IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Fabrication of Cu,ZnSn(S,Se), Solar Cells via an Ethanol-Based Sol—

Gel Route Using SnS, as Sn Source

Wangen Zhao, Gang Wang, Qingwen Tian, Yanchun Yang, Lijian Huang, and Daocheng Pan*

State Key Laboratory of Rare Earth Resource Utilization, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,

5625 Renmin Street, Changchun, Jilin 130022, China

© Supporting Information

ABSTRACT: Cu,ZnSn(S,Se), semiconductor is a promising absorber layer
material in thin film solar cells due to its own virtues. In this work, high quality
Cu,ZnSn(S,Se), thin films have been successfully fabricated by an ethanol-based
sol—gel approach. Different from those conventional sol—gel approaches, SnS, was
used as the tin source to replace the most commonly used SnCl, in order to avoid
the possible chlorine contamination. In addition, sodium was found to improve the
short-circuit current and fill factor rather than the open-circuit voltage due to the
decrease of the thickness of small-grained layer. The selenized Cu,ZnSn(S,Se), thin
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films showed large densely packed grains and smooth surface morphology, and a
power conversion efficiency of 6.52% has been realized for Cu,ZnSn(S,Se), thin

film solar cell without antireflective coating.
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B INTRODUCTION

Kesterite-type Cu,ZnSn(S,Se), (CZTSSe) semiconductor is
considered as one of the most prospective photovoltaic
materials, which has taken the limelight over the past two
decades because of its low toxicity, high abundance, and low
material cost for larger possibility of commercial production
compared to another important Cu-based Cu(In,Ga)(S,Se),
(CIGSSe) semiconductor with a record power conversion
efficiency (PCE) of 20.4%." To minimize the manufacturing
cost of CZTSSe thin film solar cells, various nonvacuum-based
deposition approaches have been reported, including electro-
deposition approach,”™* milling dispersion approach,’ nano-
particle-based a.pproach,é_10 hydrazine-based approach,'' ™"
sol—gel approach,'*™'® etc. Among these solution-based
methods, the latter three approaches have made greater
progresses. Recently, a record power conversion efficiency of
10.2% and 12.6% have been achieved for CZTSSe thin film
solar cells by a nanoparticle-based approach and a hydrazine-
based solution approach, respectively.'”*° Because of the
complex synthesis of CZTS nanoparticles and high toxicity of
hydrazine, the sol—gel approach based on rather simple and
safe preparation process has drawn a great deal of
attention'*'® since Hillhouse and co-workers developed a
low-cost and low-toxicity sol—gel approach to fabricate
CZTSSe solar cells with a power conversion efficiency of
4.1% in 2011."* The CZTS sol—gel solution was prepared by
dissolving copper acetate, zinc chloride, tin(II) chloride, and
thiourea in dimethyl sulfoxide (DMSO). Recently, the power
conversion efficiency has been further enhanced to 8.3% by
changing the preparation procedure of CZTS precursor
solution.”> Since 2011, some research groups modified this
solution approach by using low-toxicity 2-methoxyethanol'® or

-4 ACS Publications  © 2014 American Chemical Society

the mixture of ethanol and water'” to replace DMSO. However,
in this approach and its variants, tin(II) chloride was always
used as the tin source, which may result in chlorine
contamination.'®

In this work, we presented a facile and low-toxic solution
route by dissolving copper acetate, zinc acetate, and tin disulfide
in butylamine/sulfur solution, and nontoxic ethanol was used as
the solvent. Here, copper acetate and zinc acetate were chosen
as the Cu and Zn sources. Importantly, tin(IV) disulfide was
used to substitute the commonly used tin(II) chloride, which is
first employed to avoid the impact of chlorine on the
performance of CZTSSe solar cells except for hydrazine-
based approach."”® Meanwhile, highly reactive S powder was
employed as the sulfur source to replace low reactive thiourea.

B EXPERIMENTAL SECTION

Materials. Copper(1I) acetate monohydrate (Cu(Ac),-H,0, 99%),
zinc acetate (Zn(Ac), 99.99%), tin(IV) chloride (SnCl, 99%),
ammonium sulfide solution ((NH,),S, 40—48 wt %), 1-butylamine
(CH;(CH,);NH,, 99%), 3-mercaptopropionic acid
(HSCH,CH,COOH, 98%), cadmium sulfate (CdSO,, ACS), sodium
diethyldithiocarbamate trihydrate (NaS,N(CH,),-3H,0 ACS), thio-
urea ((NH,),CS, ACS), ammonia solution (NH;-H,O, 25%), and
ethanol (AR) were purchased from Aladdin. All chemicals and solvents
were used as received without any further purification.

Synthesis of SnS,. Ten and a half grams (~30 mmol) of SnCl,
was dissolved in 90 mL of deionized water under magnetic stirring.
Then, 9.3 mL (~60 mmol) of ammonium sulfide solution was added
dropwise to the above solution, resulting in the formation of yellow
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precipitation. After the centrifugation and repeated washing, the yellow
precipitate was attained and dried in an oven at the temperature of 80
°C. Finally, the yellow precipitate was ground into fine powder.

Preparation of the CZTS Precursor Solutions. First, 2.0 mmol
of S powder was dissolved in 2.0 mL (~20 mmol) of 1-butylamine in a
glass vial under magnetic stirring at room temperature. Next, 1.0 mmol
of SnS, powder was loaded into the butylamine/S solution with
continued stirring until a black brown solution was formed.
Subsequently, 0.6 mL (~6 mmol) of 3-mercaptopropionic acid was
added into above solution, forming a light yellow solution. Then, 1.2
mmol of zinc acetate, 1.65 mmol of copper acetate, and 5.0 mL of
ethanol were putted into the above solution, forming a homogeneous
and light black CZTS precursor solution after stirring for ~30 min.
Finally, the CZTS precursor solution was centrifuged at 12 000 rpm
for 5 min. These preparation procedures were conducted in air.

Deposition of CZTS Thin Films and Fabrication of CZTSSe
Solar Cell Devices. CZTS thin films were spun on a Mo-coated glass
slide (20 X 20 X 0.5 mm) at 3000 rpm for 20 s, followed by a
sintering process on a ceramic hot plate at 320 °C for 2 min. CZTS
nanocrystal thin film with a thickness of ~1.5 ym was built up by
repeating seven spin-coating/sintering cycles. Subsequently, the as-
prepared CZTS thin films were annealed under Se vapor. Two pieces
of CZTS thin films were selenized in a graphite box in the presence of
approximately 0.4 g of Se pellets in a rapid temperature processing
(RTP) furnace at different temperatures of 500 °C/530 °C/560 °C for
8 or 15 min in order to optimize selenization conditions. The CZTSSe
solar cell devices were completed by the successive deposition of CdS
thin film (~60 nm), i-ZnO (~70 nm), and ITO (~300 nm). Finally,
metallic Al grid electrode (~1 ym) was thermally evaporated on the
top of the solar cell. No antireflection layer was applied. The four cells
on one substrate were separated by mechanical scribing using a
tungsten needle. The active area of a device is 0.368 cm?, excluding the
area of Al grid electrode (~10%) in the total area.

Characterizations. The thermal stability of CZTS precursor was
investigated by thermogravimetric analysis (TGA) on a TGA/DSC 1
STARe of Mettler-Toledo. A step profiler (AMBIOS, XP-100) was
employed to measure the thickness of the thin film. The XRD patterns
were recorded using a Bruker D8 X-ray diffractometer with a Cu Ka
radiation source (4 = 0.15405 nm). The top-view and cross-sectional
SEM images were taken on a Hitachi S-4800, and chemical
composition was determined by energy dispersive X-ray (EDX)
analyzer (Bruker AXS XFlash detector 4010) attached to Hitachi S-
4800. Raman spectrum was tested by Renishaw RM1000 with 532 nm
laser excitation. J—V curves were measured with a Keithley 2400
source meter and a solar simulator (Abet Sun 2000, AM 1.5, 100 mW/
cm?). The external quantum efficiency (EQE) measurement was
conducted by a Zolix SCS100 QE system equipped with a 150 W
xenon light source and a lock-in amplifier.

B RESULTS AND DISCUSSION

It has been reported that SnS, can be dissolved in the solution
of (NH,),S and (N,Hj),S, forming soluble Sn,Ss*~ ions.”"**
Polysulfide S,>~ (x = 1-7) ions play a key role in the
dissolution of SnS,.** According to some reports in literature,
S,>” ions were formed by the reaction of elemental sulfur with
organic amines.”* Thus, it is quite possible that SnS, can be
dissolved in organic amine/sulfur solution. To confirm this
hypothesis, SnS, powder was added to the butylamine/sulfur
solution and a homogeneous and black brown solution was
attained. Then, a small amount of 3-mercaptopropionic acid
(MPA) was added to prevent precipitate formation upon the
addition of Cu®* and Zn*" ions because MPA has a strong
binding ability with Cu** and Zn>" ions. As can been seen in
Figure 1 (left), a light yellow solution was formed after addition
of MPA, which may be attributed to the reaction of carboxyl
and amino groups. Afterward, Cu(Ac),"H,0 and Zn(Ac), are
loaded into the above solution. Finally, nontoxic ethanol was
used as the solvent to dilute the concentration and adjust the
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Figure 1. Photographs of SnS, solution (left) and CZTS precursor
solution (right).

viscosity of CZTS precursor solution. The acquired light black
CZTS precursor solution is shown in Figure 1 (right), which is
stable in air. CZTS nanocrystal thin films were obtained by a
spin-coating process, followed by a sintering process at 320 °C
according to TGA result of CZTS precursor (see Figure 2a).

The plain-view and cross-sectional SEM images of as-
prepared CZTS nanocrystal thin films on Mo-based soda-lime
glass were shown in Figure S1 in the Supporting Information. It
should be noted that the as-prepared CZTS thin films exhibited
some obvious cracks. In order to eliminate cracks and induce
nanocrystal growth, CZTS thin films were selenized at high
temperatures under selenium vapor in a graphite box with a 1
mm hole on the top of the lid, as exhibited in Figure S2 in the
Supporting Information. At first, the CZTSSe thin films
selenized at 530 °C for 8 and 15 min were analyzed by X-ray
diffraction (XRD), as shown in Figure 2b. It was obvious that
the XRD peaks of CZTSSe thin films selenized for 15 min
significantly became stronger and sharper; the inset of Figure
2b shows a comparison of the enlarged (112) planes of the
CZTSSe thin films selenization for 8 and 15 min, indicating the
increase of the crystallinity and the grain size of CZTSSe thin
film with prolonged selenization time. XRD analysis of the
selenized CZTSSe thin films revealed a typical kesterite
structure, and binary or ternary impurity phases such as
ZnSe, SnSe,, and Cu,SnSe; were not observed. However, the
presence of ZnSe, SnSe,, and Cu,SnSe; impurities cannot be
ruled out since their XRD patterns are very close to that of
CZTSSe® A pure kesterite structure is crucial to the
performance of kesterite solar cells. To further confirm the
crystal structure of CZTSSe thin films in the absence of
secondary phases (e.g, ZnSe, SnSe, and Cu,SnSe; etc.),
Raman spectra were measured. As demonstrated in Figure 2,
four prominent peaks located at 173, 196, 237, and 328 cm™,
which are in good agreement with those of previously reported
kesterite CZTSSe thin films.'® The complementary studies
based on XRD and Raman spectroscopy confirmed that the
pure phase CZTSSe thin films were achieved after the
selenization at 530 °C for 8 and 15 min.

To obtain high-performance CZTSSe solar cells, we need to
optimize not only the purity of the crystal phase but also the
Cu-poor and Zn-rich composition of CZTSSe thin film. Cu-
poor composition is beneficial for the formation of Cu
vacancies, which gives rise to shallow acceptors in the CZTSSe
thin film, whereas Zn-rich composition is used to avoid the
formation of the substitution of Cu at Zn sites, which results in
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Figure 2. (a) TGA curve of CZTS precursor measured from 100 to 500 °C under N, atmosphere at a rate of 10 °C/min. (b) XRD pattern (inset:
the comparison of (112) planes), (c) Raman spectra, and (d) chemical compositions of CZTSSe thin films selenized at the temperature of 530 °C

for 8 and 15 min.

relatively deep acceptors.”® The selenized CZTSSe thin film at
530 °C for 8 min consisted of approximately 21.8% Cu, 10.8%
Zn, 10.8% Sn, 8.6% S, and 48.0% Se. Thereby, a near
stoichiometric Cu,Zn, 4Sn; ¢SosSe,, thin film with a Cu/(Zn
+Sn) ratio of 1.0 and Zn/Sn ratio of 1.0 was formed. When the
selenization time was 15 min, highly desirable composition of
Cuy 5320 2,50 ¢S0.005€5,0; Was obtained (see Figure 2d). It can
be explained by the phase formation mechanism of CZTSSe,”’
and Cu,S phase appeared on the surface of thin films at the
early stage of selenization and single phase CZTSSe thin films
were formed with prolonged selenization time.

Except for the crystal structure and chemical composition,
the surface morphology of the CZTSSe thin films is one of the
most important factors that affect the performance of CZTSSe
devices. Densely packed and large grained Cu-based thin films
are always highly desirable. It is well-known that the
selenization time is directly related to the crystal growth of
CZTSSe thin film. Images a and b in Figure 3 show the top-
view SEM images of selenized CZTSSe thin films at 530 °C for
8 and 15 min, respectively. The grain sizes slightly increase
when the selenization time was changed from 8 to 15 min.
Larger grain will reduce the chance of electron and hole
recombination because there is less grain boundary. Thus,
prolonged selenization time has a beneficial effect on the grain
growth and device performance. However, with further increase
of the selenization time, Sn loss and phase separation will occur,
which are detrimental to the photoelectric conversion efficiency
of CZTSSe devices. Meanwhile, it was noted that the thickness
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Figure 3. Top-view SEM images of selenized CZTSSe thin films at the
temperature of 530 °C for (a) 8 min and (b) 15 min; (c, d) cross-
sectional SEM images of the corresponding CZTSSe solar cell devices.

of the small-grained layer did not clearly decrease with
prolonged selenization time, as seen in Figure 3c, d.

In addition, the effect of the different selenization temper-
atures on the crystal quality and morphology of CZTSSe thin
films were also studied while keeping the same selenization
time (1S min). At the different selenization temperatures of
500, 530, and 560 °C, their plain-view SEM images of CZTSSe
thin films and the cross-sectional SEM images of corresponding
CZTSSe devices are shown in Figure S3 in the Supporting
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Figure 4. (a) Surface SEM image of Na-doped CZTSSe thin film; (b) cross-section SEM image of Na-doped CZTSSe device; (c) XRD patterns, (d)
EDS spectra and chemical compositions of as-prepared CZTS (black) and selenized CZTSSe (red) thin films.
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Figure S. (a) J—V curves and the performance parameters of CZTSSe and Na-doped CZTSSe solar cells under simulated solar light (AM 1.5 G)
illumination. (b) External quantum efficiency (EQE) spectra of CZTSSe and Na-doped CZTSSe solar cells; inset: the corresponding band gaps were

determined by plotting [ExIn(1-EQE)]* vs E curves.

Information. With the enhancement of the selenization
temperature, the selenized CZTSSe thin films exhibit higher
crystallinity and a thinner small-grained bottom layer. Mean-
while, some white spots on the surface of the CZTSSe thin
films were observed, indicating that the phase separation
occurs. Comprehensive analysis of selenized CZTSSe thin films
from SEM, XRD, and EDS, the optimal selenization condition
was found to be 530 °C and 15 min.

Under the optimal selenization condition, CZTSSe thin film
exhibits a bilayer structure, consisting of a large-grained top
layer and a small-grained bottom layer. A thick small-grained
bottom layer will increase the series resistance of devices, which
will be detrimental to the photoelectric conversion efficiency of
CZTSSe solar cells. It was reported that Na can induce the
crystal growth of CZTSSe thin films.** > To reduce or even
eliminate the small-grained bottom layer, we added 1% of
sodium diethyldithiocarbamate to induce the grain growth and
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reduce the thickness of small-grained layer. Images a and b in
Figure 4 show the surface SEM image of Na-doped CZTSSe
thin film and cross-sectional SEM image of the corresponding
CZTSSe solar cell device. It was observed that the addition of
Na significantly changed the morphology of grain (Figure 4a),
which made it seem less angular and much smoother.
Moreover, the thickness of small-grained bottom layer evidently
decreased (Figure 4b), which could improve the performance
of the CZTSSe device to some degree (especially in current
density because of the decrease in series resistance and the
increase of the thickness of the absorber layer). The XRD and
EDS were also conducted to characterize the Na-doped
CZTSSe absorber layer, confirming that a highly crystalline
CZTSSe thin film with a suitable composition was obtained.
Some minor diffraction peaks appeared on Na-doped XRD
pattern (Figure 4c), which were not shown on that of undoped
CZTSSe thin films. Different from undoped CZTSSe thin films,

dx.doi.org/10.1021/am5026006 | ACS Appl. Mater. Interfaces 2014, 6, 12650—12655
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a thin MoSe, layer was observed by XRD and SEM. Our
experimental results confirmed that the incorporation of Na can
induce the crystal growth of CZTSSe thin film and decrease the
thickness of small-grained layer.

In addition, because of the different valence states of Cu and
Sn ions, X-ray photoelectron spectroscopy (XPS) was used to
identify the valence states of Cu and Sn ions in CZTSSe thin
film, as shown in Figure S4 in the Supporting Information. It
can be seen that Cu 2p peaks located at 931.7 and 951.6 eV
with a splitting value of 19.9 eV, and Sn 3d peaks located at
486.7 and 4953 eV with a splitting value of 8.6 eV,
corresponding to Cu* and Sn** ions, respectively.

Figure Sa shows a comparison of J—V curves for CZTSSe
and Na-doped CZTSSe solar cells. A significant improvement
in PCE was observed from 5.10% to 6.50% for Na-doped
CZTSSe solar cell. This improvement is mainly due to the
increase in short circuit current density (Jsc) and fill factor
(FF). As mentioned above, the incorporation of Na can
increase the thickness of large-grained top layer, which will
improve the photoresponse of CZTSSe absorber layer and
thereby enhance Jgc. External quantum efficiency (EQE)
spectra of the CZTSSe and Na-doped CZTSSe solar cells
were measured and shown in Figure Sb. It was also revealed
that the Jsc increase is due to a stronger photoresponse at the
near-infrared (NIR) region instead of a lower band gap for Na-
doped CZTSSe solar cells since CZTSSe and Na-doped
CZTSSe thin films have the same band gap of 1.04 eV (see the
inset of Figure Sb). According to the analysis of light ]-V/
curves of the CZTSSe and Na-doped CZTSSe solar cells, Na-
doped CZTSSe solar cells possess a lower series resistance (R,)
(1.57 vs 3.53 Q cm? see Figure SS in the Supporting
Information) because of a thinner small-grained bottom layer,
which is beneficial to achieving a high FF.

B CONCLUSIONS

In summary, we have demonstrated a simple solution-based
approach for depositing high quality CZTSSe thin films, in
which all the precursors were easily available and mixed at a
molecular level without the need of highly toxic chemicals. SnS,
was used to replace commonly used SnCl, as the tin source,
which may eliminate the effect of chlorine impurity on the
performance of CZTSSe device. In addition, sulfur powder was
used as the S source to substitute low reactive thiourea. It was
found that the incorporation of Na can induce the grain growth
of CZTSSe thin films and decrease the thickness of the small-
grained layer, which led to significant improvement in both Jgc
and FF. A power conversion efficiency of 6.52% has been
achieved for Na-doped CZTSSe solar cells, which is expected to
further enhance by completely eliminating small-grained
bottom layer. Moreover, this solution approach could be
extended to the fabrication of other Cu-based semiconductor
thin films, such as Cu,FeSn(S,Se),, Cu,CoSn(S,Se),, Cu,NiSn-
(S,Se),, Cu,CdSn(S,Se),, etc.
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