities unlike its
predecessors CdTe and Cu(In,Ga)Se2(CIGS), current commercial
material for thin film photovoltaic devices. CZTS has direct band
gap energy of 1.4–1.5 eV and large absorption coefficient over
104 cm�1[1] as well as theoretical conversion efficiency of 32%,
which makes it suitable for next generation thin film solar cells.
Several methods have been used to prepare this thin film namely
sputtering [2–4], photochemical deposition [5], the sol-gel
method [6], screen-printing [7], physical vapour deposition
[8–10], a solution-processed approach [11–13], and electrodepo-
sition [14–19]. The highest conversion efficiency of CZTS achieved
till date is 12.6% by Wang et al. using hydrazine-based solution
process [13]. Through electrodeposition, the highest efficient
CZTS solar cell was demonstrated by Ahmed et al. with 7.3%
conversion efficiency [19]. Point to be noted, Wang et al. achieved
the highest efficiency when they added sulfur (S) and selenium
(Se) in the precursor using hydrazine based solutions.
Electrodeposition is a potentially suitable preparation method
to obtain low-cost precursor films because it is inexpensive,
non-vacuum, uses an environment-friendly process, produces
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large deposition areas by low temperature growth. Usually
electrodeposition base processes can be divided into two
categories. One is a two-steps process where metal precursors
need sulfurization after electrodeposition of Cu-Zn-Sn. The other
one is a single-step electrodeposition where Cu,Zn,Sn and S are
directly deposited from electrolyte to form CZTS compound.
However, it is very difficult to deposit homogeneous and good
crystalline films from single-step electrodeposition as the
reduction potential gap of the metal ions is considerably large.
For this reasons, up to present, very few reports have been
published on this process [16,20]. Therefore, electrodeposition of
metal precursor followed by sulfurization has been preferred.
Two-steps process could be accomplished in two approaches
either by sulfurization of sequential electrodeposited precursors
or sulfurization of co-electrodeposited Cu-Zn-Sn precursors. In
case of sequential electrodeposition of Cu-Zn-Sn, there are some
issues like (i) poor adhesion of Sn to the Mo surface [21]
(ii) morphology of Sn precursors are quite porous compared to
other elemental precursors (iii) volatility of Sn during sulfuriza-
tion if Sn is deposited at the upper surface (iv) non-homogeneous
nucleation of Zn which leads to poor morphology of CZTS with
many secondary phases after sulfurization [22]. On the other side,
proper complexing agents and optimized parameters are the
main issues to deposit Cu-Zn-Sn simultaneously from single
electrolyte. Most of the published works on co-electrodeposition
of Cu-Zn-Sn has been done using trisodium citrate as a
complexing agent. Araki et al. fabricated CZTS from co-electro-
deposited Cu-Zn-Sn precursor with 3.16% power conversion
efficiency [14]. Gougaud et al. demonstrated recently the effect
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of two complexing agents (sodium citrate and tartaric acid) on
co-electrodeposition of Cu-Zn-Sn with 5.8% conversion efficiency
of CZTS [23]. Scragg et al. demonstrated the fabrication of CZTS
from stacked metallic layer with 3.2% conversion efficiency [22].
Lin et al. recently showed the optimized parameters (tempera-
ture, time) to preheat the metallic stacked precursor of Cu-Zn-Sn
before sulfurization with conversion efficiency of 5.6% [24].
Ennaoui et al. reported the fabrication of CZTS from co-electro-
deposited metallic precursor with 3.4% conversion efficiency [15].
This group used pyrophosphate along with some other complex-
ing agents to deposit Cu-Zn-Sn simultaneously from single
solution. Later precursor was sulfurized by annealing using a
gas mixture of Ar with 5% H2S at 550 �C for 2 hours. This is the only
report as far as our concern where pyrophosphate along with
some other complexing agents was used, even if co-electrodepo-
sition of Cu-Zn-Sn from pyrophosphate electrolyte was developed
long time ago [25].

Our research introduces a novel electrodeposition route for
the simultaneous deposition of Cu-Zn-Sn alloy from single
electrolyte. Here we used only pyrophosphate as a complexing
agent for the co-electrodeposition of Cu-Zn-Sn. Afterwards
precursors are annealed in elemental sulfur environment to get
stoichiometric CZTS film instead of H2S atmosphere to avoid toxic
environment.

2. Experimental

Electrodeposition was carried out galvanostatically in a
conventional electrochemical cell assembly. Mo foil substrate
(200 mm thick from Goodfellows) with an exposed area of
2 cm � 1 cm was used as a working electrode, a graphite electrode
as an inert counter electrode. Before deposition, Mo substrates
were cleaned in acetone, dipped in 32% HCl for 10 minutes, distilled
water and finally dried under N2 atmosphere. The electrolytic bath
contained 0.016 M CuSO4�5H2O, 0.072 M ZnSO4�7H2O, 0.037 M
Na2SnO3�3H2O, 0.60 M K4P2O7. All the chemicals were purchased
from SIGMA ALDRICH and used as received. The pH of the solution
bath was adjusted to 11 by using 20% H2SO4 and 30% KOH to
stabilize the electrolyte. Electrodeposition was carried out at
5.5 mA/cm2 for 6 minutes in ambient temperature with a moderate
stirring for the desired composition; the highest cathodic current
efficiency CE achieved on Mo was 84%. Current efficiency was
calculated on the basis of Faraday's law from the metal contents of
deposits, as determined by EDS analysis, as follows:

CEð%Þ ¼ 100
ICu þ IZn þ ISn

Itot
¼ 100

2mCu
ACu

þ 2mZn
AZn

þ 4mSn
ASn

� �
Itot

� F
t

where ICu, IZn and ISn are partial currents for copper, zinc and tin, Itot
is total current; mCu, mZn and mSn are weights of copper, zinc and tin
deposited; ACu, AZn and ASn are the atomic weights of metals; F is
the Faraday constant and t is the deposition time.

No precipitate, e.g. tin(IV) oxides, appeared from the electrolyte
after two months storage at room temperature. After electro-
plating, the Cu-Zn-Sn precursors were annealed at 550 �C temper-
atures for 15 minutes or 2 hours with different ramping rates
(20 �C/minute or 2 �C/minute) with 30 mg elemental sulfur
environment and presence of a very small flow of N2. The
electrochemical characterization of the plating solution was
performed using a Solartron analytical Modulab. Graphite was
used as counter and glassy carbon (selected as inert material for
preliminary electrolyte formulation and electrochemical charac-
terization) as standard working electrode, while SCE was used as
reference. The crystallographic phase of as deposited Cu-Zn-Sn
precursors and annealed thin films was analyzed with the help of
X-ray diffractometer (XRD, Philips X-pert MPD with CuKa = 1.5406
Å). Surface morphology and composition of the films were studied
by using Scanning Electron Microscopy (Model Zeiss EVO 50)
equipped with an energy dispersive X-ray analyzer (EDS) Oxford
instrument (Model 7060). Raman spectroscopy was obtained at
room temperature in air by a Labram HR800 W Horiba Jobin Yvon
microscope spectrometer. The 514.5 nm line of an Ar+ laser was
used as the excitation source with the intensity of 10 mW. Glow
discharge optical emission spectroscopy (GDOES) was also carried
out using Spectrum Analytic GMBH (Model GDA 750 analyzer)

3. Results and Discussion

The reduction potential of the Cu, Zn and Sn cations could be
expressed in the following equations [26]:

Cu2þ þ 2e� ! Cu; E ¼ 0:093V þ RT
2F

ln½Cu2þ�ðvs:SCEÞ

Zn2þ þ 2e� ! Zn; E ¼ �1:007V þ RT
2F

ln½Zn2þ�ðvs:SCEÞ

Sn4þ þ 2e� ! Sn2þ; E ¼ �0:096V � RT
2F

ln
Sn2þ

Sn4þ

� �
ðvs:SCEÞ

Sn2þ þ 2e� ! Sn; E ¼ �0:384V þ RT
2F

ln½Sn2þ�ðvs:SCEÞ

As the gap among the reduction potential of copper, zinc and tin
is considerably large, it is difficult to co-electrodeposit them from
single electrolyte. Above equations make it clear that Zn has
considerably more negative potential than Cu and Sn. In order to
reduce the potential gap among the three elements, most of the
researchers used trisodium citrate as a complexing agent. In our
studies we have used potassium pyrophosphate as complexing
agent. Pyrophosphate is known to complex copper in an efficient
way over a wide pH range, giving [CuHq(P2O7)2](6�q)�species [27].
Also Zn is chelated by pyrophosphate, giving similar complexes
over a good pH range [28]. According to the speciation diagrams, Sn
is not complexed at the pH selected, i.e. 11, and is present in the
solution as free stannate ions Sn(OH)62� [29]. This was one of the
reasons for selecting pH 11, together with the difficulty in
achieving the desired chemical composition at values lower than
10.5. It was found that pyrophosphate has narrowed down the
potential gap more with respect to the trisodium citrate. This is
visible (from Fig. 1) considering the relative positions of the
detected reduction peaks: -0.3 V for the Cu2+ ! Cu0, -0.5 V in case
of the Sn2+! Sn0 reaction and -1 V for Zn2+! Zn0. The Sn4+! Sn2+

reaction is not clearly visible in the graph, as it is probably either
superimposed with the reduction peak of Cu or not present
(a behavior common for some electrolytes containing Sn(IV) [30]).
Fig. 1 shows the CV performed on the electrolyte at a scan rate of
2 mV/s in a potential range from -2 to 2 V vs. SCE. Pyrophosphate
has a great effect in lowering the reduction potential of Cu, while
for the other two metals the complexation is less efficient. For
comparison it is possible to cite the reduction potentials obtained
in a citrate electrolyte: 0.2 V for Cu, -0.6 V for Sn and -1.1 V in the
case of Zn [31]. The corresponding oxidation potentials were also
observed in the anodic part of the curve. It is well known that
Cu-poor and Zn-rich Cu-Zn-Sn precursor is favorable for good CZTS
thin films [32]. Our results have also matched up well with the
literature. The atomic metal composition of Cu-Zn-Sn precursor
was Cu: 39.90% Zn: 34.47% and Sn: 25.63%; Cu/(Zn + Sn)
� 0.66, Zn/Sn � 1.34 by EDS measurement in our experiment.



Fig. 1. Cyclic voltammetry curve in ternary (Cu-Zn-Sn) electrolyte.
Fig. 2 and Fig. 3 show the XRD spectra of as deposited Cu-Zn-Sn
precursor and sulfurized thin films after annealing at 550 �C for
2 hours with ramping rate 20 �C/minute and 2 �C/minute. XRD
pattern of as deposited Cu-Zn-Sn precursor was composed of pure
Fig. 2. XRD pattern of as deposited precursor and sulfurized films with 20 �C/
minute ramping rate.
Sn (JCPDS card 86–2265) and Cu5Zn8 (JCPDS card 25–1228) which
is not in agreement with some data of the literature [30,33]. Our
new electrolyte might be the reason behind it as they deposited
from acidic electrolyte. Formations of Cu-Zn and Cu-Sn phases on
as deposited precursor have also been reported earlier [18,34]. As
expected, there has been no formation of a Zn-Sn phase during the
deposition of Cu-Zn-Sn precursor, as these two metals do not form
any intermetallic compound. XRD pattern of sulfurized film
exhibited mostly the peaks related to kesterite structure of CZTS.
In case of 20 �C/minute ramping rate, all the XRD patterns of
sulfurized samples correspond to the kesterite structure of CZTS
(JCPDS card 26–0575). On the other hand, in case of 2 �C/minute
ramping rate, kesterite structure of CZTS has been formed along
with some other secondary phases. Dominant peak (112) of the
XRD pattern of these polycrystalline films lies at diffraction angle
(2 Theta) 28.53� which was commonly observed by others
[16,35–37]. It was reported earlier that low ramping rates used
to increase the grain size of the film [15]. The main issue that was
found in our case is the formation of secondary phases at low
ramping rate, which can be connected to the use of pure sulfur
atmosphere instead of H2S plus long duration of the process during
sulfurization. The presence of MoS2 (JCPDS 06-0097) was observed
as well. More work will be necessary on this aspect of the
sulfurization process. Fig. 4 shows the as deposited Cu-Zn-Sn
precursor (a) on Mo substrate which transformed into polycrys-
talline thin film (b) after annealing at 550 �C for 2 hours with
ramping rate 20 �C/minute. The thickness of as deposited
precursors was near about 750 nm on 200 mm thick Mo substrate.
Earlier work [19] suggests that during sulfurization the conversion
of CuZnSn metal into the Cu2ZnSnS4 thin film causes three times
volume expansion with respect to the original thickness of the
CuZnSn layer. After sulfurization, we detected a thickness of
2.4 mm for the CZTS film. In Fig. 4 (b) some very thin layers of
adsorbed material on some grains of CZTS are visible. These are
probably connected to some secondary phases of CuSnS and SnS as
those zones showed a deviation from stoichiometric ratio of CZTS
by SEM (EDS) analysis; this is also confirmed by preliminary
micro-Raman evaluations. The atomic composition of sulfurized
films was Cu: 20.59% Zn: 15.59% Sn: 11.44% S: 52.59% by EDS
measurement which is near to the stoichiometric ratio of CZTS.
Sample annealed at 550 �C for 2 hours with 2 �C/minute ramping
rate, reported in Fig. 4(c) showed a lot of secondary phases after
sulfurization with non-stoichiometric ratio of CZTS. Annealing at
550 �C for 15 minutes with 20 �C/minute ramping rate showed a
nearly stoichiometric ratio for CZTS (Cu: 29.03% Zn: 10.67%
Fig. 3. XRD pattern of as deposited precursor and sulfurized film with 2 �C/minute
ramping rate.



Fig. 4. SEM images of (a) as deposited precursor, (b) sulfurized film (annealed at 550 �C for 2 hours with ramping rate 20 �C/minute), and (c) sulfurized film (annealed at 550 �C
for 2 hours with 2 �C/minute ramping rates).

Fig. 5. XRD result and SEM image of the sample annealed at 5 � �
Sn: 10.78% S: 49.03%), lack of secondary phases, but the quality of
the film (grain size) is lower with respect to the 2 hours annealed
sample (Fig. 5). Fig. 6 shows Raman spectrum of the sample
annealed at 550 �C for 2 hours with 20 �C/minute ramping rate
with major peaks at 237 cm�1, 288 cm�1, 338 cm�1, 374 cm�1

which are in good agreement with the result of previous studies
Fig. 6. Raman spectrum of sulfurized sample (annealed at 550 �C for 2 hours with
20 �C/minute ramping rate).
[10,38–41]: specifically with commonly acknowledged peak at
338 cm�1 [44]. No peak was observed corresponding to ZnS
(271 cm�1, 352 cm�1) and Cu2SnS3 (305 cm�1, 350 cm�1) indicating
the presence of good quality single phase CZTS [41–43]. ZnS and
Cu2SnS3 are the main secondary phases which used to be present
along with CZTS after sulfurization. Though up to 18 phases of the
ternary Cu-Sn-S system have been described [45], secondary
phases peaks were not detected indicating a good quality of the
electrodeposited films. Sample was further characterized by glow

50 C for 15 minute with 20 C/minutes ramping rate.
Fig. 7. GDOES results on sulfurized sample (annealed at 550 �C for 2 hours with
20 �C/minute ramping rate).



discharge optical emission spectroscopy to see how the composi-
tion of CZTS changes along the film thickness as EDS analysis only
shows the average composition of the film. From Fig. 7, it is evident
that the composition of CZTS does not change along the thickness
of the film. The characterization of the deposit/substrate interface
with possible formation of a MoS2 layer is still under investigation.

4. Conclusions

CZTS thin films were successfully prepared on Mo substrate
using co-electrodeposition of Cu-Zn-Sn in a novel electrolyte.
Different characterization results have well matched up with the
literature. It was found that duration of annealing at high
temperature increases the grain size of the film. On the other
hand it was also found that a low ramping rate does not increase
the grain size of the film rather it creates secondary phases in the
film. It was found that as deposited precursor and sulfurized film
are quite rough, thus an attempt to reduce the roughness, e.g. using
pulse plating, will be subject of future developments. At the same
time by optimizing the sulfurization parameters, roughness of the
film after sulfurization could be decreased. This work demon-
strates a novel procedure to fabricate stoichiometric CZTS thin
films from co-elctrodeposited metallic precursors and sulfuriza-
tion, with homogeneous distribution of the elements along the
cross section of the films.
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