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ABSTRACT: Recently, CuSbS, has been proposed as an
alternative earth-abundant absorber material for thin film solar
cells. However, no systematic study on the chemical, optical,
and electrical properties of CuSbS, has been reported. Using
density functional theory (DFT) calculations, we showed that
CuSbS, has superior defect physics with extremely low
concentration of recombination-center defects within the
forbidden gap, espeically under the S rich condition. It has
intrinsically p-type conductivity, which is determined by the
dominant Cu vacancy (V(,) defects with the a shallow
ionization level and the lowest formation energy. Using a
hydrazine based solution process, phase-pure, highly crystalline
CuSbS, film with large grain size was successfully obtained. Optical absorption investigation revealed that our CuSbS, has a direct
band gap of 1.4 eV. Ultraviolet photoelectron spectroscopy (UPS) study showed that the conduction band and valence band are
located at 3.85 eV and —5.25 eV relative to the vacuum level, respectively. As the calculations predicted, a p-type conductivity is
observed in the Hall effect measurements with a hole concentration of ~10'® cm™ and hole mobility of 49 cm®/(V s). Finally, we
have built a prototype FTO/CuSbS,/CdS/Zn0O/Zn0:Al/Au solar cell and achieved 0.50% solar conversion efficiency. Our
theoretical and experimental investigation confirmed that CuSbS, is indeed a very promising absorber material for solar cell
application.
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B INTRODUCTION reasons: (i) Both theoretical simulation and experimental
investigation indicate that CuSbS, has a direct band gap of

Thin film photovoltaics have experienced significant research
1.38—1.5 eV falling within the optimum range for a single

progress in last one year, with copper indium gallium selenide

(CIGS) solar cell achieving 20.8%," cadmium telluride (CdTe) junctior'l terrestria? solar Ce11.12—154 It a_lfo has a high optic.al
solar cell achieving 19.6%," and the new emerging organometal a‘bs.orptlon c.oeﬂic1ent ch over 10" cm™ and a spectrpscopm
trihalide perovskite solar cell achieving 15.4%.> However, these limited maximum efficiency (SLME) of 22.9%, Whld; o vas
photovoltaics suffer from either toxic elements (Cd in CdTe embodied in the pioneer work done by Liping Yu et al.® (ii)

and Pb in perovskite) or scarcity of raw materials (In in CIGS All elemental components of CuSbS, are low-toxic, earth-
and Te in CdTe), limiting their environmentally amenable, abundant, and economical. Supporting Information Figure S1
terawatt scale application. In consequence, low-toxicity and shows the relative abundance and prices of relevant raw
earth-abundant absorber materials for thin film photovoltaics materials, which indicates the distinct superiorities in
are intensively explored including Cu,0O,* Cu,S,* Fe,S,>° SnS,” abundance and price of Cu, Sb, and S raw materials compared
ZnSnP,® Cu,ZnSnS,’ and CuTaN,." Among them, copper to In, Ga, Te, and Cd. (iii) CuSbS, possesses a stable phase
zinc tin sulfoselenide (CZTSSe) is most promising in terms of with a low melting point of 551 °c," indicating the feasibility
device efficiency, having achieved a certified 12.6% efficiency via of grain growth at low temperature. This is also the reason why
a hydrazine-based solution process.""
Chalcostibite (CuSbS,), a relatively less explored ternary I— Received: February 12, 2014
V—VI, chalcogenide, is also proposed as a promising absorber Revised:  May 1, 2014
material for sustainable and scalable photovoltaics for some Published: May S, 2014
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Figure 1. (a) Crystal structure of CuSbS,, with two repeated primitive cells shown (blue, Cu; yellow, S; wine, Sb). (b) The calculated stable
chemical-potential region of CuSbS, (the area surrounded by A, B, C, D, and E points). (c) The formation energy of neutral intrinsic defects in
CuSbS, as a function of the chemical potential at points A, B, C, D, and E shown in panel b. (d) The formation energy of neutral and charged defects

as a function of the Femi energy at the chemical-potential point C.

Sb was introduced into CIGS film to promote grain growth.'®
All of these characteristics merit exploration of CuSbS, for
photovoltaic application.

Attracted by its promising application, a series of different
techniques, such as spray pyrolysis,' thermal evaporation,”®*!
chemical bath deposition followed by annealing treatment,'>**
and electrodeposition,”"”® have been recently reported to
deposit CuSbS, films. However, most of these reports provided
limited photovoltaic-relevant film characterization and some
focused on thermoelectric application,**** only two studies
presented the application of this material for thin film solar
cells>**” Many key parameters of CuSbS, such as the
conduction band and valence band position and the intrinsic
defect physics, remain unclear at present. A detailed
investigation to better understand the photovoltaic-relevant
properties of CuSbS, film is thus urgently needed.

To meet this demand, in this article, we have systematically
(both theoretically and experimentally) investigated the
chemical, optical, and electrical properties of CuSbS, and
fully evaluated its potential for solar cell application.
Specifically, we first applied density functional theory (DFT)
calculations to study the defect physics of CuSbS,. Guided by
the theoretical results, we then fabricated high quality CuSbS,
film using a hydrazine process and carefully studied its
chemical, optical, and electrical properties, and finally, we
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built a prototype solar cell employing the CIGS device
configuration. Our combined investigation confirmed that
CuSbsS, is indeed a very promising absorber material for thin
film solar cells.

B EXPERIMENTAL SECTION

Chemicals. Copper powder (Cu, 99.999%), antimony powder (Sb,
99.999%), and sulfur pieces (S, 99.999%) were all purchased from Alfa
Aesar. Anhydrous hydrazine (N,H, 98%) was purchased from
Sinopharm Group Co. Ltd. All chemicals were used as received.

Preparation of CuSbS, Precursor Solution. All experiments
were done in a nitrogen filled glovebox (oxygen and water
concentration maintained below 1 ppm). Caution! Hydrazine is highly
toxic and should be handled in the glovebox with great caution”** To
prepare the Cu—S stock solution, 0.226 g of Cu, and 0.175 g of S were
dissolved in 2 mL hydrazine, which would produce a clear orange
solution after magnetic stirring for a few days. Analogously, 0.484 g of
Sb and 0.44S g S were dissolved in 2 mL hydrazine, which produced a
clear yellow Sb—S solution after stirring for a few days. The final Cu—
Sb—S solution was prepared by mixing the Cu—S and Sb—S stock
solution together with the desired Cu/Sb molar ratio of 0.9:1, yielding
a clear deep orange solution with some viscosity. Before thin film
deposition, the final Cu—Sb—S solution should be stirred for at least 2
h.

Film Deposition and Device Fabrication. CuSbS, films were
deposited on 3 X 3 cm? FTO substrates by spin coating (500 rpm for
10 s, 2100 rpm for 4S s). After spin-coating, the film was dried on a
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preheated hot plate at 100 °C for 10 min and subsequently annealed at
250 °C for 3 min (soft bake). The spin-coating and soft-bake process
was repeated for another 4 times to produce a film of ~1 ym thickness
(approximately 200 nm per layer). Finally, the film was annealed at
350 °C for 10 min (final bake) and carefully cooled. For photovoltaic
device fabrication, as-prepared CuSbS, film was subjected to a
chemical bath deposition of 50 nm thick CdS layer using a literature
method.*® Subsequently, the window layers of intrinsic ZnO (50 nm)
and ZnO:Al (400 nm) were deposited by radio frequency sputtering.
At last, gold contacts (approximately 50 nm thick) were deposited by
thermal evaporation (Beijing Technol Science Co. Ltd.) at a rate of
0.05 A/s. Total device area was 0.45 cm? defined by mechanical
scribing, and the active device area was 0.40 cm? (subtracting the
electrode shadow area).

Materials and Device Characterization. CuSbS, thin films
prepared on FTO glass were characterized by XRD (Philips, X pert
pro MRD, with Cu Ka radiation, 4 = 1.54178 A), AES (Physical
Electronics Model 670 field emission scanning Auger microprobe, a 5
kV, 20 nA primary electron beam was used in conjunction with a 3 kV
Ar* jon beam). XPS (EDAX Inc. Genesis), UPS (Specs UVLS, He I
excitation, 21.2 eV, referenced to the Fermi edge of argon etched
gold), SEM (FEI Nova NanoSEM450, without Pt coating), Hall effect
(Ecopia HMS-5500, with gold electrodes) and absorption (Perki-
nElmer Instruments, Lambda 950 using integrating sphere). The Cu—
Sb—S precursor powder, which was obtained from naturally drying the
Cu—Sb—S precursor solution, was characterized by TGA and DSC
(PerkinElmer Instruments, Diamond TG/DSC6300, ramp rate 2 °C/
min, N, flowing environment). Device performance was measured
under a solar simulator with a Xe light source (450 W, Oriel, model
9119) and an Air Mass 1.5G filter, which could provide simulated 1
sun illumination. No intentional temperature control or aparture was
used for the efficiency measurement.

Calculation Methods. The phase stability and defect properties
are studied using the first-principles calculation based on the density
functional theory (DFT) formalism, with the structural relaxation and
electronic structure calculations performed using the VASP code. The
frozen-core projector augmented-wave (PAW) pseudopotentials were
employed with an energy cutoff of 350 eV for the plane wave basis set.
A 4 X 8 X 2 Monkhorst—Pack k-point mesh is included in the
Brillouin zone integration for the 16-atom primitive cell and a 2 X 2 X
2 mesh is included for the 96-atom supercell, which is used for the
simulation of defects. Test calculations with denser k-point mesh show
the results are well converged. For the exchange-correlation functional,
we used the nonlocal hybrid functional (HSE06) for the structural
relaxation and band structure calculation of the primitive cell as well as
the study of defects with large supercell. We also compared the defect
formation energies and transition energy levels calculated using the
semilocal GGA and hybrid functionals, which showed that the main
conclusions about the dominant defects and their transition energy
levels are independent of the specific functionals that we used.

B RESULTS AND DISCUSSION

Theoretical Simulation: Phase Stability and Defect
Physics. We first discuss the phase stability and defect physics
of CuSbS, from our first-principles simulation. In Figure la, we
plot the crystal structure of CuSbS,, where the Cu and Sb
cations are ordered and intermixed in the ideal lattice of the
ternary compound. However, in the synthesis, the starting
precursors are usually the mixture of elemental (Cu, Sb, S) or
binary phases (Sb,S;, CuS, and Cu,S), and whether they can
react and form the ternary CuSbS, compound depends on the
competition of their formation energies. This competition can
be quantitatively described by the limit to the chemical
potentials of the component elements," that is, yc,, Hsp, and g
for CuSbS,. If CuSbS, is stabilized and can be synthesized
without the coexistence of the element or binary secondary
phases, yic, and g, are limited in a range as shown by the black
region in Figure 1b [ug are dependent on them under
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equilibrium]. When the chemical potential is in the black
region, single-phase CuSbS, is stabilized in the synthesis
environment, but when it goes beyond this range, other
compounds such as Sb,S;, Cu,S, and CuS will be generated.
Comparing the stable region of CuSbS, to that of Cu,ZnSnS,,
it is as narrow as that of Cu,ZnSnS,>' indicating that the
composition control should also be important for the synthesis
of single-phase CuSbS, samples. Because of the competition of
Cu,S and Sb,S;, the stable region is especially narrow along the
U, axis (the width is less than 0.2 eV), and thus, the control of
Cu composition should be critical. The coexistence of Sb,Ss,
CuS, Cu,S, Cu, and Sb metals are highly possible if the samples
are nonstoichiometric.

When the chemical potential is in the stable region, the
synthesized samples should be single-phase crystals of CuSbS,;
however, the existence of intrinsic point defects is still possible,
which is determined by their formation energies. The formation
energies depend on the chemical potentials of the related
elements (richness of the elements in the environment); that is,
when a element is rich, it is difficult to form a vacancy of the
element by removing an atom from the lattice to the
environment, and vice versa. Our calculated formation energies
of possible point defects are listed in Figure 1c, which change
with the chemical potentials, along the A—~B—C—D—E path in
Figure 1b (the detailed numbers are given in the Supporting
Information, Table 1S). Obviously, the acceptor defect V., (Cu
vacancy) has the lowest formation energy under most of the
chemical potential conditions, and only when the chemical
potential is near the A point (a Cu-rich, Sb-rich, and S-poor
condition), the formation energy of the donor defect Vg (S
vacancy) becomes close to that of V¢, Our following
calculations showed that V¢, is a shallow acceptor that can
be ionized easily and generate free hole carriers under room
temperature, while Vg is a deep donor with its ionization level
far from the conduction band (near the valence band) and
cannot generate free electron carriers, so the conductivity
should be determined mainly by the Vi, acceptors, and the
synthesized samples should be intrinsically p-type no matter
under S-rich or S-poor condictions. Other acceptor defects such
as Cug, (Cu on Sb antisite) and donor defects such as Sb, and
Cuy; (Cu interstitial) always have higher formation energy than
Ve so their influence on the conductivity is smaller.

In Figure 1d, we also plot the formation energies of these
defects when they are ionized at different charge states (at the
chemical potential point C, which corresponds to the S-rich
condition that is used in our preparation of CuSbS, films). The
formation energies of the ionized defects depend on the Fermi
energy of the samples, that is, those of charged acceptors
(donors) decrease (increase) when the Fermi energy shifts up
from the valence band maximum (VBM) to the conduction
band minimum (CBM). Because the formation energy of the
ionized Vi, acceptor decreases to zero when the Fermi energy
is at about 0.8 eV above VBM, it will form spontaneously to
compensate any n-type donor defects or dopants and pin the
Fermi energy to below the middle of the gap (it is difficult to
shift the Fermi energy to higher than this pinning level through
introducing donor defects or dopants). Based on this, we
predict that it is difficult to dope CuSbS, to n-type under the S-
rich condition (it is also difficult under the S-poor condition,
but the pinning level of Fermi energy is higher, at about 1.1 eV
above VBM).

The turning points in Figure 1d for different defects show
their transition energy levels. The (—/0) level of the dominant
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Figure 3. (2) TGA and DSC scans of the CuSbS, precursor powder (ramp rate 2 °C/min, N, flowing environment). Exothermal peaks are down
along the heat flow axis. (b) XRD patterns of the CuSbS, thin films on FTO substrate after soft-bake (250 °C for 3 min) and final-bake (350 °C for
10 min). The peaks marked with ¥ and @ are FTO and Sb,S;, respectively. The bottom showed the standard diffraction pattern of CuSbS, (JCPDS
44-1417). The top-view and cross-sectional SEM images of CuSbS, films after soft-bake (c and d) and after final-bake (e and f). White dash lines

delineates FTO substrate and CuSbS, film.

acceptor defect V¢, is very shallow, 0.03 eV above VBM, which
means that Vi, defects can be easily ionized under room
temperature. This is similar to the situation in other Cu-based
sulfide or selenide semiconductors such as Cu,ZnSnSnS, and
CulnSe, where V, also has a shallow level around 0.02 eV.*!
The ionization of one V., defect gives birth to one hole carrier.
When the chemical potential is at the chemical potential point
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C (S-rich condition), the neutral V¢, has a formation energy
around 0.8 eV, and the ionized V(, has a formation energy
around 0.6 eV if the Fermi energy is at 0.2 eV above VBM.
Based on this, we estimate that the hole concentration
generated by V, should be on the order of 10"7—10" cm™
under a growth temperature around 300 °C. Another acceptor
defect Cug, has deeper level than Vi, but it is not so deep
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(0.25 eV). On the donor defect side, Cu; has the shallowest
donor level and also has the lowest formation energy when
ionized, about 1.1 eV when Fermi energy is 0.2 eV above VBM.
Vs and Sbc, have deep donor levels, and their formation
energies are higher than 1.5 eV when Fermi energy is 0.2 eV
above VBM. The very deep donor level of Vg (close to VBM,
far from the middle of the gap or CBM) makes it difficult to
generate free electron carriers, so the existence of Vg does not
give rise to n-type intrinsic conductivity. Considering that all
low-energy defects have levels far from the middle of the band
gap (espeically under S-rich condition), CuSbS, can be
considered as a good solar cell absorber semiconductor free
of recombination-center defects, in contrast with other absorber
semiconductors such as CuGaSe, and Cu,ZnSnS,, which have
recombination-center defects.>"**

Hydrazine Processed CuSbS, Film Fabrication. Given
the suitable band gap and benign defect properties, we now
turn to the experimental investigation of CuSbS, film. Similar
to our previous report on Sb,Se; solar cells,> we applied
hydrazine-based solution process to fabricate CuSbS, films.
Hydrazine is a solvent capable of dissolving metal chalcoge-
nides (e.g., SnS,, Cu,S, In,Se;) at room temperature without
the introduction of unintentional impurities. Via a moderate
heat-treatment, these hydrazinium-based precursors decompose
into the desired metal chalcogenide films with tight
stoichiometry and phase control.***” High-mobility ultrathin
SnS,Se, ,>* and In,Te;* films for transistors and high-
efficiency CIGS and CZTSSe solar cells***" were achieved
through this hydrazine-based process.

In our process, metals and sulfur (Cu, Sb, and S) instead of
traditional metal sulfide** were chosen as the precursors
because commercial cuprous sulfide often contain non-
stoichiometric components such as Cu,_,S, which seriously
hamper consistent and precise composition control. Guided by
the theoretical simulation result that Vi, is the main source of
acceptors in CuSbS, film, we employed a Cu/Sb molar ratio of
0.9 for film preparation in order to produce p-type films.
Deposition of CuSbS, films involved four steps (as shown in
Figure 2): (i) dissolve the individual metal powder (e.g, Cu,
Sb) with sulfur in anhydrous hydrazine to produce the Cu—S
and Sb—S stock solutions at room temperature; (i) prepare the
final Cu—Sb—S precursor solution by mixing the Cu—S and
Sb—S solutions, followed by stirring for at least 2 h before spin-
coating; (iii) spin-coat Cu—Sb—S precursor solution onto
precleaned FTO substrates to produce thin films; (iv) anneal
as-deposited thin films with proper temperature and duration to
remove excess S and yield the CuSbS, final products. In our
process, Cu—S, Sb—S, and Cu—Sb—S all completely dissolved
into hydrazine and formed clear solutions, indicating mixing of
these atoms on a molecular level. Such a molecular-scale
homogeneity of precursor solution facilitated fabrication of
CuSbS, film with excellent uniformity over large dimensions,
which was proven to be very important for CuSbS, solar cells.””

We turned to thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) to find the appropriate
baking conditions. Figure 3a shows TGA and DSC data for the
Cu—Sb—S precursor powder. As seen in Figure 3a, the Cu—
Sb—S precursor decomposes endothermically with an onset at
~100 °C, followed by a second broad exothermic process at
higher temperature, ultimately leading to reaction of the
precursor into the expected film. The weight loss and the
endothermic peak at low temperature (100 °C < T < 130 °C)
represented evaporation of free hydrazine and dissociation of
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hydrazinium species from the precursor solutions; weight loss
at higher-temperature (130 °C < T < 220 °C) corresgonded to
the leaving of excess sulfur held within the films.***** The
corresponding exothermic peak at this temperature is probably
originated from the reaction of Cu,S with Sb,S; into CuSbS,.
At T > 220 °C, both TGA and DSC curves turned into flat
suggesting CuSbS, phase should be produced at this temper-
ature. Based on TGA analysis, we designed a two-stage
annealing process to produce CuSbS, film: one soft-bake at
250 °C for 3 min to eliminate excess hydrazine and sulfur and
one final-bake at 350 °C for 10 min to promote grain growth.
Annealing details are included in the Experimental Section, and
the corresponding X-ray diffraction (XRD) patterns for the
soft-baked and final-baked CuSbS, thin films are shown in
Figure 3b. The pattern for soft-baked film confirmed that as-
deposited film was CuSbS, (JCPDS 44-1417); however, there
were three peaks assignable to Sb,S; (JCPDS 42-1393). This
observation echoes previous simulation results that CuSbS,
coexists with Sb,S; when pc, is low, which is the case here
because our precursor solution is Cu deficient. When as-
deposited film was further annealed at 350 °C for 10 min, XRD
pattern was in perfect agreement with orthorhombic CuSbS,
(JCPDS 44-1417), indicating we obtained phase-pure CuSbS,
without any impurities or secondary phase. This phenomenon
is explainable by the high vapor pressure of Sb,S;: excess Sb,S;
left the film during final-bake, similar to the SnS/SnS, loss in
CZTS film during high temperature annealing.*® The refined
orthorhombic lattice parameters for the final-baked CuSbS,
film, derived from the full diffraction pattern except FTO peaks,
were a = 6.024 A, b = 3.786 A, ¢ = 14.701 A, which were in
good agreement with the published values.*”**

We applied scanning electron microscopy (SEM) to
characterize the morphology of soft-baked and final-baked
CuSbS, films, and the results are presented in Figure 3¢, d and
e, f, respectively. After soft-bake, both top-view and cross-
sectional SEM images showed the formation of poor-quality
film with voids abundantly presented. The grain size of CuSbS,
was also quite small in the vicinity of one hundred nanometers.
After 350 °C bake for 10 min, top-view SEM characterization
revealed a crack- and pinhole-free film; cross-sectional SEM
image showed a compact CuSbS, film with large grains close to
one micrometer. Clearly, significant grain coalescence occurred
during the final bake, squeezing out the voids and increasing
grain size significantly. XRD and SEM characterization
confirmed the formation of phase-pure, large-grain, crack- and
pinhole-free CuSbS, film after a short annealing at 350 °C, a
temperature that is significantly lower than those employed in
typical metal chalcogenide (e.g, CZTS™ and CIGS™) and in
CuSbS, film derived by other methods (e.g., 450 °C 30 min
H,S sulfurization®”). This is consistent with the low melting
point of CuSbS, and the mixing of component atoms at
molecular levels in our hydrazine precursor solution. Such a low
grain-growth temperature promises the potential integration of
CuSbs, for flexible solar cells through an energy efficient way.

To obtain high quality CuSbS, film, our investigation
indicated that we have to avoid: (i) high annealing temperature
above 450 °C. At this temperature or above, CuSbS, film is
close to melting, facilating droplet formation due to active
thermal movement, as evidenced by the observation of
abundant islands in SI Figure S2. (ii) High sulfur surplus.
When Sb—S stock solution with S:Sb moral ratio higher than
3.5, large amount of excess sulfur is removed during the soft-
bake and final-bake, leading to the formation of voids due to

dx.doi.org/10.1021/cm500516v | Chem. Mater. 2014, 26, 3135-3143



Chemistry of Materials

120

ol CuSbS, FTO
100+
< oo} Y
)3
E’ 801
§ 70 ;%
§ 60r S 5
g 501 g 0al e A At a
2 40¢ < Cu/S
g 30 Sb
< 20} 02r
Cu
(a)
0.0 . | L L .
0 5 10 15 20 25 0 200 400 600 800 1000
Sputter time(min) Depth(nm)

Figure 4. (a) AES depth profile of the resulting CuSbS, film on FTO substrate after final-bake (350 °C for 10 min). (b) The atomic ratio

distribution of Cu/Sb and Cu/S along the depth of the CuSbS, film.

Survey
O
Cu al
E)
<
z
5
=
@ .
1000 800 600 400 200 0
Binding energy(eV)
Sb 4d
~Sb4d,,
§ Sb 4d, . — 33.0eV
= 34.2eV
7}
5
=
©, . .
42 40 38 36 34 32 30 28
Binding Energy(eV)

Intensity(a.u.)

Intensity(a.u.)

Cu2p

Cu2p,z i
932.6eV

Cu2p,
952.3eV

965 960 955 950 945 940 935 930 925
BindingEnergy(eV)

S2p

@, . |

170 168 166 164 162 160 158 156
Binding Energy(eV)

Figure S. X-ray photoelectron spectra (XPS) of the CuSbS, films after final bake. (a) XPS survey spectrum of the CuSbS, films. (b~d) Magnified
XPS spectra of copper, antimony, and sulfur (black lines). The fits were also shown (red, green, and blue lines). All the spectra were doublets in the

expected positions of Cu, Sb, and S.

significant volume shrinkage (see SI Figure S3). This is the
reason why we used Sb/S ratio of 1:3.5 and only annealed
CuSbS, film at 350 °C to get the best quality CuSbS, film.
Auger electron spectrocopy (AES) measurement was used to
analyze the elemental distribution along the depth of our
CuSbS, film. Figure 4 shows the Cu, Sb, and S elemental depth
profile and the derived Cu/Sb and Cu/S atomic ratio depth
profile of CuSbS, film deposited on FTO substrate after final-
bake. Without regard to the surface composition, AES results
revealed that the bulk of our CuSbS, film showed
homogeneous distribution of the studied elements after final-
bake. Interestingly, a S rich and Sb rich region was detected
close to the surface, which is probably caused by the trace
amounts of Sb,S; and S condensed from their vapor phases
onto the film surface during the cooling process of final-bake.
Material, Optical, and Electrical Characterization of
CuSbS, Film. Having proven that we have obtained phase-
pure CuSbS, successfully, we applied X-ray photoelectron
spectrum (XPS) to study the chemical nature of our film. The

3140

results are given in Figure S. Elemental survey confirmed the
presence of copper, antimony, and sulfur in the film. Careful
inspection of the survey spectrum revealed the presence of
trace amount of carbon and oxygen, which could be attributed
to atmospheric O,, CO,, and H,O absorption during sample
preparation. Magnified XPS spectra of Cu, Sb, and S are shown
in Figure Sb—d. Copper core-level spectrum showed a 2p
doublet at the binding energy of 932.6 eV (2p5,,) and 952.3 eV
(2py,) with a separation of 19.7 eV, which are in good
agreement with Cu®,*>! as expected for the CuSbS,. Absence
of Cu®" was confirmed by the absence of Cu 2p;), peaks at 936
and 942 eV (satellite), Cu 2p,,, peaks at 955 and 965 eV
(satellite).>* Antimony core-level spectrum showed a 4d
doublet with an excellent fitting at the binding energy of 33.0
eV (4d),) and 34.2 eV (4d;),) with a separation of 1.2 eV,
which are in consistent with Sb>*.>* Absence of Sb** was
confirmed by the absence of peaks at 35.5 eV (Sb 4ds),) and
36.7 eV (Sb 4d;;,).>* Similarly, sulfur core-level spectrum
showed S 2p;/, peak at 161.4 eV and 2p,,, peak at 162.6 eV
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with a separation of 1.2 eV. The positions, separations and
relative intensities of the doublet peaks (2:1) were in good
agreement with $*~.°"** In the Cu—Sb—S system, there are
another three ternary phases: Cu;SbS; Cu;,Sb,S;;, and
Cu,;SbS,.>* Formation of latter two compounds requires an
intemediate compound,’” Cu;SbS;, which only form in Cu rich
environment. However, our precursor solution was Cu
deficient, thus ruling out the possibility of Cu;SbS;,
Cu,,Sb,S;;, and Cu,SbS, formation.>* Hence, XPS analysis
further confirmed we obtained phase-pure CuSbS,, and the
normal valence state for this compound is Cu*Sb*'S,>".

In order to determine the absorption coeflicient ¢, optical
transition type (direct or indirect) and optical band gap of
CuSbS,, transmission spectrum of CuSbS, film on FTO
substrate was measured in the wavelength ranging from 600
to 1200 nm, as shown in Figure 6a. Transmittance steeply
dropped at the wavelength of approximately 900 nm and
decreased to zero at the wavelength shorter than 800 nm. Based
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Figure 6. Optical and electrical properties of CuSbS, film annealed at
350 °C. (a) Transmission spectrum of CuSbS, film onto FTO
conductive glass pieces. (b) Wavelength dependent absorption
coefficient of CuSbS, film. Insert, Tauc plot (n = 2, direct) for
CuSbs, film. (c) UPS spectra of CuSbS, film. The inserts showed the
magnified spectra and linear fitting in the range —2.0—1.5 eV.
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on this spectrum, we further calculated the absorption
coefficient @ dependent on wavelength using the following
simplified formula:** & = d™' In(T™") where d is the thickness
of the CuSbS, film determined by the SEM measurement, T is
the measured film transmittance data. As shown in Figure 6b,
the absorption coefficient for CuSbS, reaches 7 X 10* (em™)
for approximately 1.6 eV photons (wavelength of 775 nm),
which conformed to the previous prediction'® and was
comparable to chalcopyrite or kesterite materials.’®™®
Furthermore, absorption coeflicient @ of a semiconductor
material is related to its band gap E, according to the following
equation (ahv)" = A"(hl/—Eg) where A is a constant, h is the
Planck’s constant, v is the frequency of the incident photon and
n equals to 2 for direct band gap semiconductors and to '/, for
an indirect band gap semiconductor.*® We thus plotted (ahv)?*
versus hv (Figure 6b, inset) and obtained a linear fitting line
with its extrapolation to the x-intercept at 1.4 eV. It should be
noted that in the (ahv)'? versus hv plotting no linear fitting
could be generated. We thus conclude our CuSbS, film has a
direct band gap of 1.4 eV, which agrees reasonably well with
literature values.'®*”%

We also applied ultraviolet photoelectron spectroscopy
(UPS) to determine the VBM and Fermi energy of our
CuSbS, film. Au was deposited on CuSbS, film for calibration
and the UPS result is given in Figure 6c. The Femi energy of
CuSbS, was established as —4.86 eV, derived by subtracting the
intercept at binding energy of 16.34 eV with the ultraviolet
photon energy (He I excitation, 21.2 eV). Linear fitting of the
UPS spectrum in the long tail generated an extrapolation of
0.39 eV, which corresponded to the distance between Fermi
energy and VBM. Using the measured band gap of 1.4 eV from
transmission spectra, we thus calculated the VBM at —5.25 €V,
and the CBM at —3.85 eV, respectively. The position of the
Fermi energy closer to the valence band confirmed the p-type
nature of our CuSbS, film.

The Hall effect was further investigated to measure the
electrical properties of CuSbS, film. Samples were prepared by
depositing CuSbS, film onto quartz wafer with Au electrodes
evaporated at four corners. The value of the Hall coefficient Ry
was positive (2.35 cm®/C) indicating p-type conduction for our
CuSbS, film, in good agreement with the conclusion from UPS
analysis and simulation prediction. By using the Van Der Pauw
method,®" the resistivity, hole mobility and doping density were
estimated to be 4.8 X 1072 Q cm, 49 cm?/(V s) and 2.66 X 10
cm™>, respectively. Our hole mobility is larger than that
reported previously,'®®* which is probably due to the high
quality of our CuSbS, film. Furthermore, the measured high
hole concentration supported our calculated results that the
dominant acceptor in CuSbS, is V, with low formation energy.
A summary of the material properties of our CuSbS, film was
enumerated in SI Table 18S.

Prototype CuSbS, Photovoltaic Device Performance.
Finally, we tested our CuSbS, film in a full photovoltaic device.
Device configuration is glass/FTO/CuSbS,/CdS/ZnO/
ZnO:Al/Au, as shown in Figure 7a. CdS layer was produced
by the standard chemical bath deposition, ZnO and ZnO:Al
were deposited using magentron sputtering, and Au electrodes
were fabricated using thermal evaporation. From UPS analysis,
our CuSbS, is p-type and has a VBM at —5.25 eV and a CBM
at —3.85 eV. For CdS, VBM locates at —6.38 ¢V and CBM
locates at —3.98 V.5 Therefore, CuSbS, and CdS could form a
type-II staggered heterojunction facilitating charge separation,
which is necessary for high efliciency solar cell. In addition, we
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Figure 7. Photovoltaic device structure and electrical characteristics. (a) Schematic of device structure. (b) Current—density versus voltage curves of
the CAS solar cell performance in the dark (black line) and under 100 mW/cm? simulated AM 1.5G irradiation (red line).

tested the I—V characteristic of the contact between CuSbS,
film and FTO substrate (SI Figure S4). The I-V characteristic
is linear under dark, demonstrating that good Ohmic contact
has been obtained between CuSbS, film and FTO substrate.
Light (100 mW/cm?, simulated AM 1.5G irradiation) and dark
current-density versus voltage (J—V) characteristics are
presented in Figure 7b for our champion solar cell. This device
exhibited a short-circuit current density (J,.) of 3.65 mA/cm?,
an open-circuit voltage (V,.) of 0.44 V, and a fill factor (FF) of
31%, which yielded a total area power conversion efficiency of
0.50%. The size of this device is 0.45 cm* defined by mechanical
scribing. Our device efficiency was quite low, mainly limited by
the poor CuSbS,/CdS heterojunction as evidenced by the low
rectification of J—V curve in the dark, and also limited by the
less-optimized ZnO and ZnO:Al sputtering process as
evidenced by the low FF. Our device efficiency, however, is
still encouraging considering very limited optimization work
done so far. Improvement in CuSbS, film quality, interface
engineering, ZnO and ZnO:Al sputtering was underway in
order to further boost device efficiency.

B CONCLUSIONS

In summary, we have provided a detailed theoretical and
experimental investigation of CuSbS,, a promising absorber
material for earth-abundant thin film photovoltaics. DFT
simulation indicated that CuSbS, was intrinsically p-type with
shallow V¢, defects being the dominant acceptors. The
formation energy and defect depth of acceptors (V, and
Cug,) and donors (Cu,, Sbe,, and Vi) in CuSbS, were also well
documented. Phase-pure CuSbS, film with micrometer size
grains was produced through the hydrazine solution process
with a mild 350 °C thermal annealing. As-deposited film was
determined to be direct band gap (E; = 1.4 eV), has a hole
concentration of ~10'® cm™ and hole mobility of 49 cm?/(V
s), and the CBM and VBM locates at —3.85 eV and —5.25 eV,
respectively. Finally, a prototype FTO/CuSbS,/CdS/ZnO/
ZnO:Al/Au solar cell was produced, achieving 0.50% solar
conversion efficiency. Earth-abundant and low-toxic constitu-
ents, attractive optical and electrical properties, and benign
defect physics enable CuSbS, a very attractive absorber
candidate for thin film photovoltaics, and our detailed study
deepened the understanding of CuSbS, film and paved the way
for their future promising application.
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