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Abstract: The device performance of sensitizer-architecture
solar cells based on a CuSbS, light sensitizer is presented. The
device consists of F-doped SnO, substrate/TiO, blocking layer/
mesoporous TiOyCuSbSyhole-transporting material/Au elec-
trode. The CuSbS, was deposited by repeated cycles of spin
coating of a Cu-Sb-thiourea complex solution and thermal
decomposition, followed by annealing in Ar at 500°C. Poly-
(2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta(2,1-b,3,4-b’ |dithio-
phene)-alt-4,7(2,1,3-benzothiadiazole)) (PCPDTBT) was
used as the hole-transporting material. The best-performing
cell exhibited a 3.1 % device efficiency, with a short-circuit
current density of 21.5 mAcm™, an open-circuit voltage of
304 mV, and a fill factor of 46.8 %.

Binary antimony chalcogenides (Sb-Ch), such as Sb,S;,"?
Sb,Ses,B¥ and composition-graded Sb,(S/Se);,”! have been
successfully applied as light absorbers in both sensitizer-
architecture and planar-type solar cells because of their
specific properties, such as suitable band gaps of 1.1-1.7 eV,
chemical stability, high absorption coefficients, and environ-
mentally friendly characteristics.””" Theoretical and exper-
imental investigations on solar cells based on Sb-Ch have
shown their potential as light absorbers.'"7 For example, we
recently achieved a record power conversion efficiency (PCE)
of about 7.5% in Sb,S;-sensitized solar cells through thio-
acetamide-assisted surface treatment of Sb,S;.”Y However,
despite the promising solar cell characteristics, Sb-Ch solar
cells still suffer from a limited device efficiency of less than
10 %, owing to efficient recombination centers in Sb-Ch and
a dominant energy-loss channel caused by strong electron—
phonon interactions.?51°
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To overcome these limitations, we have explored alter-
native chalcogenides that have characteristics comparable to
those of Sb-Ch. Among the various chalcogenides, ternary
CuSbS, chalcogenide (chalcostibite) has significant potential
as a promising light absorber because it has a layered
orthorhombic structure with a Pnma space group, a high
absorption coefficient of 10°cm™!, and a bandgap of 1.5-
1.7 V.12l Furthermore, this material exhibits p-type semi-
conductor behavior with an electrical mobility of up to
20 cm?V1S71 12 which may provide an additional driving
force for hole transfer from the light absorber to the hole-
transporting material (HTM). Theoretical investigations
performed by Yu etal. showed that CuSbS, planar solar
cells may be able to exhibit higher device performance than
CulnSe, planar cells owing to the better electrical and optical
properties of CuSbS, than CulnSe,.""™ Several groups
experimentally demonstrated the device performance of
CuSbS, planar-type solar cells, which showed a maximum
PCE of 3.13 %.["1% 5] Although this material has not yet been
applied to sensitizer-architecture solar cells, it can be used as
a light sensitizer in such devices because of the well-matched
energy levels of CuSbS, to the photoelectrode and HTM
(Supporting Information, Figure S1).

CuSbS, has been prepared by several methods, such as
sequential chemical bath deposition (CBD) of CuS/Sb,S;,™!
the hot-injection method,"'? sulfurization of metallic stacks
of Cw/Sb,"¥ a hydrazine-based solution process,'*! and
a thiol/amine-based solution approach.'¥ Among the various
methods, the solution processing method is particularly
suitable for low-cost, high-throughput deposition of CuSbS,
onto the desired substrates. Furthermore, solution processing
is very useful for controlling the Cu/Sb ratio by applying
appropriate amounts of Cu/Sb chemicals; it is critical to
control the ratio of Cu/Sb for the formation of a pure CuSbS,
phase.[''!) However, the solution methods reported to date
have some limitations. For example, in case of the sequential
CBD method, precise control of the thickness ratio of CuS
and Sb,S; is required to obtain stoichiometric CuSbS,.”] On
the other hand, the hydrazine-based approach suffers from
the inevitable usage of hydrazine, which is an extremely toxic
and explosive solvent. Therefore, it is highly desirable to
develop a simple, low-toxic, and versatile solution approach
to fabricate high-efficiency CuSbS, solar cells.

In this work, we report the fabrication of high-quality
CuSbS, by simple and low-toxic solution processing and its
application to sensitizer-architecture solar cells composed of
fluorine-doped SnO, (FTO)/TiO, blocking layer (BL-TiO,)/
mesoporous TiO, (mp-TiO,) + CuSbS, light sensitizers/HTM/
Au. We developed a simple chemical route based on a metal—
thiourea complex solution for the fabrication of CuSbS,. For
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the synthesis, we used highly soluble, inexpensive metal
precursors and non-hydrazine organic solvents. The CuSbS,
was deposited onto FTO/BL-TiO,/mp-TiO, by repeated
cycles of spin coating of a copper—antimony-thiourea com-
plex solution and subsequent thermal decomposition. The
structure, morphology, and absorption properties of the as-
prepared CuSbS, were characterized by X-ray diffraction
(XRD) patterns, field-emission scanning electron microscopy
(FESEM), and UV/Vis absorption spectra, respectively.
Figure 1a shows the XRD patterns of the powders of the
copper—antimony-thiourea complex solution annealed at
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Figure 1. a) XRD patterns of the powders annealed at temperatures of
300-500°C in Ar. b) EDX spectrum of the powder annealed at 500°C.

300-500°C in Ar. Two mixed phases of Sb,S; (denoted by
black stars, JCPDS No. 42-1393) and CuSbS, (denoted by red
dotted lines, JCPDS No. 44-1427) are detected at a temper-
ature of 300°C. The Sb,S; phase gradually decreases, whereas
the CuSbS, phase steadily increases as the temperature
increases, and a pure CuSbS, phase is finally obtained at
500°C. To further confirm this material, the chemical
composition of the sample annealed at 500°C was evaluated
by energy-dispersive X-ray (EDX) spectroscopy (Figure 1b).
The atomic ratio of Cu/Sb/S was measured as 1.1:1.0:2.2,
which is very close to the stoichiometric value of 1:1:2.
Detailed structural and compositional changes as a function
of annealing temperature are shown in the Supporting
Information, Figure S2 and Table S1. These results indicate
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that our copper—antimony—thiourea precursor solution can be
used to deposit CuSbS, for application in solar cells.

To apply the CuSbS, as the light sensitizer in sensitizer-
architecture solar cells, we first deposited it on FTO/TiO,-BL/
mp-TiO, substrates by repeated cycles of spin coating of
a diluted precursor solution and thermal decomposition at
200°C (Figure 2a). Note that the thermal decomposition
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Figure 2. a) The CuSbS, deposition process on mp-TiO,/TiO,-BL/FTO
substrate using metal-thiourea complex precursor solution for solar
cell applications. b) UV/Vis absorption spectra and corresponding
photographs (inset images) of CuSbS,/mp-TiO,/TiO,-BL/FTO fabri-
cated with varying numbers of cycles and the mp-TiO,/TiO,-BL/FTO
substrate.

process is necessary as part of these repeated cycles because
the thermally decomposed precursor becomes insoluble in the
parent solvent, which makes possible repeated deposition of
CuSbS,. Also, the thermal decomposition process must be
performed in an inert atmosphere (either Ar or N,) to prevent
formation of other secondary phases such as metal oxides
(Supporting Information, Figures S3 and S4, Table S2). The
repeated cycles allowed us to precisely control the amount of
CuSbS,. After repeated deposition of CuSbS,, the samples
were finally annealed at 500°C in Ar to form a single CuSbS,
phase. Figure 2b shows the UV/Vis absorption spectra of
FTO/TiO,-BL/mp-TiO, + CuSbS; as a function of the number
of deposition cycles. The CuSbS, absorption gradually
increases as the number of deposition cycles increases to
five times and it slightly decreases at seven times cycles. This
implies that each cycle increases the amount of CuSbS, but
more than seven cycles are not necessary for sufficient light
absorption. All samples exhibit an absorption edge of about
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850 nm, indicating that the as-deposited CuSbS, has a band
gap of about 1.5 eV.

The CuSbS, distribution inside the mp-TiO, was inves-
tigated by observing the morphology and elemental compo-
sition by FESEM equipped with an EDX spectrometer. The
CuSbS, was deposited by using five cycles of spin coating and
thermal decomposition, followed by annealing at 500°C in
Ar. As shown in FESEM surface images (Figure 3 a, left), the
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result indicates that the CuSbS, acts not only as an efficient
light absorber but also as a hole transporter. The hole-
transporting property of CuSbS, may be attributed to its
intrinsic p-type nature caused by dominant Cu vacancies.!"'"!
After HTM deposition, the device efficiency increased to
1.4% because of a significant increase of Jg- from 11.7 to
182 mAcm . The increase of HTM concentration induces
further enhancement of PCE to 2.6 % with increasing open-
circuit voltage (Vo) from 187.0 to
272.0 mV while maintaining Jsc. To eluci-
date the reasons behind the effect of

mp-TiO, surface

'Y
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3

Figure 3. a) Surface and cross-sectional FESEM images of CuSbS,/mp-TiO,/TiO,-BL/FTO
fabricated through metal-thiourea complex solution processing. b) EDX line scan profile
through the mp-TiO, depth and c) EDX elemental mapping images for the dotted yellow area

in (a).

morphology of the surface of FTO/TiO,-BL/mp-TiO,+
CuSbS, is very similar with that of the surface without
CuSbS,, that is, the mp-TiO, surface, except for the particle
sizes. This indicates the uniform distribution of CuSbS, on the
surface of mp-TiO,. The EDX line scan profile (Figure 3b)
with elemental mapping data (Figure 3 ¢) further confirms the
uniform distribution of CuSbS, across the surface of mp-TiO,.

Figure 4a shows photocurrent density—voltage (J-V)
curves for solar cells fabricated with and without poly-
{(2,6-(4,4-bis-(2-ethylhexyl)-4 H-cyclopenta[2,1-b;3,4-b']dithi-
ophene)-alt-4,7(2,1,3-benzothiadiazole))} (PCPDTBT) as
a HTM. All device performances are summarized in
Table 1. In these devices, CuSbS, was deposited with the
same conditions as those of the samples shown in Figure 3.
The cells without HTM exhibited a PCE of about 1%, with
a short-circuit current density (Jsc) of 11.7 mAcm 2. This

Table 1: Summary of device parameters shown in Figure 4.

Intensity (a.u.)

Jsc Voc FF PCE

[mAcm’] [mV] [%] %]
without PCPDTBT 1.7 187.0 43.8 1.0
PCPDTBT 10 mgmL™" 18.2 187.0 394 1.4
PCPDTBT 30 mgmL ™' 18.1 272.7 48.1 2.6
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3‘.& . gg 1900 HTM on the performance variation, we
H s investigated the corresponding incident-
.j' —  photon-to-current-efficiency (IPCE)
_.f' _'!. -eoog spectra, which are closely linked to Jgc.
_{’ o é The IPCE is generally determined by the
l: | 300§ light-harvesting efficiency (LHE) and

by ;'l_; = electron-transfer yield (@), where @y
ayh is defined as the product of the electron
. 0 injection yield and charge collection effi-

ciency. As CuSbS, is equally deposited for
all samples, all samples should have the
same LHE. Thus, the IPCE variations
with corresponding similar Jg- changes
can be explained by the different behav-
iors of @gr. In the current device system,
the surface effects of CuSbS, may be
significant owing to the high surface-area-
to-volume ratio because the CuSbS, is
deposited in the form of an extremely thin
layer on the mp-TiO, surface. These
morphological features make the surfaces
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Figure 4. a) J-V curves and b) IPCE spectra of the CuSbS,-sensitized
solar cells with and without PCPDTBT. Inset images in (b) are the
corresponding FESEM surface images of the cells.
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prone to form defects as dominant recombination centers,
which may result in a significant decrease of @y, that is, a low
IPCE, as well as a low Jg.. After the HTM deposition, the
backward transport of electrons toward the Au electrode may
be blocked because the lowest-unoccupied-molecular-orbital
(LUMO) level of PCPDTBT (3.6 ¢V) is higher than the
conduction band edge (3.85 eV) of CuSbS,. Furthermore, the
highly porous surfaces become denser by pore filling with
HTM (Figure 4b, insets). In such a dense structure, not only
do the interactions at each interface become stronger but also
direct contact between mp-TiO, and the Au electrode is
restricted, which improves @ and reduces recombination in
the samples with HTM. As a result, both Jsc and V¢ can be
simultaneously increased after the proper concentration of
HTM is deposited on the CuSbS, surface. It is noted that
a further increase of HTM concentration (>30mgmL™)
causes low Jg with high series resistances, leading to lower
PCE. Similar behaviors have also been observed in solid-state
dye-sensitized solar cells utilizing spiro-OMeTAD (2,2',7,7'-
tetrakis-(V,N-di-p-methoxyphenylamine)9,9'-spirobifluor-
ene).™ However, further studies are needed to confirm the
effects of pore filling with HTM and the interaction between
CuSbS, and HTM on device performance.

To further enhance the device performance of the cells, we
tested many experimental parameters, such as mole concen-
trations of precursor sol, number of cycles for CuSbS,
deposition, HTM concentration, and mp-TiO, thickness
(Supporting Information, Figures S5-S7). Through such cell
optimization and repeated fabrication, we obtained solar cells
with optimum efficiency by using a 0.2-0.5M precursor
solution, 1000 nm-thick mp-TiO, with a 50 nm particle size,
and a 30 mgmL~"' PCPDTBT concentration in 1,2-dichloro-
benzene. The J-V curve and IPCE spectrum of this best-
performing solar cell are presented in Figure 5a and b,
respectively. The device exhibits a Jgc of 21.5 mAcm ™2 a Vi
of 304.0 mV, and a fill factor (FF) of 46.8 %, corresponding to
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Figure 5. a) J-V curve and b) IPCE spectrum of the best-performing
cells in our study. c) Histogram of device efficiencies from the 135
devices fabricated independently.
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a PCE of 3.12% under standard air-mass (AM) 1.5G
conditions.

This device also shows a very broad IPCE extended to
about 850 nm, which is consistent with the absorption edge as
shown in Figure 2b. The Jy value of 19.4 mA cm 2 integrated
from the IPCE spectrum is very close to that obtained from
the J-V curve of Figure 5a. An additional histogram of PCE
for the independently fabricated cells that contributed to the
current study is presented in Figure 5c. We believe that the
metal-thiourea precursor solution processing presented here
provides a simple and versatile route for the fabrication of
high efficiency metal chalcogenide-based solar cells because
most metal salts can readily form metal-thiourea complexes
in the presence of thiourea.'>'”! In comparison with the
device performances reported to date,['4*%l our device shows
a lower V¢ of less than 0.4 V, despite the excellent photo-
currents exceeding 20 mA cm 2. One possible reason for the
low Vi may be the presence of many surface recombination
centers resulting induced from the morphological features of
CuSbS,. This issue may be solved by surface-defect modu-
lation/healing of CuSbS,, such as defect-heating by post-
sulfurization!! and systematic control of the Cu/Sb ratio.[''*!
Determining the optimum HTM, which may have a strong
chemical interaction with CuSbS,, may also help improve the
Voc and the FEP Therefore, further study for improving Vo
is currently underway.

In summary, CuSbS, was successfully deposited onto
FTO/TiO,-BL/mp-TiO, by using simple metal-thiourea com-
plex solution. The process consisted of two steps, namely spin
coating of the precursor solution and thermal decomposition
in Ar at 200°C, followed by annealing at 500°C in Ar. The
precursor sol was synthesized by a reaction of metal chlorides
with thiourea in organic solvents. The resulting device
composed of FTO/TiO,-BL/mp-TiO, + CuSbS, HTM/Au
exhibited a comparable device efficiency of about 3.12%
with a Jc of 21.5 mA cm % The CuSbS,-sensitized device also
showed a broad IPCE spectrum covering a wavelength region
to about 850 nm.
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