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Abstract. Cu2ZnSnS4 (CZTS) is a non-toxic and cheap photovoltaic absorber material, however, many challenges
still remain for the successful fabrication of these devices. In this study, CZTS was deposited with CdS, a commonly
used buffer layer, using different spray coating procedures (i.e., two-step, single-step and graded deposition techniques), to demonstrate a facile and rapid fabrication technique of creating CZTS:CdS photovoltaic devices.
Scanning electron microscopy (SEM) was used to determine the morphology of the deposited films, showing that the
two-step, single-step and the graded deposition with 2 s of overlap time produced clear and defined layers. However,
when the overlap time exceeded 4 s the layer became less defined, thicker and less dense, resulting in failed
photovoltaic devices. This was attributed to the additional source of air during the deposition period, resulting in air
being trapped by the deposited precursor, which therefore forms more foam-like functional layers. X-ray diffraction
(XRD) analysis reflected this change in morphology, with graded samples above 4 s displaying no obvious CZTS
peaks, suggesting an ineffective decomposition route. Depositions using a two-step, single-step and the graded
deposition technique with 2 s of overlap time were shown to form functional photovoltaic devices, with a 2 s graded
overlap performing three times better than the ungraded samples, resulting in an improved power conversion efficiency of 0.41%. It is important to highlight that the device prepared with a 2 s graded interface significantly
increased the current peak performance of CZTS photovoltaic devices deposited using xanthate precursors.
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Introduction

As the concern about carbon emissions and climate change
increases, there is a new demand for green and renewable
sources of energy. Solar power has been a focal point of this
demand, with increased development and implementation,
since it is both an abundant source and potentially pollutantfree method of generating energy [1]. Utilizing Cu2ZnSnS4
(CZTS) as the absorber layer in photovoltaic devices has
attracted much attention in recent years, as it is a semiconducting material with a high absorption coefficient,
consisting of only abundant, cheap and non-toxic elements
[2–9]. In 2018 Yan et al [10] produced CZTS-based photovoltaic devices with a reported efficiency of [10%, the
highest reported CZTS-based device despite the large

difference between the balance limiting efficiency of 33%.
Moreover, this type of photovoltaic device currently has
only been fabricated in the laboratory [1,11]. This inability
to reach a commercialized state is partly related to an
ongoing discussion about how to effectively produce these
devices [1,9,12,13].
Many different preparation methods have been investigated for the fabrication of CZTS thin films, including
electrochemical deposition [14–17], magnetron sputtering
[6,10,18–20], inkjet printing [21] and chemical bath deposition [22]. Furthermore, the active layer of a typical CZTSbased photovoltaic device consists of at least two layers, the
CZTS absorber layer and a buffer layer (commonly CdS),
each of which requiring separate deposition procedures
[9,12,13,23–25].
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As producing CZTS-based photovoltaic devices requires
multiple layers and deposition steps, adding complexity and
cost to the whole fabrication process, developing these devices
can be greatly enhanced by establishing a rapid single-step
deposition method. Spray coating, a rapid fabrication technique, could potentially allow for the high-speed deposition of
active layers with an easy route to commercialization [26].
However, an investigation into fully exploiting the versatility
of this technique, by depositing multiple layers of a photovoltaic device, has yet to be conducted.
In this study, metal xanthate precursors, known singlesource precursors for depositing metal sulphides
[2,3,9,26–28], were used for the deposition of CZTS and
CdS thin films. These samples were then deposited using
spray coating, a highly versatile and low-cost technique
[7,9,26,29,30]. Furthermore, due to the highly versatile
nature of spray coating, the potential for improving the
performance of these devices can be investigated by creating a single layer with multiple phases mixed within it (i.e.,
a bulk heterojunction (BHJ) photovoltaic device). This
concept was investigated via graded depositions, by
simultaneously spraying the absorber (i.e., CZTS) and
buffer (i.e., CdS) layers to create a novel three-dimensional
BHJ, which would increase the surface area between these
two components, therefore, increasing charge dissociation
and the power conversion efficiency (PCE) of the device
[31]. For the first time, this study demonstrates a facile and
rapid fabrication method of creating CZTS:CdS photovoltaic devices, with graded and ungraded interfaces, which
improves the efficiency of these devices and further
enhances their commercialization.

2.
2.1

Experimental
Xanthate synthesis

Each metal xanthate procedure was synthesized following
synthetic routes previously reported by Bishop et al [9].
2.1a Cadmium ethyl xanthate (CdXan) synthesis: Aqueous solution of potassium ethyl xanthate (0.02
mol dm-3) was added to an aqueous solution of cadmium
chloride with a concentration of 0.005 mol dm-3 and stirred
for 24 h. The formed yellow precipitate was then washed
with de-ionized water and dried at 50°C.
1
H NMR (300 MHz, CDCl3): d = 4.43 (q, 4H), 1.32 (t,
6H) ppm.
Calc. for C6H10O2S4Cd (%): C 20.3, S 36.1, Cd 31.7;
found: C 19.9, S 36.3, Cd 32.1.
2.1b Copper (I) ethyl xanthate (CuXan) synthesis: Aqueous copper (II) chloride (0.005 mol dm-3) and
potassium ethyl xanthate (0.02 mol dm-3) were mixed
together and stirred for 24 h. An orange precipitate was then
collected, washed in ethanol and dried under vacuum to
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obtain CuXan a yellow powder. During the synthesis of
CuXan a self-redox reaction occurs, reducing the formed
copper (II) xanthate to copper (I) xanthate [3].
1
H NMR (300 MHz, CDCl3): d = 4.69 (q, 2H), 1.43 (d,
3H) ppm.
Calc. for C3H5OS2Cu (%): C 19.5, S 34.7, Cu 34.4;
found: C 19.8, S 98 35.5, Cu 34.2.
2.1c Tin (IV) ethyl xanthate (SnXan) synthesis: Aqueous potassium ethyl xanthate (0.02 mol dm-3)
was added to a solution of tin (IV) chloride (0.005
mol dm-3). This solution was then stirred for 24 h. The
resulting orange paste was then dried at 40°C, resulting in a
dark cream powder.
1
H NMR (300 MHz, CDCl3): d = 4.55 (q, 8H), 1.49 (t,
12H) ppm.
Calc. for C12H20O4S8Sn (%): C 23.9, S 42.5, Sn 19.7;
found: C 22.7, S 42.3, Sn 20.2.
2.1d Zinc ethyl xanthate (ZnXan) synthesis: Zinc (II)
chloride (0.005 mol dm-3) and potassium ethyl xanthate
(0.02 mol dm-3) were combined and stirred for 24 h. The
white precipitate was filtered, rinsed with de-ionized water
and dried under vacuum at 50°C yielding a white powder.
1
H NMR (300 MHz, CDCl3): d = 4.59 (q, 4H), 1.49 (t,
6H) ppm.
Calc. for C6H10O2S4Zn (%): C 23.4, S 41.7, Zn 21.2;
found: C 23.5, S 41.5, Zn 21.4.

2.2

Substrate pretreatment

Before a substrate was used for deposition it was ultrasonically cleaned in ethanol for 10 min and dried under a
flow of argon. This was to ensure no remaining contaminates would alter the performance of devices.

2.3

Active layer deposition

Two metal xanthate precursor solutions were made. One
with CuXan, ZnXan and SnXan dissolved into 5 ml of
pyridine and one with CdXan dissolved in 5 ml of pyridine.
These solutions were then stirred for roughly 10 min,
allowing xanthate precursors to dissolve. Once dissolved,
these solutions were loaded into separate spray coaters and
deposited onto indium tin oxide (ITO)-coated glass for 10 s
each. The spray distance, orientation and rate remained
constant for each CZTS and CdS iteration, a horizontal
distance of 10 cm with a spraying rate of 0.2 ml s-1.
Figure 1 depicts the three different deposition techniques
investigated; referred to as a two-step (see figure 1a), single-step (see figure 1b) and graded (see figure 1c) procedures, respectively.
The two-step spraying and development technique (see
figure 1a) focuses on the deposition and decomposition of
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Figure 1. Schematic representations of (a) two-step spraying and development of layers, (b) single-step spraying and development of
layers and (c) graded spraying and development. Five iterations were investigated for graded deposition, at 2 s increments.

the CZTS xanthate mixture. The CZTS precursor was
deposited onto the ITO substrate for 10 s, this was then
heated to 160°C for 30 min, to decompose the precursor
mixture, before depositing the CdS layer on top. Furthermore, the versatility of spray coating allows for removal of
the intermediate decomposition stage of CZTS, forming a
single-step deposition of the layers (as seen in figure 1b).
By spraying overlapping phases between these two materials (as demonstrated by figure 1c), the concept of a singlestep deposition technique can be further altered, creating a
graded interface between the CZTS and CdS layers. Five
variations of this graded interface were investigated, considering a 2 s overlap to a complete 10 s overlap. Including
the two-step and single-step deposition conditions, a total of
seven deposition conditions were investigated, which are
summarized in table 1.
These samples were decomposed at 160°C for 30 min,
thus allowing for the complete decomposition of the xanthates into their respective metal sulphides.

at 7.26 ppm. Elemental analysis for carbon and sulphur was
carried out using Perkin-Elmer Series II CHNS/O Analyzer
and, for cadmium, copper, tin and zinc, a Perkin-Elmer
NexION 300X.
Scanning electron microscopy (SEM) images were collected using a Zeiss RIGMA operating at 5.0 kV and crystal
diffractograms were collected using a D8 Advance
diffractometer (Bruker) at an angular range of 10° \ 2h \
90° and step size of 0.01°.
The thickness of deposited layers was determined from a
Veeco 3100 SPM in tapping mode to collect line profiles of
these layers.
The photovoltaic activity of devices were determined
under illumination at AM1.5 G (100 mW cm-2) light
intensity via current–voltage measurements conducted on a
CHI600E electrochemical workstation. It is important to
highlight that all photovoltaic data presented in this study is
calculated from an average of four replica samples.

3.
2.4
1

Results and discussion

Characterization techniques

H NMR spectra were obtained using a Bruker Ultrashield
300, in CDCl3 solutions with a singlet of CDCl3 appearing

Initially, visual analysis was conducted to determine how
deposition parameters altered the quality of the deposited
films, optical images showing these differences can be seen
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Table 1. Descriptions of device deposition technique and associated name.
Layer name
C/C/
CC/
CC2/
CC4/
CC6/
CC8/
CC10/

Deposition procedure
Two-step spraying and
developing of the layers
Single-step spraying and developing
of the layers
Single-step spraying and developing
with a 2 s overlap
Single-step spraying and developing
with a 4 s overlap
Single-step spraying and developing
with a 6 s overlap
Single-step spraying and developing
with a 8 s overlap
Single-step spraying and developing
with a 10 s overlap

Figure 2. Photographs of the deposited active layers, prior to
photovoltaic testing. Thickness measurements are included in a
table for reference.

in figure 2. The thicknesses of the deposited films were
measured and incorporated into figure 2 to allow for a
deeper understanding into why deposited films may appear
visually different. AFM line profiles of the deposited films
are available in supplementary information.
During the deposition of the second layer (CdS layer),
visible partial removal of the deposited CZTS layer was
noted for CC/, CC2/ and CC4/, depicted as small imperfections and uncoated areas in figure 2. This does not occur
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for the C/C/ sample, as the CZTS layer was decomposed
between spray coating steps. For CC6/, CC8/ and CC10/ the
overlap for both layers (i.e., CZTS and CdS) exceeded the
time required to deposit each layer separately, and led to a
reduced loss of the CZTS layer, as the CdS layer was primarily co-deposited with CZTS layer and did not displace
it. It is also important to highlight that initially the thicknesses of the deposited films begin to decrease with the
introduction of a graded interface, however, this begins to
dramatically increase as the CZTS layer loss during deposition was reduced (i.e., CC6/, CC8/ and CC10/). To
investigate whether this had a significant impact on the
layer formation, a cross-sectional SEM analysis was conducted (shown in figure 3).
Figure 3 shows the cross-sectional SEM images for the
devices shown in figure 2. Ideally, EDS analysis would be
conducted on these samples to colour code the SEM images
and provide information on the variation of the chemical
composition across the films with varying overlap times,
however, this was not possible as the resolution of EDS is
too large to show any significant differences between these
cross sections. However, important observations and conclusions can still be made from the variation in morphology.
It can be seen that while the C/C/, CC/ and CC2/ samples
(figure 3a–c) show a clear and defined layer deposited onto
the substrate. This clear defined layer starts to become less
organized, less dense and thicker as the overlap time
exceeds 4 s, suggesting the simultaneous deposition of the
two layers causes the deposited layer to form a thicker
foam-like structure. It can be hypothesized that this is due to
an additional source of air during the deposition period, by
using two spray coaters at the same time, resulting in air
being trapped by the deposited precursor. The presence of
imperfections, caused by bubbles during deposition, on the
surface of the CC4/ sample (figure 2) and the increased
thickness of samples with an overlap time exceeding 4 s
(figure 2) supports this theory.
Furthermore, it can be stated that, the density of the
deposited layers continues to visibly decrease as the overlap
time exceeds 4 s. No visible difference was detected for the
C/C/, CC/ and CC2/ samples, which would suggest that a
2 s overlap does not induce an observable change in the
structure of the deposited film (figure 3). However, as EDS
mapping could not be conducted on these images, it cannot
be stated whether any chemical alteration occurs in the
films. To address this issue, XRD analysis was applied to
investigate and link the crystalline structures with chemical
variations found within the CZTS:CdS films (see figure 4).
Due to the multiple layers, and combinations, the XRD
diffractogram has many peaks that could be assigned to
multiple phases. For clarity, characteristic peaks for CZTS,
CdS and typical secondary phases have been highlighted in
figure 4. The pair of peaks at roughly 28° is related to CZTS
and CdS. While the CdS peak remains unchanged, the peak
related to CZTS is much larger for C/C/, CC/, CC2/ and
CC4/ than for other layers. This means that the assumed
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Figure 3. Cross-sectional SEM analysis showing the variation of CZTS:CdS photovoltaic devices as the overlap between the materials
change. Seven cross-sectional images are shown: (a) C/C/, (b) CC/, (c) CC2/, (d) CC4/, (e) CC6/, (f) CC8/ and (g) CC10/.

displacement of the CZTS layer during the deposition of
CdS did not occur fully. Nonetheless, the lack of a CZTS
crystal peak for CC6/, CC8/ and CC10/ could result in the
failure of these photovoltaic devices. An additional CZTS
peak, at 2h = 47°, also shows significant intensity for the
C/C/, CC/ and CC2/ active layers, mimicking the observation seen at 2h = 28°. It is important to note that CC4/ did
not present a peak at 2h = 47°, suggesting the CZTS phase
is less dominant (as reported in figure 4). Interestingly, this
observation is also noted with the secondary phases
Cu2SnS3 (peak at 2h = 38°) and Cu2-xS (peak at 2h = 46°)
only being noted for C/C/, CC/ and CC2/. These observed
peaks were only noted for samples that were shown to
deposit in a clearly defined film, suggesting that the fabrication of a more foam-like structure prevented the formation of CZTS, Cu2SnS3 and Cu2-xS as the right
stoichiometric mix of the precursor materials would not be
achieved. This is potentially due to Cd occupying the Cu

position in the CZTS lattice and forming a CdCu anti-site or
CuCd-based alloys forming, reducing the availability of
copper within the films and therefore reducing the ability to
form these copper-based phases [10], however, to understand and confirm this hypothesis further investigation need
to be undertaken.
To complete the device fabrication, 50 nm of gold was
sputtered onto the CdS layer. I–V plots were collected from
the prepared samples, to determine how these graded layers
alter the photovoltaic performance of the device. Figure 5
displays the collected I–V curves of the graded photovoltaic
devices. The open circuit voltage (Voc), short-circuit current
(Jsc), fill factor (FF) and PCE for these devices are presented in table 2.
It is worth noting that samples CC4/, CC6/, CC8/ and
CC10/ did not yield recordable photovoltaic activity.
Therefore, it is suggested that creating a complete gradient
prevents the effective formation of CZTS, the
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Figure 4. XRD diffractograms showing how the diffraction patterns of deposited CZTS:CdS active layer varies with differing
deposition techniques. For clarity, characteristic CZTS and CdS peaks, as well as common secondary phase peaks, have been highlighted
along the x-axis.
Table 2. Photovoltaic parameters for functional photovoltaic
devices. The values reported in this table are an average calculated
from four replica samples.

Voc (V)
Jsc (mA cm-2)
FF
PCE (%)

C/C/

CC/

CC2/

0.27
1.04
0.29
0.08

0.29
1.83
0.28
0.14

0.37
3.28
0.33
0.41

Figure 5. I–V plots of graded CZTS:CdS photovoltaic devices
under illumination with an intensity of 100 mW cm-2.

photoabsorber for the device, by altering a chemical composition in the material. This in turn prevents exciton formation and subsequent photocurrent generation. Figure 4
supports this observation as only C/C/, CC/ and CC2/ display characteristic peaks of CZTS at 2h = 28 and 47°. While
it was noted that CC4/ also displayed characteristic peaks of
CZTS at 2h = 28°, the intensity was less than that of C/C/,
CC/ and CC2/, suggesting that the amount of CZTS in the
CC4/ active layer was not sufficient enough.
As previously stated, increasing the gradient past 4 s
results in a chemical change in the material, not just
structural. Voc values also support this trend as increased
gradients result in an incremental increase in the Voc values
reported. This tuning of the Voc values is expected from

a blended device due to the formation of alternative
conduction and valance bands [32], thereby further
demonstrating a chemical alteration within the device.
Furthermore, structural features noted from the crosssectional SEM analysis (figure 3) also displayed an additional cause for the potential failure of these devices.
Devices that did not display a photoactive response were
shown to form poorly defined layers, with a less dense
appearance. Therefore, regardless of the presence of CZTS,
these devices were likely to fail. Loosely packed, small
grains would result in a dramatic increase in recombination,
thereby decreasing the FF. This could likely result in the
total recombination of all generated excitons and cause a
lack of measurable photoactivity.
The measured Jsc values show the most dramatic
change across the functional photovoltaic devices. As the
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Jsc is related to optical and collection properties [31], it
can be assumed that the collection properties are improved
for the CC2/ device as the visible absorption of the CC2/
layer is lower than that of C/C/ (as shown in figure 2).
This demonstrates the creation of a three-dimensional
blend of electron-donating and electron-accepting materials (i.e., a BHJ), which thereby increases the ability for
charge dissociation. As the gradient increases in size, so
does the Jsc, which suggests the increase in the length of
the BHJ, and therefore, the further increase in surface area
for charge dissociation. However, as previously discussed,
increasing this gradient more results in failure of the
device due to chemical alterations preventing initial
exciton generation.
To further understand how the photovoltaic parameters
vary with the deposition procedure, a visual representation
is shown in figure 6. As the data presented in table 2 and
figure 6 are calculated from the average of four replica
samples, it is important to show the error of these values to
validate the observed trends. Therefore, error bars are
shown in figure 6 revealing relatively small errors, validating the observations made from figure 6 and the reproducibility of the samples discussed in this study.
Figure 6 clearly illustrates that the CC/ sample was
shown to have a lower PCE than that of C/C/ and CC2/,
despite the enhanced Voc and Jsc. This has been attributed to
the reduced FF. While the presence of a BHJ has been
shown to improve the Jsc of the devices, the reduction of the

Figure 6. A graphical representation of trends, with error bars,
for key parameters of photovoltaic devices made with a graded
interface.

Figure 7.
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FF represents a potential down side of fabricating BHJ
devices. Although BHJs have the potential to increase the
dissociation of excitons there is also the potential to
increase recombination. Figure 7 displays a schematic
depiction of the proposed development of the BHJ, to better
explain the trends seen in figure 6.
As shown in figure 7, C/C/ is expected to appear as a
typical bilayer heterojunction and the BHJ structure of the
device initially starts with the layer CC/. The initial formation of a BHJ results in only a mildly increased surface
area in the interface, which increases Jsc slightly. However, as this BHJ is relatively small, it also results in areas
of isolated CdS in CZTS and vice versa. These isolated
areas disrupt a complete circuit by preventing the flow of
electrons, and therefore results in recombination and a
decrease in the measured FF. However, these isolated
areas appear less frequently as the overlap between the
CZTS and CdS layers increases, as shown by the subsequent increase in FF for the CC2/ sample. Another point
of interest is the dramatically high PCE of CC2/. It performs three times higher than that of C/C/, mainly due to
the high recorded value of Jsc (figure 6), due to the newly
formed BHJ. As demonstrated in figure 6, the Voc, Jsc, FF
and PCE are enhanced via the utilization of this spraycoated graded interface, which results in the device performing three times better than the ungraded sample (i.e.,
the performance of CC2/ vs. C/C/). It is important to
highlight that while an initial enhancement is seen, the
samples with a gradient of 4 s and higher are unlikely to
exhibit a typical BHJ structure, instead chemically mixing
and forming a layer with an altered chemical composition
(as depicted in figure 7). However, despite this, the results
presented in this study show the merit for further investigation into the new, commercially friendly technique for
creating CZTS photovoltaic devices that perform better
than those created in two steps and outperform the previously highest reported efficiencies seen for CZTS photovoltaic devices deposited using metal xanthate
precursors (0.15%), but still far behind the highest reported CZTS photovoltaic solar cell ([10%) [2,9,10]. However, it is important to highlight that the devices discussed
in this study do not utilize additional electron and hole
transporting layers used by Yan et al [10], which could
potentially dramatically increase the performance of these
devices even further [27].

Schematic depiction demonstrating the proposed bulk heterojunction structure development.
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Conclusion

This study successfully utilized spray coating as a deposition method for CZTS devices, allowing for an improved
route to commercialization. Furthermore, the flexibility of
this method was also exploited to determine the feasibility
of creating graded depositions, forming areas with an
overlapping architecture, and how this could potentially
enhance the performance of deposited devices.
It was shown that spray coating both the CZTS and CdS
layers in a CZTS:CdS photovoltaic device using xanthate
precursors is feasible. However, creating graded interfaces
between CZTS and CdS resulted in chemical and structural
changes in the photoactive layers. This in turn resulted in
devices with a graded interface of more than 20% of the
total deposition time to show no photoactivity and display
no characteristic features of a CZTS device. Until the point
of failure, both the Voc and Jsc increase with an increased
gradient between the CZTS and CdS layers. This is a
response to increasing the surface area of the interface
between these two materials while also altering the energies
of the conduction and valence bands via chemical changes
in the deposited CZTS. The FF does not have a linear
relationship with the graded interface, due to the subsequent
isolated areas of acceptor and donor materials caused by a
smaller interface. This causes dissociated excitons to
become trapped, which thereby increases recombination
and decreases the FF. As the graded layer increases, however, this recombination mechanism is reduced, thus the FF
increases again.
Overall it was shown that devices with a 2 s graded
overlap performed three times better than the ungraded
samples, with a power conversion efficiency of 0.41%,
significantly higher than the previously reported CZTS
device using xanthate precursors (0.15%).
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