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 1 Introduction In its “Strategic Research Agenda for 
Photovoltaic Solar Energy Technology” [1], the European 
Union set a target for photovoltaic (PV) generated electric-
ity to become competitive with conventional electricity 
generation by 2020–2030. The Council of the European 
Union aims to reduce green house gas emissions by be-
tween 60–80% by 2050 and has agreed a binding target of 
a 20% share of renewable energies in overall EU energy 
consumption by 2020 [2]. These targets will significantly 
enhance demand for photovoltaic electricity. In the UK, 
the Stern Review on the economics of climate change [3], 
published at the end of 2006, states that “the benefits of 
strong, early action on climate change outweigh the costs” 
and identifies the “development of a range of low-carbon 
and high-efficiency technologies on an urgent timescale” 
as an essential element in any strategy to address climate 
change. In the context of the potential large scale deploy-
ment of terrestrial PV, it is important to address the issue 
of sustainability and costs of raw materials for device 

manufacture. Figure 1 shows the relative abundance and 
prices of relevant elemental materials. It is clear from 
Fig. 1 that there could be issues of long term sustainability 
in terms of cost and availability for current PV technolo-
gies based on CdTe and Cu(In,Ga)Se2. It is within this con-
text that we have started to look for alternative sustainable 
absorber materials. 
 A promising candidate for low cost absorber layers is 
the quaternary compound Cu2ZnSnS4 (CZTS) which is an 
analogue of CuInS2 (CIS) obtained by replacing In(III) by 
Zn(II) and Sn(IV) in a 50:50 ratio. This direct bandgap p-
type semiconductor [4], which has received remarkably lit-
tle attention in the literature, contains only abundant non-
toxic elements. The band gap values reported for CZTS 
(1.45–1.6 eV [5–7]) fall within the optimum range for a 
single junction terrestrial solar cell. CZTS has been prepared 
by Katagiri and co-workers, who used inline vacuum sput-
tering of Cu, SnS and ZnS followed by annealing in a hy-
drogen sulfide atmosphere [5, 8]. Initial attempts to fabricate   

Thin film heterojunction solar cells based on chalcopyrites 

such as Cu(In,Ga)Se
2
 have achieved impressive efficiencies. 

However concern about the long term sustainability of photo-

voltaics based on scarce or expensive raw materials has 

prompted the search for alternative absorber materials. In this 

work, films of the p-type absorber Cu
2
ZnSnS

4 (CZTS) were 

prepared by electroplating metallic precursors sequentially 

onto a molybdenum-coated glass substrate followed by an

 nealing in a sulfur atmosphere. The polycrystalline CZTS 

films were characterized by photoelectrochemical methods, 

which showed films were p-type with doping densities of the 

order of 1016 cm–3 and a band gap of 1.49 eV, close to the op-

timum value for terrestrial solar energy conversion. Prelimi-

nary results obtained for solar cells fabricated with this mate-

rial are promising. 
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Figure 1 Natural abundance (upper part of figure) and 2007 

prices of raw elemental materials (lower part of figure) for thin 

film PV. 

 

photovoltaic devices with these CZTS films led to promis-
ing results, with AM 1.5 efficiencies of up to 5.7% [5]. 
 In the present work, electrodeposition was chosen as a 
low cost and scaleable alternative to vacuum sputtering. 
The viability of electrodeposition of precursor layers fol-
lowed by thermal annealing as a method for fabricating 
photovoltaic devices has been demonstrated by the BP 
Apollo® process for CdTe solar cells [9] and by the CISEL 
project for fabrication of cells based on Cu(In,Ga)(S,Se)2 
(CIGSe) via an electrodeposition route [10]. In the case of 
the CdTe and CIGSe deposition processes, the electrode-
position bath contains the chalcogenide in a stable and 
soluble form (as TeO2 or SeO2). Thermal annealing of elec-
trodeposited CdTe layers in air suffices to convert them 
from n-type to p-type, but in the case of electrodeposited 
CIGSe precursor films, annealing in Se vapour is required 
to produce material with adequate electronic properties. 
Electrodeposition of sulfide semiconductors containing 
sulfur rather than selenium or tellurium has proved diffi-
cult due to the lack of a stable sulphur precursor. Although 
thiosulfate has been used as a precursor for CdS films, for 
example [11], it is unstable in acidic conditions, tending to 

form colloidal sulphur slowly. For this reason, the ap-
proach developed in the present work for fabrication of 
Cu2ZnSnS4 was based on sequential electrodeposition of 
thin films of the three metals followed by annealing of the 
multilayer layer metal stack in sulfur vapour. This simple 
method was found to give photoactive CZTS layers. The 
stoichiometry of the films was varied by controlling the 
amounts of each metal deposited. 
 The morphology, composition and crystal structure of 
the CZTS films were examined by a range of standard 
techniques. The suitability of the films for device fabrica-
tion was assessed by measuring the external quantum effi-
ciency spectra of samples contacted by a transparent elec-
trolyte containing Eu(III) as an electron acceptor. This 
method provided rapid screening of material properties 
(conductivity type, spectral response) in order to select the 
most promising material for fabrication of complete PV 
devices. Initial results were also obtained for photovoltaic 
devices fabricated by deposition of CdS, ZnO and indium 
tin oxide layers on the CZTS films followed by Ni/Al con-
tacts to produce structures analogous to CIGS cells. 
 

 2 Experimental Soda-lime glass substrates (25 mm × 
10 mm) coated with a 1 µm radio frequency magnetron 
sputtered layer of molybdenum were cleaned ultrasonically 
in detergent, distilled water, ethanol and isopropanol and 
dried under flowing nitrogen. The deposition area 
(10 mm × 10 mm) was masked off with PTFE tape. 
 Metal layers were deposited in the order Cu, Sn, Zn us-
ing a conventional 3-electrode cell with a platinum counter 
electrode and Ag | AgCl reference electrode. Depositions 
were carried out potentiostatically at room temperature 
(without stirring) using an Autolab 20 potentiostat. Solu-
tions were prepared using milliQ water and metal salts of 
4N purity or higher. The amounts of each metal deposited 
were controlled by monitoring the deposition charge. 
Bright and strongly adherent copper layers were deposited 
from an alkaline solution containing 1.5 M NaOH, 50 mM 
CuCl2 and 0.1 M sorbitol [11] at –1.14 V vs. Ag | AgCl. Tin 
layers were then deposited on the copper film at –1.21 V 
vs. Ag | AgCl using an alkaline solution, which contained 
2.25 M NaOH, 55 mM SnCl2 and 0.1 M sorbitol [13]. The 
final zinc layer was deposited at –1.20 V vs. Ag | AgCl 
from 0.15 M ZnCl2 buffered to pH 3 using Hydrion buffer. 
The electroplated samples were washed in milliQ water 
and dried under nitrogen. 
 Samples consisting of a three layer stack of Cu, Sn and 
Zn were annealed in a sulfur atmosphere using a quartz 
tube furnace. The metallic precursor films and an excess of 
sulfur (5N, Alfa Aesar) were loaded into a graphite con-
tainer, which was inserted into the furnace tube. The sam-
ples were heated initially at 100 °C under vacuum to re-
move traces of water. The furnace tube was then backfilled 
with argon to a pressure of 1 bar and heated at 40 °C min–1 
to a final temperature of 550 °C, which was maintained for 
two hours to allow the metals to react fully with sulfur. 
The tube was then purged with dry nitrogen and the sam-
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ples removed after they had cooled naturally to room tem-
perature. 
 Solar cells were fabricated with the addition of a CdS 
buffer layer deposited directly onto the CZTS layer by 
chemical bath deposition, a magnetron sputtered transpar-
ent conductive bilayer of zinc oxide and indium tin oxide 
and Ni/Al contacts to allow current collection. 
 The morphology of the metal precursor films and the 
CZTS films was examined using a JEOL JSM6310 scan-
ning electron microscope (SEM). X-ray diffraction meas-
urements were carried out with a Philips PW1820/00 dif-
fractometer. Localized compositional analysis by energy 
dispersive X-ray spectroscopy (EDS) was performed in  
a FEI Quanta 200 environmental SEM fitted with an Ox-
ford X-ray analyzer at selected positions across the sam-
ples. Plating efficiencies and mean film compositions were 
determined by dissolving the precursor or CZTS film in 
HNO3 and analyzing the solutions using atomic absorption 
spectroscopy. Photoelectrochemical measurements on 
CZTS films were carried using an aqueous solution of 
0.2 M Eu(NO3)3 (pH 2.3) as an electron scavenging redox 
electrolyte. The photocurrent responses of the films were 
measured under potentiostatic control using a 3-electrode 
cell with platinum wire counter and Ag | AgCl reference 
electrodes. Transient photocurrents were generated using 
chopped illumination from a high intensity white light-
emitting diode. Photocurrent spectra were obtained using 
monochromatic light of variable wavelength provided by  
a tungsten lamp and grating monochromator. The incident 
light was chopped at 27 Hz, and a lock-in amplifier (Stan-
ford Research Systems) was used to detect the photo-
current. In order to obtain the external quantum yield of the 
CZTS films (uncorrected for reflection losses), the incident 
photon flux was calibrated using standardized silicon and 
germanium photodiodes traceable to NBS standards. 

 
3 Results and discussion 

 3.1 Morphology, structure and composition 

Stacked metal layers (Cu | Sn | Zn) with a total nominal 
thickness of 1 µm were prepared by electrodeposition. 
Since previous work had suggested that a slightly Zn-rich 
and Cu-poor composition yields CZTS with good optoelec-
tronic properties [14], the atomic ratio of Cu/(Sn + Zn) was   

Table 1 Target compositions determined by electrodeposition 

charges. 

sample Cu/(Zn + Sn) Zn/Sn 

A 0.80 1.00 

B 1.00 1.00 

C 1.10 1.00 

D 1.25 1.00 

 
 
varied systematically between 0.7 and 1.1 whilst holding 
the Zn/Sn ratio constant. The target compositions of the 4 
samples discussed here are summarized in Table 1. 
 Figure 2(a–c) illustrate the morphologies of the differ-
ent stages of precursor preparation. The initial Cu film was 
mirror bright and fine-grained (a). By contrast, the Sn layer 
grown on the Cu layer formed as large islands with incom-
plete surface coverage (b). The final Zn layer was also 
granular, but with more closely packed crystallites (c). 
This morphology is probably beneficial since it facilitates 
access of the sulfur to all three metal layers. 
 The CZTS layers produced by the treatment of the 
metal precursor films in sulfur vapour appear gray and 
non-reflective with some evidence of lateral non-
uniformity. The top view SEM micrograph in Fig. 3(a) 
shows that CZTS sample B consists of small but well-
defined crystallites with an average grain size of less than 
0.5 microns. Samples A and C had similar morphologies, 
whereas the copper-rich sample D exhibited less well de-
fined crystallites and evidence of pinholing. The cross-
sectional SEM view of sample C in Fig. 3(c) also shows 
the regularly shaped crystallites formed on the top of the 
columnar molybdenum layer. 
 The lattice parameters (a = 0.544 nm, b = 0.542 nm, 
c = 1.089 nm) calculated from the X-ray diffraction pattern 
in Fig. 4 match well with literature data for CZTS (JCPDS 
card 26-0575:  a = b = 0.5427 nm, c = 1.0848 nm). In prin-
ciple, binary sulfides might be expected to form during sul-
fur treatment of the metal precursor layers. The XRD pat-
tern shows no evidence of the presence of Cu

x
S, but two 

peaks assigned to SnS2 are evident. The ZnS content of the 
films is more difficult to assess since the lattice parameters 
of  ZnS (sphalerite) are  very similar to those reported for  

 

   

Figure 2 SEM images of precursor metal layers (a) Cu on Mo, (b) Sn on Cu, (c) Zn on Sn. 
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Figure 3 SEM images of Cu
2
ZnSnS

4
 films grown on molybdenum-coated glass, (a) top view of sample B, (b) top view of sample D, 

(c) cross sectional view of sample C. 

 
CZTS [7]. We conclude that the films are predominantly 
CZTS, with only traces of other components. 
 Atomic absorption spectroscopy (AAS) was used to 
obtain the overall film compositions. Energy dispersive  
X-ray spectrometry (EDS) was used to analyze local areas 
of the film in order to determine the extent of composi-
tional non-uniformity. The ideal stoichiometry of CZTS 
(Cu2ZnSnS4) corresponds to Cu/(Zn+Sn) and Zn/Sn ratios 
of unity. The AAS results shown in Table 2 show that the 
films were overall zinc-rich (i.e. the Zn/Sn ratio is greater 
than unity for all four samples). The AAS analysis also 
confirmed that the Cu/(Zn+Sn) ratio varies in the way pre-
dicted from the deposition charges measured for the metal 
precursor layers in all four samples (A–D). The sulfur con-
tent of the films was calculated by assuming the metal 
valencies to be: Cu(I), Zn(II), and Sn(IV). The AAS data 
give only global composition information. The deviations 
from ideal stoichiometry are likely to be due to the forma-
tion of additional binary phases. 
 The EDS measurements showed that the Zn component 
varied across the films, which were generally Zn-poor at 
the centre and Zn-rich at the edges (this may explain the 
observed lateral non-uniformity). 
 

 

Figure 4 X-Ray diffraction pattern of Cu
2
ZnSnS

4
 film (sample 

A). The main peaks are assigned to the Cu2ZnSnS
4
 phase. The 

likely presence of SnS
2
 is indicated by the two labelled peaks. 

The unassigned peaks marked (*) arise from the molybdenum 

substrate. 

Table 2 Results of elemental analysis of Cu
2
ZnSnS

4
 films by 

atomic absorption spectroscopy. Note that for stoichiometry, 

Cu/(Zn + Sn) = 1, Zn/Sn = 1. 

sample A B C D 

Cu (at%) 20.3 23.2 23.9 26.6 

Zn (at%) 16.1 15.5 14.9 14.4 

Sn (at%) 12.4 11.4 11.5 10.4 

S (at% ) 51.1 49.9 49.8 48.6 

Zn/Sn   1.30   1.36   1.30   1.38 

Cu/(Zn + Sn)   0.71   0.86   0.91   1.07 

 
 3.2 Photoelectrochemical characterization All of 
the CZTS samples exhibited a well-defined cathodic (p-type) 
photocurrent response when illuminated in contact with the 
Eu(III) electrolyte. Figure 5 shows the response of sample 
A. The photocurrent increases as the electrode potential is 
made more negative (increased band bending). The in-
crease in dark current may be due to exposed areas of the 
molybdenum substrate, since as Fig. 3 shows, the CZTS 
film is not continuous. 
 In order to eliminate the effect of the dark current, 
photocurrent-voltage plots were also recorded using 
chopped illumination (λ = 650 nm). Figure 6 contrasts the   
 

E [V vs. Ag/AgCl]

-0.4 -0.3 -0.2 -0.1 0.0 0.1

j[
m
A
cm

-2
]

-0.3

-0.2

-0.1

0.0

Light on

Light off

 

Figure 5 Voltammogram of Cu
2
ZnSnS

4
 film in 0.2 M Eu(III) ni-

trate under pulsed illumination from a white LED. 
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Figure 6 Photocurrent voltage plots for Cu
2
ZnSnS

4
 films A–C 

(see to Table 1 for global compositional data) measured in 0.2 M 

Eu(NO
3
)
3 (pH 2.3). Illumination wavelength 650 nm. Note that 

the current is cathodic (negative) since it arises from photoelec-

tron capture by Eu(III). 
 
photocurrent response of samples A, B, and C. Sample D 
(copper rich) gave only small photocurrents and is not shown. 
 The photocurrent onset for p-type photoelectrodes typi-
cally occurs at potentials several hundred mV more nega-
tive than the flat-band potential, EFB, of the material. The 
delayed onset is a consequence of surface recombination at 
low band bending. If we assume a shift of 200–300 mV  
in the present case, the flat band potential of CZTS in  
0.2 M Eu(NO3)3 (pH 2.3) lies between 0.1 and 0.2 V vs. 
Ag | AgCl. 
 The photocurrent excitation spectra of CZTS samples 
A–D measured at –0.3 V vs. Ag | AgCl in 0.2 M Eu(NO3)3 
  

 

Figure 7 External quantum efficiency spectra of Cu2ZnSnS4 

films, measured at –0.3V vs. Ag | AgCl in 0.2 M Eu(NO3)3. 

are compared in Fig. 7. The normalized spectra correspond 

to the external quantum efficiency (EQE) or incident pho-

ton to current conversion efficiency (IPCE) of the films. 

No corrections were made for reflection losses. 
 The highest external quantum efficiency/photocurrent 
response is seen for sample B, which has a Cu/(Zn + Sn) 
ratio of 0.86 and a Zn/Sn ratio of 1.37 (cf. Table 2). Sam-
ple D, which has a higher Cu/(Zn + Sn) ratio of 1.07 and a 
Zn/Sn ratio of 1.28 shows almost no response. The poor 
photocurrent response observed in this work for Cu-rich 
films agrees with a previous report by Kobyashi [14]. It is 
important to note that the compositional analysis by AAS 
gives average compositions and not the composition of any 
individual crystal phase. 
 The onset regions of the EQE spectra shown in Fig. 7 
were analyzed to obtain values of the bandgap, Eg, of 
CZTS. For an ideal Schottky barrier electrolyte junction, 
the EQE is given by 

( )exp
EQE 1 ,

1
n

W

L

α

α

-
= -

+

 (1) 

where α is the absorption coefficient, W is the width of the 
space charge region and L

n
 is the minority carrier diffusion 

length. For αL
n 
< 1, Eq. (1) reduces to 

EQE 1 exp ( ) .Wα= - -  (2) 

 For a direct transition, the dependence of the absorp-
tion coefficient on photon energy is given by 

1/2

g( ) ,h h Eα ν νµ -  (3) 

so that a plot of –ln (1 – EQE) vs. hν can be used to obtain 
Eg. Figure 8 shows the application of this analysis for the 
three most photoactive films, A–C. The intercepts give a 
bandgap value of 1.49 ± 0.05 eV. 
 The values of flatband potential (+0.2 V vs. Ag | AgCl) 
and bandgap (1.49 eV) estimated from the photocurrent re- 
 

 

Figure 8 Determination of the bandgap of CZTS. The analysis is 

based on the assumption that CZTS is a direct bandgap material. 
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Figure 9 Band diagram for the CZTS/electrolyte junction at  

–0.35 V vs. Ag | AgCl. 

 
 
sponse allow construction of the energy diagram shown in 
Fig. 9. The band bending shown in the figure corresponds 
to the situation at a potential of –0.3 V, which was used for 
the recording of photocurrent spectra. Since the standard 
potential of the Eu3+/2+ redox couple is –0.58 V vs. 
Ag | AgCl, the Eu(III) electron acceptor level is close to 
mid gap, confirming that it is a suitable choice as an elec-
tron scavenger. 
 The steady increase in EQE above the bandgap seen in 
Fig. 7 indicates that the collection of photoelectrons be-
comes more efficient as the penetration depth of the light 
decreases (increasing absorption coefficient). The most 
likely cause of this effect is a high acceptor density which 
corresponds to a space charge width that is less than  
the penetration depth of light. At the same time, the  
response suggests that most of electron–hole pairs gener-
ated outside the space charge region recombine before 
reaching the junction, pointing to a short electron diffusion 
length. 
 Attempts to measure the doping density by capacitance 
measurements were complicated by the significant dark 
currents, which may be associated with pinholes in the film. 
An order of magnitude estimate of the doping density was 
therefore made using the EQE response. If surface recom-
bination is negligible (high band bending) and the minority 
carrier diffusion length is small, the EQE of a semiconduc-
tor photoelectrode is described by Eq. (2). It follows that a 
plot of –ln (1 – EQE) vs. α should have a slope equal to W. 
Values of the absorption coefficient of CZTS have been 
reported recently by Tanaka [15], and these were used in 
conjunction with Eq. (2) to estimate the width of the space 
charge region at a potential of –0.3 V vs. Ag | AgCl from 
the plot shown Fig. 10. 

 

Figure 10 Plot according to Eq. (2) use to estimate the width of 

the space charge region and hence the acceptor density in CZTS 

samples B and C. 

 
 The value of W obtained in this way is 0.14 µm. The 
acceptor density N

a
 was estimated from the width of the 

space charge region using the relationship 

( )
1/ 2

FB 0
2

,r

a

E E
W

qN

ε ε-Ê ˆ= Á ˜Ë ¯
 (4) 

where ε
r
 is the relative permittivity of CZTS, which was 

assumed to be 10. The value of N
a
 = 2.8 × 1016 cm–3 ob-

tained from this analysis for samples B and C is similar to 
the values reported by Ito [6] and by Tanaka et al. [15] but 
much lower than the values of 1019 cm–3 by Katagiri et al. 
[14].. Although the doping density of the CZTS is accept-
able for device fabrication, it is clear that more work is 
needed to enhance the electron diffusion length before 
CZTS devices can achieve efficiencies comparable with 
cells based on well established chalcogenide absorbers. 
 

 3.3 CZTS devices Preliminary studies on device fab-
rication have been carried out. Figure 11 shows the AM 
1.5 J–V characteristic for a cell fabricated using the CZTS 
layer prepared via the electrodeposition route. The cell 
gives an open circuit voltage Voc of 295 mV, a short circuit 
current density Jsc of 8.7 mA cm–2, and a fill factor of 0.32. 
The low efficiency (0.8%) arises mainly from the poor 
open circuit voltage and fill factor. Analysis of the J–V  
curve reveals a high series resistance of 10 Ω cm2 and a 
high shunt conductance (7 mS cm–2 in the dark and 
20 mS cm–2 under AM 1.5 conditions). 
 The IPCE spectrum of the device was also measured 
under zero voltage bias in order to obtain the expected Jsc. 
The value of Jsc calculated by convoluting the IPCE re-
sponse with the AM 1.5 solar spectrum is 11.4 mA cm–2, 
which is more than the 8.7 mA cm–2 measured from the  
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Figure 11 Dark and light (AM 1.5) characteristics of CZTS solar 

cell fabricated via the electrodeposition route. 

 

current voltage curve. Figure 11 provides an explanation of 
this discrepancy. Under 1 sun bias illumination, the magni-
tude of the IPCE decreases substantially. The Jsc calculated 
from the EQE spectrum measured at one sun bias intensity,  
 

 

Figure 12 EQE spectra for CZTS device measured with and 

without bias illumination. 

is 8 mA cm–2, which is in much better agreement with the 

value measured for the cell under AM 1.5 illumination. 
This decrease in EQE under AM 1.5 conditions suggests 
that recombination in the space charge region could be a 
problem. Further work is in progress to optimize cell per-
formance and improve material quality. 
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