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A B S T R A C T

Thin film Cu2ZnSnSe4 (CZTSe) solar cells can be grown on flexible and lightweight metal substrates allowing
their direct integration on bendable surfaces and where the weight of solar cell is an important criterion. Flexible
substrates make it possible to use the roll-to-roll technology of solar cells, which leads to an additional reduction
in the cost of production and final cost of solar cells. The CZTSe thin films were fabricated by selenization of
electrodeposited metallic precursors onto tantalum (Ta) flexible substrates at different temperature and time.
The results of the effect of selenization temperature and time on the morphology, structural, and optical property
of the CZTSe films are presented in this work. It was found that the morphology of the CZTSe thin films depend
on their elemental composition and time of selenization. Experimental data indicate that composition of the
CZTSe films selenized within 10 and 20min at 560 °C have the CZTSe basic phase and secondary phases (CuSe,
SnSe and ZnSe). In contrast, the increase in selenization temperature and/or time leads to disappearing of the
secondary phases (CuSe, SnSe) and better crystallization of the CZTSe films. It was found that films selenized at
560 and 580 °C within the same time have similar characteristics. Depending on selenization time and tem-
perature of the CZTSe, thin films exhibited a shift in band gap from 1.16 to 1.19 and to 1.22 eV, respectively. The
change of band gap of the CZTSe thin films is associated with changes of elemental and phase compositions, and
thickness of the film. These results showed that the received CZTSe films on Ta foil can be used for fabrication of
thin film solar cells.

1. Introduction

Currently, silicon (Si), copper indium gallium selenide (CIGSe) and
cadmium-telluride (CdTe) are leading solar cell technologies due to
their high efficiency (Green et al., 2017). However, the silicon tech-
nology is expensive (Luck, 2014). The CdTe and CIGSe and technologies
suffer from issues of toxicity and low abundance of raw materials,
which are predicted to severely limit the manufacturing, mass deploy-
ment, and economic sustainability of solar cells production (Moskowitz
and Fthenakis, 1990; Green, 2009). The kesterite Cu2ZnSnSe4 (CZTSe)
is promising absorber material for cost effective thin film solar cells due
to direct optical band gap (∼1.0 eV), high absorption coefficient
(10−4 cm−1), p-type conductivity, low thermal conductivity, and this

material is made of abundant and low-toxicity elements. The highest
conversion efficiency of CZTSe solar cells on glass substrates is 11.6%
(Lee et al., 2014; Das et al., 2016).

In recent years, few attempts have been made to deposit CZTSe on
metal flexible substrates because of the potential to reduce production
costs (Kaigawa et al., 2015; Kessler and Rudmann, 2004; Khalil et al.,
2017; Lopez-Marino et al., 2016; Stanchik et al., 2018). Flexible mod-
ules offer several advantages for their manufacturing and applications
compared to modules on glass substrates (Bojic et al., 2016;
Jayawardena et al., 2013; Kesler et al., 2005; Otte et al., 2006; Pagliaro
et al., 2008). Solar cells on flexible substrates are very thin, light-weight
and they can be applied on bendable surfaces, which makes them also
more suitable in use. Another advantage of flexible substrates is the
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potential to use roll-to-roll technology for the production of thin films
which lead to much faster payback of solar cells because of high-
throughput processing and low cost of the overall system (Kessler and
Rudmann, 2004). The highest conversion efficiency of CZTSe solar cells
on flexible metal substrates is reported to be 6.1%, where the CZTSe
layer was produced by two-stage process (Lopez-Marino et al., 2016). If
the two-stage film production process uses a combination of vacuum
and non-vacuum methods, the production costs can be additionally
reduced (Abermann, 2013). Recently, various non-vacuum methods
have been applied to form precursors in the first step of the CZTSe films
growth. Among these methods, electrochemical deposition is promising
because of its low cost, easy to control, efficient use of materials, high-
throughput and nontoxic process (Aksu et al., 2009; Deligianni et al.,
2011; Guo et al., 2014; Klochko et al., 2014). In the second step an-
nealing of the precursor in Se containing atmosphere is conducted
(selenization). Phase CZTSe may form at temperatures 300 °C but
higher temperatures should be applied for a sufficient CZTSe crystal-
lization and conversion of binary and ternary phases into the main
CZTSe phase (Fella et al., 2013). Preliminary annealing (pre-annealing)
of metallic precursors can be applied before selenization in order to
achieve homogenization of metal layer, especially if the stacked layer
deposition was employed (Jiang et al., 2013). According to Kim et al.
(2016) this step improves the final CZTSe solar cell performance.
However, less study is devoted to preparation of the CZTSe films by the
three-step method than by the two-step method, and the existing lit-
erature mainly focus on the CZTS thin films. Nevertheless, some of the
problems need further investigation to increase performance CZTSe-
based solar cells on metal flexible and/or glass substrates. In particular,
the growing of single-phase CZTSe films without Zn-Se and more det-
rimental Sn-Se, Cu-Se and Cu2SnSe3 secondary phases is not an entirely
resolved problem (Amiri and Postnikov, 2012; Fairbrother et al., 2014;
Hartnauer et al., 2016; Just et al., 2016; Temgoua et al., 2014), and the
effect of metal substrates on the properties of thin films is not uniquely.
The comprehensive study about the effects of selenization time and
temperature on both the properties of CZTSe film and the solar cell the
properties is still limited (Fairbrother et al., 2014; Fella et al., 2012;
Mangan et al., 2015; Marquez-Prieto et al., 2016; Yao et al., 2017). In
this work, we have systematically investigated the influence of seleni-
zation time and temperature on the structure, morphology, secondary
phase’s formation and optical properties of CZTSe films obtained onto a
flexible Ta substrate by the three-step method.

2. Experimental

2.1. Synthesis of CZTSe thin films

The CZTSe thin films were fabricated by the three-step process
(precursor deposition, pre-annealing and selenization). The metal Cu/
Sn/Zn precursors were sequentially electrochemically deposited on a Ta
foil using metal plates with 99.99% purity (Gremenok et al., 2016;
Gremenok et al., 2017). Preliminary annealing of the deposited metal
precursors was conducted in 95% Ar+5% H2 atmosphere at a

temperature of 350 °C for 30min, after which the precursors were
cooled to room temperature. The pre-annealed precursors were con-
verted into the CZTSe films by selenization in a tubular quartz furnace.
The pre-annealed precursors and 13mg of selenium powder were
loaded into a quartz box, and inserted into the furnace. The selenization
was performed at temperature 560 °C, with a different duration time of
10, 20, 30min, and at temperature 580 °C, with a duration time of
30min.

2.2. Characterization

SEM characterization of CZTSe films surface morphology, focused
ion beam (FIB) prepared cross-sections and EDX analysis of the films
were carried out in a dual beam system FE-SEM-FIB Helios Nanolab 650
(FEI Company) equipped with an x-ray spectrometer X-Max (Oxford
Instruments). The phase composition and crystalline structure of the
materials were studied using a PANalytical diffractometer operating
with CuKα radiation. Analysis of the phase composition was performed
with the use of the database of the Crystallography Open Database
(COD). For study the lattice parameters of films we used the Rietveld
analysis (Rietveld, 1969), implemented in the «Material Analysis Using
Diffraction» (MAUD) software package (Lutterotti et al., 1999).

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) depth
profiles were performed on a TOF.SIMS 5-100 from IONTOF equipped
with a Bi primary ion gun and a Xe sputter source. Depth profiles were
performed in the interlaced mode with Xe+ sputtering incident with an
impact energy of 2 keV. The scanning area was 300×300 µm2. For the
analysis beam Bi1+ primary ions are used at ion energies of 30 keV in
the spectrometry mode with the positive polarity of the analyzer. The
lateral resolution was 3–10 µm. The analyzed area defined by rastering
the Bi ion beam was 100×100 µm2. The Bi1+ is chosen for the analysis
beam in order to maximize the mass resolution.

The spectral dependences of reflectance of the CZTSe films were
carried out using a spectrophotometer MC122. Measurements were
carried out in the spectral range from 300 to 1100 nm with spectral
resolution of 3 nm (angle for reflected radiation measurements of 20°).

3. Results and discussion

In this work three series of Cu-Sn-Zn precursors, named A, B and C,
were prepared. The precursors A and C series were Zn-rich, and the
precursors B series were close to the stoichiometric composition.

The elemental composition of CZTSe thin films depending on time
and temperature of selenization is depicted in Table 1. The ratios of Cu/
(Zn+ Sn) and Sn content decrease while ration Zn/Sn increases with
the increasing the annealing time. The changes in the elemental con-
centration was due to the formation of SnSe, which has a much higher
vapor pressure than Sn (Redinger and Siebentritt, 2010). Moreover, the
amount of Se and Se/metal ratio of CZTSe film series A also gradually
increases, indicating that sufficient selenization is achieved. However,
the amount of Se and Se/metal ratios of CZTSe film series B initially
increases then decreases with the annealing time probably due to

Table 1
The elemental composition and corresponding Zn/Sn, Cu/(Zn+ Sn), Se/metal ratios of the CZTSe thin films depending on time and temperature of selenization.

Series Temperature of selenization, °C Time of selenization, min Atomic percent Ratio

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

A 560 10 27.55 15.5 11.82 45.13 1.31 1.01 0.82
20 25.09 17.21 11.44 46.26 1.50 0.88 0.86
30 24.61 17.39 11.13 46.87 1.56 0.86 0.88

B 10 23.36 12.8 11.54 52.30 1.11 0.96 1.10
20 21.25 13.8 12.27 52.68 1.12 0.82 1.11
30 18.4 21.21 8.8 51.59 2.41 0.61 1.07

C 580 30 22.09 18.53 10.83 48.54 1.71 0.75 0.94
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higher evaporation of tin selenide. Sn loss is relatively higher for CZTSe
films series B.

Comparing the elemental composition of CZTSe films series A and C
obtained at temperature 560 and 580 °C within 30min, a slight differ-
ence of the Zn/Sn and Cu/(Zn+ Sn) ratios is observed. In both series,
the CZTSe films are Cu-poor and Zn-rich, which corresponds to the
optimal composition for solar cells with increased efficiency. The high-
efficiency CZTSe-based solar cells have a composition ratio of 1.1–1.2
for Zn/Sn and 0.8–0.9 for Cu/(Zn+ Sn) (Das et al., 2016). However, in
our cases the Zn/Sn ratio is greater than 1.2.

Top view SEM images of CZTSe thin films of different selenization
time are shown on Figs. 1 and 2. From the images, it can be seen that
different morphologies are formed depending on the elemental com-
position (Xie et al., 2015; Kondrotas et al., 2015).

In both cases, the CZTSe films after 10min selenization are crack-
free and consist of two types of crystals. The small crystals have a size of
about 500 nm and the size of large crystals is about one micron. The
further increase of selenization time to 20min has no significant impact
on the morphology of CZTSe films series A with two types of crystals
still visible (Fig. 1b). The SEM images of CZTSe films series B (Fig. 2b)
clearly show the formation of small crystals with Zn-rich composition
and large crystals that are identified as SnSe crystals. As can be seen
from Figs. 1 and 2c, the CZTSe thin film after 30min selenization shows
a denser surface morphology. As the selenization time increases, the
size of large grains are enlarged (Figs. 1 and 2c). The size of crystals on
surfaces CZTSe films series A and B is about 1.5 and 1.7–3.5 μm, re-
spectively. However, some small white grains, which have been pre-
viously attributed to ZnSe (Salome et al., 2014), still present on the
surface of the films. When the Zn/Sn ratio are 2.41 (the CZTSe films
series B), small white particles almost cover the whole film surface, and
the size of grain decreases obviously (Fig. 2c). These observations are
well correlated with work (Kondrotas et al., 2015), where the model of
growth of CZTSe films enriched with Zn is proposed. According to this
model, CZTSe crystals grow large and form a compact layer, leaving an

excess of zinc at the surface. The ZnSe crystallites located on the surface
of the film can be effectively removed by etching. According to the data
of SEM (Fig. 1), the thickness of the CZTSe layer slightly increased as
the selenization time increased.

The SEM images show no significant changes to the surface mor-
phology of CZTSe films between 560 and 580 °C (Fig. 3). However, the
thickness of the CZTSe layer obtained at 580 °C is 1.2 μm, which is
much less, than the thickness of the layer of the CZTSe films obtained at
560 °C.

The X-ray diffraction (XRD) patterns of CZTSe films series A and B
obtained by annealing at temperature of 560 °C for three different
duration: 10, 20 and 30min are shown in Fig. 4. In both series, the XRD
patterns of the CZTSe films selenized for 10min reveal the formation of
Cu2ZnSnSe4 (Card No.: 96-722-0527) phase. In the XRD patterns, there

Fig. 1. Top view SEM images of CZTSe films series A obtained at selenization temperature of 560 °C and selenization time of 10 (a), 20 (b) and 30 (c) min. Inset to
(a–c) shows the typical cross-sectional image of CZTSe films series A.

Fig. 2. Top view SEM images of CZTSe films series B obtained at selenization temperature of 560 °C and selenization time of 10 (a), 20 (b) and 30 (c) min with EDX
point measurements.

Fig. 3. Top view SEM images of CZTSe films series C after 30min of seleniza-
tion at 580 °C. Inset to (a) shows the typical cross-sectional image of the CZTSe
film series C.
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are also reflections from the Ta substrate and Cu1.8Se (Card No.: 96-
900-8067). The compositions of CZTSe films of two series can involve
also the ZnSe phase (Card No.: 00-037-1463). The presence of ZnSe
phase is quite difficult to rule out due to the closeness of the most in-
tense peaks of this phase with those of Cu2ZnSnSe4 phase. In addition,
in the XRD pattern of CZTSe film series B (Fig. 4b), there are low-in-
tensity reflections of the SnSe phase (Card No.: 96-153-8897). Ac-
cording to Collord et al. (2015) and Vauche (2015), Sn-Se secondary
phases are expected in the Cu-poor composition with the ratio Zn/
Sn > 1, since this region is actually Zn-rich and Sn-rich. However,
detection of the Sn-Se secondary phases by XRD is challenging, as the
peaks of this phases are less intense, probably due to small concentra-
tions and non-uniform distribution at the surface (Vauche, 2015).
Nevertheless, according to Vauche (2015), the Sn-Se secondary phases
are detected quite easily by SEM analysis of the surface, what is con-
sistent with our SEM results (Fig. 2b).

The XRD patterns of CZTSe films series A and B revealed that the
peak from the (1 1 2)-plane intensity becomes stronger when seleniza-
tion time increases, indicating that the film crystallinity gradually gets
better. In the XRD patterns of CZTSe films series A the full width at half
maximum (FWHM) peak from the (1 1 2)-plane decreases from 0.16 to
0.14 as the selenization time increases. That confirms the improvement
in crystallographic structure. In contrast, the FWHM peak from the
(1 1 2)-plane decreases (from 0.14 to 0.18) with increasing selenization
time in the CZTSe films series B. It is known that the line broadening is
a result of small crystallite size and large microdeformations (Δd/d) in
the growth direction of the coating.

Moreover, a further increase of selenization time leads to formation
of TaSe2 (Card No.: 96-231-0533) phase and to disappearance of
Cu1.8Se phase. It should be noted that the SnSe XRD peak intensity
increased with the increasing in selenization time up to 20min and
SnSe peak vanished at selenization time of 30min (Fig. 4b).

The XRD pattern of the CZTSe thin film selenized for 30min at
580 °C (Fig. 5) reveals the formation of CZTSe phases with TaSe2 and
ZnSe secondary phases, which are consistent with results of CZTSe films
selenization duration 30min at 560 °C.

The lattice parameters calculated from the XRD data of CZTSe films
depending on time and temperature of selenization are presented in
Table 2. As can be seen, the volume of the CZTSe unit cell decreases
with the selenization time. The CZTSe films series A and C have larger
lattice parameters than the theoretical values. In contrast, the lattice
parameters of the CZTSe films series B have lower value than theore-
tical ones.

It is known that the CZTSe can crystallize into the kesterite or

stannite structure. However, from the results of XRD analysis, it is
impossible to determine reliably which of the two structures has been
formed. Authors Olekseyuk et al. (2002) showed that the Cu2ZnSnSe4
single crystal with stannite structure exhibits the lattice parameters:
a=5.6882 Å, c=11.3378 Å, and η=1.0034. According to (Chen
et al., 2009), CZTSe with the kesterite structure must have the some-
what larger lattice parameter and the somewhat smaller tetragonal
distortion η (η= c/2a) compared to the corresponding parameters of
the stannite structure. In addition, one more structure that can be
formed by the CZTSe alloy is the partially disordered kesterite, which
can lead to a volumetric expansion of up to 0.3% (Schorr et al., 2007).
Taking into consideration the above-listed structural features of kes-
terite and stannite and the results of this study, we can conclude that all
films crystallized with the formation of the kesterite or partially dis-
ordered kesterite structure.

The microstrain (ε) values presented in Table 3 were calculated
using the relation (Levandi, 2013):

= − ∗ε c c c( )/ 100%,o o (1)

where c is the lattice parameters evaluated from the XRD data and co is
the bulk lattice parameters.

The increase of the selenization time leads to a decrease of ε values.
Such a change of microstrain in crystallite is possible due to come from

Fig. 4. Typical XRD patterns of CZTSe films series A (a) and B (b) after 10, 20 and 30min of selenization at 560 °C.

Fig. 5. Typical XRD patterns of CZTSe film series C after 30min of selenization
at 580 °C.
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dislocations (mostly), vacancies, thermal expansions and contractions.
Fig. 6a–c show a SIMS depth profile of CZTSe films series A after 10,

20 and 30min of selenization at 560 °C, respectively. As can be seen
from Fig. 6a–c the significant increase of Ta signal around the sputter
time of 400/700 sec indicates the start of the CZTSe/Ta interface. It can
be seen, that the elements Se, Sn, Zn and Cu to some extent are inter-
mixed in the film and at the film/interface in the CZTSe films obtained
at temperature 560 °C within 10 and 20min. It is observed a gradual
increase of the Zn and decrease of the Cu intensity from the near-sur-
face region to the back side of films (Fig. 6a and b). The increase in the
intensity of Zn in the absorber layer at the CZTSe/TaSe2 interface can
be attributed to residual ZnSe secondary phase formed. In works
Arasimowicz (2014) and Vauche (2015) it is reported that zinc partially
migrates towards the copper layer directly after electrodeposition of
precursors with the layers sequence substrate/Cu/Sn/Zn. In addition,
the subsequent low-temperature annealing of precursors leads to the
formation of Cu-Zn alloy at the back of the precursor side while the
surface of precursor consists of a mixture of Cu-Sn alloy and Sn. Such
the bi-layer structure of the precursors indicates a Zn-rich region at the
backside of the metal precursors. According to the proposed reaction
pathway of CZTSe formation from Cu-Sn-Zn precursors (Eqs. (2) and
(3)), binary and/or ternary phases are formed during high-temperature
annealing of precursors in selenium vapor, which then are transformed
into the main phase Cu2ZnSnSe4.

Cu2Se+ZnSe+ SnSe+ (1/2)Se2→ Cu2ZnSnSe4 (2)

Cu2SnSe3+ZnSe→ Cu2ZnSnSe4 (3)

This indicates that in our case the elements interdiffusion process is
incomplete and agrees with the XRD data revealed the coexistence of
the ZnSe and the Cu2ZnSnSe4 phases in the CZTSe films annealed
within 10 and 20min. Moreover, this explains the formation of a Zn-
rich area on the backside of the CZTSe film, with Zn being the top layer
of the precursors. On the other hand, the CZTSe film synthesized within
30min at 560 °C exhibits more homogeneous mixing of elements
throughout the entire film depth (Fig. 6c).

In the middle of the CZTSe film obtained at 560 °C within 30min
(Fig. 6c), the CZTSe phase has been formed. Nevertheless, at the CZTSe/
Ta interface an unreacted ZnSe residue is seen. The presence of a signal
from Ta in the CZTSe films layer is possibly associated with a small
thickness of CZTSe layer (Fig. 3).

Fig. 7 shows spectral reflection curves of the CZTSe films series A
obtained during different times selenization at 560 °C. It is observed
that the reflection of the CZTSe films was decreased as selenized time
increased because of the improving the structure of the CZTSe films and
increase of grain size which means increase in the absorption.

The band-gap value of films was evaluated from the measurements
of reflectance spectra using the Kubelka-Munk (K-M) theory (Kubelka,
1948). This theory provides the descriptions of diffuse reflectance
spectroscopy. The K-M method is based on the following equation:

= − =∞ ∞k s R R f R/ (1 ) /2· ( 1),2 (4)

where k – absorption coefficient, s – scattering coefficient, R∞ is the
reflectance and R1 is the absolute reflectance (K-M function).Ta
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Table 3
The microstrain values (ε, %) for CZTSe films.

Series Temperature of selenization, °C Time of selenization, min CZTSe

A 560 10 0.11
20 0.08
30 0.07

B 10 0.04
20 −0.05
30 −0.11

C 580 30 0.05
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Fig. 8a and b show the plots of [(k/s · hν)]2 vs hν for the CZTSe films
series A and C. It was found that the optical band gaps were 1.16, 1.17,
1.19 and 1.22 eV for the films series A after 10, 20 and 30min of se-
lenization at 560 °C and films series C after 30min of selenization at
580 °C, respectively.

It should be noticed that Eg of the films increased gradually from
1.16 to 1.19 eV as the selenization time increased from 10 to 30min.

The increase in Eg is thought to be related with several causes.
According to Tuttle et al. (1988) and Babu et al. (2008), the optical
band gap of CZTSe thin films decreases slightly with the increase in the
Cu/(Zn+ Sn) ratio. Another cause of the optical band gap decrease is
the percentage of transmittance, which is decreasing with increase in
thickness of the film (Kanuru et al., 2014). The third cause is presence
of secondary phases in composition of CZTSe thin films.

It can be said that the estimated results are quite close to the the-
oretical value of band gap for CZTSe. The small difference between the
obtained and theoretical values of the optical band gap in our case
might be due to a slight difference in the film composition and presence
of secondary phases.

4. Conclusions

In this work, the CZTSe thin films were produced onto flexible Ta
metal foils by a three-step process and the effect of selenization time
and temperature on the microstructure and optical properties of these
films was investigated. It is shown that the amount of tin in the com-
position of CZTSe films decreases with the increasing time and tem-
perature of selenization. Therefore, in order to compensate its loss, it is
necessary to use precursors with a slight enrichment of tin. It is es-
tablished that the CZTSe film selenized at 560 °C for 30min exhibits the
best morphology and crystal structure compared to the CZTSe films
which annealed for shorter time. The CZTSe films selenized at tem-
peratures of 560 and 580 °C for 30min show the same surface

Fig. 6. SIMS depth profiles of CZTSe films series A after 10 (a), 20 (b) and 30 (c) min of selenization at 560 °C and series C (d) after 30min of selenization at 580 °C.

Fig. 7. Reflection spectra of CZTSe films series A after 10, 20 and 30min of
selenization at 560 °C.
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morphology. In both cases, presence of Cu2ZnSnSe4 basic phase, TaSe2
and ZnSe phases in compositions of the CZTSe films was detected. It is
found that the CZTSe films have kesterite or disordered kesterite
structure with the lattice parameters close to the theoretical values.
Furthermore, the optical band gap of CZTSe films varies in the range of
1.16–1.22 eV, depending on selenization duration and temperature.
From above results, it is evident that the phase composition and mor-
phology of CZTSe films can be easily controlled by adjusting the sele-
nization time and temperature. The obtained results for growth of the
CZTSe films indicate that the optimal conditions for precursors seleni-
zation are temperature 560 °C and time 30min. In addition, this work
demonstrates that it is possible to grow the CZTSe thin films on flexible
metal substrates by suggested approach, which can be used for fabri-
cation of solar cells.
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