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ABSTRACT: A facile sol−gel and selenization process has been demonstrated to
fabricate high-quality single-phase earth abundant kesterite Cu2ZnSn(S,Se)4 (CZTSSe)
photovoltaic absorbers. The structure and band gap of the fabricated CZTSSe can be
readily tuned by varying the [S]/([S] + [Se]) ratios via selenization condition control.
The effects of [S]/([S] + [Se]) ratio on device performance have been presented. The
best device shows 8.25% total area efficiency without antireflection coating. Low fill
factor is the main limitation for the current device efficiency compared to record
efficiency device due to high series resistance and interface recombination. By
improving film uniformity, eliminating voids, and reducing the Mo(S,Se)2 interfacial
layer, a further boost of the device efficiency is expected, enabling the proposed process
for fabricating one of the most promising candidates for kesterite solar cells.
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1. INTRODUCION

Kesterite Cu2ZnSn(S,Se)4 (CZTSSe) semiconductor has
attracted worldwide attention due to its excellent optical and
electronic properties compared to traditional Cu(In,Ga)Se2
(CIGS) and CdTe materials for thin film solar cells while
consisting of earth-abundant and low-toxic constituent
elements. Remarkable progress has been made in CZTSSe
solar cells over the past few years, and the highest efficiency
(PCE, 12.6%) has been achieved by IBM group1 showing
substantial commercial promise.
Similar to CIGS, CZTSSe thin films can be fabricated by

both vacuum and solution processes. For vacuum based
processes, over 9% efficiencies of Cu2ZnSnSe4 (CZTSe)
devices have been realized by coevaporation2,3 which is an in
situ growth process allowing real-time control in chemical
composition and reaction path. Cu2ZnSnS4 (CZTS) devices
from evaporated precursors and sulfurization have yielded
efficiencies above 8%.4,5 The annealing of sputtered precursors
under reactive atmosphere containing S2

6 or H2Se
7 has also

created devices with efficiencies beyond 9%. For solution-based
processes, they can be subdivided into electrodeposition,
nanoparticle ink coating, and pure solution coating approaches.
Devices from electrodeposited metallic precursors followed by
sulfurization and selenization have achieved 8%8 and 7%9

efficiencies, respectively. Several successful investigations based
on nanoparticle ink coating followed by chalcogenization
annealing have been reported reaching 8.5% from mixed binary
and ternary nanoparticles,10 9.0% from quaternary CZTS

nanocrystals,11 8.4% from Ge-incorporated CZTS nanocryst-
als,12 and 5.14% in aqueous nanoinks.13 It is worth noting that a
series of record-setting devices have been developed by IBM
group using a hydrazin-based hybrid solution−particle slurry
process.14−16 In contrast with all aforementioned technologies,
pure solution approach offers precursors homogeneity at a
molecular scale and accordingly enables precise stoichiometric
control and excellent film consistency, which are necessary for
low-cost and large-scale production. A number of attractive
efficiencies for CZTSSe cells have been achieved based on
various solvents: 8.08% by hydrazine-hydrazinocarboxylic acid
dissolution of Zn metal,17 6.13% by water−ethanol,18 6.03% by
ethanol−CS2−1-butylamine-thioglycolic acid,19 8.32% by di-
methyl sulfoxide (DMSO),20 and 12.6% by hydrazine (record
efficiency).1

Our group previously reported a facile molecular pure
solution route to fabricate sulfide CZTS thin films by a sol−gel
and sulfurization process, producing CZTS solar cell with
efficiency of 5.1%,21 which was then improved to 5.7% by low-
pressure sulfurization.22 Our sol solution was made by
dissolving Cu, Zn, and Sn salts and excess thiourea in 2-
methoxyethanol. Thiourea was added into the solvent to form
metal-thiourea-oxygen complex with metal ions, then the
complexes were thermally decomposed into CZTS xerogel
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precursor films during air annealing.21 This is different from
conventional sol−gel processes, which entail forming metal−
oxygen−metal bonds in sol solution and metal oxides in gel
film23,24 and the need for highly reactive but toxic H2S in
postsulfurization process for sulfides formation.25,26 Here,
employing the same CZTS xerogel precursor materials, we
present an approach to fabricate sulfoselenide CZTSSe
absorbers by postselenization and report the solar cell device
with a total-area efficiency of 8.2% without antireflection
coating. The capability to control [S]/([S] + [Se]) ratio and
resulting structural and optoelectronic properties of the
absorbers by adjusting the selenium partial pressure during
selenization has also been demonstrated.

2. EXPERIMENTAL SECTION
2.1. Precursor Sol Solution Preparation. The precursor

solution was prepared by dissolving Cu(CH3COO)2·H2O (0.46
mol/L, AR), Zn(CH3COO)2·2H2O (0.27 mol/L, AR), SnCl2·2H2O
(0.27 mol/L, AR), and SC(NH2)2 (2 mol/L, AR) into 2-
methoxyethanol (AR) while stirring at 50 °C for 1 h to get dark
yellow solution. After aging at room temperature in air for 24 h, the
prepared precursor solution was converted into sol solution and then
proper monoethanolamine was added and stirred to avoid cracks
during spin coating. All chemical reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd.

2.2. CZTSSe Thin Films Preparation. The precursor sol solution
was spin coated on molybdenum-coated soda-lime glass (SLG)
substrate at 4500 rpm for 30 s followed by annealing at 270 °C for 10
min on a hot plate in air. This coating step was repeated 12 times to
get thick CZTS xerogel precursors. After that, the prepared xerogel
precursors were annealed at 560 °C (heating rate 15 °C/min) in
selenium/N2 atmosphere (total pressure of about 0.04 MPa during
selenization) for 40 min with controlled selenium partial pressure by
the temperature of Se powders to obtain desired [S]/([S] + [Se])
ratio(s) and crystallinity.

2.3. CZTSSe Solar Cell Devices Fabrication. The solar cell
devices were completed using a chemical bath deposited 70 nm CdS
buffer, RF magnetron sputtered 50 nm intrinsic ZnO (i-ZnO), and DC
magnetron sputtered 400 nm ITO window layer sequentially. Finally
Al was thermally evaporated on ITO layer to form top contact fingers
via shadow mask. Each device has a total area of approximately 0.45
cm2 defined by mechanical scribing.

2.4. Characterization and Analysis. The surface and cross
section morphology of thin films were characterized by SEM (FEI
Quanta-200 and NOVA NanoSEM 230). The X-ray diffraction (XRD)
patterns and Raman spectra were collected by using Rigaku-TTR III X
and Jobin-Yvon LabRAM HR-800 (514 nm excitation), respectively.
Energy dispersive spectrometry (EDS, EDAX-GENSIS60S in NOVA
NanoSEM 230) was used to check the elemental composition and its
distribution. An FEI Tecnai G2 equipped with EDS detector was used
for the transmission electron microscopy (TEM) analyses. Current
density−voltage (J−V) characterization for solar cells were performed

Figure 1. (a) Typical SEM top view and (b) Raman spectrum of the typical CZTSSe absorber. (c) Raman mapping representing the ratio of the
peak intensity for sulfide and selenide peaks after background subtracting.
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using Xe-based light source solar simulator (Newport, 91160 and
KEITHLEY 2400) to provide simulated 1 sun AM 1.5G illumination
which was calibrated with a standard Si reference cell, traceable to the
National Renewable Energy Laboratory. The external quantum
efficiency (EQE) was measured using a chopped monochromator
beam and lock-in amplifier, with calibration into the NIR by Si and Ge
diodes measurements (QEX10 spectral response system from PV
measurements, Inc.). Time-resolved photoluminescence (TRPL)
measurement was performed on device using the time-correlated
single photon counting (TCSPC) technique (Microtime200,
Picoquant) at a wavelength of 1200 nm and room temperature. The
excitation is a 467 nm laser with tunable repetition.

3. RESULTS AND DISUSSION

Top view SEM image of a typical CZTSSe absorber with
atomic ratio of Cu/(Zn + Sn) of 0.85, Zn/Sn of 1.00, and [S]/
([S] + [Se]) of 0.25 determined by EDS analysis is depicted in
Figure 1a, and low-magnification SEM images are presented in
Figure S1 (Supporting Information). The CZTSSe film has a
relatively dense structure consisting of large grains with a size
range of 1−2 μm. Grain sizes up to 3 μm can also be detected.
It should be remarked that between the large grains, smaller
grains are observable. EDS mapping measurements exhibited in
Figure S2 (Supporting Information) show that some small
grain regions show slightly stronger sulfur signal than their
surroundings, which may be associated with smaller grain size
due to less Se incorporation and, thus, lower volume expansion
during selenization. All metal elements are homogeneously
distributed due to their molecular level mixing with S in the
sol−gel process and probably suggests inhomogeneous
substitution of Se for S in selenization the process. As the
nonuniformity of chalcolgen elements will have great impacts
on resulting Voc and efficiency, Raman mapping technology
representing [S]/([S] + [Se]) ratio distribution was employed
to more precisely assess the degree of this fluctuation of
chalcolgen elements (i.e., [S]/([S] + [Se])). Before mapping, a
representative Raman spectrum of the CZTSSe absorber was
measured for phase identification and purity check first, as
shown in Figure 1b. For this sample with intermediate [S]/([S]
+ [Se]) value, the main peaks from A1 mode of anion
vibrations in both selenide CZTSe and sulfide CZTS27 are
presented but deviate toward one other. This coexistence of
both groups of bands (i.e., a bimodal behavior) has also been
observed for the chalcopyrite Cu(In,Ga)(S,Se)2 material
system28,29 and can be explained in terms of the large mass
difference between these two types of anion and the resulting
substantial difference between the frequencies of the respective
phonons. [S]/([S] + [Se]) ratio calculated from the ratio of the
peak intensity for sulfide (∼327 cm−1) and selenide (∼201
cm−1) peaks after background subtracting is 0.21, correlating
well with that determined by EDS. Moreover, no evidence of
other possible binary (Cu2S, CuS2, ZnS, ZnSe, SnS, SnSe, etc.)
or ternary (Cu2SnS3 and Cu2SnSe3) secondary phases

30−32 can
be observed from the prepared CZTSSe absorber. Then the
distribution of [S]/([S] + [Se]) ratio is characterized by Raman
mapping measurement at a 20 × 20 μm area (441 points), as
illustrated in Figure 1c. Although some small regions appear to
have higher [S]/([S] + [Se]) ratio, all [S]/([S] + [Se]) ratios
are concentrated in a very narrow range from 0.193 to 0.220,
and the standard deviation of [S]/([S] + [Se]) ratio
distribution by a statistical analysis of the data is only 2%
(mean value 0.205 with standard deviation 0.004), suggesting
an acceptable distribution homogeneity. Although, the slight
lateral fluctuations in [S]/([S] + [Se]) ratio and resulting band

gap may still considerably degrade the achievable efficiency of
solar cells.33,34 Therefore, further optimization on selenization
process to improve lateral uniformity is needed.
Cross-sectional SEM (CZTSSe device) and TEM (absorber,

bright field) images are shown in Figure 2a,b. It is shown that

the absorber is composed of mainly large grains spanning the
entire layer with thickness of approximately 1 μm. Again, few
smaller grains between large grains are observed, leading to the
uneven thickness. The carbon-rich or fine grain bottom layer
frequently observed in absorbers synthesized by solution
processes using organic solvent cannot be found here, while a
lot of isolated voids are visible at the bottom part of the
absorber. Typical compositional profiling by EDS line scan
(Figure 2c) demonstrates uniform elemental distribution along
the thickness direction. The SEM and TEM data highlight a
Mo(S,Se)2 interfacial layer with a thickness of nearly 300 nm

Figure 2. (a) SEM cross section of the typical CZTSSe device. (b)
Bright field TEM cross section of typical CZTSSe absorber. (c)
Elemental profiles determined by EDS line scan along the blue arrow
from absorber to Mo in panel b.
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between CZTSSe absorber layer and Mo, as is more evident in
EDS composition profiling. The Mo(S,Se)2 interfacial layer
may facilitate an electrical quasi-ohmic contact and improve the
adhesion of CZTS(e) to Mo back contact35 but leads to high
series resistance and, accordingly, deteriorates the fill factor and
the resulting device efficiency if not thin enough,36,37 similar to
the case of CIGSe solar cells.38 The 300 nm Mo(S,Se)2 layer is
considerably thick compared with those in some devices with
efficiency higher than 9%.1−3,7

As an absorber material, CZTSSe possesses a direct band gap
in the range of ∼1.0 eV (CZTSe) to ∼1.5 eV (CZTS),
depending upon the [S]/([S] + [Se]) ratio. Tailoring the band
gap and its effects on device performance are of great interest.
On the basis of theoretical calculations, the optimum band gap
for terrestrial single-junction solar cell is around 1.4 eV. One
would expect the larger band gap absorbers of the kesterite
system to result in higher efficiency, but this is not the case;
most of the efficiencies achieved by CZTS or high sulfur-
containing CZTSSe absorber are considerably lower than those
achieved by high selenium-containing absorber. For instance,
the band gap of kesterite absorber in record efficiency is 1.13
eV.1 Experimentally, Duan et al.39 reported that when enlarging
the band gap of the absorber by increasing its sulfur content,

the Voc increases, but the overall efficiency is reduced, as
reflected by large Voc deficit and poor carrier collection due to
deeper defect energy level and higher defect density. The
capability to adjust the [S]/([S] + [Se]) ratio and resulting
band gap is crucial to achieve high efficiency solar cells and has
been demonstrated here by controlling the temperature of solid
selenium source and accordingly the partial pressure of
selenium vapor. Figure 3a shows the XRD patterns for several
CZTSSe absorbers with varying [S]/([S] + [Se]) ratios. All
samples display the presence of several peaks between the ones
for the CZTSe (PDF #52-0868) and CZTS (PDF #26-0575)
phases, which allows us to believe the formation of kesterite
CZTSSe. From the magnified view of (112) peaks in the inset
of Figure 3a, the peak position shifts to smaller 2θ values as the
[S]/([S] + [Se]) ratio decreases due to the increase in lattice
parameters when larger Se atoms (1.98 Å) replace the smaller S
atoms (1.84 Å), and accordingly, the interplanar spacing of
(112) plane calculated by Bragg equation increases linearly
(Figure S3a, Supporting Information), consistent with other
reports.40 Raman spectra of these absorbers in Figure 3b show
that the A1 mode peaks shift toward each other linearly (Figure
S3b, Supporting Information) with some noticeable peak
broadening with [S]/([S] + [Se]) ratio away from both pure

Figure 3. (a) XRD and (b) Raman spectra of the CZTSSe absorbers with varying [S]/([S] + [Se]) ratios (determined by EDS); (a, inset) magnified
view of (112) peaks. (c) Band gap calculated from EQE measurements of the device with varying [S]/([S] + [Se]) ratios.
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sulfide (338 cm−1) and selenide (197 cm−1) side, following the
similar trend in other reports.17,41 Moreover, combining XRD
and Raman data, no secondary phases can be identified for all
absorbers. The band gap values calculated from external
quantum efficiency (EQE) of the solar cell devices using
absorbers with the [S]/([S] + [Se]) ratios of 0.26, 0.35, and
0.68 are 1.10, 1.16, and 1.40 eV, respectively, as seen in Figure
3c. The band gap 1.43 eV of sulfide CZTS by sol−gel and
sulfurization process22 is also given here for a reference. These
results exhibit the ability and flexibility of our process to tune
the band gap of CZTSSe absorber.
Figure 4 illuminates the typical current density−voltage (J−

V) characteristic curves for devices fabricated using absorbers

with different [S]/([S] + [Se]) ratios from 0.1 to 1. The
performance parameters deduced from J−V measurements are
summarized in Table 1. In order to make the comparison
reliable, a statistical treatment is very necessary42 and is shown
in Figure S4 (Supporting Information). As the [S]/([S] + [Se])
ratio increases, the open-circuit voltage (Voc) rises, consistent
with its enlarged band gap but the Voc deficit shows an increase
trend, revealing that higher [S]/([S] + [Se]) ratio not only
enlarges band gap but also leads to more severe recombination.
This behavior is in good agreement with previous reports39,43

and has been attributed to the deep defect energy level and
high bulk defect density of the sulfur-rich absorber.39 The
devices fabricated using absorbers with low [S]/([S] + [Se])
ratios have much larger short-circuit current density (Jsc) owing
to low band gap having enhanced light harvesting in longer
wavelength region. High efficiencies above 7% can be achieved
for device using absorber with low [S]/([S] + [Se]) ratios
(0.25 and 0.35, for example). Note that when [S]/([S] + [Se])
of the absorber is <0.1 the fabricated device also shows large

Voc deficit and decreased efficiency. This is because to obtain
such high Se content usually requires extremely high Se partial
pressure in the selenization process, during which absorber
microstructure has been deteriorated showing rather rough and
incompact morphology (very low shunt resistance) and very
thicker Mo(S,Se)2 interfacial layer was formed (∼500 nm, high
series resistance) as seen from the cross-sectional SEM image in
Figure S5 (Supporting Information). Besides, the deterioration
in microstructure and too much Se incorporation causing
excess volume expansion may introduce defects leading to
recombination and loss in Voc. Good reproducibility is
demonstrated from several batches of devices fabricated
under slightly varying conditions with efficiencies above 7%.
To check large-area film uniformity, we present a typical set of
J−V curves from nine devices on the same substrate in Figure
S6 (Supporting Information). Efficiencies in the range of 7−8%
with an average of 7.47% and standard deviation of 0.31
percentage points are achieved, revealing good large area
uniformity. These results show that this sol−gel based route
provides a reliable way to fabricate structural and optoelectronic
property-controlled CZTSSe absorbers and is very promising
for large-scale production of kesterite CZTSSe solar cells.
Figure 5 depicts the J−V characteristics of the highest

efficiency device achieved up to date by sol−gel solution

method under dark and simulated AM 1.5 illumination. The
cross-sectional SEM image has been shown in Figure 2a. This
device shows a total area efficiency of 8.25% with an open-
circuit voltage of 451 mV, a short-circuit current density of 31.7
mA/cm2 and fill factor (FF) of 57.7%. Compared to the record
CZTSSe device,1 the efficiency in current device is limited
mainly by low FF. The series resistance (Rs), shunt resistance

Figure 4. Current density−voltage (J−V) data of the devices using
CZTSSe aborbers with various [S]/([S] + [Se]) ratios (determined by
EDS).

Table 1. Performance Parameters for Device Using CZTSSe Absorbers with Various [S]/([S] + [Se]) Ratios

[S]/ ([S] + [Se]) η (%) Voc (mV) Jsc (mA/cm
2) FF (%) Eg (eV) Eg/q−Voc (mV) Rs (Ω cm2) Rsh (Ω cm2)

x = 1.00 5.73 664 15.15 57.0 1.43 766 2.6 545
x = 0.68 5.06 596 17.03 50.0 1.40 804 3.8 320
x = 0.35 7.53 493 29.20 52.3 1.16 667 2.1 254
x = 0.25 7.45 439 32.83 51.6 1.10 661 1.7 306
x = 0.10 4.23 358 30.85 38.3 1.07 712 2.4 90

Figure 5. Current density−voltage (J−V) characteristics of the best
CZTSSe device with [S]/([S] + [Se]) of 0.25 (determined by EDS)
measured in dark and under AM 1.5 simulated sunlight.
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(Rsh), diode ideality factor (A), and reverse saturation current
density (J0) extracted from the light J−V curves using Sites’
method44 are 1.43 Ω cm2, 476 Ω cm2, 2.23 and 3.2 × 10−6 A/
cm2, respectively. The Rs, A, and J0 values are significantly
higher than those in record device,1 which accounts for the low
FF. The high series resistance can be reasonably attributed to
the presence of lots of voids at the bottom part of the absorber
and thick Mo(S,Se)2 interfacial layer between absorber and Mo
back contact. By eliminating the undesirable voids and reducing
the thickness of Mo(S,Se)2 layer, thereby reducing the Rs, a
further boost in CZTSSe device efficiency is highly possible. An
A value larger than 2 is characteristic of strong space-charge
region (SCR) recombination or the possibility of additional
contributions to SCR recombination from trap assisted
tunneling,45,46 both of which can lead to a high J0.

46

To gain further insight in device performance, we measured
the external quantum efficiency (EQE) of the device, as shown
in Figure 6. The integrated short-circuit current density

extracted from the EQE data agrees well with that obtained
by J−V test under simulated sunlight, and the band gap
estimated from the EQE is 1.09 eV. The EQE exceeds 80% in
the visible light range; however, it decays at longer wavelength.
The lack of long wavelength response reveals a loss of deeply
absorbed photons and thereby low carrier collection efficiency,
which is examined by the measurement of the ratio of EQE at
reverse −1 and 0 V bias, as shown in the top panel of Figure 6.
The ratio increases toward long wavelength direction,
confirming the recombination for minority carriers occurring
in neutral region, that is, the minority carriers generated deep in
the absorber by long wavelength photons are difficult to be
collected effectively, and a larger depletion width extended into
absorber by reverse bias improve the collection efficiency with a
resultant increase in EQE. All EQE(−1 V)/EQE(0 V) ratios are
above 1 in the whole wavelength range, suggesting strong SCR
recombination (interface or near the junction).20,47 These

behaviors are most likely caused by short carrier lifetime
compared with CIGS.43 In addition, from the reflectivity
spectrum of the device with an average reflectivity of 9.2% in
the range of 300−1200 nm, it is expected that a notable
improvement in EQE and resulting Jsc can be achieved by the
addition of a MgF2 antireflection coating.
The time-resolved photoluminescence (TRPL) measurement

was performed to check the minority carrier lifetime of the
device, as shown in Figure 7. The TRPL data do not follow a

monoexponential decay, implying a varying lifetime as the time
scale changes. We use biexponential fitting to analyze the curve
as described by Ohnesorge et al.48 The initial fast decay with a
time constant τ1 of 2.3 ns is ascribed to a radiative
recombination process in the high-injection regime immedi-
ately after the laser pulse with the optically excited excess
carrier concentration.49 The minority carrier lifetime charac-
terized by the time constant τ2 is 16.9 ns. This is a relatively
long lifetime in CZTSSe system (but still lower than that in
CIGS and let alone Si), but device performance is far below the
expected level by comparing with the experimental reports16

and model predictions.50 This shortfall may be due to some
other physical mechanisms that does not affect the measured
lifetime.50 One possible mechanism is the slight lateral
nonuniformity in [S]/([S] + [Se]) ratio and resulting band
gap fluctuations as revealed by EDS and Raman mapping,
which allows significant interface recombination34 and may
partly contribute to the nonlinear behavior the TRPL data, with
the TRPL signal having individual contributions from different
region with varying lifetimes.51 On the other hand, the
underperformance of the device also implies the necessity to
optimize the device fabrication conditions, especially for CdS
buffer, contacts and TCO to push efficiency up to 10%. The
minority carrier lifetime is still much shorter than the typical
tens to hundreds of nanoseconds for high-efficiency CIGS
devices52,53 and needs further improvement.

4. CONCLUSIONS
In summary, we present a simple and facile synthesis of an earth
abundant kesterite Cu2ZnSn(S,Se)4 (CZTSSe) absorbers with
large grains, a single phase, and good uniformity using a sol−gel
and selenization process. A slight fluctuation with acceptable

Figure 6. (Bottom) External quantum efficiency (EQE) at 0 V bias
and reflectance spectrum of the best CZTSSe device. (Top) EQE ratio
at −1 and 0 V bias.

Figure 7. Time-resolved photoluminescence trace carried out on the
finished device.
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deviation in [S]/([S] + [Se]) ratio has been confirmed by EDS
and Raman mapping. The capacity for tuning the structural and
optoelectronic properties through the adjustment of [S]/([S] +
[Se]) composition by controlling the selenium partial pressure
has been demonstrated. The maximum total area efficiency
without an antireflection coating of 8.25% has already been
achieved based on this process. Relatively low FF is the main
limitation for current device performance compared to the
record CZTSSe device and is caused by high series resistance
and significant interface recombination. Optimization to
improve film uniformity, eliminate the voids at the bottom
part of the absorber, reduce the Mo(S,Se)2 interfacial layer, and
improve device fabrication process is expected to yield further
enhancement in efficiency, making this process one of the most
promising candidates for fabrication of low-cost, larger-area,
high-efficiency kesterite solar cells.
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