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CuSbs,

ABSTRACT: The p-type nanocrystals (NCs) of copper-based
chalcogenides, such as CulnSe, and Cu,ZnSnS,, have attracted
increasing attention in photovoltaic applications due to their potential
to produce cheap solution-processed solar cells. Herein, we report the
synthesis of copper—antimony-sulfide (CAS) NCs with different
crystal phases including CuSbS,, Cu;SbS, and Cu;,Sb,S;; In
addition, their morphology, crystal phase, and optical properties
were characterized using transmission electron microscopy, X-ray
diffractometry, UV—vis—near-IR spectroscopy, and photoemission
yield spectroscopy. The morphology, crystal phase, and electronic
structure were significantly dependent on the chemical composition in the CAS system. Devices were fabricated using particulate
films consisting of CAS NCs prepared by spin coating without a high-temperature treatment. The CAS NC-based devices
exhibited a diode-like current—voltage characteristic when coupled with an n-type CdS layer. In particular, the CuSbS, NC
devices exhibited photovoltaic responses under simulated sunlight, demonstrating its applicability for use in solution-processed
solar cells.

Bl INTRODUCTION observed under light irradiation (1 kW/m?) using a device
Thin films based on CdTe' and Cu(In,_,Ga,)Se® have structure cons.isting of g.lass/l:TTO/CdS:In/SbZS3/CquSZ
attracted much attention as excellent absorbers for low-cost (FTO = ﬂuorlne.-doped.n.n oxide). Recently, Yang et al.
solar cells. These solar cells have recently achieved high reported a PV device consisting of a glass/FTO/CuSbS,/ ZnO/
efficiencies of 15—20%. However, the scarcity of In, Ga, and Te ZnO:Al/Au structure with a CuSbS, layer that was fabricated

. . . 10 : .
limits their sustainable production. Therefore, alternative u;;lntg) ad h)lr.dii\zme-base.d chiut,lon P rfocesos. This  device
materials that are earth-abundant and nontoxic must be exhibited a light conversion e ciency o 0.5%.
explored. Sulfide materials, such as Cu,ZnSnS,> Cu,SnSs,* AIn general, the absorber layers in solar cells are prepared
Fe,S,” and SnS,® have been extensively studied for several years. uSIng vacuum processes. In an 'effort to develop more cost-
Recently, some studies have reported promising features of effective processes, an alternative route that deposits the
CuSbS, and CuBiS, as new candidates for p-type absorber absorber layers by coating with a dispersion of semiconductor
2 2 .
materials based on first-principles calculations using density nanocrystals (NCs) has recently .been de\./elop ed. This route
functional theory.”® The results from the calculations indicated may allow for large-scale Productlon of thin ﬁlms based on a
that CuSb$, has an optical band gap of 1.6~1.8 eV and a strong roll-to-roll method. Solution-processed semiconductor NC-
light absorption coefficient (@ > 1 X 10* cm™'), which are based solar cells represent an alternative printed device to
comparable to those for CulnS, and Cu,ZnSnS, T,he copper— organic solar cells. Currently, solar cells using semiconductor
. 11 2 13 1
antimony-sulfide (CAS) systems exist as multiple phases NCs, such as CdTe,'" PbSe, * PbS," and Cu(In,_,Ga,)Se,,""
including CuSbS, (chalcostibite), Cu,SbS, (skinnerite) have achieved conversion efficiencies of 2—8% even without
Cu,SbS, (fematinite), and C,,Sb,S; (tetrahedrite). All of high-temperature treatments. One-dimensional (1-D) nano-

these materials have similar band gaps and high absorption structures, such as panorods and 1rslanowires, have also been
coefficients employed to make light absorbers.

However, only a few studies utilizing CAS materials for solar ~ Herein, we report the selective synthesis of CAS nanocrysFals
cells have been reported. Lazcano et al. reported a photovoltaic including CuSbS,, Cu;SbS,, and Cu;,8b,S,5 using a solution

(PV) device using a CuSbS, film prepared by wet chemical

deposition.” In this study, an open-circuit voltage (V,,.) of 345 Received: April 20, 2015
mV and short-circuit current (J,.) of 0.18 mA/cm® were Published: August 3, 2015
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process. The CuSbS,, Cu;SbS;, Cu;SbS,, and Cu;,Sb,S;;
nanostructures (i.e, nanorods and nanocrystals) have been
previously synthesized by hot injection methods.'®™*° In
particular, CuSbS, Cu;SbS,, and Cu;,Sb;S;; NCs exhibit a
stable photoresponse under visible li%ht irradiation when
employed in photoelectrochemical cells."*'? However, to the
best of our knowledge, their properties for thin film solar cells
have not yet been reported. In this study, we fabricated CAS
NC devices with a heterostructure consisting of ITO-glass/
ZnO/CdS/CAS NCs/Au (ITO = indium tin oxide) and
studied solar cell performance of these devices. In addition, the
different crystal phases were selectively obtained by tuning the
ratio of metal precursor to sulfur (or capping agent). Their
band structures were also characterized by photoemission yield
spectroscopy (PYS) and UV-vis—NIR (NIR = near-IR)
spectroscopy to evaluate the applicability of the CAS NCs for
solar cell applications.

B EXPERIMENTAL SECTION

Chemicals. Copper(II) acetylacetonate (99.99%), antimony(III)
acetate (99.99%), triethyloxionium tetrafluoroborate (97.0%), and
cadmium sulfate (99.99%) were purchased from Sigma-Aldrich. Sulfur
powder and N,N-dimethylformamide (DMF, 99.5%) were purchased
from Kishida Chemicals. Oleylamine (90%) and oleic acid (95%) were
purchased from Wako Chemicals. Acetonitrile (99.5%) was purchased
from the Tokyo Chemical Industry Co., Ltd.

Synthesis of CuSbS, Nanocrystals. The CuSbS, samples were
synthesized using a solution process. Typically, Cu(II) acetylacetonate
(1 mmol) and Sb(III) acetate (1 mmol) were dissolved in oleylamine
(5 mL), and the mixture was heated at 120 °C for 30 min under
vacuum. The temperature was increased to 200 °C in an Ar
atmosphere, and then oleylamine (3 mL) containing sulfur (2
mmol) was injected into the mixture. The mixture was maintained
at 200 °C for 60 min. After completion of the reaction, the product
was washed several times using a mixture of hexane and isopropanol.
The product was dispersed in toluene for analysis.

Synthesis of Cu;SbS, Nanocrystals. Typically, Cu(II) acetyla-
cetonate (3 mmol) and Sb(III) acetate (1 mmol) were dissolved in
oleylamine (3 mL) and heated at 120 °C for 30 min under vacuum
conditions. The temperature was increased to 200 °C in an Ar
atmosphere, and then oleylamine (3 mL) containing sulfur (4 mmol)
was injected into the mixture. The mixture was maintained at 200 °C
for 30 min.

Synthesis of Cu;,Sb,S;; Nanocrystals. Typically, Cu(Il)
acetylacetonate (3 mmol) and Sb(III) acetate (1 mmol) were
dissolved in oleylamine (3 mL) and heated at 120 °C for 30 min
under vacuum conditions. The temperature was increased to 220 °C in
an Ar atmosphere, and then oleylamine (3 mL) containing sulfur (5
mmol) was injected into the mixture. The mixture was heated at 220
°C for 30 min.

Post-Treatment for Cu;SbS, Nanocrystal Synthesis. We also
synthesized Cu,,Sb,S;; NCs by converting Cu;SbS, NCs in a post-
treatment process. A hexane solution containing the as-synthesized
Cu;SbS, NCs was mixed with an oleylamine solution containing sulfur
(3 mmol) in a three-neck flask. The mixture was heated to 120 °C for
30 min under vacuum. The temperature was increased to 230 °C and
heated for 30 min. The product was washed several times using a
mixture of hexane and isopropanol.

Material Characterization. The synthesized crystals were
analyzed by X-ray diffractometry (XRD) using Cu Ka radiation
(RINT2100, Rigaku) and transmission electron microscopy (TEM;
JEM-2000EX/T, JEOL). The valence-band edge positions were
analyzed by PYS in air using a commercial instrument (AC-2,
RIKEN KEIKI Co., Ltd). The light absorbance spectra were recorded
on a UV-vis—NIR spectrometer (UV-3100, Shimadzu). The
elemental compositions of the NCs were determined using inductively
coupled plasma atomic emission spectroscopy (ICP-AES; SPS1700
HVR, Seiko Instruments Inc).

Device Fabrication and Testing. Patterned ITO-coated glass
substrates (15 Q/sq) were purchased from the Kintec Company and
cleaned with acetone and deionized water under sonication for S min
prior to use. A ZnO window layer (thickness: 200 nm) was deposited
on ITO glass by drop casting using a ZnO NCs ink. The ZnO NCs
were synthesized according to a previously reported method.”' After
deposition, the ZnO film was heated to 300 °C for 30 min to remove
the capping agents from the ZnO NCs surface. A CdS buffer layer
(thickness: 30 nm) was deposited on the resulting ZnO film using a
chemical bath deposition method. The glass substrate with the ZnO
layer was placed on a hot plate and heated at 90 °C. Then, an aqueous
solution containing 0.015S M CdSO, and 1.5 M thiourea (amount ratio
1:1) was dropped onto the substrate. The pH of the solution was
adjusted to 10 by the addition of NH,OH. The substrate was removed
from the hot plate after 3 min and rinsed with deionized water. A CAS
absorber layer (thickness: 100—300 nm) was deposited on the CdS
layer by spin coating using a toluene dispersion containing CAS NCs.
The rotation speed was 2000 rpm, and the NC concentration of the
ink was ca. 0.15 mg/mL. The film was subjected to ligand stripping,
which is described in the next section. Finally, the film was coated with
gold electrodes (thickness: 100 nm) using vacuum thermal
evaporation. The solar cell structure consisted of glass/ITO/ZnO/
CdS/CAS/Au. The PV response was measured using a Keithly 2400
source meter under light irradiation from a solar simulator (PEC-L1S,
Peccell Technologies, Inc.) equipped with an AM 1.5 filter (100 mW/
cm?).

Stripping of Oleylamine Ligands from Nanocrystals. The
oleylamine ligands were removed from the CAS NC surface with
Meerwein’s agent ((C,H;);0BF,) according to a previously described
method.*""*> The spin-coated CAS film was soaked in acetonitrile
containing (C,H;);OBF, (100 mM, 10 mL) for S min. Then, the film
was washed with acetonitrile containing DMF (1 M, 10 mL). The
treated films were carefully cleaned with hexane. After completion of
the reaction, the CAS NCs were no longer soluble in hexane,
indicating the elimination of oleylamine from the surface. The absence
of surface ligands was confirmed by Fourier transform infrared
spectroscopy (FTIR 4100, Jasco).

B RESULTS AND DISCUSSION

The morphology of the CAS NCs was studied using TEM.
Figure 1 shows representative TEM images of (a) CuSbS,, (b)
Cu;SbS,, and (c) Cuy,Sb,S;3 NCs. The CuSbS, and Cuy,Sb,S;;
NCs had a rod shape. The rod sizes of the CuSbS, and
Cu,,Sb,S,3 NCs were ca. 50 nm in diameter and ca. 1 ym in
length and ca. 10 nm in diameter and ca. 40 nm in length,
respectively. The rod length of the Cu;,Sb,S;; NCs was much

Figure 1. TEM images of the (a) CuSbS,, (b) Cu,;SbS, and (c)
Cu,,Sb,S,5 NCs.
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Figure 2. XRD patterns of the (a) CuSbS,, (b) Cu;SbS,, and (c) Cuy,Sb,S,3 NCs along with their crystal structures.

shorter than that of CuSbS, NCs. In addition, the Cu;SbS,
NCs had an irregular shape with a diameter of ca. 80 nm.

Next, the crystallite phase and phase purity of the samples
was studied using XRD. Figure 2a—c shows the XRD patterns
of the as-synthesized CuSbS,, Cu;SbS,, and Cu,,Sb,S;; NCs.
Their patterns were in good agreement with the simulated
patterns of chalcostibite (space group: Pnma, a = 6.018 A, b =
3.7958 A, c = 14498 A, and a = 8 = y = 90°), fematinite (space
group: [42m; a =b = 52855 A, c=10.7483 Aanda=f=y =
90°), and tetrahedrite (space group: [43m; a = b = c=10.323 A
and a = # = y = 90°). These crystal structures are also shown in
Figure 2. The XRD patterns indicate the good crystallinity and
phase purity of the synthesized CAS NCs. The elemental
compositions of CuSbS,, Cu,;SbS,, and Cu;,Sb,S;; were
estimated to be Cu;(Sb; S, Cu,¢Sb; (S5, and
Cuy, 6Sb,oS144 respectively, from ICP-AES measurements.
CuSbS, and Cu;SbS, had slightly sulfur-deficient compositions
compared to their stoichiometric compositions, and Cu,,Sb,S,;
contained excess sulfur. On the basis of these results, this
method selectively produced CAS with different compositions
and crystal structures. In contrast, heating the reaction system
containing all of the precursors to 200—220 °C without
injecting sulfur at high temperatures generated a mixture of
Cu;SbS, and Cuy,Sb,S ;3 NCs. Therefore, the phase stability of
CuSbS,, Cu;SbS,, and Cuy,Sb,S,3 NCs was strongly affected by
the synthesis conditions including the reaction temperature and
precursor ratio.

Because the CAS systems have multiple phases, phase
transformations between the respective phases may be possible
under controlled conditions. Notably, Cu;SbS, and Cu,,Sb,S;;
were synthesized using the same metal precursor ratio and
slightly different sulfur amounts at different temperatures (220
and 200 °C). Therefore, we attempted phase conversion of
Cu;SbS, to Cuy,Sb,S,; using a post-treatment process. Figure 3
shows the XRD patterns (a) before and (b) after post-
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Figure 3. XRD patterns (a) after and (b) before post-treatment of the
as-synthesized Cu,;SbS, NCs in a sulfur-containing oleylamine solution
at 230 °C.

treatment for the as-synthesized Cu;SbS, NCs. The XRD
pattern of the NCs after treatment confirmed that the phase
transformation from famanitite (Cu,SbS,) to tetrahedrite
(Cu,SbySy3) occurred by reheating the CuySbS, NCs. The
formation of tetrahedrite was most likely due to the loss of
sulfur from the crystal lattice, leading to a change in the crystal
structure. For charge neutrality, the valence changes from
Cu(I) to Cu(Il) and Sb(V) to Sb(III) also occurred, producing
tetrahedrite by post-treatment as shown below.

Cu,Ysb™s, — CuyyPCcu, Wsp,™Ws

Embden et al. also reported the crystal structure change of
CAS NCs deposited on a substrate where heat treatment in a
sulfur atmosphere at 350 °C converted Cu;,Sb,S;; to
Cu,SbS,."” The obtained results coupled with the reported
ones suggest the possibility of reversible control of the crystal
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Figure 4. (a) UV—vis—NIR spectra of CAS NCs along with their corresponding (ahv)" (n =2 or 1/2) as a function of photon energy plots for the
(b) CuSbS,, (c) Cu,SbS,, and (d) Cuy,Sb,S,3 NCs.
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Figure 5. (A) PYS spectra of the (a) CuSbS,, (b) Cu;SbS,, and (c) Cu,,Sb,S;; NCs and (d) a gold electrode. (B) Estimated band energy diagrams
for the CuSbS,, Cuy,Sb,S,3;, and Cu;SbS, NCs along with those for Au, ZnO, and CdS.

structure and the resulting physical properties, such as the ((ahv)" vs hy, n = 2 or 1/2). The CuSbS, NCs exhibited an
optical bandgap, electron conductivity, and magnetic suscept- absorption onset at ~1150 nm, and its band gap was calculated
ibility, in the CAS NC system. to be ca. 1.5 eV from the Tauc plot, which was nearly the same

Figure 4 shows the UV—vis—NIR absorption spectra of the as the reported value.'® The absorption edges of Cu;SbS, and
CAS NCs in toluene along with the corresponding Tauc plots Cuy,Sb,S,; were located at ~1500 nm (band gap: ca. 0.8 eV)

7843 DOI: 10.1021/acs.inorgchem.5b00858
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and 1050 nm (band gap: 1.6 eV), respectively. These values are
also in good agreement with those previously reported.'” The
linear fitting of (ahv)* as a function of the photon energy at n =
2 was possible for the CuSbS, and Cu,Sb,S,; NCs, suggesting
that they are direct band gap semiconductors. Kumar et al.
calculated the electronic band structure of CuSbS, using
density functional theory calculations and reported that CuSbS,
is an indirect material.” However, their results did not agree
with the experimental results that indicated that CuSbS, was a
direct material.**> Our results also indicated that CuSbS, NCs
had a direct band gap, which agrees with the reﬁported results
for the CuSbS, nanobricks and nanoplates.'”'® However,
previous studies have reported that CuSbS, NC is an indirect
band gap material.'”** A possible reason for the discrepancies
between the theoretical and experimental band gaps is the
presence/absence of impurities or defects in the CuSbS, NCs,
as suggested by Kumar et al.” In contrast to the CuSbS, and
Cu,,Sb,S;3 NCs, the Cu;SbS, NCs exhibited a behavior
consistent with indirect band gap semiconductors (n = 1/2).
In addition, the CuSbS, and Cu;,Sb,S;; NCs exhibited a
gradual increase in absorbance in the NIR wavelength region.
The NIR absorption has been previously reported in the CAS
system.'” This absorption was due to midband gap states but
not due to localized surface plasmon resonance (LSPR) states,
which have been observed for copper-deficient sulfides, such as
Cu,_,S, and Cu,_ InS,.>>*°

To estimate the band structures of these CAS NCs, their
valence-band edge positions were measured by PYS, as shown
in Figure SA. The valence-band edge position was determined
from the threshold of the photoemission (the intersection of
the baseline with the straight line in the figure). The
conduction-band edge positions of the CAS NCs were
estimated from the valence-band edge positions and their
band gaps that were determined using UV—vis—NIR spectros-
copy. The work function of gold was determined to be 4.8 eV
and is in good agreement with the reported value, suggesting
the validity of these measurements. The estimated band energy
diagrams of the CAS NCs are shown in Figure 5B, which shows
a clear difference in the electronic structure of the NCs with
different compositions and crystal structures.

Next, the PV devices with a heterostructure consisting of
glass/ITO/CAS NCs/CdS/Al were studied. The NC surface
was subjected to ligand stripping using an alkylating agent
((C,H;);0BE,) to remove the surface insulating layers. Figure
6 shows the typical current—voltage (I-V) curves for devices
using CAS NC particulate films. The devices exhibited a diode-
like behavior, and the current increased as the voltage increased
in a forward direction. This result indicates the successful
formation of a p—n heterojunction between the CAS film (p-
type) and the CdS film (n-type), which indicates the potential
applicability of CAS NCs for use in electronic devices.
According to the band energy diagram, the mismatch of the
conduction-band edges between the CAS NCs and CdS is not
significant, which may allow for charge separation at the
junction interface even though the electronic structure of this
junction remains unclear due to the absence of information on
the Fermi levels. It is important to note that for the I-V curves,
the currents also flowed in the reverse direction, suggesting
poor junction quality. In addition, the device exhibited no PV
response under simulated sunlight, which may indicate that the
light did not reach the junction interface when irradiated from
the CAS side (ITO side) due to the high light absorption

coefficient of the CAS materials. Therefore, we revised the
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Figure 6. Current—voltage (I-V) curves for the (a) CuSbS,, (b)
Cu,SbS,, and (c) Cu,,Sb,S;5 NC films coupled with CdS layers.

device structure and fabricated PV devices with a structure
consisting of glass/ITO/Zn0O/CdS/CAS/Au.

Figure 7 shows the representative I—V characteristics of the
CuSbS, NC device with the modified structure. The device

Au/CuSbS,/CdS/ZnO/ITO-Glass
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Figure 7. Current—voltage (I-V) curves for the CuSbS, device with a
structure consisting of ITO/Zn0O/CdS/CuSbS,/Au under simulated
sunlight and in the dark.

exhibited a clear PV response under simulated sunlight (100
mW/cm?). The absorption onsets of the ZnO and CdS films
were observed at ~400 and 500 nm, respectively.”' Therefore,
most of the visible light reached the p—n junction interface
between the CdS and CAS NC layers and generated charge
carriers at the interface upon irradiation. As shown in Figure S,
the conduction-band edge position of the CuSbS, NC is more
negative than that of CdS, and the valence-band edge position
of CdS is more positive than that of CuSbS, NC. Therefore, the
photogenerated electrons and holes at the p—n junction
interface move to the CdS and CuSbS, NC layers, respectively.
This charge carrier separation at the junction produced a PV
response in the CuSbS, NC-based device. CuSbS, nanobricks
exhibit a p-type behavior, as revealed by photoelectrochemical
measurements.'® The Cu,SbS, and Cu,,SbyS;; NCs also
exhibited a p-type photocurrent response under visible light
irradiation.”” In addition, the CuSbS, films prepared using a

DOI: 10.1021/acs.inorgchem.5b00858
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solution process have a p-type conductivity based on Hall
measurements.' Therefore, the Cu—Sb—S$ systems are intrinsi-
cally p-type materials. We confirmed that no current
rectification behavior was observed without a CuSbS, NC
layer in our solar cell. Therefore, the synthesized CuSbS, NCs
are p-type materials that can promote charge separation when
combined with an n-type material.

The power conversion efficiency (1) was calculated to be
0.01% with V,_ of 306 mV, J,. of 0.17 mA/cm?, and fill factor
(FF) of 0.28. The obtained efficiency was very low compared to
the reported values for other NC-based devices. Even using a
thick dense CuSbS, layer fabricated with a high-temperature
treatment, the reported efficiency remained low (1 = 0.5%)."
However, a PV response was observed in the present case even
without heat treatment. Therefore, these results hold a promise
for potential applications of the CuSbS, NCs in solar cells. In
contrast, Cu;SbS, and Cu,Sb,S;; NC devices exhibited no
clear PV response. The reason for this result remains unclear.
The presence of surface trap sites or impurity phases that
cannot be detected by XRD is possible. Careful control of the
absorber layer thickness, surface conditions, and device
structure may be necessary to observe a PV response from

Cu;SbS, and Cu,,Sb,S;; NC devices.

B CONCLUSIONS

Copper—antimony-sulfide (CAS) nanocrystals including
CuSbS,, Cu;SbS,, and Cuj,Sb,S,; were synthesized using a
solution-phase synthetic approach. The crystal phase control
was achieved by changing the reaction temperature and starting
precursor ratios. The crystal morphologies were dependent on
the crystal phase. CuSbS, and Cu,,Sb,S,; were rodlike crystals,
and Cu;SbS, was an irregular crystal. The results from
photoemission yield measurements and UV—vis—NIR spec-
troscopy revealed differences in the electronic structures of the
three phases. Devices that coupled of the CAS particulate films
with dense CdS layers showed a diodelike behavior, suggesting
the formation of a p—n heterojunction between CAS and CdS.
Devices based on the ITO/ZnO/CdS/CuSbS,/Au structure
exhibited a PV response with a power conversion efficiency of
0.01% under simulated sunlight. However, devices prepared
with Cu;SbS, and Cu;,Sb,S;; exhibited no PV response.
Although the obtained efficiency was very low for practical
applications, improving the film quality by sintering and
optimizing the thickness would further boost the performance.
The present device structure is suitable to test the potential
of the new absorber materials. Wet chemical methods allow for
easier fabrication of a thin film than vacuum methods in terms
of cost and time. Indeed, we observed distinct PV responses
from Cu,ZnSnS, and CulnS, NCs using the same structure.”’
Therefore, our methodology using a nanocrystal ink for thin
film fabrication would offer an efficient and easy approach for
screening various materials for new solar cell absorbers.
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