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By depositing metal precursors on fluorine-doped tin oxide substrates using evaporation and postselenisation and modifying the
number of stacked metallic precursor layers, this study systematically analysed the effect of cation changes on the absorber layer
and the solar cell properties of Cu2ZnSnSe4 (CZTSe). Furthermore, in this study, an all-vacuum method was adopted to prepare a
cadmium-free bifacial CZTSe solar cell and conducted damp heat tests on the device. The findings indicate that the increase in the
number of stacked metallic precursor layers suppresses secondary phase generation, thereby enhancing the film performance and
bifacial solar cell characteristics. The cadmium-free bifacial CZTSe solar cell prepared in this study exhibited the efficiency of
4.13% under bifacial incident light. Moreover, the degradation of the device was effectively mitigated in the damp heat tests
compared with previously reported devices with metal substrates. These findings can provide new directions for research and
lead to novel applications for CZTSe solar cells in the future.

1. Introduction

Kesterite CZTS(Se) has an absorption coefficient that is greater
than 104 cm-1 in the visible spectrum, and its energy bandgap
can be modulated by cation-alloying or anion-alloying, mak-
ing it highly suitable for use in high-efficiency solar cell and
tandem solar-cell applications [1, 2]. As opposed to organic
perovskite solar cells and inorganic Cu(In,Ga)Se2 (CIGS) solar
cells, CZTS(Se) is composed of low-cost elements and has the
potential for mass production. Many studies have indicated
that the composition ratio of cations in CZTS(Se) thin film
has a significant influence on the photovoltaic conversion
efficiency of CZTS(Se) thin-film solar cells. It is therefore
crucial to adjust and optimise the ratio of cations in CZTS(Se)
thin-film solar cells to improve their photovoltaic conversion
efficiency [3–5].

At present, most CZTS(Se) solar cells adopt an SLG/Mo/
CZTS(Se)/CdS/i-ZnO/TCL structure [6–10], which are not
only unfriendly to the environment but also have problemswith

component integration and application. Mo is typically used as
the electrode because it forms an interface layer of MoS(Se)2
between the absorber layer during high-temperature sulphuri-
sation (selenisation). An MoS(Se)2 layer of appropriate thick-
ness has good adhesion properties and exhibits ohmic contact
with the absorber layer [11]. However, when theMoS(Se)2 layer
is too thick, it creates a nonohmic contact between the Mo back
electrode and the absorber layer, thus hindering the carrier
injection of the absorber layer to the Mo back electrode [12].
Moreover, when a metal substrate is used as the back electrode,
only the front incident light can be received, thus restricting the
application of photovoltaic integration in architectural design.
At present, the most common commercial transparent conduc-
tive substrates are SnO2:F (FTO) and In2O3:SnO2 (ITO)
substrates. However, indium tin oxide (ITO) materials are
produced in small quantities and are relatively expensive due
the use of a precious metal, indium (In), while the current panel
factories still use ITO as the main transparent contact layer
(TCL). The In atoms in the ITO substrate can diffuse into the
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adsorber layer at high temperatures, causing the conductivity of
the back electrode to deteriorate, and rendering the ITO sub-
strate unsuitable for application in solar cells [13, 14]. The
highest efficiency attained for CZTS(Se) is 13.2% in the nonva-
cuum process currently [15], followed by 12.62% in the vacuum
process [16]. The currently lower efficiency of CZTS(Se)
compared to CIGS can be primarily attributed to the lower
open-circuit voltage (VOC) and the lower fill factor [17]. Most
studies attribute the lower VOC primarily to the secondary
phases in the absorber layers, smaller grain size, and CuZn
antisite defects, of which the secondary phases are the most sig-
nificant factor in relation to CZTS(Se). The common secondary
phases in the CZTS(Se) absorber layers are Cu–Se, Zn–Se, Sn–
Se, and Cu–Sn–Se compounds. In addition, the presence of sec-
ondary phases on the surface of the absorber layer film also
affects the coverage of the junction of the deposition buffer
layer. The appearance of CuxS(Se) and SnS(Se)x secondary
phase on the surface of the prepared absorber layer can greatly
reduce device efficiency, as these secondary phase contain a trap
level, forming nonradiative recombination centres [18]. This
not only affects the energy bandgap of the absorber layer but
can also decrease the number of conducting paths for carriers,
increase the series resistance, and decrease the open-circuit
voltage and the fill factor of solar cells [19]. To improve the effi-
ciency of CZTS(Se) solar cells, scholars have suggested sup-
pressing secondary phases by changing the cation ratio in the
CZTS(Se) film during the deposition, as well as removing the
secondary phase from the surface of the films using various
etching solutions. However, although these chemical solutions
can remove the secondary phases, they also affect the chemical
homogeneity of the composition of CZTS(Se) films. Further-
more, after etching, bandgaps would form on the surfaces and
bottoms of the films, undermining the quality of CZTS(Se)
films [20]. Moreover, not all of these chemical solutions are
environmentally friendly. In addition to the above methods, Li
et al. used temperature regulation to control the chemical envi-
ronment of atoms, further changing the atomic oxidation state
and formation of shallow/deep defects, thereby effectively sup-
pressing the intrinsic defects and activating desirable shallow
acceptor Cu vacancies in the absorber layer. This can substan-
tially improve the film quality [21]. Lastly, the buffer layer (cad-
mium sulphide, CdS) film is commonly deposited using
chemical bath deposition (CBD)method, which cannot be inte-
grated into a continuous manufacturing process. In addition,
the waste liquid remaining after CBD and the Cd found in
CdS thin films are not environment-friendly. Also, the energy
bandgap of CdS thin films is approximately 2.44eV, which
causes some light in the green to ultraviolet range to be
absorbed or lost, resulting in a decrease in the overall device effi-
ciency. As a result, CZTS(Se) solar cells without a Cd buffer
layer have garnered much attention [22, 23].

In summary, the research on cadmium-free bifacial CZTSe
solar cells is important for sustainable development. After revi-
siting the recent developments in bifacial CZTS(Se) solar cells,
we found that CZTSe elements on FTO substrates produced
using the nonvacuum spin-coating from precursor solution
paste exhibit a maximum efficiency of 2.2% [24]. Recently,
Ge et al. prepared bifacial CZTS solar cells on ITO substrates
by adopting a codepositionmethod; the efficiency of such solar

cells reached 3.4% under bifacial incident light [25]. Mali et al.
produced CZTS solar cells on FTO substrates using successive
ionic layer adsorption and reaction, with efficiency reaching
1.85% under front incident light [26]. Regarding the prepara-
tion of bifacial CZTS(Se) solar cells via the vacuum process,
Moises et al. produced CZTS(Se) solar cells on FTO substrates
by adopting the sputtering and postselenisation (selenium, sul-
fur) method; the efficiency of these cells reached 3.1% [27]
under bifacial incident light. Kim et al. fabricated CZTSe solar
cells on FTO and ITO substrates using sputtering and postse-
lenisation; the efficiencies of the prepared solar cells reached
6.05% for FTO substrate and 4.31% for ITO substrate under
bifacial incident light, which are the highest reported efficien-
cies as of now [28]. Thus, the vacuum method is more advan-
tageous for the fabrication of the bifacial kesterite solar cells.
Moreover, the vacuum process offers the advantages of mature
technology, stability, and high yield compared with the nonva-
cuum process. In addition, the CIGS were initially made using
the vacuum process. In the common vacuum-manufacturing
processes, the evaporation and postsulfurization/-selenisation
method is highly effective in controlling the cation modulation
of CZTS(Se). This is because, as compared to other vacuum
methods, evaporationmakes it easier to control the cation ratio
of the CZTS(Se) precursor film without wasting the raw mate-
rials. The evaporation and postsulfurization/-selenisation pro-
cess often uses pure metal, homogeneous mixtures, or sulphur
(selenium)-containing compounds. After depositing the pre-
cursor film on the back electrode, high-temperature postsul-
furization/-selenisation is carried out to form the CZTS(Se)
absorber layer. Compared to homogeneous mixtures, or sul-
phur/selenium-containing compounds, pure metal precursors
have the advantages of lower machinery costs and easier con-
trol over the ratio of cations. In the structural design of a pure
metal precursor stack, using Sn as the bottom layer can
improve the adhesion between the thin film and the back
electrode (dewetting effect) [29]; while using Cu as the capping
layer can effectively prevent the underlying Zn/Sn bilayer from
being volatile during high-temperature postsulfurization/-sele-
nisation, thus inhibiting the formation of secondary phases. In
addition, adopting Cu as the bottom layer can generate an
unstable interface with the back-electrode metal, Mo [30].
Considering these factors, the common structure of a metal
precursor stack is as follows: back electrode/Sn/Zn/Cu [31,
32]. However, according to the diffusion table of the Cu/Zn/
Sn matrix [33], although Sn and Zn (which are adjacent to
each other) have good interdiffusion coefficients at high tem-
perature, Cu and Zn (which are also adjacent to each other)
have poor interdiffusion coefficients at high temperature. This
could lead to nonuniform distribution of cations, which, in
turn, affects the film quality and device efficiency. Therefore,
it is important to explore different methods to mitigate the
problem of interdiffusion of cations. To solve the problem on
film uniformity of the absorption layer, Yang et al. used a mul-
tilayered precursor structure on the Mo foil substrate. This
improves film uniformity; simultaneously, it suppresses Sn-
related donor defects and the Sn-related secondary phase [34].

In view of the issues above, this study employed the
evaporation and postselenisation method to deposit metal
precursors on a fluorine-doped tin oxide (FTO) substrate
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and modified the thickness and the number of metal precur-
sor stacks (while keeping the total thickness of each metal
unchanged). The goal was to promote the interdiffusion
between the metallic layers and convert the metallic phase
into an alloy phase while suppressing the generation of sec-
ondary phases such as CuxSe and Cu2SnSe3 (CTSe) without
treatment with solutions. Changes in optical and thin film
quality were also investigated. Furthermore, this study
adopted the sputtering method to deposit Zn0.75Sn0.25O
(ZTO) to replace CdS as a buffer layer. Compared with the
current bifacial CZTS(Se) solar cells, in which CdS buffer
layer is still deposited using CBD, bifacial CZTSe solar cells
produced in this study are more eco-friendly. However, the
most significant improvement is that the photovoltaic
conversion efficiency of CZTSe solar cells is 3.89% under
front incident light and 4.13% under bifocal incident light.
Furthermore, damp heat (DH) tests on cadmium-free bifa-
cial CZTSe solar cells were also conducted in this study.
The findings show a significant improvement in the decay
rate of bifacial CZTSe solar cells fabricated on FTO sub-
strates compared with CIGS and CZTS(Se) solar cells with
Mo as the back electrode. However, the efficiency decreased
by a significant extent compared with solar cells with FTO
substrates (reported in other studies). This result may be
attributed to the insufficient optimisation of the ZTO buffer
layer, which will be addressed in the future.

2. Experimental

In this study, CZTSe thin-film solar cells were prepared using
evaporation and postselenisation, and the manufacturing pro-
cess is shown in Figure 1. First, the Sn/Zn/Cumetal precursors
were sequentially deposited by evaporation on a commercially
available FTO glass substrate at room temperature. The metal
used for vapor deposition had a purity of 99.999% (purchased
from Summit-Tech Resource Corp.); commercial FTO with a
sheet resistance of approximately 20 Ω/□ (Ruilong Opto-
electronics Co., Ltd.). The stacked precursor layers were num-
bered as follows: 1-cycle-P was defined as the metal precursor
(FTO/Sn/Zn/Cu), while 2-cycle-P divided 1-cycle-P into two
groups (FTO/Sn/Zn/Cu/Sn/Zn/Cu), with the total thickness
of each metal remaining constant. Similarly, the 1-cycle-P
was divided into three groups (FTO/Sn/Zn/Cu/Sn/Zn/Cu/
Sn/Zn/Cu) and four groups (FTO/Sn/Zn/Cu/Sn/Zn/Cu). The
3-cycle-P and 4-cycle-P specimens were defined accordingly.
Subsequently, the metal precursor specimens were placed with
700mg of solid Se (99.999% purity; Summit-Tech Resource
Corp.) in a quartz box, which was then placed in a tube fur-
nace. Pure argon (Ar, 5N) gas was introduced in the furnace,
and a three-stage selenisation process was carried out. All the
specimens were then removed from the furnace and allowed
to cool down naturally. The precursor specimens after the
three-stage postselenisation were designated as 1-cycle (for 1
cycle-P), 2-cycle (for 2-cycle-P), 3-cycle (for 3-cycle-P), and
4-cycle (for 4-cycle-P) specimens. X-ray diffraction (XRD),
field emission scanning electron microscopy (FE-SEM; JXA-
8530F Pus, JEOL), energy dispersive spectroscopy (EDS),
UV-Vis-NIR spectroscopy (V670, JASCO), Raman micro-
spectroscopy, atomic force microscopy (AFM; Innova SPM,

Bruker), and transmission electron microscopy (TEM; JEM-
F200, JEOL) were performed to analyse the structure,
morphology, optical properties, electrical properties, the
microstructure of the thin film, and the changes in the thin-
film quality. XRD analysis was performed using a SIEMENS
D500 X-ray instrument with Cu Kα (1.5418 Å) radiation,
scanned at 0.005 in an angular 2θ range of 10–80° at an inte-
gration time of 1 s. Raman microspectroscopy measurements
were conducted using an Ar laser (514 nm) matching a
triple monochromator (Horiba Triax, Jobin Yvon) combined
with a TE-cooled CCD detector, at room temperature.

After preparing the absorber layer, a ZTO (99.999%
purity) buffer layer with a thickness of approximately
50 nm was deposited by sputtering at a substrate temperature
of 90°C, working pressure of 1.5 mTorr, and RF power of
25W in Ar gas. Subsequently, a layer each of i-ZnO
(99.95% purity), AZOY (99.95% purity), Ni (99.99% purity),
and Al (99.999% purity) with an approximate thickness of
50 nm, 300 nm, 50 nm, and 1 μm, respectively, were
deposited. Ni and Al layers were deposited by sputtering,
and the resultant specimen was used as the upper electrode.
All target materials had a dimension of three inches and were
purchased from Summit-Tech Resource Corp. After com-
pleting the bifacial CZTSe solar cell, the current density–volt-
age (J–V) curve was measured to determine the photovoltaic
characteristics of the device. The ambient temperature dur-
ing the measurement was controlled at 25 ± 1°C. The J–V
measurements performed herein can be divided into single
measurements with front, rear, and bifacial incident light.
The measurement with front incident light was performed
in an environment with a solar simulator (Newport
94022A) that generated an AM 1.5 global standard spectrum
with a light intensity of 1000 W m-2 (i.e., 1 sun), whereas
the measurement with bifacial incident light was performed
in an environment where a light intensity of 1 sun was
reflected by a 45° mirror onto the rear of the device. Thus,
the light intensity values at the front, rear, and both sides
were 1 sun, 0.3 sun, and 1.3 sun, respectively. In addition,
the EQE spectra of the specimens were obtained using a
300 W xenon lamp (Newport 66984) light source and a
monochromator (Newport 74112). The spot projected on
the specimen was approximately 1mm × 3mm in size. DH
measurements were conducted using Espec LHU-113 at a
temperature of 85°C and relative humidity (RH) of 85%.

3. Result and Discussion

Figures 2(a)–2(h) show the SEM images of the top- and the
cross-sectional views of the CZTSe films of the 1-cycle, 2-
cycle, 3-cycle, and 4-cycle specimens, respectively. The
atomic percentage in the cross sections was measured with
EDS, and the results are listed in Table 1. It can be seen from
Figures 2(a)–2(d) that large grains of approximately 5μm
(indicated by red outlines) are formed on the surfaces of
the 1-, 2-, and 3-cycle specimens. According to the literature,
we expected these layers to be CuxSe compounds. In CZTSe
thin films, the formation of the CuxSe secondary phase cre-
ates a leakage path, which can affect the device interface
[35]. In addition, as the number of precursor stacked layers
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increased, the secondary phase gradually decreased in size.
The 4-cycle specimen no longer showed any obviously large
grains on the surface. It can be seen from the cross-sectional
views that all CZTSe thin films had a thickness of approxi-
mately 1.5μm, with good adhesion to the FTO substrate.
We also measured the profile atomic percentages of 1-, 2-,
3-, and 4-cycle-P profiles of specimens by EDS. All precursor
specimens were Cu-depleted (Cu/(Zn+ Sn)<1) and Zn-rich
(Zn/Sn>1), and the atomic percentages were similar for dif-
ferent numbers of stacked precursor layers. The results are
also listed in Table 1.

Figures 2(i)–2(l) show AFM measurements of the 1-
cycle, 2-cycle, 3-cycle, and 4-cycle specimens, respectively.
It can be seen that while the surface roughness values for
the 1-cycle, 2-cycle, and 3-cycle specimens were generally
the same, the 4-cycle specimen had a relatively low surface
roughness, which could be due to the relatively good inter-
diffusion of metals in the precursor of the 4-cycle specimen.
A thin film containing an absorber layer with a rough sur-
face can lead to poor interface quality between the absorber
and buffer layers, thus further reducing the conversion effi-
ciency. Table 1 lists the atomic percentages of the 1-cycle,
2-cycle, 3-cycle, and 4-cycle specimens. It can be seen from
the table that as the number of precursor stacked layers
increased, the maximum relative changes of Se, Cu, Zn,
and Sn atoms were 2.11%, 6.96%, 15.25%, and 37.7%,
respectively, with Sn atoms showing the highest relative
change. We speculated that the relative changes in the

atomic percentages were due to the increase in the number
of metal precursor stacks. In other words, there was a rela-
tive increase in Cu-Sn interfaces, and since Cu is highly dif-
fusible, it might form Cu6Sn5 alloy with Sn (see below for
more details). This suppressed the loss of Sn atoms during
high-temperature selenisation, thus leading to a higher Sn
atomic percentage.

Figure 3(a) shows the XRD measurements of the 1-cycle,
2-cycle, 3-cycle, and 4-cycle specimens (raw data subjected
to log processing). All the specimens showed the (112),
(204), (312), and (316) diffraction peaks of CZTSe, as well
as the diffraction peak of the FTO substrate, at 33.8°, 51.6°,
and 65.6°. The (311), (312), (006), and (318) diffraction
peaks of the CuxSe secondary phase could be observed in
the 1-cycle, 2-cycle, and 3-cycle specimens, with the inten-
sity decreasing as the number of precursor stacked layers
increased. The 4-cycle specimen showed no obvious diffrac-
tion peak for CuxSe, indicating that it had better thin-film
quality. XRD is a macroscopic measurement, and CZTSe
has diffractions peaks that are located close to those of many
secondary phases, which makes them difficult to distinguish.
Therefore, Raman spectroscopy was performed to fully
understand the formation of the relevant compounds.
Figure 3(b) shows the spectra of the 1-cycle, 2-cycle, 3-cycle,
and 4-cycle specimens under the A1 Raman mode (after the
data were normalised). In general, clear signals can be
observed at 190–192 cm-1 and 169–171 cm-1, both corre-
sponding to CZTSe [36, 37]. As the number of precursor
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Figure 1: Schematic diagram of experiment. In this experiment, the most basic 1-cycle-P precursor was gradually modified into a 4-cycle-P
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produced. Subsequently, the buffer layer, window layer, and upper electrode were deposited by sputtering. In the inset, (a), (b), and (c)
labelled on the heating curve are the measurements obtained after staged heating and taking the test piece out in order to further
understand the difference between the reaction mechanism of 1-cycle-P and that of 4-cycle-P.

4 International Journal of Energy Research



1-cycle

10 𝜇m

(a)

2-cycle

10 𝜇m

(b)

3-cycle

10 𝜇m

(c)

4-cycle

10 𝜇m

(d)

1-cycle

10 𝜇m

(e)

2-cycle

10 𝜇m

(f)

3-cycle

10 𝜇m

(g)

4-cycle

10 𝜇m

(h)

Figure 2: Continued.

5International Journal of Energy Research



2

2

2

2

4

4

6

6

8

8

10

10

4

4

6

6

8

8

175.0

550.0

1-cycle RMS: 127 nm

nm

nm

10

10

um um

um

550.0 nm

−200.0 nm

(i)

2

2

2

2

4

4

6

6

8

8

10

10

4

4

6

6

8

8

175.0

550.0

nm

nm

10

10

um um

um

550.0 nm

−200.0 nm

2-cycle RMS: 135 nm

(j)

2

2

2

2

4

4

6

6

8

8

10

10

4

4

6

6

8

8

175.0

550.0

nm

nm

10

10

um
um

um
550.0 nm

−200.0 nm

3-cycle RMS: 145 nm

(k)

2

2

2

2

4

4

6

6

8

8

10

10

4

4

6

6

8

8

175.0

550.0

nm

nm

10

10

um
um

um

550.0 nm

−200.0 nm

4-cycle RMS: 69 nm

(l)

Figure 2: (a–d) SEM top views of the 1-cycle, 2-cycle, 3-cycle, and 4-cycle specimens, respectively; (e–h) cross-sectional views of the 1-cycle, 2-
cycle, 3-cycle, and 4-cycle specimens, respectively; (i–l) AFMmeasurements of the 1-cycle, 2-cycle, 3-cycle, and 4-cycle specimens, respectively.

6 International Journal of Energy Research



stacked layers increased, the main signal peak of CZTSe
gradually moved towards the low-frequency range. This
phenomenon may be related to the following equation [38]:

υ A1ð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2αCu−VI + αZn−VI + αSn−VI

MVI

s
, ð1Þ

where α is the bond stretching force constant and X–VI fol-
lows (X = Cu, Zn, Sn, and VI = Se). As shown in to Table 1,
the Se anions showed minimal changes, whereas the Cu, Zn,
and Sn cations all showed changes, which may have caused
the shift.

To further confirm whether the large grains on the thin-
film surface were indeed the CuxSe phase seen in the SEM
image, as well as to understand the changes in the distribu-
tion of the CuxSe phase on the absorber layer surface, Raman
mapping was used to study the surface of each specimen.
Figures 4(a)–4(d) show the Raman maps the 1-cycle, 2-cycle,
3-cycle, and 4-cycle specimens. Under the A1 mode, the
large grains were defined as the CuxSe secondary phase in
the frequency range of 240–289 cm−1, thereby showing the
composition distribution of the CuxSe secondary phase in
the planar space. The CuxSe clusters on the surface of the
1-cycle specimen were 2–8μm in size, which were much
larger than the CZTSe grains. However, as the precursor
stack layers increased in number, the CuxSe clusters on the
surfaces of the 2-cycle and 3-cycle specimens decreased in
size. For the 4-cycle specimen, only a small amount of CuxSe
clusters remained. The Raman mapping analysis demon-
strated that as the number of precursor stacked layers of
the specimen increased, the CuxSe clusters on the specimen
surface gradually decreased in number, which was consistent
with the previous XRD and SEM measurement results.

Since Raman spectroscopy only measures signals to a
depth of approximately 220 nm below the specimen surface,
UV–vis–NIR spectra were used to further understand the
internal structure of the CZTSe thin film and determine its
quality. Figures 5(a) and 5(b) show the transmittance/reflec-
tance and absorptance values, respectively, of the 1-cycle, 2-

cycle, 3-cycle, and 4-cycle specimens deposited on the FTO
substrate, as measured by UV–vis–NIR spectroscopy.
Figure 5(a) shows no significant changes in the reflectance
characteristics of the four specimens before 1200 nm. It is
worth noting that the reflectance of the 4-cycle specimen
increased significantly after 1200 nm, whereas that of the 1-
cycle, 2-cycle, and 3-cycle specimens showed no significant
changes. The variation in reflectance was primarily attrib-
uted to the effects of material properties and surface topog-
raphy, whereas the change in the reflectance of the films
was primarily attributed to the refractive index of the mate-
rials and the roughness of the surface. Hirate et al. and
Yadav et al. revealed that below 1200nm, the trends of the
change in the refractive index of CZTSe, CuxSe, and CTSe
are virtually the same [39, 40]. Thus, little change occurred
in the reflectance characteristics of the four samples. How-
ever, from 1-cycle to 3-cycle, the reflectance gradually
decreased as the number of stacked precursor layers
increased, probably because of the decrease in the amount
of CTSe and CuxSe in the films. The simplified thin-film
optical model suggested that the higher the refractive index
of the material, the higher the reflectance. The refractive
indexes of CTSe and CuxSe were higher than that of CZTSe.
As the amount of CTSe and CuxSe decreased, the reflectance
decreased. Secondly, we investigated the effects of surface
roughness on reflectance. As shown in the AFM measure-
ments in Figures 2(i)–2(l), little change occurred in the sur-
face roughness from the 1-cycle specimen to the 3-cycle
specimen. Hence, the effects of surface roughness were not
considered. However, the surface roughness of the 4-cycle
specimen was greatly reduced; thus the absorber layer had
a mirror-like surface and exhibited the highest reflectance.
In terms of transmittance, all the four specimens showed
no obvious changes before 800nm, but changes began to
occur after 800nm, and were especially significant in the 4-
cycle specimen. It was speculated that the above changes in
the transmittance and reflectance values were due to mate-
rial absorptance. The absorptance values obtained based on
absorptivity (penetration rate)/reflectance calculations are
shown in Figure 5(b) and can be divided into zone (I), zone
(II), and zone (III). In zone (I), all the specimens had high
absorptance, but the absorptance values of the 1-cycle, 2-
cycle, and 3-cycle specimens were higher than that of the
4-cycle specimen. In zone (II), the absorptance of the 4-
cycle specimen decreased sharply, showing an obvious
absorption boundary for CZTSe at 1.16 eV, whereas all the
other specimens still showed high absorptance because the
energy bandgap of the CTSe secondary phase was between
0.84 eV and 2.1 eV [41]. Therefore, it was speculated that
the changes caused were due to the absorption properties
of the CTSe material. In zone (III), the absorptance of the
4-cycle specimen increased, presumably owing to the char-
acteristics of the FTO thin film. In comparison, the 1-cycle,
2-cycle, and 3-cycle specimens still had relatively high
absorptance values. The presence of CTSe in the CZTSe thin
film can lead to electricity leakage [42]. This phenomenon
may have occurred because the metal precursors of the 1-
cycle, 2-cycle, and 3-cycle specimens were not sufficiently
thin, resulting in the incomplete and nonuniform diffusion

Table 1: Number of stacked layers of different precursors and
atomic percentages of CZTSe absorber layers measured by EDS.

Cu (%) Zn (%) Sn (%) Se (%)
Cu/(Zn
+ Sn)

Zn/
Sn

1-Cycle 26.14 15.74 8.41 49.71 1.08 1.87

2-Cycle 25.95 15.53 9.03 49.49 1.06 1.72

3-Cycle 25.68 14.49 10.45 49.38 1.03 1.39

4-Cycle 24.32 13.34 11.58 50.76 0.98 1.15

1-Cycle-
P

47.15 28.83 24.02 0.89 1.2

2-Cycle-
P

47.03 28.87 24.1 0.89 1.2

3-Cycle-
P

47.02 28.85 24.13 0.89 1.2

4-Cycle-
P

46.99 28.86 24.15 0.89 1.2
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Figure 3: (a) XRD measurements, and (b) Raman spectrum measurements of the 1- to 4-cycle specimens.
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between the metal precursors. The absorption coefficient of
the bandgap energy of the CZTSe thin film can be obtained
from the intercept on the axis of the photon energy (hv)
when linearly extrapolating the (ahv)2 in the (ahv)2–hv rela-
tionship curve [43]:

αhυð Þ2 = A hv − Eg

À Á
, ð2Þ

where α is the absorption coefficient, h is Plank’s constant, v
is the photon frequency, and A is a constant. The energy
bandgap calculated from the transmittance/reflectance spec-
tra is shown in Figure 5(c), while Figure 5(d) shows the rela-
tionship of the number of precursor stacked layers with
energy bandgap and Cu/(Zn+ Sn) ratio. It can be seen that
as the precursor stacked layers increased in number, the
Cu/(Zn+ Sn) ratio gradually decreased, and the energy
bandgap gradually increased. This may have been due to
the hybridisation orbitals formed by the d-orbitals of Cu
and the p-orbitals of Se, which resulted in changes consistent
with those described in the literature [44].

To confirm that CTSe was present in the 1-cycle speci-
men, as well as to further understand the quality and the
microstructure of the thin film, TEM studies were performed

on the 1-cycle and 4-cycle specimens. Figures 6(a) and 6(b)
show cross-sectional TEM (XTEM) images of the 4-cycle
and 1-cycle specimens, respectively. It can be seen from
the two images that the CZTSe film was approximately
1.5μm in both the cases, and the 1-cycle specimen had a sur-
face that was rougher than the 4-cycle specimen, which was
consistent with the AFM results. In addition, the inset in
Figure 6(a) shows the HR-XTEM image of the selected area
where the electron beam was incident on the crystal in the
[100] direction, along with the pattern calculated using a fast
Fourier transform (FFT). It can be observed that this CZTSe
thin film exhibited a tetragonal structure, which was close to
a single-crystal phase. HR-XTEM and/or FFT calculations
show the lattice constants to be approximately 0.565 nm
for the a-axis and approximately 1.156 nm for the c-axis,
which is consistent with the previously reported results
[45]. Figure 6(b) shows regions with different compositions,
such as A1 and A2, and these regions were studied separately
using HR-XTEM, as shown in Figures 6(c) and 6(d), respec-
tively. Figure 6(c) shows the HR-XTEM measurement for
region A1, where the inset shows the pattern of the selected
area electron diffraction (SAED), the electron beam being in
the [013] direction. This observation confirmed that the 1-
cycle specimen contained CTSe with a single-phase cubic
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Figure 4: (a–d) Raman maps of the 1-cycle, 2-cycle, 3-cycle, and 4-cycle specimens, respectively. The scale bars in the figure are the CuxSe
signal strength.
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structure (where the lattice constant of the a-axis was
approximately 0.565 nm). Figure 6(d) shows the HR-XTEM
measurement for region A2, where the inset shows the
pattern calculated using FFT, for which the electron beam
was in the [102] direction. It can be seen from the figure that
the 1-cycle specimen also contained CZTSe with a tetragonal
structure (where the lattice constant was approximately
0.565 nm for the a-axis and approximately 1.156 nm for the
c-axis). This implies that within the 1-cycle specimen, the
CTSe secondary phase formed as a result of uneven diffusion
between the metal precursors, thus affecting the thin-film
quality, which was consistent with the results shown in
Figure 5(b).

The aforementioned findings may be summarised as fol-
lows: to elucidate the differences in the growth mechanisms of
CZTSe films with different numbers of stacked metal precursor
layers, we performed selenisation of 1-cycle-P and 4-cycle-P at
different temperatures (all experimental parameters were the

same as the experimental procedure, with Se solid used), as
shown in the heating conditions in Figures 1(a)–1(c). After
the reactions at 150°C (a), 350°C (b), and 500°C (c), the speci-
mens were cooled naturally and then removed for XRD (after
log treatment) and Raman spectroscopy measurements, as pre-
sented in Figure 7(a). The XRDmeasurements revealed that the
precursors of the 1-cycle and 4-cycle specimens both showed
the diffraction signals of the Cu5Zn8 (PDF 25-1288) alloy, as
well as the single elements Cu, Sn, and Zn. Interestingly, the
precursor of the 4-cycle specimen contained the Cu6Sn5 (PDF
45-1488) bronze alloy (Cu-Sn), and Cu5Zn8 exhibited a rela-
tively significant peak. Because the diffusion coefficient of Sn
to Zn was extremely small at room temperature, the signal for
the Cu-Sn alloy was not detected in the 1-cycle specimen. In
contrast, changes in the stacking conditions of the 4-cycle spec-
imen might lead to the formation of the Cn-Sn interface. In the
mechanism underlying the formation of CZTSe bymetal alloys,
bronzes and brasses decompose to form the corresponding

5
400 600 800 1000 1200 1400

10

Re
fle

ct
an

ce
 (%

)

15

20

25

5

Tr
an

sm
itt

an
ce

 (%
)

0

10

15

20

2530

Wavelength (nm)

4-cycle
3-cycle

1-cycle
2-cycle

4 cycle
3 cycle

1 cycle
2 cycle

(a)

0
400 600 800 1000 1200 16001400

20

A
bs

or
ba

nc
e 

(%
)

40 CZTSe

(I) (II) (III)

CTSe

60

80

100

Wavelength (nm)

4-cycle
3-cycle1-cycle

2-cycle

(b)

0.96 1.02 1.08 0.99

Photon energy (eV)

(𝛼
h𝜈

)2
 e

V
/c

m
−

2

1.02 1.081.05

0.95 1.00 1.101.050.88 0.96 1.04

2-cycle
1-cycle

4-cycle
3-cycle

(c)

0.96
1-cycle 2-cycle 3-cycle 4-cycle

0.98

C
u/

(Z
n+

Sn
)

1.00

1.02

1.04

0.92

Ph
ot

on
 e

ne
rg

y 
(e

V
)

0.90

0.94

0.96

0.98

1.00

1.02

1.06

1.08

1.10

Sample

(d)
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compounds at the given temperature. This is very important for
CZTSe, which requires a precise crystal structure [46]. In addi-
tion, the formation of the Cu6Sn5 alloy could also contribute to
the growth of CZTSe grains [47]. When the specimens under-
went selenisation at 150°C, the 4-cycle specimen showed even
more significant signals for Cu6Sn5 and Cu5Zn8, and the 1-
cycle specimen also showed a stronger signal for Cu5Zn8. How-
ever, the precursors of the 1-cycle and 4-cycle specimens treated
at a selenisation temperature of 150°C showed no peaks in
Raman spectroscopy, indicating that high-quality Se com-
pounds were yet to form on the specimen surface. When the
selenisation temperature was increased to 300°C, the XRDmea-
surement showed that the 1-cycle and 4-cycle specimens both
might contain Se compounds and alloy phase. To further
understand the presence of Se compounds as observed in
XRD, Raman spectroscopy was carried out, and it was observed
that the 1-cycle specimen might contain signals for CuxSe,
CTSe, and CZTSe, whereas the 4-cycle specimen only exhibited
the signal for CZTSe. When the selenisation temperature
reached 500°C, the signal for CZTSe (but not CuxSe and CTSe)
could be observed for the 1-cycle specimen in the XRD and

Raman measurements, while only the CZTSe signal was
observed for the 4-cycle specimen. In addition, the TEM and
UV–vis–NIRmeasurement results for the 1-cycle specimen also
revealed the presence of CTSe. A schematic of the thin-film
growth was created based on the results above, as shown in
Figure 7(b). The precursor metal layers facilitated the diffusion
in the 4-cycle specimen, and hence resulted in better diffusion
of the elements, which indeed suppressed the formation of the
secondary phase and led to a better film quality.

Figure 8(a) shows the dark current (Idark) values of CZTSe
solar cells measured at room temperature without illumina-
tion, and the J–V curves with AM1.5G (front incident light),
where the CZTSe solar cells contained absorber thin films
composed of the 1-cycle and 4-cycle specimens. The properties
of the devices are listed in Table 2. It can be seen from Table 2
that without illumination, the CZTSe solar cell prepared with
the 1-cycle specimen had a shunt resistance (Rsh) that was far
lower than that of the CZTSe solar cell prepared with the 4-
cycle specimen, while the two had similar series resistance
(Rs) values. This was mainly because the absorber layer of
the CZTSe solar cell composed of the 1-cycle specimen
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Figure 6: TEM images of the (a) 4-cycle specimen and (b) 1-cycle specimen; and HRTEM images of (c) region A1 in the 1-cycle specimen
and (d) region A2 in the 1-cycle specimen.
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contained secondary phases such as CuxSe and CTSe, which
caused the formation of electricity leakage within the device,
thus affecting the properties of the solar cell. The quality of
the junction can be reflected by the junction rectifying char-
acteristics, the numerical value of which is calculated by
Idark ½0:3V�/Idark ½−0:3V�, based on the magnitude of the
current measured under forward bias [48]. The values for
junction rectifying characteristics of 1-cycle and 4-cycle
specimens were calculated to be 3.91 and 29. A larger value

for junction rectifying characteristics indicated better diode
performance. Based on the junction rectifying characteris-
tics, the CZTSe solar cell prepared with the 4-cycle speci-
men exhibited the best rectifying performance.

Under AM1.5G (front incident light), the CZTSe solar
cell prepared with the 4-cycle specimen exhibited better
photovoltaic properties than the CZTSe solar cell prepared
with the 1-cycle specimen. It is worth noting that the open
circuit voltage (Voc) of the CZTSe solar cells can be
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calculated using the following equation [49]:

Voc =
KT
q

� �
ln

IL
I0

+ 1
� �

, ð3Þ

where K is Boltzmann’s constant, T is the temperature, q is the
electronic charge, IL is the light-generated current density, and
I0 is the saturation current density. According to Equation (3),
a relatively small saturation current density (I0) and relatively
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Figure 8: (a) J–V curves without illumination and with AM1.5G (front incident light) for the 1-cycle specimen and 4-cycle specimen, (b) J–
V curves of the 4-cycle specimen under different modes of incident light, and (c) spectral irradiance converted from EQE data of charge
carriers under front and rear incident light.

Table 2: Photovoltaic properties of solar cells prepared with the 1-cycle and 4-cycle specimens.

AM1.5G Dark

Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%) Rsh (Ω˙cm2) Rs (Ω˙cm2) Junction rectifying character

1-Cycle

Bifacial N.A. N.A. N.A. N.A.

20 2 3.91Front 0.09 13.27 33.5 0.4

Rear N.A. N.A. N.A. N.A.

4-Cycle

Bifacial 0.31 29.32 45.32 4.13

650 2.2 29Front 0.3 27.05 47.93 3.89

Rear 0.17 3.3 48.13 0.27
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large light-generated current density (IL) would result in a rela-
tively high Voc. However, Voc was not affected exclusively by the
relationship described in Equation (3). The presence of other
secondary phases within the CZTSe absorber layer composed
of the 1-cycle specimen not only affected the light-generated
current density but also caused an increase in the nonradiative
recombination within the absorber layer, thus further reducing
Voc. Moreover, the results in Figure 5(d) also show that the
energy bandgap of the 4-cycle specimen was larger than that
of the 1-cycle specimen, which was consistent with Voc. In
terms of the fill factor (FF), the CZTSe solar cell made with
the 4-cycle specimen also performed better than that made with
the 1-cycle specimen. Generally, a poor FF indicates a relatively
large series resistance and small parallel resistance, both of
which are caused by the nonuniform distribution of the compo-
sition and the impurities in the absorber layer. It can therefore
be speculated that the poor FF of the solar cell made with the
1-cycle specimen was a result of the CTSe and CuxSe in the
absorber layer. Figure 8(b) shows the J–V curves of the CZTSe
solar cell prepared with the 4-cycle specimen under front, rear,
and bifacial incident light (nomeasurement could be performed
for the solar cell prepared with the 1-cycle specimen under rear
incident light). The photovoltaic properties of the solar cells are
listed in Table 2. The photovoltaic conversion efficiencies of the
CZTSe solar cell prepared with the 4-cycle specimen were
3.89%, 0.27%, and 4.13% under the front, rear, and bifacial inci-
dent light, respectively. The improvement in efficiency under
bifacial incident light was mainly because the increase in the
amount of incident photons triggered a larger light-generated
current. It is worth noting that Voc also increased to a certain
extent under bifacial incident light, which suggests the absence
of significant parasitic junctions in the device (such a junction
would have had the opposite polarity of the main junction; for
example, the Schottky-like barrier generated on the interface
between the FTO back electrode and absorber layer, and the
CZTSe/ZnSe junction generated inside the bottom absorber
layer). As a result, Voc did not decrease [25, 50].

Figure 8(c) shows the EQE data plots of the spectral irradi-
ance converted to the charge carriers of the CZTSe solar cells
prepared with the 1-cycle and 4-cycle specimens. The plots
can be divided into four zones for discussion. Zone (I) shows
the difference between the AM1.5G spectrum and the spectral
irradiance converted from the absorptance rate of the FTO/
CZTSe absorber thin film. The AM1.5G spectrum was not
fully absorbed in this zone, which was not only due to limita-
tions in the properties of the CZTSe material but also as a
result of the transmittance/reflectance of the FTO/CZTSe
structure. Zone (II) shows the spectral irradiance converted
from the absorber layers of the 1-cycle and 4-cycle specimens.
It can be seen that the 1-cycle specimen could convert approx-
imately 82.92% of the AM1.5G spectrum, while the 4-cycle
specimen could only convert approximately 80.24%. The
difference was mainly due to the presence of CTSe and CuxSe
inside the absorber film of the 1-cycle specimen. Such second-
ary phases not only enhanced the absorptance in the visible

light region but also maintained a relatively high absorptance
in the long wavelength range. Zone (III) shows the spectral
irradiance converted from the measured EQE data of the
CZTSe solar cells prepared with the 1-cycle and 4-cycle speci-
mens under front incident light. The results showed that the 1-
cycle specimen could convert approximately 25.6% of the
AM1.5G spectrum, while the 4-cycle specimen could convert
approximately 52.2%, which was exactly the opposite of the
results in zone (II). This was because although the appearance
of CTSe and CuxSe inside the absorber layer of the 1-cycle
specimen could improve the absorptance, these two materials
have relatively high conductivity, which provided leakage
paths, while also increasing the possibility of carriers being
trapped inside the defects, thereby lowering the light-
generated current. Moreover, owing to the ZTO buffer layer,
there was a decline due to the lack of CdS absorptance in the
range of approximately 375–510nm. Zone (IV) shows the
spectral irradiance converted from the measured EQE data of
the CZTSe solar cells prepared with the 4-cycle specimen
under rear incident light (no data could be measured for the
1-cycle specimen). Although the rear incident light could be
directly absorbed by the absorber layer of the CZTSe solar cell,
the electron–hole pairs could not be efficiently separated, mak-
ing it difficult to generate charge carriers for conduction.When
the incident light had a long wavelength, it had a high proba-
bility of reaching the space charge region, thus making it pos-
sible to generate charge carriers for conduction.

Figure 9 presents the DH test results of thin-film solar cells
with 4-cycle CZTSe specimens under front incident light. DH
tests were conducted on the specimens in a standard humidity
and heat test environment at 85% RH and 85°C. After 250h of
DH testing, the conversion efficiency decreased from 3.89 to
3.03%, a drop of approximately 22%. This efficiency is approx-
imately 30% [51] lower than the results obtained by Peng et al.
using Mo substrate as the back electrode. However, the
decrease in efficiency was significant compared with the previ-
ous results obtained by our team [14]. Such results were attrib-
uted to inadequate optimisation of ZTO buffer layers, which
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Figure 9: The efficiencies of CZTSe solar cells prepared on FTO
substrates obtained during the weatherability DH test. The inset
figure is a cross-sectional view of a 4-cycle CZTSe solar cell
measured by SEM before and after damp heat treatment.

14 International Journal of Energy Research



will be addressed in future studies. Moreover, the inset of
Figure 9 is the cross-sectional view of the CZTSe solar cell
measured by SEM before and after the damp heat treatment.
Notably, the thickness, grain size, and structure of the devices
were unchanged, which is consistent with previous results
reported in the literature [52].

4. Conclusion

In this study, metal precursors were arranged in multistacking
metallic layers to improve the thin-film quality of the CZTSe
absorber layer. Our findings demonstrated that changing from
the original number of stacked layers in 1-cycle-P to that in 4-
cycle-P had a significant influence on thin-film quality after
selenisation as well as on the characteristics of bifacial photo-
voltaic devices. The interdiffusion within the stacked metallic
layers might promote the formation of (Cu-Sn) alloys, which
suppressed the loss of Sn during selenisation, thus further
affecting the composition of cations. In addition, secondary
phases, including CuxSe and CTSe, appeared on the top sur-
face and inside the CZTSe thin film of the 1-cycle specimen,
leading to poor thin-film quality. In contrast, these secondary
phases were not observed in the CZTSe thin film of the 4-cycle
specimen, indicating that the metal precursors arranged in a
multistacking metallic layer structure could effectively sup-
press the generation of secondary phases. Finally, this study
focused on using an all-vacuum manufacturing technique to
improve the continuity of thin-film deposition, as well as to
prepare a cadmium-free bifacial CZTSe solar cell. Under bifa-
cial incident light, the bifacial photovoltaic devices obtained
had an open-circuit voltage of 0.31V, a short-circuit current
density of 29.32mA/cm2, and an efficiency of 4.13%. There-
fore, this study has provided not only an important and feasi-
ble approach for fabricating CZTSe solar cell structures but
also a way to reduce environmental pollution and enhance
the continuity of solar modules. Additionally, under DH con-
ditions, the degradation in efficiency was effectively mitigated
compared with cells with metal back electrodes reported in
other studies.
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