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analyzed comprehensively. Polycrystalline kesterite CZTSSe absorbers with large columnar
grains were obtained. The grains are densely packed and surfaces are smooth. The evo-

Ié%‘gvggdsr lution of the optical and electrical properties with different Se contents in the CZTSSe films
Sputtering was studied in details. The conversion efficiency of the Se-rich CZTSSe thin film solar cell
Quaternary target was determined to be 3.38%, and the corresponding J-V characteristic was analyzed
Se supply carefully. The severe interface recombination is the key factor for the large ideality factor
Solar cell and reverse saturation current.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Kesterite-based Cu;ZnSn(SxSe1-x)4 (CZTSSe) is a potential absorber material for thin film photovoltaic devices [1]. It has a
suitable and tunable band gap (Eg) of 1-1.5 eV with a various Se content. The CZTSSe with a thickness of few microns can
absorb nearly all the photons with energy higher than E; due to its high absorption coefficient larger than 10* ecm~1[2,3].
Furthermore, constituent metals are non-toxic and abundant on the earth’s crust compared with CdTe and Cu(In,Ga)Se;
(CIGS) [4]. Considerable efforts have been devoted to fabricate CZTSSe based solar cells [5—8], the record efficiency of 12.6%
has been achieved by hydrazine based solution approaches [9]. In addition, efficiencies over 10% were also obtained by
thermal co-evaporation [10], magnetron sputtering [11] and spray deposited methods [12]. These results demonstrate that
CZTSSe thin films have great potential in large-scale thin film photovoltaic applications.
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Among various physical and chemical deposition approaches, magnetron sputtering technology has advantages in
depositing uniform films on a large area. Meanwhile, this method avoids the use of poisonous organic solvents and reduces
the pollution [13]. Compared with the multi-target sputtering approach widely used, sputtering a single quaternary target
using one power source is the simplest and cost effective method [14]. This promising method has been successfully applied
in the fabrication of CIGS solar cells. It has also been extensively investigated for the preparation of CZTS thin films recently
[15—19]. Solar cells with efficiencies of 6.48% and 4.04% have been obtained by sulfuring the precursors sputtered from a CZTS
target, but the use of toxic HyS gas limits its application in commercial production [20,21]. It has been reported that an ef-
ficiency of 2.85% was obtained by using less toxic S powders as the S source during the annealing process [22]. Recently, Feng
et al. also obtained a device with the efficiency of 4.4% via sulfurizing the CZTS precursors with S powders [23]. However, all
these solar cells utilized the pure CZTS. The relatively low crystal quality and the large bandgap of the pure CZTS might be not
conducive to obtain high efficiencies.

There is now a broad consensus that large grains are essential for accomplishing high-efficiency solar cells. Ideally-large
grains extended parallel to the substrate in the absorber are expected to reduce the grain boundaries and defects. Therefore,
the recombination rate of the photo-generated electron decrease and the minority carrier diffusion length increase in
polycrystalline thin film solar cells. In addition, owing to the trade-off effect of the bandgap on the open circuit voltage (Vo)
and short circuit current (Jsc), most of the reported high-efficiency solar cells have the absorbers with a bandgap of around
1.12 eV. Hence, the bandgap engineering is an important way to maximize the light absorption and ensure optimal V.. For
CZTSSe compound, its bandgap decreases with the increase of Se content, in other words, films with high Se contents are
expected. However, in a conventional slow selenization process, S atoms are usually fully replaced by Se, leading to an
extremely low bandgap. But in a rapid thermal process, Se contents can be precisely tuned by altering the ratio of S/(S + Se) in
the annealing atmosphere due to the short cycle time for reaction. Furthermore, the crystalline quality of the films improved
significantly after a rapid thermal process [24—26]. Se elements can also promote the growth of grains and reduce the grain
boundaries. In addition, Chen et al. declared that more facile n-type and p-type doping in high Se content CZTSSe films is
beneficial for achieving high-efficiencies [27].

In this work, we report on the single-step sulfo-selenization of the CZTS precursor sputtered from a quaternary target. A
simple rapid thermal process capable of adjusting the bandgap as well as decreasing the recombination rate in the bulk is of
interest. It should be noted that S and Se powders were used instead of the toxic H,S/H,Se. The influence of different Se supply
on the structure, morphology, composition, optical and electrical properties has been studied. Furthermore, a CZTSSe thin
film solar cell fabricated with the Se-rich film shows an efficiency of 3.38% and J-V characteristic was studied carefully.

2. Experimental details
2.1. Preparation of CZTS precursor thin films

CZTS precursor films were deposited on soda-lime glass (SLG) substrates by sputtering a quaternary target. The target was
fabricated through hot pressed sintering, the detailed process can be found in our previous work [28]. Substrates (2 x 2 cm?)
were cleaned with acetone, alcohol and demonized water. The vacuum chamber was evacuated to below 7.5 x 10~4 Pa before
deposition process. The distance between the target and the substrates was fixed at 60 mm. During the whole process, high-
purity argon flow with 30 sccm was introduced as the working gas. The working pressure was kept at 0.1 Pa. The sputtering
power for the quaternary target was 60 W and lasted for 60 min to obtain a desired thickness.

2.2. Single-step sulfo-selenization of the CZTS precursor thin films

After sputtering, precursors were annealed by a rapid thermal process. Samples were placed in a graphite box together
with 60 mg Se and/or S powders. The quality of S/Se powders was adjusted for realizing the different Se supply. Four samples
were labeled as A, B, C and D corresponding to the S/(S + Se) ratio of 1, 2/3,1/3 and 0, respectively. A three-step heating curve
was used. First, the CZTS films were heated to 250 °C and held for 5 min. This preheating step was used to prevent the peeling
of the films considering the rapid heating rate of 5 °C/s [29]. Second, to avoid the loss of Zn and Sn elements at higher
temperature [30,31], the same heating rate was used to reach a medium temperature 400 °C, heat preservation time for this
step was 10 min. Then the final annealing temperature was raised to 560 °C and was also maintained 10 min to guarantee
sufficient time for the growth of grains. Finally, samples were cooled down to room temperature by opening the furnace
cover.

2.3. Device fabrication

To fabricate solar cells with a typical structure, CZTS precursors were deposited on the Mo-coated SLG substrates (Mo layer
with a thickness about 1 um was deposited by DC sputtering) and annealed using the aforementioned method. The deposition
of 50 nm thick CdS buffer layer on the absorber was completed by the chemical bath deposition (CBD) method. Then 50 nm of
i-ZnO and 300 nm of ITO were sputtered as the window layers and subsequent the Al grid top electrode was evaporated on
the ITO layer. Finally, the devices were mechanically scribed into 9 small cells, the active area of the cell is 0.19 cm?.
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2.4. Characterization

The structure properties of the films were analyzed through an X-ray diffractometer (XRD) with Cu K, radiation source.
Raman scattering of the samples were recorded by a Renishaw micro-Raman spectrometer coupled with a 532-nm excitation
laser. The effective penetration depths were estimated to be several hundred nanometers. The morphology and the thickness
of the films were characterized by a Hitachi S4800 scanning electron microscope (SEM) and elemental compositions were
obtained using an energy dispersive X-ray spectroscope system (EDAX Genesis 2000). An ultraviolet—visible spectropho-
tometer was used to record the optical absorption spectra of these films. Hall Effect measurement was used to measure the
electrical properties of the samples. Current density—voltage (J—V) characterizations were performed under simulated
AM1.5G illuminations to determine the efficiency of the CZTSSe based solar cells.

3. Results and discussion
3.1. Analysis of the CZTS target and the sputtered precursor films

The phase purity of the CZTS target is crucial to obtain high-quality precursor films, the quaternary target and the
sputtered precursor films were examined firstly. Fig. 1 (a) shows the XRD diffractograms of the target and CZTS precursors. For
the CZTS target, almost all the diffraction peaks are related to the kesterite CZTS (PDF Card #26-0575), the absence of second
phases indicates that the starting materials reacted during the hot press and synthesized to single phase CZTS. For the
precursor films, only two peaks at the position of 28.3° and 58.6°which assigned to (112) and (224) crystal planes can be
detected. These samples show a very strong (112) orientation preference. However, the pure CZTS phase cannot be identified
just by these two peaks since some binary and ternary chalcogenides share similar crystal structures [32]. Raman detection is
needed for further confirmation. As shown in Fig. 1(b), only a main peak at 337 cm~! and a weak peak at 285 cm~! were
observed, these peaks are assigned to the Raman shifts of kesterite CZTS [33]. No significant indication of phase separation
implying that samples are single phase. The wide peaks of the precursor films indicating the bad crystalline quality of the
precursors.

3.2. Composition analysis

The chemical compositions of the target, precursor films and the annealed films were listed in Table 1. The measurement
was carried out at different positions and the average values were used. In addition, the standard deviations were also listed in
the parenthesis and marked in Italic. It has been reported that high conversion efficiencies can be obtained with Cu poor and
slightly Zn rich CZTSSe films [1,9,34]. Therefore, the composition of the CZTS target was designed as Cu/(Zn + Sn) = 0.88 and
Zn/Sn = 1.20, respectively. The deficiency of S element is due to the volatilization during the hot press process. Unfortunately,
the Zn percentages in the precursor films are much lower than that of the target, which is attributed to the different sput-
tering yield of each element and the evaporation of Zn. A sublimation of Zn is also likely to happen under frequent
bombardment of Ar" toward the target [20].

The results for the annealed CZTSSe were also depicted in Fig. 2 for clarity. When the quality of Se powders increases from
0 mg to 60 mg, the contents of S in the films decrease whereas the Se contents change in an opposite way, this implies the
successful replacement of S by Se atoms during the heat treatment. This single-step sulfo-selenization of the CZTS precursor
was able to obtain CZTSSe films with a large range of S/(S + Se) ratios, but the total contents of the chalcogen are constant. In
addition, this treatment may remedy the deficiency of S elements in the target. We also found that there were no dramatic
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Fig. 1. (a) XRD patterns of the prepared CZTS quaternary target and film deposited on the SLG substrate at 500 °C without annealing. (b) Raman spectroscopic
results of the CZTS quaternary target and the as deposited film.
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Table 1
Chemical compositions of the CZTS target, the sputtered films, and the annealed CZTSSe films determined by EDS analysis. The values in the parenthesis are

the standard deviations.

Sample Cu Zn Sn S Se Cu/(Zn + Sn) Zn/Sn
Target 25.66(0.36) 15.87(0.36) 13.22(0.22) 45.28(0.21) — 0.88 1.20
As grown 24.49(0.63) 12.40(0.49) 14.53(0.43) 48.60(0.30) — 091 0.85
A 24.87(0.60) 13.21(0.54) 13.66(0.05) 48.25(0.24) - 0.93 0.97
B 22.95(0.38) 12.03(0.29) 13.29(0.36) 40.25(0.85) 11.48(1.87) 0.91 0.91
C 23.10(0.18) 12.60(0.99) 13.24(0.48) 33.26(0.68) 17.81(2.20) 0.89 0.95
D 23.52(1.62) 12.15(0.63) 13.11(0.80) 8.86(0.74) 43.12(2.94) 0.93 0.93

The values in bold are the atomic ratios of the metallic elements.

o
W

—
 »
T

2
F

e
w
T

e
N
T

Atomic ratio
"
7

)
=

0'0 o 'l A 'l A 1 A 1 A ‘i:v
0.2 0.4 0.6 0.8 1.0
x=S/(S+Se)

Fig. 2. EDS composition analyses for the annealed films with different Se supply.

changes of metal contents, the constant values of metallic elements enable the discussion about the influence of the different
Se supply, because the effect of other point defects can be ruled out.

3.3. Structural studies

3.3.1. XRD analysis
Fig. 3 (a) presents the XRD patterns of the annealed CZTSSe films with various Se contents, peaks marked with the symbol

of @ are due to the diffraction of CZTSSe phase [35]. The emergence of some weak peaks reveals the improved crystalline
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Fig. 3. (a) XRD patterns of the CZTSSe films annealed with different Se supply. A: S/(S + Se) = 1 B: S/(S + Se) = 2/3 C: S/(S + Se) = 1/3 D: S/(S + Se) = 0, (b) The
calculated lattice constants from the XRD patterns and (c) The FWHM of (112) diffraction peaks.
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quality of CZTSSe films after the rapid thermal annealing. For the films with S/(S + Se) ratio of 0 (i.e., Sample D that subjected
to the selenization), the peaks marked by ¥ may be due to the diffraction of SnSe and/or SnSe; considering that the excess Sn
in the films may react with the Se vapor under high temperature. The dominant diffraction peaks of CZTSSe move to lower
diffraction angle side regularly as Se contents increase, the shifts are ascribed to the increase of the lattice parameters. For the
tetragonal CZTSSe, the relationship between the lattice constants (a and c) and interplanar spacing (d) is:

. (1)

h2 + k2 412 (‘C‘—ﬁ)

(h, k, 1) are the miller index of the crystal planes. The values of d for (112) and (220) planes can be obtained by the formula:
2dsinf = A, A is the wavelength of the Cu K, radiation, the values of 6 can be obtained by fitting the peak positions in XRD
patterns. As shown Fig. 3(b), XRD-derived lattice constants (a and c) of CZTSSe films increase linearly with the Se contents,
revealing that S>~ [r (5>~) = 1.84 A of effective ionic radius] can be easily replaced by Se?~ [r (Se?~) = 1.98 A] to form CZTSSe
solid solutions. The similar variation of these lattice parameters for Culn(S,Se), has also been reported [36]. But it should be
noted that S atoms can’t be completely replaced by Se even in the selenized sample due to the short reaction time in a rapid
thermal process. Furthermore, the intensities of the (200) and (224) diffraction peaks decrease as the Se content increase in
CZTSSe films, this variation tendency is similar to the previous results and should be ascribed to the difference of atomic
scattering factor [37,38]. Fig. 3(c) plots the values of the full width at half maximum (FWHM) deduced from the (112) peaks. As
shown, samples annealed in pure S and pure Se atmosphere (i.e. sample A and sample D) have better crystal quality due to the
smaller values of FWHM. However, films grew in mixed S and Se vapor show degraded crystallinity based on their bigger
FWHM values. The degraded crystallinity is due to the disordered crystal structure which may come from the random dis-
tribution of anions in the lattice [37,39].

3.3.2. Raman spectroscopy

Raman spectroscopy is essential to confirm the absence of secondary phases since some impurity phases have the similar
crystal structure. Fig. 4 presents the Raman spectra of CZTSSe layers with various S/(S + Se) ratios. For the CZTS film with S/
(S + Se) ratio of 1 (sample A), a dominant Raman peak at 337 cm~! and a small peak at 286 cm~! belonging to A; mode of CZTS
compounds were observed. Hence, the single CZTS phase is confirmed. High intensity and the small FWHM of the dominant
Raman peak also imply the formation of high quality CZTSSe thin film [40]. As to the sample B and C contain some Se element,
the Raman peaks shift slightly toward lower wavenumber direction. The bimodal behavior and a noticeable peak broadening
imply the formation of CZTSSe phase [1,37,41]. The Raman spectrum of sample D (the Se-rich sample) were fitted using the
Lorentzian method, three peaks located at 170, 191 and 230 cm~! can be observed in the inset of Fig. 4, these peaks are
attributed to CZTSSe phase. It is worth noting that the second phases detected in XRD patterns were not found here due to the
small amount of these impurity phases.

Intensity(a.u.)

100 200 300 400 S00 600
Raman shift (cm'l)

Fig. 4. Raman spectra of CZTSSe thin films annealed with different Se supply. A: S/(S + Se) = 1 B: S/(S + Se) = 2/3 C: S/(S + Se) = 1/3 D: /(S + Se) = 0. The inset
shows the peak fitting results for sample D using Lorentzian method.
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Fig. 5. SEM surface images of the annealed CZTSSe thin films with different Se supply. The insets are the corresponding cross-sectional SEM images of the films.
(A:S/(S + Se) = 1 B: S/(S + Se) = 2/3 C: S/(S + Se) = 1/3 D: S/(S + Se) = 0.).

3.3.3. Film morphology

The top-view and cross-sectional SEM images of the CZTSSe absorbers with different Se contents were shown in Fig. 5. As
shown in the pictures, the crystallinity improved obviously after a rapid thermal process. All the films are void free and have
densely packed large grain morphologies. The grain sizes in the sample A and D are more than 2 um. But the grains are more
uniform in sample D because that the Se element can promote the growth of grains [42]. However, the dislocation of Se and S
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Fig. 6. (a) Plot of (ahv) 2 vs. photon energy (hv) of the annealed CZTSSe thin films with different Se supply. (b) Dependence of the optical bandgap of CZTSSe alloy

films on the Se content.
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atoms leads to the crystallization quality decline for sample B and C, for instance, films are composed of much smaller grains.
The insets of Fig. 5 show the cross-sectional pictures, films are adhered well with the glass substrates without voids at the
interfaces, large columnar grains extended parallel through the film with the thickness about 2 um. Such characters are
favorable to decrease the amount of grain boundaries and diminish recombination in the bulk of the absorber [42—44]. Hence,
sample D (S-poor and Se-rich) is more appropriate for photovoltaic application than the other films judging from the
morphology.

3.4. Optical properties

As we all know, the V. is proportional to the bandgap of the absorbers while smaller bandgap broadens the wavelength
range of light absorption. Therefore, a bandgap about 1.12 eV should be expected for high performance solar cells. Optical
absorption measurements for the annealed films were performed to investigate the dependence of the bandgaps on the
different Se supply. As shown in Fig. 6(a), the bandgaps of the four CZTSSe films are 1.54, 1.46, 1.41, and 1.13 eV, respectively.
The bandgaps decrease monotonously with the increase of Se contents in the samples as depicted in Fig. 6 (b). The decrease of
bandgaps is related to the variation of the hybridization when different amount of Se atoms were introduced [27]. Fit the
obtained data using the formula:

Eg(x) = (1 — x)Eg(CZTS) + XEg(CZTSe) + bx(1 — x) (2)

A small bandgap bowing constant (b = 0.13 eV) can be deduced [45]. The results presented above clearly demonstrate that
the bandgap of the CZTSSe thin films can be adjusted via controlling the ratio of S/(S + Se) in the annealing atmosphere. In this
experiment, sample D that subjected to the selenization has an optimal bandgap.

3.5. Electrical properties

Electrical properties of the absorbers are very important for p-n junction solar cells. Hall measurements were performed
for the CZTSSe films and the results were listed in Table 2. All CZTSSe layers exhibit p-type conducting behaviors because a
large number of Cu vacancies (V) serve as acceptors in these films. The carrier concentrations increase significantly with
higher Se content. First, The Se p level is higher than that of S, thus the valence-band maximum (VBM) of the selenides is
higher, the energy level of the acceptor becomes shallower in Se-rich samples [46]. Second, the compensation of acceptor
defects due to the existence of deep donor defects (S vacancies, Vs) also leads to the decrease of carrier concentrations [38,47].
The mobility is an important factor that influences the transport property for the carriers, the carrier mobility for Se-rich
CZTSSe and the pure CZTS were 0.556 and 8.08 cm? V' s~ respectively. It is known that the mobility (i) can be
expressed by the equation p = %, where q, T, m* represents the electronic charge, mean free time of carriers and the effective
mass of carriers. The incorporation of Se element results in a weaker restriction of the electrons due to Se atoms has lower
electronegativity than S atoms. Therefore, the weaker internal force results in a smaller effective mass (m") in Se rich samples
[38]. On the other hand, the obtained uniform large grains also contribute to the increase of the mean free time of carriers.
Therefore, Se-rich CZTSSe films with large carrier mobility are benefit for the carrier transport.

3.6. Device characterization

Solar cells with a conventional structure were fabricated based on the obtained CZTSSe thin films. The J-V curve for the Se-
rich device measured under AM1.5G illuminations was shown in Fig. 7(a). The inset shows the cross-sectional SEM image of
the corresponding device. The highest efficiency obtained is 3.38%, the open circuit voltage (V,), short circuit current density
(Jso) and the fill factor (FF) are 320 mV, 30.72 mA/cm?, and 34.4% respectively. Obviously, the extremely low Vo and FF should
be responsible for the unsatisfactory PCE. The analysis of the J—V curve is necessary for better understanding. Based on the
solar cell theory, the J—V equation can be expressed as:

aV-JRs)
J=Jsc —Jole ™ —1) —(V—-]Rs)Gsp (3)

Table 2
Electrical properties of the annealed CZTSSe films that with different Se contents.

Sample Resistivity (Q cm) Carrier Density (cm—>) Hall Mobility (cm?V-—'s~1) Type

A 4.01 x 10* 2.52 x 10 0.556 p

B 1.12 x 10* 417 x 10" 157 p

C 277 2.16 x 10'® 1.04 p

D 12.6 6.00 x 10'¢ 8.08 p
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Fig. 7. (a) J-V curves of CZTSSe solar cells measured under AM 1.5G illuminations. Inset: the cross-sectional SEM image of the fabricated CZTSSe cell. (b) Plots of
dJ/dV vs V redrawn from the J—V curves. (c) Pots of dV/d] vs (J + J«<GV) ~' (d) Semi-logarithmic plots of ] + Jsc—GV vs V—R]; Jo was obtained by the intercept of the
linear region of the curves, and the slope is equal to q/nkT.

The diode parameters can be obtained by redrawing the J—V curve in three successive plots as shown in Fig. 7 (b), (¢) and
(d). The values of shunt resistance (Rp,), series resistance (R;), ideality factor (n) and the reverse saturation current density (Jo)
were calculated to be 333.33 Q cm?, 2.84 Q cm?, 3.45 and 8.7 x 10~% Ajcm?, respectively. Using the obtained parameters and
the equation:

GenVoc = Jsc —Jo [ €7 — 1 (4)

The Vo was calculated to be 318.85 mV, which is very close to the measured value (320 mV), indicating that the calculated
parameters are credible. The inferior Vo and FF may be due to the contribution of n and Jo. In order to confirm this conclusion,
we suppose ] = 0 and G = 0 in the equation (3), then this equation can be rewritten as:

_nli(T Jsc+JO :Iﬂi(T Ji
Vor =74 ln( Jo ) a ™l )

Using the values obtained above, the V. was calculated to be 319.45 mV. Therefore, the V. is mainly affected by n and J.
The value of n is much higher than 2 indicates that the interface recombination is the dominated, in other words, the
recombination in the bulk of the absorber can be ignored, and this is consistence with the results of morphologies and the Hall
measurements. The severe interface recombination may come from the high-density interface defects or tunneling enhanced
recombination. Therefore, the large value of Jo which is mainly attributed to the above-mentioned recombination leads to a
relatively low V.. In addition, Kassis et al. demonstrated that the large values of Jo and n is one of the major causes for the loss
of fill factor [48]. IBM group also reported the improvement of the FF for their CZTSSe devices with the decrease of Jp and n
[49]. In addition, large values of Rs due to the thick Mo(S,Se), layer may also influence the FF. Therefore, further research
should be focused on improving the quality of the diodes. The high-quality absorber and buffer films with fewer defects as
well as an excellent heterojunction with low density interface states are expected to reduce the carrier recombination rate in
solar cells.

4. Conclusions

The CZTSSe absorbers were prepared by sputtering a single quaternary target followed by a rapid thermal process. The
different Se supply during the annealing was used to adjust the S/(S + Se) ratios in the CZTSSe films. The results of XRD and
Raman spectroscopy confirm that Se atoms are easily incorporated into the films to form kesterite CZTSSe. The films with
smooth surfaces and densely packed columnar grains were obtained. The optical bandgaps decrease almost linearly with the
increase of Se contents. All the CZTSSe films show the p-type conductive behaviors. A Se-rich CZTSSe solar cell with an ef-
ficiency of 3.38% has been achieved. The low V. and FF are attributed to the severe interface recombination. These results
show that this method is a simple process to fabricate high quality CZTSSe films with an appropriate bandgap. High efficiency
solar cells are expected by further optimization of the interfaces in the devices.
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