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Abstract: Cu/Sn/Zn stacked layers were electrodeposited and subsequently annealed in a tube furnace in elemental sulfur 

and selenium at 570ºC. Cyclic voltammogram of Sn-salt in ionic liquid was recorded. Thin films were characterized by 

inductively coupled plasma-mass spectrometry (ICP-MS), Auger electron spectroscopy (AES) and scanning electron 

microscopy (SEM). The device was characterized by current-voltage (I-V) and quantum efficiency (QE). The device 

fabricated using electrodeposited precursor film resulted in efficiencies of 3.6%. 
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1. INTRODUCTION 

 Photovoltaic (PV) solar electric technology will be a 
significant contributor to world energy supplies when 
reliable, efficient PV power products are manufactured in 
large volumes at low cost. A promising pathway to reduce 
PV cost is the use of thin-film technologies in which thin 
layers of photoactive materials are deposited inexpensively 
on large-area substrates. The primary chalcogenide 
semiconductor absorber materials currently used for thin-
film PV device applications are Cu(In,Ga)Se2 and CdTe. 
Despite the promise of these technologies, the toxicity of Cd 
and supply limitations for In and Te are projected to limit the 
production capacity of these existing chalcogen-based 
technologies to <100 GWp per year. This represents a small 
fraction of the world’s growing energy needs, which are 
expected to double to 27 TW by 2050. Therefore, a lot of 
efforts have been made recently to explore new absorber 
materials with nontoxic and earth-abundant elements. One 
prominent example of the alternative solar cell materials is 
Cu2ZnSn(SSe)4 (CZTSS). CZTSS has a direct band gap of 
1.45  1.6 eV and an optical absorption coefficient of around 
10

5
cm

-1
 [1, 2]. Recently several groups reported CZTSS 

thin-films prepared by variety of fabrication methods, 
namely sputtering [2-5], physical vapor deposition [6-11], 
solution-particle approach [12-14], photochemical deposition 
[15], sol-gel method [16], screen-printing [17], and 
electroplating [18-26]. The best conversion efficiency of the 
CZTS solar cell is reported to be 11.1% using ink-based 
solution-particle approach [27]. The electroplated CZTS 
solar cell also demonstrated a respectable 7.3%-efficient 
device [26]. 

 Electroplating is a potentially suitable preparation method 
to obtain low-cost precursor films. The electrodeposition 
process could provide: (a) high-quality film with very low 
capital investment; (b) a low-cost, high-rate process; 
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(c) use of very low-cost starting materials (e.g., low-purity 
salts or solvents), based on automatic purification of the 
deposited materials during plating; (d) a large-area, 
continuous, multi-component, low-temperature deposition 
method; (e) deposition of films on a variety of shapes and 
forms (wires, tapes, coils, and cylinders); (f) controlled 
deposition rates and effective material use (as high as 98%); 
and (g) minimum waste generation (i.e., the solution can be 
recycled) [28]. 

 Most of the electrodeposited CZTSS precursor films 
reported are prepared from aqueous electrolyte solutions. The 
electrodeposition of an element (e. g., Sn) that has a standard 
reduction potential more negative than the water reduction 
potential becomes very difficult due to the competition between 
electroplating the desired element and water electrolysis. To 
avoid the water reduction issue, electrodeposition needs to be 
done using non-aqueous solvents with a large electrochemical 
window, like ionic liquids (ILs). 

 In this study, CZTSS thin films have been prepared by 
electrodeposition of multilayered Cu-Sn-Zn metal films on 
Mo/glass substrates. Cu and Zn thin films were prepared 
from aqueous solution and Sn was prepared from ionic liquid 
solvent. The electrodeposited thin-film precursor films were 
subsequently annealed in a tube furnace in an elemental 
sulfur and selenium environment. 

2. EXPERIMENTAL PROCEDURE: 

 In general, electrodeposition of Cu-Sn-Zn was performed 
sequentially from a Cu-plating solution, Sn-plating solution, 
and Zn-plating solution, respectively. First, a Cu layer was 
electrodeposited on a Mo/glass substrate from an aqueous 
Cu-plating solution [28], the second Sn layer was 
electrodeposited from an ionic liquid Sn-plating solution, 
and the third Zn layer was electrodeposited from an aqueous 
Zn-plating solution. The ionic liquid solution was prepared 
by dissolving 313gm choline chloride in 500 ml ethylene 
glycol. Fisher Scientific (FB300) and VWR (300V) power 
supplies were used to electrodeposit Cu-Sn-Zn thin films. 
All films were electrodeposited by applying constant current. 
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Cu was plated at 6.5 mA/cm
2
 for 3 minutes, Sn was plated 

at 0.45 mA/cm
2
 for 30 minutes and Zn was plated at 1.8 

mA/cm
2 

for 4 minutes. The desired film composition can be 
obtained by adjusting the film thickness of Cu, Sn and Zn. 
The films were electrodeposited in a vertical cell in which 
the electrodes (both working and counter) were suspended 
vertically from the top of the cell. Precursor films were 
prepared by employing a two-electrode cell in which the 
counter electrode was Pt gauze and the working electrode 
(substrate) was glass/Mo. The Mo film was about 1 m thick 
and was deposited by direct current (dc) sputtering. All 
chemicals were of Analar- or Puratronic-grade purity and 
were used as received. The precursor electrodeposited 
Cu/Sn/Zn stacked layers were annealed in a tube furnace at 
570°C in the presence of 2gm Se and 0.5gm S for 60 
minutes. The film compositions were analyzed using Agilent 
Technologies 7700 Series ICP-MS system. PV devices were 
completed by chemical-bath deposition of about 50 nm CdS, 
followed by radio frequency (RF) sputtering of 50 nm of 
intrinsic ZnO and 350 nm of Al2O3-doped conducting ZnO. 
Bilayer Ni/Al top contacts were deposited in an e-beam 
system. The final step in the fabrication sequence was the 
deposition of an antireflection coating (100 nm of MgF2). 

3. RESULTS AND DISCUSSION 

 Cyclic voltammograms (CVs) were obtained at 53ºC 
with a scan rate of 50 mV/s, using a 3-electrode system 
potentiostat (Princeton, VCM-4). The electrodes used for CV 
measurements were Pt-working, Pt-counter, and Pt-quasi 
reference electrodes [29]. The measurements were performed 
after the open circuit voltage of the electrochemical cell was 
stabilized (usually 1 hour). Fig. (1a) shows a CV curve of 
the choline chloride-based ionic liquid used in this study. 
The water reduction peak at V  0.9 V vs Pt, indicates a trace 
amount of water present in the ionic liquid solvent. Fig. (1b) 
shows the CV curve of 0.1 M SnCl2.H20 in choline chloride-
based ionic liquid solution. The CV curve shows reduction 
(Sn

2+
 + 2e  => Sn) peak of Sn at 0.89 V in ionic liquid 

solvent when a Pt-quasi reference electrode is used. The 
standard reduction potential of Sn(II) [Sn

2+
 + 2e

-
 => Sn] is 

0.14 V vs. SHE in 1 M aqueous solution at 25°C [30]. 

 The precursor film composition as analyzed by ICP-MS 
was Cu2Zn1.57Sn0.99. The composition of the annealed film 
analyzed by ICP-MS was Cu2Zn1.89Sn0.94Se1.95S1.41. The 
compositions of the films were normalized to Cu = 2. The 
compositions of the precursor and processed films were not 
ideal for high efficiency devices. The annealed film was Zn 
rich which could lead to the formation of ZnS and ZnSe 
impurity phases. Fig. (2) shows the X-ray diffraction (XRD) 
patterns of the absorber layer (annealed in Se and S). The 
measured peaks correspond to kesterite CZTS structure 
[joint committee on powder diffraction standards (JCPDS) # 
26-0575]. The molybdenum (Mo) substrate peak is labeled 
as Mo (110). The XRD diffraction analysis does not show 
ZnS/ZnSe phases, even though the film is Zn-rich. The 
surface morphology and cross-sectional view (SEM) of the 
annealed film are shown in Fig. (3a, b) respectively. The 
SEM as shown in Fig. (3a, b), indicate that films are crack-
free and have a compact dense morphology. The surface 
morphology (Fig. 3a) indicates secondary phases on melted 
large grain CZTSS thin film. The cross-sectional view  
 

(a) 

 

(b) 

 

Fig. (1). (a) Cyclic Voltammogram (CV) of the ionic liquid and (b) 

CV of 0.1 M SnCl2 in ionic liquid. All CVs were performed at 

53ºC. 

 (Fig. 3b) of the film shows the film thickness is about 3 m 
and it has a very rough surface morphology. The grain size 
estimated from the top-view and cross-sectional images 
ranged from about 1 to 2 m and the grains exhibit sharp 
facets. The compositional depth profile of the annealed film 
was analyzed using an Auger electron spectroscopy (AES). 
The profiles of the annealed film (Fig. 4) also show high 
concentration of Zn in the film. AES analysis data does not 
show any oxygen or other impurities in the film. Solar cell 
devices were fabricated from these absorber materials. The 
device efficiency of the electrodeposited CZTSS thin film 
without MgF2 (Fig. 5a) was 3.4% with a Voc= 0.53 V, Jsc = 
16.1 mA/cm

2
 and fill factor = 40. The device efficiency with 

MgF2 (Fig. 5a) was 3.6% with a Voc = 0.54 V, Jsc = 16.9 
mA/cm

2
 and fill factor = 40. Very poor fill factor and Jsc are 

probably due to poor film morphology and presence of 
secondary phases. Fig. (5b) displays the absolute external 
quantum efficiency (QE) spectrum of the device. The 
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maximum quantum efficiency is as high as 70% at 610-750 
nm. This QE spectrum also reveals that the optical band gap 
of the CZTSS thin film is ~1.33 eV. 

 

Fig. (2). X-ray diffraction (XRD) pattern of annealed CZTSS thin 

film (identified as kesterite, JCPDS 26-0575). 

(a) 

 

(b) 

 

Fig. (3). (a) SEM surface morphology; (b) SEM cross-section of 

annealed CZTSS thin films. 

Fig. (4). Auger analysis data of the annealed electrodeposited 

CZTSS thin film. 

(a) 

 

(b) 

 

Fig. (5). (a) Current-voltage characteristics: Voc = 0.53 V, Jsc = 16.1 

mA/cm
2
, fill factor = 40%, and efficiency = 3.4% without MgF2; 

Voc = 0.54 V, Jsc = 16.9 mA/cm
2
, fill factor = 40%, and efficiency = 

3.6% with MgF2; (b) QE characteristics of the device with MgF2. 

4. CONCLUSION 

 Electrodeposited Sn layer was fabricated from non-
aqueous ionic liquid solvent. Electrodeposited Cu and Zn 
layers were fabricated from aqueous solvent. The stacked 
Cu/Sn/Zn layers were annealed in the tube furnace in the 
presence of elemental sulfur and selenium to obtain CZTSS 
absorber layer. The absorber material used for the device 
fabrication is zinc rich film. It is interesting to note that 
3.6%-device was fabricated from such non-stoichiometric 
Zn-rich thin. This is a very encouraging result. This indicates 
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that high efficiency devices could be obtained by hybrid 
electrodeposition process using both aqueous and ionic 
liquid solvents. At present the composition of the precursor 
films and processing conditions are being optimized to 
obtain smooth and uniform Cu2ZnSn(SSe)4 thin film. We are 
expecting to improve the device efficiency significantly after 
optimizing the deposition and processing conditions. 
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