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The effect of the deposition temperature of the buffer layer In,S3 on the band alignment of CZTS/In,S3 heterostruc-
tures and the solar cell performance have been investigated. The InyS3 films are prepared by thermal evaporation method
at temperatures of 30, 100, 150, and 200 °C, respectively. By using x-ray photoelectron spectroscopy (XPS), the valence
band offsets (VBO) are determined to be —0.28 £0.1, —0.28 £0.1, —0.34 £0.1, and —0.42 + 0.1 eV for the CZTS/In,S3
heterostructures deposited at 30, 100, 150, and 200 °C, respectively, and the corresponding conduction band offsets (CBO)
are found to be 0.3 +0.1, 0.41£0.1, 0.224+0.1, and 0.01 £0.1 eV, respectively. The XPS study also reveals that inter-
diffusion of In and Cu occurs at the interface of the heterostructures, which is especially serious at 200 °C leading to large
amount of interface defects or the formation of CulnS; phase at the interface. The CZTS solar cell with the buffer layer
In, S5 deposited at 150 °C shows the best performance due to the proper CBO value at the heterostructure interface and the
improved crystal quality of InyS3 film induced by the appropriate deposition temperature. The device prepared at 100 °C
presents the poorest performance owing to too high a value of CBO. It is demonstrated that the deposition temperature is a

crucial parameter to control the quality of the solar cells.
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1. Introduction

The CuyZnSnS4 (CZTS) thin film is one of the most
promising light absorbing materials which has attracted much
research interests recently.!'™ In highly efficient CZTS so-
lar cells, CdS is usually utilized as a buffer layer.[*° How-
ever, since Cd is toxic, great effort has been devoted to de-
veloping CZTS solar cells with Cd-free buffer layers.>~"1 Be-
ing non-toxic, In,S3 is a preferable material to replace CdS as
a buffer layer.!>% Since conduction band alignment between
the p-type CZTS and n-type buffer layers is a key factor to
influence the device performance, it is of great importance to
investigate the band offset of CZTS/In,S3 heterostructures.[©]
Yan et al. investigated the band alignment of different buffer
layers, i.e., CdS, Zn(O,S) and In,S3 on CZTS, and they found
that the conduction band offset (CBO) of InyS3/CZTS is spike-
like with a value of 0.41 £0.10 eV.!%! However, they did not
study the influence of the deposition temperature of In,S3 on
the band offset. Since heat treatment is a common technology
widely used in the fabrication of solar cells, which may mod-
ify the surface or interface of CZTS/In;S3, it is necessary to
carry out systematic experiments to study its influence on the
band offset or, furthermore, on the performance of solar cells.
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In our previous work, the band alignment of In,S3/CZTS was
investigated, but the influence of the growing temperature of
In,S3 on the band offset was absent.!¥! Sio er al. investigated
the effect of deposition temperature of InyS3 on the optical and
electrical properties of In,S3 thin film and the performance of
CZTS/In,S; solar cells.[”) But they did not study the influ-
ence of deposition temperature of In,S3 on the band offset of
InyS3/CZTS heterostructures. In this paper, we studied the de-
position temperature of buffer layer InyS3 on the band offset
of InpS3/CZTS heterostructures and its solar cell performance.
The CZTS/In,S3 heterostructures with the buffer layer InyS3
grown at 30 (room temperature), 100, 150, and 200 °C were
prepared and the band alignments were investigated by x-ray
photoelectron spectroscopy (XPS). Besides, the performance
of the CZTS photovoltaic device with the buffer layer In,S3
grown at different temperatures was presented and discussed.

2. Experiments

In the experiments, four CZTS/In;S; heterostructure
samples were prepared. The CZTS thin films with a thickness
of 800 nm were fabricated on floating glass (FG) substrates
by sol-gel method, followed by sulphurization in an N + H,S
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gas atmosphere (with 5% H;S concentration) at 580 °C for
one hour.!"%! The buffer layers In,S3 with a thickness of 5 nm
were deposited onto the CZTS thin films by thermal evapora-
tion method in DMDE-450 deposition equipment. The sub-
strate temperature during the deposition of In,S3 was chosen
to be 30 (room temperature), 100, 150, and 200 °C, respec-
tively. In order to make the deposition of such a thin film
possible, the substrate and the source material was kept at a
far distance of about 22 cm. In order to find out the right
amount of source material (InS3 powder) to deposit an InyS;3
film of 5 nm, 30-, 50-, and 100-mg In,S3; powder were used as
the source material, respectively, and the corresponding thick-
nesses of the In,S; films were determined to be 14, 25, and
49 nm by a step profiler (KLA Tencor D-100). Therefore, to
deposit an In,S3 film with a thickness of 5 nm, 5-mg In,S;
powder was used as the source material. Besides, another four
In,S3 films with a thickness of 400 nm were also prepared by
thermal evaporation method, which were deposited on FG sub-
strates at the four temperatures mentioned above, respectively.
The transmittance and reflectance spectra were measured by a
Cary 5000-Scan UV-vis-NIR Spectrometer in the wavelength
range 350 nm-1200 nm. The XPS measurements were car-
ried out using a ThermoFisher Scientific Escalab 250 electron
spectrometer with monochromatic Al Ko (hv) source, and the
XPS spectra were calibrated by the C 1s peak (284.6 eV).

To fabricate a complete solar cell, an intrinsic ZnO film
of 60 nm and an ITO film of 270 nm were deposited on top of
the glass/Mo/CZTS/In,S3 (50 nm) stack by sputtering. Then,
100-nm Al metal grids were fabricated by thermal evapora-
tion. The J-V curves of the fabricated CZTS solar cells with
the buffer layer In,S3 deposited at different temperatures were
measured by a solar simulator with an illumination intensity
of 100 mW/cm? (Oriel 91192, AM1.5, Global).

3. Results and discussion
According to Ref. [11], the valance band offset (VBO)

can be calculated using the formula
VBO = EGZ™S — EI25 vy, (1)

Here ECZ™S and E\2%3 are the energy positions of the valence
band maximum (VBM) of CZTS and In,S3 films, and Wy is
the band bending determined by the following expression

In,S In,S3 /. .
Vob = (Ec > — Eq (i) + (ESC™S () —EGL™), (@)

IS5 -CZTS
where E~"™ (E&[

lected element in the bulk material of In,S; (CZTS), and
E&23 (i) (ESFTS(i)) is the core-level energy of the same el-

) is the core-level (CL) energy of a se-

ement at the heterojunction interface. Then the conduction

band offset (VBO) can be obtained by
CBO = (Ef™% — ES?TS) + VBO, 3)

with Ei,nzs3 (EgZTS) being the energy band gap of InySs
(CZTS). In this study, we assume that the binding energy be-
low the Fermi energy is positive, and thus a negative VBO
(CBO) value indicates a lower valance (conduction) band edge
in InyS3 than that in CZTS. The reference CLs in CZTS can
be chosen from Cu, Zn, and Sn, and that in In,S3 is adopted
to be In. In this work, the final VBO values are determined
by averaging the VBO values obtained by using the CL pairs
In/Cu, In/Sn, and In/Zn, respectively. Figure 1 shows the
valance band spectra of the InyS3 and CZTS films, In 3d
core-level spectra of the InpS3; and CZTS/In,S3 (deposited
at 150 °C) samples, Zn 2p core-level spectra of the In;S;3
and CZTS/In,S3 (deposited at 150 °C) samples, respectively.
The VBM values of CZTS and In,S; are determined to be
—0.07£0.1 eV and 0.43 0.1 eV, respectively, by extrap-
olating the linear edges of the valence band spectra to the
baseline, as shown in Fig. 1. The CL positions are obtained
by fitting the CL binding energy spectra to Voigt function,
a mixed Lorentzian—Gaussian function with a Shirley back-
ground, as shown in Fig. 1. The CL positions in the bulk ma-
terial and heterostructures deposited at different temperatures
are shown in Table 1, where the CL positions in bulk material
are measured in the materials deposited at room temperature,
since the CL positions of bulk material do not change with
deposition temperatures for the current investigated tempera-
ture range. Substituting the CL energies and the VBM val-
ues into Eqgs. (1) and (2) and averaging the values obtained
by CL pairs In/Cu, In/Sn, and In/Zn, we determine the V;, to
be 0.224+0.1, 0.22+£0.1, 0.16 0.1, and 0.08 0.1 eV, and
VBO values to be —0.28 0.1, —0.28 0.1, —0.3440.1, and
—0.42£0.1 eV for the heterostructures with the buffer layer
In, S5 deposited at 30, 100, 150, and 200 °C, respectively, as
shown in Table 2. The W, and VBO values of the sample
deposited at 30 °C are in good agreement with that reported
in Ref. [6] (Vpp: 0.2£0.1 eV, VBO: —0.19+£0.1 eV) within
experimental errors.

The band gap E, of the CZTS and In,S3 films deposited
at different temperatures are obtained by the transmittance and

reflectance spectra by the following equation

A(hv —Eg)"
v “

where « is the optical absorption coefficient of the film, A is

o(hv) =

a constant related to the effective mass, and the value of m in-
dicates different types of transitions, i.e., m = 0.5 stands for
allowed direct, 1.5 for forbidden direct, 2 for allowed indirect
and 3 for forbidden indirect transitions, respectively. A lin-

ear interval cannot be found for the curve of (ahv)? versus
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hv indicating that the band gap of In,S3 investigated here is
not direct. However, a good linear interval can be found in
the plot of (ahv)? versus hv, suggesting an indirect band gap
of InyS3 films. Thus, the band gap of In,S3 films deposited
at 30, 100, 150, and 200 °C are determined to be 2.03, 2.14,
2.01, and 1.92 eV, respectively. It can be seen that the band

gap of In,S3 films varies with deposition temperatures. The
band gap of CZTS is direct and determined to be 1.45 eV.
Then the CBO values are estimated by Eq. (3) to be 0.30+£0.1,
0.41+£0.1,0.2240.1, and 0.01 0.1 eV corresponding to the
heterostructures deposited at 30, 100, 150, and 200 °C, respec-
tively, which are also shown in Table 2.
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Fig. 1. (color online) Valance band spectra of (a) the InyS3 and (b) CZTS film samples, (c) In 3d core-level spectra of the InyS3 and (d) CZTS/In,S;3
(deposited at 150 °C) samples, (e) Zn 2p core-level spectra of the InyS3, and (f) CZTS/In;S3 (deposited at 150 °C) samples. The VBM positions are
determined by extrapolating the linear edges of the VB spectra to the baseline, and the CL spectra are fitted to Voigt function.

Table 1. Core-level energies obtained by the XPS spectra fitting for the bulk In,S3, bulk CZTS, and CZTS/In,S3 heterostructures deposited at

different temperatures.

Sample El3djev EGPev EL /v ESN3/ev
Bulk In,S; 444.60+0.05

Bulk CZTS 931.55+0.05 1021.34+0.05 486.21+0.05
CZTS/n,S3 (30 °C) 444.56+0.05 931.51+0.05 1021.61+0.05 486.53+0.05
CZTS/In,S; (100 °C) 444.58+0.05 931.5340.05 1021.61+0.05 486.56+0.05
CZTS/n,S3 (150 °C) 444.57+0.05 931.47+0.05 1021.51+0.05 486.50+0.05
CZTS/In,S3 (200 °C) 444.67+0.05 931.58+0.05 1021.47+0.05 486.49+0.05

Table 2. V;, values and the band offsets of the heterostructures de-
posited at different temperatures.

Samples Vip/eV VBO/eV CBO/eV
CZTS/In,;S3 (30 °C) 0.224+0.1 —0.28+0.1 0.304+0.1
CZTS/In,S3 (100 °C) 0.22+0.1 —0.28£0.1 0.41+0.1
CZTS/In,;S3 (150 °C) 0.164+0.1 —0.34+0.1 0.224+0.1
CZTS/In,S3 (200 °C) 0.08 £0.1 —0.42+0.1 0.01+0.1

The CBO can also be easily calculated by using the An-
derson model,!'?! if electron affinity ) of In,S3 and CZTS are
known. Electron affinity ) of InpS3 and CZTS are estimated
to be 4.25+0.31131 and 4.33 eV,['*] respectively. Therefore,
the CBO of InyS3/CZTS heterostructures is estimated to be
0.08 0.3 eV, which agrees with that obtained by XPS within
the experimental errors.
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Fig. 2. Band offset diagram for the heterostructures deposited at different temperatures.

With the values of VBO, CBO, and V;, available, the band
alignment at the interface of the heterostructures are obtained,
whose diagrams are plotted in Fig. 2. The band bendings at the
interface on the side of In,S3 and CZTS are calculated by the
first and second part of Eq. (2), respectively. One can see that
the band alignments of the heterostructures belong to ‘type
I’ no matter at which temperature they are deposited. With
the increase of the growth temperature, the value of VBO in-
creases and that of CBO decreases. It is worth noting that
the band of In,S3 deposited at 200 °C bends down at the in-
terface, indicating a large number of interface defects or a p-
type compound forming at the interface. In order to figure out
the possible impurity at the interface of the heterostructure de-
posited at 200 °C, we perform the element content analysis of
the four heterostructure samples by XPS, and the results are
shown in Table 3. It can be seen that, at the interface, the
concentration of In element decreases with increasing temper-
atures (from 13.8 at.% to 6.3 at.%), while that of Cu decreases
with increasing temperatures (from 5.8 at.% to 25.4 at.%). The
element contents of Sn and Zn do not show significant change
with temperatures. Therefore, it is obvious that strong inter-
diffusion of In and Cu occurs at the interface of CZTS/In;S3
heterostructure, which are especially serious at high tempera-
tures. Since there are a lot of cationic vacancies in In;S3, it
can be easily doped by Cu.!">~171 According to the phase dia-
gram of the Cu—In—S system and considering the high copper

concentration in the interface of heterostructure deposited at
200 °C, we infer that a compound of CulnS, with a p-type
conductivity may be formed at the interface, which may lead
to the downward bending of the band on the side of In;S;3 at
the interface.

Table 3. Element content at the interface of the heterostructures de-
posited at different temperatures.

Element 30°C/at.% 100°C/at.% 150 °/at.% 200 °C/at.%
In 13.8 10.6 8.6 6.3

Sn 523 50.3 47.5 442

Cu 5.8 9.5 15.7 25.4

Zn 28.1 29.6 28.2 24.2

In order to investigate the influence of the deposition
temperature of the buffer layer as well as the band align-
ments of the heterostructures on the device performance, the
CZTS solar cells with the buffer In,S3; deposited at tem-
peratures of 30, 100, 150, and 200 °C, named as samples
A, B, C, and D, respectively, are prepared. J-V curves of
the devices are shown in Fig. 3 and the detailed parame-
ters of the devices are also summarized in Table 4. From
Table 4, one can see the short circuit current Ji. of sam-
ple A is nearly equal to that of sample C, but the open cir-
cuit voltage V. of sample C is higher than that of sample
A, leading to a higher conversion efficiency. The perfor-
mance of the solar cell may be closely related to the band

alignment of the heterostructure. According to the simulation
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Fig. 3. (color online) J-V measurements of the solar cells with the buffer
layer deposited at different temperatures under AM1.5 solar illumination
conditions.

Table 4. Performance characteristics of the solar cells with the buffer layer
deposited at 30 (room temperature), 100, 150, and 200 °C, respectively.

Sample Js/(mA/cm?) Voe/mV FF Ne!%
Sample A (30 °C) 6.04 80 0.23 0.11
Sample B (100 °C) 1.12 30 0.24 0.01
Sample C (150 °C) 6.28 160 0.26 0.26
Sample D (200 °C) 2.92 40 0.27 0.03

by Minemoto et al.,l'® when the CBO value is larger than
0 eV, Vi should be nearly constant. Thus, the V. values of
samples A and C are expected to be nearly equal since their
CBO values are all larger than 0 eV. However, the V. of sam-
ple C is much larger than that of sample A. The possible rea-
son for this phenomenon may be attributed to the suppression
of the defects, which will cause undesirable recombination, by
the appropriate deposition temperature (150 °C). Specifically
speaking, when the growth temperature of In,S3 is increased
to 150 °C, much of the water vapor and other impurities will
leave the substrate surface and, moreover, the In;S3 particles
just arriving at the substrate surface will get more kinetic en-
ergy to get together to form a much denser film. As aresult, the
interface defects are dramatically reduced, leading to the in-
crease of V.. One can note that sample B presents the poorest
performance, which can be owing to the large value of CBO
(0.41£0.1 eV). This CBO value is much larger than the opti-
mal value of being in the range of 0 eV-0.3 eV, and it will act
as a barrier against the photo-generated electrons, leading to
the extremely small value of Ji..!'8] When the deposition tem-
perature is increased up to 200 °C, the performance of the de-
vice is also not good, although its CBO value (0.01+£0.1eV)is
within the optimal range. This phenomenon may be attributed
to the large amount of interface defects or the formation of
CulnS; compound at the interface induced by the high deposi-

tion temperature, as we mentioned above. Specifically, acting

as a recombination center, interface defects will greatly reduce
Jse, and, due to the p-type conductivity of CulnS,, its forma-
tion will degrade the quality of the heterostructure resulting
in poor performance of the solar cell. A similar effect is also
observed in Cu(In,Ga)Se, solar cells buffered with In253,[17]
i.e., the solar cell efficiency is dramatically decreased when the
deposition temperature is increased from 130 °C to 200 °C,
which is possibly due to the formation of the p-type CulnS;
compound at the heterostructure interface. It can be seen that
the deposition temperature of the buffer layer has a significant

influence on the performance of the solar cell.

4. Conclusion

In summary, we have studied the influence of the de-
position temperature of the buffer layer on the band align-
ment of CZTS/In,S3 heterostructures. It is found that the
VBO values are —0.28 0.1, —0.28 +0.1, —0.34 £0.1, and
—0.42+0.1 eV for the deposition temperature of 30, 100, 150,
and 200 °C, respectively, and the corresponding CBO values
are 0.3£0.1,0.41£0.1,0.22+0.1, and 0.01 £0.1 eV, respec-
tively. By XPS analysis, we find that a strong inter-diffusion
of In and Cu occurs when the deposition temperature is in-
creased up to 200 °C, which results in plenty of interface de-
fects or the formation of CulnS; phase at the interface leading
to the degradation of the heterostructure. The performance of
the CZTS solar cell buffered with InyS3 deposited at differ-
ent temperatures is also investigated. The best performance is
obtained in the device deposited at 150 °C, due to the proper
CBO value at the heterostructure interface and the improved
crystal quality of In,S3 film induced by the appropriate de-
position temperature. The device prepared at 100 °C shows
the poorest performance owing to too high a value of CBO.
The performance of devices grown at room temperature and at
200 °C are also not desirable, which may be attributed to the
large amount of defects introduced by too low or too high de-
position temperatures, respectively. The formation of CulnS;
phase at the interface may also be responsible for the poor
performance of the solar cell prepared at 200 °C. Our study
demonstrates that the deposition temperature is a crucial pa-

rameter to influence the quality of solar cells.
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