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Earth abundant Cu2 ZnSnSe4 (CZTSe) thin films solar cells were fabricated on flexible molybdenum (Mo) foil substrate through an
electrochemical approach. After co-electroplating from single electrolyte, Cu-Zn-Sn (CZT) precursor was selenized in quartz tube
furnace at 550◦ C for 15 minutes in Ar atmosphere with the presence of elemental selenium in order to form CZTSe compound.
Before selenization, CZT precursor was soft-annealed at 310◦ C for 150 minutes in Ar atmosphere in order to improve intermixing
of the elements and to reduce roughness. The formation of Kesterite CZTSe on selenized film was confirmed by X-ray diffraction
(XRD) and Raman spectroscopy. SEM imaging and EDS line profile on the cross-section of CZTSe layer showed the well-formed
CZTSe along depth of the film also. Opto-electrical characteristics of the film by photoluminescence spectroscopy confirmed the
suitability of the absorber layer to make solar cell. A flexible solar cell with Al/Al-ZnO/i-ZnO/CdS/CZTSe/Mo-foil configuration,
which showed 0.1% power conversion efficiency at first attempt, has been fabricated, in which buffer layer CdS has been deposited
through chemical bath deposition and transparent conducting oxides (i-ZnO, Al-ZnO) have been deposited by DC pulsed sputtering.
© The Author(s) 2017. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution Non-Commercial No Derivatives 4.0 License (CC BY-NC-ND, http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial reuse, distribution, and reproduction in any medium, provided the original work is not changed in any
way and is properly cited. For permission for commercial reuse, please email: oa@electrochem.org. [DOI: 10.1149/2.1001706jes]
All rights reserved.
Manuscript submitted February 13, 2017; revised manuscript received March 20, 2017. Published March 31, 2017.

Thin films solar cells based on earth abundant Kesterite
Cu2 ZnSn(S,Se)4 absorber layers have drawn significant attention
within the research community over the last few years as future low
cost photovoltaic devices in order to meet global energy demand in
tera-watt scale. These materials are direct bandgap p-type semiconductors for which the bandgap ranges from 1.0 eV for Cu2 ZnSnSe4
(CZTSe) to 1.5 eV for Cu2 ZnSnS4 (CZTS) and at the same time
they have very high optical absorption coefficients of over 104 cm−1
which make them potential alternative as absorber layer for existing
commercialized thin films solar cells Cu2 InGaSe4 (CIGS) and CdTe.1
As CIGS and CdTe contain earth scarce, costly and toxic materials, so they need to be replaced. Different vacuum and non-vacuum
techniques have already been employed to fabricate high quality crystalline Kesterite compounds. Up to now, highest 12.6% power conversion efficiency of sulfo-selenide Cu2 ZnSn(S,Se)4 thin film solar cell
was achieved using hydrazine based solution process.2 Whereas highest power conversion efficiencies of pure sulfide CZTS (obtained from
evaporation) and pure selenide CZTSe (obtained from sputtering) thin
film solar cells are 9.2% and 11.6% respectively reported.3,4 Those
highest power conversion efficiencies were achieved when conventional molybdenum (Mo) coated soda lime glass was used as a back
contact substrate. On the other hand, till now highest power conversion efficiencies of CZTS and CZTSe thin film solar cells on flexible
substrate were reported 4.2% and 6.1%.5,6 In order to reduce production costs and deployment of thin film PV-based technologies in
mass scale, Kesterite-based thin film solar cells technologies should
be manufacturable at high throughput with low cost and they should
exhibit good power conversion efficiency. Fabrication of Kesterites
on flexible substrate has high potential to decrease production cost
due to roll-to-roll manufacturing on flexible substrate, which enables
use of compact size deposition equipment with high throughput.7
Molybdenum, stainless steel, aluminum, titanium, etc. are potential
candidates as flexible metal foils substrates because they are cheap,
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durable, lightweight and sustainable at high temperature sulfurization or selenization process. Moreover, there is no need of metallic
back contact layer when metallic substrate is used. Mo particularly
gets more priority as a back contact because it does not require any
barrier layer in solar cell. In addition to this, Mo has good thermal
stability, high conductivity and compatible linear thermal expansion,
CTE (5.2×10−6 K−1 ).8 Electrodeposition is a promising technique
for the fabrication of Kesterite, since it is a low cost and non-vacuum
method that allows low temperature uniform growth over large substrate area with good control over the metallic composition and morphology. More importantly, if compared to different vacuum based
techniques and wet chemical methods, the materials utilization rate
in electrodeposition is better than 90% partly due to the selectivity
and partly because there is extensive know-how on the re-use and
recycle of electrodeposition electrolytes.9 Electrodeposition has already been used to fabricate Kesterite based thin film solar cells. With
electrodeposition- annealing process, till now 8% and 8.2% efficient
CZTS and CZTSe thin film solar cells have been fabricated on conventional Mo coated soda lime glass.10,11 There are limited reports
on the fabrication of Kesterite based thin film solar cells on flexible substrates. In 2014, Lopez-Marino et al. fabricated CZTSe thin
film solar cells on flexible stainless steel foil with 3.5% power conversion efficiency through sputtering-annealing route.12 In 2016, the
same group showed good efficiency improvement of CZTSe thin film
solar cells on flexible stainless steel. They achieved 6.1% efficiency
of CZTSe thin film solar cells with optimizing different back contact characteristics. In their work, Mo:Na (Na doped Mo) layer and
Cr diffusion barrier layer were used in between stainless steel and
Mo layer in order to get Na as dopant for increasing the conductivity during illumination and prevent the migration of Fe atoms during
selenization respectively. Moreover, their highest efficiency was obtained when Mo:Na layer had been doped by Ge.6 Though CZTS has
been fabricated on flexible Mo foil before,8,13,14,16 reports on fabrication of CZTSe on flexible Mo foil has not been demonstrated yet
in any publication according to current literature review. In addition
to this, there has been no report on fabrication of CZTSe thin film
solar cells through electrodeposition-annealing process on flexible
substrates. In the present work, we have fabricated CZTSe thin films
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solar cells on flexible Mo foil through electrodeposition-annealing
route for the first time. Here at first Cu-Zn-Sn (CZT) precursor has
been co-electrodeposited from a single electrolyte. Later, CZT precursor has been chalcogenided with the presence of selenium powder
at 550◦ C for 15 minutes. Resulting CZTSe has been characterized and
subsequently used as active material for the manufacturing of flexible
solar cells.
Experimental
Cu-Zn-Sn (CZT) precursor was prepared galvanostically by coelectrodeposition approach from single electrolyte which has been
described in our previous article.14 Flexible Mo foil (200 μm thick,
from Goodfellow) substrate with an exposed area of 1.6 × 2.0 cm2
was used as a working electrode while titanium mesh was used as inert counter electrode. Deionized water was used during making of the
electrolyte from the water purification system (Millipore). Electrodeposition has been carried out using Amel Model-549 Potentiostat with
4.5 mA/cm2 current density for 8 minutes. Rotating working electrode
was used during co-electrodeposition of CZT in order to get perfect
homogeneous distribution of elements, less void or pitting in the films
and smooth surface. After preparing the CZT precursor through electrodeposition, sample was soft annealed at 310◦ C for 150 minutes in
a quartz tube furnace with the presence of inert Ar atmosphere. Later
soft annealed CZT precursor was selenized at 550◦ C for 15 minutes in
a quartz tube furnace with the presence of 25 mg elemental selenium
powder (Sigma Aldrich; reagent grade, 100 mesh particle size). During selenization, 20◦ C/minute ramping rate (heating rate) was used
based on our previous studies and in order to make inert atmosphere
like soft annealing step, a very small flow of Ar has been maintained throughout the process.14 The p-n junction has been formed
by depositing n-type semiconductor CdS (≈70 nm) from chemical
bath deposition on top of p-type semiconductor CZTS.15 Later, a 80
nm intrinsic i-ZnO buffer layer in order to prevent any shunts, was
deposited by RF sputtering. After that transparent conducting oxide
(TCO) layer consisting of 350 nm Al-doped ZnO (AZO) was grown
by DC pulsed (2 kHz) sputtering. At last, solar cells were completed
by evaporating an Al grid contact on top of AZO. By this way flexible Al/Al-ZnO/i-ZnO/CdS/CZTSe/Mo-foil device has been prepared,
following standard production protocols for devices with sputtered
adsorbers, except for the electrodeposited layer. The crystallographic
phases present in the as-deposited co-electrodeposited CZT precursor,
soft-annealed CZT precursor and selenized CZTSe films were analyzed by X-ray diffraction (XRD), using a Philips X-pert MPD with
CuKα = 1.5406Å radiation. The cross-sectional morphology, compositional profile at interface and chemical compositions of the samples were analyzed by Scanning Electron Microscopy (Model Zeiss
EVO 50) equipped with energy dispersive X-ray spectroscopy (EDS)
(Oxford instrument, Model 7060). To acquire the compositional line
profile across the interface at CZTSe/Mo, the sample was mounted in
resin and mechanically polished to mirror-like finish. The morphology of the cross-section was observed after breaking the sample in
liquid nitrogen. Raman spectroscopy measurements were carried out
in air at room temperature with a micro-Raman spectrometer (Horiba
Jobin-Yvon Labram HR800) in backscattering configuration. The instrument is equipped with an optical microscope and an Ar-ion laser
(Stabilite 2017, Spectra Physics). The 514.5 nm excitation line has
been used for the characterization of the samples. Here outcoming
power of laser was 100 mW, which then decreased to 1 mW onto
substrate after passing through the filtering systems to avoid any sample local heating. Photoluminescence (PL) measurements were performed with a spectral resolution of 6.6 nm using a standard lock-in
technique in conjunction with a single grating monochromator and a
short wavelength enhanced InGaAs detector with maximum responsivity at 1540 nm. A quantum well laser (λexc = 805 nm) with a power
density of 15.5 W cm−2 was used as excitation source. A cooling system consisting of rotary pump, turbomolecular pump and He closed
circuit cryostat was used to perform PL spectra at 15 K. Solar cell J-V
measurements were taken under Air Mass 1.5 conditions (simulating

Figure 1. XRD pattern of as-deposited CZT precursor and soft-annealed CZT
precursor.

terrestrial applications) with a Abet Lot-Oriel Solar simulator with
constant incident power density of 1 Sun (100 mW/cm2 ) and with
Keithley 2440 source meter.
Results and Discussion
The precursor, before and after soft-annealing, and the selenized
film were analyzed using XRD to determine their microstructure.
Fig. 1 illustrates the XRD patterns of as-deposited Cu-Zn-Sn (CZT)
precursor and soft-annealed CZT precursor after annealing at 310◦ C
for 150 minutes. Long duration of soft-annealing has been chosen
in order to improve the intermixing of the metallic elements and to
reduce the roughness of the precursor according to previous study.10
It is evident from the Fig. 1 that as-deposited CZT precursor consists of pure metallic Sn (JCPDS card 86-2265) and cubic Cu5 Zn8
alloy (JCPDS card 25-1228) phases which have already been reported
in our earlier articles.14,16 Besides this, like in our previous work,
here also Cu-poor, Zn-rich CZT precursor has been used to fabricate
CZTSe, as those compositions are ideal for the fabrication of Kesterite
based thin films.14,16,17 The atomic composition of as-deposited CZT
precursor measured by EDS was Cu: 44.1%, Zn: 28.9% and Sn:
26.9% (Cu/Zn+Sn = 0.79, Zn/Sn = 1.07). It was observed that after
soft-annealing, comparatively intensity of pure metallic Sn peak was
reduced and intensity of cubic Cu5 Zn8 peak was increased as well
as some more Cu5 Zn8 peak emerged which was not visible in XRD
pattern of as deposited CZT precursor. In addition to this, some new
peaks of hexagonal η-Cu6 Sn5 (JCPDS card 47-1575) alloy also appeared in soft-annealed CZT precursor which means intermixing has
been done properly. Fig. 2 shows the XRD pattern of selenized film
which mostly exhibited the peaks related to the Kesterite structure of
CZTSe (JCPDS 00-052-0868), without having any significant reflections for any other compounds except those associated with bottom Mo
layer and MoSe2 .18,19 Here, dominant peak of polycrystalline CTZSe
(112) lies at diffraction angle (2θ) 28.53◦ , which is in agreement with
literature.18–21 MoSe2 (JCPDS 29-0914) which usually forms at the interface between CZTSe and bottom Mo layer was observed at diffraction angles 31.2◦ and 55.9◦ . The broadening of MoSe2 peaks indicate
its poor crystallinity. Though the effect of MoSe2 on the power conversion efficiency of thin film solar cells is a debatable issue, recently
it has been reported that the formation of MoSe2 interfacial layer at
the CZTSe/Mo interface enhances the quasi-ohmic electrical contact
when it forms with appreciable thickness.22 Conversely, a thick MoSe2
layer at the CZTSe/Mo interface can increase the overall series resistance of the device like in case of CIGS/Mo.23 In order to support the
XRD results, Raman spectroscopy has been performed on selenized
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Figure 4. Photoluminescence spectrum (PL) of selenized CZTSe collected at
15K (For comparison, see PL spectrum for sputtered CZTSe in Reference 31).
Figure 2. XRD pattern of selenized CZTSe films.

CZTSe film, as XRD diffraction peaks of CZTSe coincidences with
binary ZnSe and ternary intermediate Cu2 SnSe3 . This is due to the
fact that they are analogous with zincblende related crystal structure.
Raman scattering results for the top of selenized CZTSe is shown in
Fig. 3. During Raman measurement, 514.5 nm excitation wavelength
of laser source was used, so penetration depth of laser source could be
in the range of 150 nm according to the studies of Fernandes et al.24
Raman spectra reveal three Raman peaks corresponding to CZTSe
at 172 cm−1 , 195 cm−1 and 234 cm−1 Raman shift along with most
intense peak at 195 cm−1 which are in agreement with the previous studies.18–21 No peak corresponding to any secondary phases of
Cu2 Se, Cu2 SnSe3 or SnSe was observed, suggesting the formation of
pure crystalline CZTSe phase. The atomic chemical composition of
selenized film by scanning electron microscope equipped with EDS is
also in agreement with the pure crystalline CZTSe phase. The average
atomic composition of CZTSe found by EDS was: Cu: 25.10%, Zn:
13.82%, Sn: 14.31% and Se: 46.77% which are very near to the stoichiometric compositional ratio of CZTSe. Photoluminescence (PL)
spectroscopy has been performed on selenized CZTSe film in order to
study the quality of the semiconductor for solar cells application. The
PL spectra often show asymmetric broad peak at photon energy ranging from 0.85 eV to 1.02 eV depending upon the growth parameters
of films, coexistence of secondary phases with CZTSe, coexistence

Figure 3. Raman spectrum of selenized CZTSe film.

of different polymorphs of CZTSe, concentrations gradients of constituent elements, etc.25 Low temperature PL spectra of such films
demonstrate a single broad and asymmetrical band attributed to band
tail related and quasi-donor-acceptor pairs recombination.26 Fig. 4
shows the low temperature (15K) photoluminescence (PL) spectra of
selenized CZTSe film deposited on Mo foil at 550◦ C for 15 minutes.
Here PL spectra shows an asymmetric broad peak at 0.94 eV which
is in agreement with other studies where it has been attributed to
valence band tail related transitions.27–29 This also indicates spatial
potential fluctuations in the material that are caused by high concentration of randomly distributed charged defects.30 However PL spectra
of high performing pure selenide CZTSe devices show a peak close
to 1 eV.31 In order to determine the phase uniformity of crystalline
CZTSe along the film thickness, selenized CZTSe sample was further
characterized by SEM-EDS line profile along the cross-section of the
film. It is evident from Fig. 5, that signal intensities of Cu, Zn, Sn
and Se have not shown any significant variations along the depth of
the film, though much noise has been observed in all line profile of
constituent elements. Point to be noted, here line intensity of Cu and
Zn has been multiplied by two times in order to compare all line profiles. Noise was originated from surface roughness which happened
due to the surface preparation of the cross-section of the sample. In
addition, line profile of Zn signal shows an upward trend near to the

Figure 5. SEM-EDS line profile along the cross section of the selenized
CZTSe film.
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Figure 6. SEM cross-sectional image of CZTSe thin film device.

interface of CZTSe/MoSe2 . This can be related to the formation of
ZnSe at the interface which can negatively impact the performance of
the solar cell depending upon location, size and fabrication method.32
ZnSe phase cannot be confirmed by XRD as it coincides with diffraction peaks of other phases or by Raman spectroscopy as ZnSe forms
below the penetration depth of laser sources. This insulating n-type
ZnSe semiconductor has high bandgap which blocks current at the
interface hence increasing series resistance of the solar cell devices
according to the studies of Redinger et al.28 On the other hand, Mo
signal from substrate did not show any sharp upward trend in SEMEDS line profile at the interface of CZTSe/Mo. Formation of MoSe2
has already been confirmed by XRD analysis. Fig. 6 shows the SEM
cross-sectional image of CZTSe thin film solar cells with the configuration of Al/Al-ZnO/i-ZnO/CdS/CZTSe/Mo-foil. It is evident from
the figure that well-textured crystalline CZTSe with large grain size
has been formed after selenization. It has been reported by many studies, that Kesterites possess bimodal grain distribution where smaller
grains are located near the interface of Mo and larger grains at the top
of the kesterite surface.16,33 However, here we observed large grain
size of CZTSe along the cross-section without having any particular
grain size distribution, void, pores, pinholes etc. Our growth parameters during the fabrication of CZTSe might be the reason behind it.
From the J-V characteristics of the solar cells, with the typical trend
of a device governed by series resistance,34 we have found that power
conversion efficiency (PCE) of CZTSe thin film solar cells under AM
1.5 illumination was 0.1% with Jsc = 3.9 mA/cm2 and Voc = 119
mV in our first attempt. Investigation and optimization of different
layers of solar cells, likely with more attention for those produced
through wet processes, are needed in order to understand the reason
behind such low efficiency and series resistance behavior. Point to be
noted, that still highest efficiency of Kesterite based thin films solar
cells after optimizing different layers with inclusion of buffer layer
and alkali material on flexible substrate is less than half with respect
to highest efficiency on conventional Mo coated soda lime glass.
Conclusions
CZTSe thin films have been fabricated on flexible Mo foil through
electrodeposition-annealing route for the first time. A CZTSe thin
films solar cell with Al/Al-ZnO/i-ZnO/CdS/CZTSe/Mo-foil configuration has been prepared which showed 0.1% power conversion
efficiency in our first measurement of the cells. Different characterization techniques like XRD, Raman, photoluminescence, crosssectional analysis by SEM etc. have ensured well-formed crystalline
CZTSe after selenization of CZT precursor. Low lifetime and reduced
efficiency of PV devices can be attributed to the band tail related and
quasi-donor-acceptor pairs recombination. Moreover, segregation of
Zn related to ZnSe phase formation was observed near to the interface
of CZTSe/Mo, which has a detrimental effect on the conversion efficiency of the solar cells. At the same time, formation of MoSe2 was
also observed at the interface of CZTSe/Mo. Further characterizations
are needed in order to identify the effects MoSe2 on the conversion
efficiency of the solar cells with respect to its thickness.
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