
Contents lists available at ScienceDirect

Solar Energy

journal homepage: www.elsevier.com/locate/solener

Cu2ZnSnSe4 based solar cells combining co-electrodeposition and rapid
thermal processing

M. Valdésa,b,⁎, A. Hernández-Martinezb, Y. Sánchezb, F. Olivab, V. Izquierdo-Rocab,
A. Perez Rodriguezb,c, E. Saucedob

a Electroquímica Aplicada, INTEMA, Facultad de Ingeniería, CONICET-Universidad Nacional de Mar del Plata, Av. Colón 10500, 7600 Mar del Plata, Argentina
b Catalonia Institute for Energy Research (IREC), Jardins de les Dones de Negre 1, 08930 Sant Adrià del Besòs-Barcelona, Spain
c IN2UB, Departament d′ Electrònica, Universitat de Barcelona, C. Martí i Franquès 1, 08028 Barcelona, Spain

A R T I C L E I N F O

Keywords:
Co-electrodeposition
Precursor
Rapid thermal processing
Kesterite
Solar cells

A B S T R A C T

In this work, a fast two-step process combining co-electrodeposition of a CuZnSn precursor plus a reactive
selenization step with a rapid thermal annealing to synthesize Cu2ZnSnSe4 thin films is presented. By tuning the
electrochemical procedure is feasible to obtain with a short electrodeposition time (15min) the precursor
composition required for high efficiency solar cell devices. XRD characterization reveals that the precursor is
mainly composed of binary Cu-Zn and Cu-Sn alloys that after thermal treatment completely react to form a
kesterite thin film. Raman spectra and Raman mappings demonstrate that best quality kesterite films are ob-
tained after selective chemical etching necessary to remove secondary phases, like ZnSe and SnSe, which are
detrimental for solar cell performance. Best solar cells prototypes achieve efficiencies of 5% with a current
density of 30.9 mA/cm2, an open circuit potential of 327mV and a fill factor of 51.5%. The low value of open
circuit voltage is attributed to the presence of voids and partial delamination observed in the Mo/Cu2ZnSnSe4
interface.

1. Introduction

In the last decade, kesterite (Cu2ZnSnSe4 or CZTSe) has emerged as
an excellent thin film absorber for photovoltaic devices. This material
has excellent optical properties (α≥ 104 cm−1 in the visible range) and
a direct band gap energy value (EGAP) that matches the solar spectrum
(EGAP∼ 1 eV) (Platzer-Björkman, 2017; Siebentritt, 2017). As opposed
to Cu(In,Ga)Se2 (CIGSe) technology, kesterite is more attractive due the
earth abundance of its constituent elements which, from an industrial
point of view, is a key aspect to ensure mass production compatible
with several GW of production in the medium and long term (Almosni
et al., 2018; Wallace et al., 2017). A world-record 12.6% power con-
version efficiency has been achieved using a mixed CZTSSe absorber
composition (Wang et al., 2014).

CZTSe films are usually obtained by ‘‘two-steps’’ or sequential pro-
cesses, consisting on the deposition of a precursor, either composed by
metallic stacks (Cu/Zn/Sn) or by metal-chalcogenides, followed by a
reactive annealing in selenium containing atmosphere. Using sequential
approaches, a record efficiency of 11.8% has been reported for a CZTSe
solar cell, using an innovative approach based on the introduction of

very small Ge quantities (Giraldo et al., 2018).
In order to achieve real cost reductions and competitiveness, this

sequential processes requires the development of cost-efficient meth-
odologies. First, the precursor must be obtained with a low-cost tech-
nique that can be easily transferable to industrial scale.
Electrodeposition meets this requirement and has been used for decades
in coatings with applications in several fields (Djokić, 2014; Popov
et al., 2016). Besides, electrolytes are prepared from low-cost and eco-
friendly aqueous solution in contrast to other chemical routes that use
highly toxic and more expensive solvent such as hydrazine (Wang et al.,
2014). There are several electrodeposition routes that can be used to
obtain a precursor that after a selenization/sulfurization treatment is
converted into CZTSe or CZTS films. Detailed information on each of
these routes can be found in reviewing article of Colombara et al.
(2015). Record efficiencies of 8.2% for a pure selenide Cu2ZnSnSe4
(CZTSe) device (Vauche et al., 2016) and 8% for a pure-sulfide CZTS
device (Jiang et al., 2014) were reported using electrodeposition. In
these works, the electrodeposition of stacked layers of individual ele-
ments, also known as the SEL route, has been used to deposit a pre-
cursor material, followed by a treatment in Se or S atmosphere to
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transform the precursor into a high quality CZTSe or CZTS film. An-
other route is based on the co-electrodeposition of a metallic CuZnSn
precursor. In contrast to the SEL route where three separate electrolytes
and three electrochemical steps are needed to obtain the metallic stack,
this method is highly attractive because it involves a single electrolyte
and one-electrodeposition step to form a precursor film. Despite this,
certain disadvantages related to inhomogeneous deposition and pro-
blems with bath stability explain why co-electrodeposited kesterite
devices have presented lower efficiencies than those prepared with the
SEL route, in addition to the difficulties to accurately control the pre-
cursor metallic composition. Efficiencies in the range 2–6% are found in
literature for the co-electrodeposition route followed by a selenization
or sulfurization treatment (Gougaud et al., 2013; Khalil et al., 2017;
Kim et al., 2015; Kondrotas et al., 2015; Li et al., 2014; Rakhshani et al.,
2017; Zhang et al., 2013), but most reported efficiencies were only
achieved when a low-temperature thermal treatment of the CZT pre-
cursor is carried out prior the Se or S annealing. A remarkable pure
selenide (CZTSe) 8.0% power conversion efficiency has been achieved
with a layer obtained by a single selenization of a co-electrodeposited
CZT metallic precursor (Jeon et al., 2014), while 7.4% PCE solar cells of

pure sulfide (CZTS) composition has been recently reported also using
co-electrodeposition (Ge and Yan, 2018).

The thermal treatment necessary to achieve high quality films can
also be optimized by the use of rapid thermal processing (RTP). Prior
work developed at IREC has demonstrated at lab scale the advantages of
RTP systems in contrast to the most frequently used conventional
thermal treatment (CTP) (Fairbrother et al., 2014). RTP is advanta-
geous because processing times are much shorter than conventional
thermal processes. By using RTP treatments, the total time of the se-
lenized (sulfurized) stage can be reduced 5 times and even more, taking
into account that an RTP takes minutes while a CTP takes hours of
processing. Therefore, the incorporation of RTP treatments accomplish
the premises that are sought for a large-scale process: speed, cost re-
duction and energy savings. RTP process has been mostly combined
with kesterite precursors prepared by sputtering (He et al., 2014;
Hwang et al., 2015; Olgar et al., 2017; Pawar et al., 2014; Placidi et al.,
2016). On the side of electrochemical routes very little has been re-
ported of the use of RTP processes. Vauche et al. have reported kes-
terites using electrodeposition of stacked layers (SEL method) followed
by a RTP process (Vauche et al., 2014, 2015). It should be noted that
the SEL method has significant experimental differences with the co-
electrodeposition method (Colombara et al., 2015). On the side of the
co-electrodeposition method.

In summary, this paper reports CZTSe thin films prepared by a se-
quential process combining a short-time co-electrodeposition of a CZT
precursor and a selenization step with an RTP system. Selected films
were tested in solar cell prototypes achieving a promising efficiency of
5.2% which is twice the efficiency of previous kesterite solar cells re-
ported by the group using the co-electrodeposition route as a low cost
approach (Kondrotas et al., 2015). To our best knowledge only one
work has been published combining co-electrodeposition and RTP
treatment, producing solar cells with 4.5% efficiency (Zhang et al.,
2013). In contrast, the present work shows that even reducing 4 times
the precursor electrodeposition time, solar cells with comparable (an
even higher) efficiencies can be achieved.

2. Material and methods

CZTSe films were prepared by a sequential process onto Mo-coated
soda lime glass substrates. First, a CuZnSn (CZT) precursor alloy was
obtained by co-electrodeposition employing a three-electrode cell.
Soda-lime glasses coated with a DC magnetron sputtered Mo layer were
used as a working electrode. Prior to deposition, Mo substrates were

Fig. 1. Temperature – time profile used during RTP for selenization of CZT
precursors. Heating rate and argon background pressure are indicated in
brackets at each stage.

Fig. 2. XRD pattern of (a) CZT precursor electrodeposited at −1.2 V (vs. Ag/AgCl) during 15min and (b) CZTSe thin film obtained after RTP treatment.
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immersed in 20% NH4OH solution for 3min to remove native mo-
lybdenum oxide. A platinum (purity 99.999%) mesh of much larger
dimensions than that of the working electrode was used as auxiliary
electrode and a silver chloride electrode (Ag/AgCl, KCl saturated)
served as reference.

The electrolyte solutions were prepared using deionized water
containing milli molar concentrations of CuSO4·5H2O (ACS re-
agent≥ 98% Sigma-Aldrich); ZnSO4·7H2O (ReagentPlus®, ≥99.0%
Sigma-Aldrich) and SnSO4 (≥95% Sigma-Aldrich). Sodium citrate tri-
basic (Na3C6H5O7, ACS reagent, ≥99.0% Sigma-Aldrich) was used as
complexing agent in the electrolyte solution for the co-deposition of
CZT as it was previously reported (Valdés et al., 2017). The molar ratios
of Cu:Zn:Sn:Na-cit in the electrolyte were fixed to 1.3:1.2:1:20 with a
copper concentration of 13×10−3 mol/L. The final pH of the solution
was close to 6 without any addition of acids or bases. CZT precursor
films were co-electrodeposited at room temperature in potentiostatic
mode applying a potential of −1.2 V (vs. Ag/AgCl) during 15min
employing a VSP Electrochemical Workstation (Biologic).

In a second step, CZT precursors were selenized with a RTP system
(AS-One AnnealSys). Samples were placed in a graphite box together
with 25mg of selenium powder (99.999 purity). The temperature
profile employed is shown in Fig. 1. The total process time
(heating+ selenization steps+ cooling) takes less than 30min in a
very controlled way, enabling important energy savings at industrial
scale considering that RTP is the preferred thermal process in the thin
film chalcogenide industry. The elemental composition and thicknesses
of CZT and CZTSe films were measured by XRF (Fisherscope XVD)
which has been previously calibrated by Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP).

The crystalline structure of the as-deposited metallic CZT precursors
as well as of the selenized films was analyzed by X-ray diffraction using
an Advance D8 diffraction system (Bruker) employing Cu Kα radiation
at 40 kV and 40mA. The samples were scanned, in Bragg-Brentano θ/2θ
geometry, between 15° and 80° with a step size of 0.01°. Scanning
electron microscopy (SEM) images were obtained using a ZEISS Series
Auriga microscope. Raman scattering measurements were made using a
Raman probe developed at IREC coupled with an optical fiber to an
iHR320 Horiba Jobin Yvon spectrometer. The measurements were
made in backscattering configuration focusing the excitation laser spot
directly on the surface of the samples (diameter 50 μm, excitation
power density< 1 kW/cm2) with excitation wavelengths of 442 nm
and 633 nm. Raman spectra were calibrated using a monocrystal Si
reference sample before each measurement by imposing the position of
the dominant Si peak at 520 cm−1. Raman micro-mappings were per-
formed using an Invia Reflex confocal Raman microprobe using a 50×

objective. Excitation was provided with the 514 nm emission line of an
Ar+ laser and 786 nm emission of IR-laser. The laser power on the
sample was less than 2mW measured with a silicon photodiode
(Coherent Inc.). Maps were obtained scanning a square zone
(100× 100 μm) in the sample and recording a total of 25 spectra in the
x and y directions. For both axes the step between spectra was set in
20 μm.

After a through characterization, the films were incorporated into
solar cells. Selected films were etched in a series of electrolytes: in an
acidic solution of KMnO4, to remove superficially segregated ZnSe
(López-Marino et al., 2013b), in NaS2 solution to remove SnSe and
passivate the surface region (Xie et al., 2014); and finally in 2 wt.%/v
KCN solution to remove possible CuxSe secondary phases. An n-type
buffer layer of CdS was deposited by chemical bath deposition to a
thickness of approximately 50 nm as is published in (Neuschitzer et al.,
2015). Immediately after the CdS growth, the solar cells were com-
pleted by DC-pulsed sputtering deposition (Alliance CT100) of i-ZnO
(50 nm) and In:SnO2 (ITO, 350 nm) as transparent window layer and
front conductive layer, respectively. The CZTSe/CdS junction was not
intentionally heated until the deposition of the ITO layer which is
performed at 200 °C in the sputtering system. Afterwards, for the
standard optoelectronic characterization, 3×3mm2 cells were me-
chanically scribed using a manual microdiamond scriber (MR200, OEG
Optical Metrology). Dark and illuminated J–V curves were measured
using a calibrated Sun 3000 class AAA solar simulator (Abet Technol-
ogies). Measurements were carried out at 25 °C, under AM1.5G 1-Sun
illumination conditions. The spectral response was measured using a
Bentham PVE300 system calibrated with Si and Ge photodiodes, in
order to obtain the EQE of the solar cells.

3. Results and discussion

Fig. 2 presents the XRD diffractograms of a CZT precursor (Fig. 2a)
and a CZTSe film after RTP selenization (Fig. 2b). The precursor is
mainly composed of CuZn, zinc-rich Cu5Zn8 and Cu6Sn5 intermetallic
compounds. Also, weak signals assigned to elemental Sn are also ob-
served. These phases are frequently observed in co-electrodeposited
CZT films, given that as confirmed by several authors (Gougaud et al.,
2013; Hreid et al., 2015; Juškenas et al., 2012; Schurr et al., 2009), the
co-electrodeposition route involves the formation of alloys instead of
pure metals. The presence of intermetallic CuZn has been related to a
Cu-poor composition of the CZT precursor (Schurr et al., 2009) and as it
was reported by Hreid et al., the concentration of Cu ions regulates the
formation of intermetallic compounds (Hreid et al., 2015).

After RTP (Fig. 2b), the film presents intense and sharp peaks of the

Table 1
Chemical composition and elements ratios in selected CZT and CZTSe films.a

Sample Thickness [nm] %Cu %Zn %Sn %Se Cu/(Zn+ Sn) Zn/Sn

CZT 480.5 ± 95.2 44.2 ± 1.1 27.9 ± 1.5 27.8 ± 1.1 – 0.79 1.00

Sample Thickness [µm] %Cu %Zn %Sn %Se Cu/(Zn+ Sn) Zn/Sn
CZTSe 1.65 ± 0.21 22.7 ± 1.2 14.1 ± 1.0 10.4 ± 0.3 52.8 ± 1.5 0.94 1.38
CZTSe+KMnO4 1.62 ± 0.15 22.5 ± 0.9 12.9 ± 0.6 12.5 ± 0.5 52.1 ± 1.0 0.88 1.03
CZTSe+KMnO4 + (NH4)S 1.55 ± 0.1 22.8 ± 0.6 13.2 ± 1.1 11.4 ± 0.4 52.6 ± 1.3 0.93 1.16
CZTSe+KMnO4 + (NH4)S+KCNb 1.53 ± 0.15 21.4 ± 0.8 13. 6 ± 0.8 11.2 ± 0.6 53.8 ± 1.8 0.86 1.21

a Chemical composition and film thicknesses were determined using XRF. For CZT and CZTSe films the mean value and the error were calculated from six
individual point measurements, while for the etched films not less than four individual measurements were taken.

b Composition of the best device reported in this work.
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main crystallographic planes of the CZTSe phase. Minor signals of
MoSe2 and elemental Se are also observed. The former is attributed to
the formation of a MoSe2 layer during selenization. According to Wei
et al, during the cooling down of the annealing process residual sele-
nium on the samples can be deposit by condensation of Se vapor (Wei
et al., 2018).

Further than the crystal structure, another important factor for

achieving working devices is the chemical composition, particularly the
Cu/(Zn+ Sn) and Zn/Sn ratios. It has been well established that highly
efficient devices must present a Cu-poor and Zn-rich composition, and
so must the precursor. Table 1 presents the chemical composition of the
CZT precursor, of the CZTSe films after RTP and the composition after
chemical etching. The composition of the precursor fulfills the pre-re-
quisites of Cu-poor, and presents equal contents of zinc and tin atoms.

Fig. 3. Top-view FESEM pictures of (a-b) co-electrodeposited CZT precursor (c-d) CZTSe thin film obtained after RTP selenization. Cross section view of (e) CZT
precursor and (f-h) CZTSe thin films (no etching). Pictures (g-h) show defects at Mo/CZTSe interface using higher magnification.
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The thickness of the CuZnSn precursor is close to 0.5 µm but the dis-
persion of this value, which is related to the thickness homogeneity, is
relatively high. This is likely to be one of the main drawbacks of the co-
electrodeposition approach (Colombara et al., 2015). Despite this, the
deviation in the chemical composition of each element is less than 5%,
which for a 2.5× 2.5 cm2 electrodeposited film indicates good uni-
formity. After RTP and selenium incorporation the composition is
slightly Cu-poor and Zn-rich. The excess of selenium (above 50%) is
attributed to the MoSe2 layer during selenization and elemental sele-
nium, in accordance with what was observed by XRD.

Table 1 also includes the change in the atomic composition of the
CZTSe film after being etched in selected solutions to remove secondary
phases like ZnSe, Sn-Se and CuxSe. After the etchings, the composition
of the best CZTSe absorber gives a Cu/(Zn+ Sn)∼ 0.85 and (Zn/Sn)∼
1.2. The thickness of the CZTS film is in average three times higher than
the precursor material. This expansion of the films is usually observed
in reactive annealing, mainly, where the chalcogen is incorporated into
the material during the thermal treatment (Ahmed et al., 2012; Jeon
et al., 2014; Salomé et al., 2010; Scragg, 2011). Selected FESEM images
are presented in Fig. 3. At low magnification (Fig. 3a) the films appear
to be homogenously deposited and no voids or cracks are observed.
Indeed, after co-electrodeposition, CZT precursors present specular re-
flectivity.

At higher magnification (Fig. 3b), round particles (or agglomerates)
can be visualized in the nanometer range, with some dispersion of
bigger agglomerates at the top surface. After the RTP treatment
(Fig. 3c) the material continues to present a high degree of homo-
geneity but the morphology fully changes to planar particles with ir-
regular shape. Now, CZTSe absorbers do not longer show a shiny
specular surface and transform into to a grayish and opaque film. At
higher magnification (Fig. 3d) small voids are observed on the surface
of the CZTSe film. These could be produced by partial evaporation of
volatile compounds formed at high temperatures like SnSex (López-
Marino et al., 2013a; Márquez et al., 2017; Redinger et al., 2011;
Salomé et al., 2010). As it can be seen in Table 1, the increase of the Zn/
Sn ratio from 1 to 1.38 after RTP is an indication of tin evaporation
during RTP. In a recent work, Unveroglu et al. have reported a similar
behavior of tin evaporation during sulfurization of co-electrodeposited
CZT precursors quantifying the variation of the Zn/Sn ratio before and
after the thermal treatment (Unveroglu and Zangari, 2016). Cross sec-
tion pictures of CZT (Fig. 3e) and CZTSe films (Fig. 3f) corroborate the

XRF thickness measurements and, in fact, provide additional evidence
of the volume expansion in the film after the RTP treatment. The CZT
precursor shows compactness and high adherence to the Mo substrate
while after RTP some voids in the Mo/CZTSe interface are present.
Localized delamination (partial detachment of kesterite from the sub-
strate) is highly detrimental for device performance because a low
quality Mo/CZTSe interface strongly influences overall solar cell per-
formance, especially decreases shunt resistance affecting the open cir-
cuit voltage.

The formation of voids or local delamination has been reported
before in kesterite films synthesized from electrodeposited precursors
(Guo et al., 2014; Kondrotas et al., 2015; Li et al., 2014; Vauche et al.,
2014), but it is a common problem that extends to other fabrication
techniques like sputtering (Malerba et al., 2016; Márquez et al., 2017)
or chemical methods (Larramona et al., 2014; Todorov et al., 2013).

Raman spectra of a complete solar cell are presented in Fig. 4.
Different laser wavelengths were used to identify potential secondary
phases taking into account Raman resonant excitation. For CZTSe, re-
sonant effects are frequently found in binary compounds like ZnSe and
Sn-Se, at excitation laser wavelengths of 442 and 633 nm, respectively
(Álvarez-García et al., 2016). After the chemical etchings of the CZTSe
absorber, no traces of SnSe2 and ZnSe secondary phases were observed.
Fig. 4a presents a Raman spectrum of a complete device using 442 nm
excitation wavelength. The spectrum is characterized by the dominant
band at 300 cm−1 identified as A1(LO) of the CdS, and weaker con-
tributions at around 195 and 600 cm−1 identified as Se–Se vibrations of
the CZTSe and the second order of the A1 (LO) CdS mode. Resonant
effects of CdS at this laser wavelength explain the remarkable difference
in Raman intensities between CdS ad CZTSe layers (Oliva et al., 2016).
On the other hand, the absence of contributions at 250 and 500 cm−1

characteristics of ZnSe under resonant conditions (488 nm) suggest the
absence of this phase in the CZTSe surface (Dimitrievska et al., 2016).
With a laser excitation of 633 nm (Fig. 4b) only Raman signals coming
from the CZTSe layer are present in the spectrum without interference
of the upper layers (Oliva et al., 2016). The spectrum presents two main
modes of CZTSe at 195 cm−1 and at 170 cm−1, both with A symmetry;
and other two minor signals at 235 and 250 cm−1 with E and B sym-
metry, as it is reported in the literature (Guc et al., 2013). Under these
excitation conditions the absence of the Raman signals between 110
and 180 cm−1 can be taken as an indication of the absence of Sn-Se
related secondary phases on the surface film (Dimitrievska et al., 2016).

Fig. 4. Raman spectra of a finished solar cell under different excitation wavelengths: (a) 442 nm and (b) 633 nm.
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Fig. 5. Raman µ-maps of the best CZTSe sample reported in this work; (a) microscopy image and grid used to record the maps; (b) 514 nm Raman map; (c) 514 nm
color contour of Raman intensity signals; (d) 786 nm Raman map and (e) 786 nm color contour of Raman intensity signals. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Raman micro-mapping has emerged as powerful tool to study the
homogeneity of thin films and their properties. Raman maps were re-
corded following the grid presented in Fig. 5a, using 20 µm steps in the
x and y directions. Raman maps performed at excitation wavelengths of
532 (Fig. 5b and c) and 786 nm (Fig. 5d and d) show a homogenous
distribution of kesterite Raman signals along the analyzed area
(80× 80 µm) together with a small and broad signal of the CdS buffer
layer, that is only visible when the excitation is made with the 514 nm
(close to the resonant effect). The broadening of the CdS Raman mode is
explained by its nanocrystalline dimensions. The even distribution of
Raman signals and a more statistical representation can be visualized
when the maps are shown in the form of colors contour. These are
presented in Fig. 5c and d for each wavelength, respectively. In both
figures can be observed narrows and high intensity color bands around
the main A mode (195 cm−1) of the CZTSe, which is an indication of
high crystallinity and homogeneity of the CZTSe absorber throughout
the whole sample.

I-V curves of the best device in the dark and in simulated AM1.5
solar radiation are shown in Fig. 6. Extracted solar cell parameters for
the best cell, and statistical values for the full sample (see insert in
Fig. 5), are presented in Table 2. A solar cell with a maximum efficiency
(η) of 5.2% was achieved, which is twice the efficiency of previous
devices reported by our group using co-electrodeposition (Kondrotas
et al., 2015). Shunt and series resistance for the best cell were
Rshunt = 67.4Ω cm2 and Rs= 0.2Ω cm2 respectively. As it was ex-
pected from the observation of the Mo/CZTSe interface, the Rshunt of the
solar cell is very low compared to higher efficiency cells (typically 10

times higher) (Giraldo et al., 2015; Wang et al., 2014). The low Rshunt

value is originated by the presence of defects in the Mo/CZTSe interface
reducing the fill factor and VOC of the cell. A soft pre-annealing of the
CZT/Mo (Lin et al., 2014) or back contact modification (López-Marino
et al., 2013a) could help to reduce these defects in the interface.

It is important to notice that there is no crossover between dark and
illuminated I-V curves. The explanation of crossover of I-V curves in
CZTSe solar cells has been ascribed mainly to photogenerated carrier
trapping in the CdS layer (Ben Messaoud et al., 2015; Khadka et al.,
2016; Neuschitzer et al., 2015). Therefore, the absence of a crossover
can be taken as a proof of a proper CZTSe/CdS interface quality and
band alignment.

An external quantum efficiency (EQE) spectrum of the best cell is
depicted in Fig. 7. EQE reaches 70–80% between 500 and 800 nm in-
dicating reasonably good carrier generation and collection in the p-n
junction. Below 500 nm absorption of the CdS buffer layer reduces the
EQE in this region. From 900 nm, the decay in EQE could be related to a
low diffusion length of carrier generated at these wavelengths.

In comparison with the work previously published by the group
(Kondrotas et al., 2015), in this work replacing (time consuming)
conventional thermal treatment with RTP we have improved the
quality of CZTSe films. This has led us to double the efficiency of the
cells, improving the electrical parameters of the devices. The series
resistance (Rs) of the cells has decreased an order of magnitude, in-
creasing the Jsc and the FF. On the other hand, the shunt resistance
(Rshunt) of our cells is still low compared to record devices limiting the
VOC of our cells. An improvement of the Mo/CZTSe interface is essential
to achieve this objective and obtain greater efficiencies.

4. Conclusion

CZTSe thin films were synthesized combining the co-electro-
deposition of a CuZnSn (CZT) precursor with a rapid thermal (seleni-
zation) process. CZT films mainly consisted in binary CuZn and CuSn
phases. FESEM pictures revealed that the films were homogeneous and
formed by round particles (or agglomerates) in the nanometer range.
After the RTP treatment, the morphology fully changes to platelet-
shaped grains. Cross-section FESEM pictures exposed different types of
defects located in the Mo/CZTSe interface like voids and partial film
delamination which act as recombination paths affecting device per-
formance. Selected films were submitted to several etchings in order to
remove detrimental secondary phases and adjust the chemical compo-
sition. The best device reported in this work achieved a 5.2% conver-
sion efficiency, which doubles the solar cells efficiency previously re-
ported by the group using co-electrodeposition. The main limitation of
this device is the low open circuit (VOC) potential of 327mV in com-
parison with record CZTSe devices. The low VOC value is highly related
to the low quality of the Mo/CZTSe interface. A soft-annealing treat-
ment prior the RTP (improving precursor quality) or introducing back
contact modification can help to mitigate interface defects and improve
device efficiency. Work in this direction is currently in progress.

Fig. 6. Current-voltage curves recorded under simulated AM1.5G for the best
CZTSe solar cells prototype. The insert shows an image of a full sample and the
cells that were measured for the statistical values presented in Table 2.

Table 2
CZTS best device optoelectronic parameters.a

η (best)
[%]

η (mean)
[%]

RSD [%] Jsc (best)
[mA cm−2]

Jsc (mean)
[mA cm−2]

RSD [%] Voc (best)
[mV]

Voc (mean)
[mV]

RSD [%] FF [%] RSH [Ω cm2] RS [Ω cm2]

5.2 4.5 11.7 30.9 30.8 4.7 327 309.9 5.4 46.7 48.5 0.8

RSD, relative standard deviation.
a Main optoelectronic parameters (η, VOC, JSC) are reported as best value at cell size (active area: 0.087 cm2), average value for the full sample (21 cells, see insert

in Fig. 5a), and its relative standard deviation. The reported values for fill factor (FF), series (RS), and shunt resistance (RSH) are average for the full sample.
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