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ARTICLE INFO ABSTRACT

CuSbS, is a semiconductor with a band gap of 1.5 eV and earth-abundant constituent elements, indicating po-
tential promise as a photovoltaic absorber material. However, strategies to fabricate CuSbS, films, especially
using solution processing, have not been thoroughly developed. We report on two solution-based approaches to
deposit CuSbS, films: chemical bath deposition (CBD) and deposition of colloidal nanoplates. Conditions to
directly deposit ternary CuSbS, (chalcostibite) films were not found, but CuSbS, films could be formed by
annealing CBD-grown bilayers of CuS and Sb,S;. Simultaneous control over phase purity and film morphology
proved elusive. To address this challenge, we synthesized colloidal nanoplates of phase-pure chalcostibite
CuSbS, capped with oleylamine ligands following a literature procedure. When colloids are condensed into thin
films, these synthesis ligands are insulating and inhibit the inter-crystal charge transfer that is necessary for long-
range charge transport. To solve this problem, two approaches were pursued: convective assembly followed by
solid-state ligand exchange and a novel process involving solution-phase ligand exchange followed by electro-
phoretic deposition (EPD). Replacement of oleylamine with S~ increased the film conductivity by two orders of
magnitude. S*~ capping groups also increased the electrophoretic mobility and enabled EPD at bias voltages as
low as 5 V. Time-resolved terahertz spectroscopy indicated transient photoconductivity persisting beyond 1 ns
and carrier mobilities of ~1 cm® V™' s~!. While many challenges remain, this work indicates the potential
promise of solution-processed CuSbS, nanoplates as building blocks for photovoltaic devices.

Keywords:

Nanocrystal

Copper antimony sulfide
Electrophoretic deposition
Ligand exchange
Terahertz spectroscopy

control, while also taking advantage of the extensive knowledge base
on CIGS thin film photovoltaics.

1. Introduction

Photovoltaics can provide a clean and renewable source of elec-
tricity, and much current research focuses on reducing cost and im-
proving scalability through development of efficient thin film technol-
ogies that utilize earth-abundant materials. Several copper-containing
materials have shown particular promise as thin film absorbers.
Culn,Gag — xSez (CIGS) has been heavily researched for several dec-
ades and has achieved cell efficiencies of 22.6% [1]. However, indium
is rare and expensive, which may limit the use of CIGS for power
generation at very large scales. Cu,ZnSn(S,Se)4 (CZTSSe) is being pur-
sued as a more earth-abundant option than CIGS. CZTSSe has benefited
from the vast knowledge base on CIGS and attained efficiencies of
12.6% [2]. However, improvements in efficiency have stagnated, partly
because of deep traps and band-edge potential fluctuations that are
difficult to control due to the complex chemistry of the quaternary/
quinary system. Alternatively, CuSbS, is a ternary compound that has
an optimal band gap (1.5-1.6 eV), large absorption coefficient, and
non-toxic, earth-abundant constituent elements [3]. Additionally,
CuSbS, has a simpler chemistry than CZTSSe and may be easier to

* Corresponding author.
E-mail address: jbaxter@drexel.edu (J.B. Baxter).

https://doi.org/10.1016/j.tsf.2017.12.002

CuSbS, solar cells with efficiencies of 3-4% have utilized films
produced by sequential electrodeposition of Cu and Sb metals followed
by sulfurization [4], co-sputtering of Sb,S; and Cu,S [5], or deposition
of a hybrid ink with Cu and Sb precursors followed by sulfurization [6].
Losses in the external quantum efficiency at energies above the band
gap suggest that solar cell performance was limited by minority carrier
diffusion [4]. Diffusion length is proportional to (pr)l/ 2 where u is the
mobility and 7 is the photoexcited carrier lifetime. Carrier lifetimes of
0.7 ns and hole mobility of 4 cm? V™ !s™ ! were recently reported for
co-sputtered CuSbS, films [7]. Despite their importance, the literature
is otherwise lacking in direct characterization of CuSbS, carrier dy-
namics for solar cell applications.

Additionally, there is a scarcity of reports on alternative solution
synthesis routes to ternary chalcostibite films [6,8-13]. Large differ-
ences in solubilities of Cu and Sb precursors have made single-step
synthesis of CuSbS, thin films via traditional solution-based semi-
conductor synthesis methods such as chemical bath deposition (CBD) a
great challenge. The Nair group introduced a sequential CBD approach
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based on annealing a CuS-Sb,S; bilayer, but morphology of the films
was not shown [11]. More recently, films deposited from dissolved
precursors (molecular inks) have been reported. Thiol-amine based inks
developed by the Brutchey [12] group [9] and hydrazine inks reported
by the Tang group resulted in high-quality films, although hydrazine is
highly hazardous.

Alternatively, recent advances in quantum dot solar cells provide
inspiration for approaches based on casting films of high-purity nano-
crystals from colloidal suspensions [14,15]. Highly phase-pure, low
mosaicity nanocrystals are readily synthesized in hot organic solvents
in the presence of organic surfactants that remain after synthesis as
surface capping groups or ‘ligands’. Thereafter, such ligands are critical
determinants of colloidal stability. However, when the colloids are
condensed into thin films these bulky, insulating synthesis ligands in-
hibit inter-nanocrystal charge transfer. Over the last several years,
chemical processes have been developed to exchange the synthesis li-
gands with shorter ligands, thereby enhancing electronic coupling be-
tween nanocrystals and enabling functional films with long-range
conductivity [16-22]. While processing and properties of ligand-ex-
changed cadmium and lead chalcogenide nanocrystals have been
heavily investigated [17,19,23-31], extending these ligand exchange
chemistries to new materials poses significant challenges; [17] no such
studies for CuSbS, nanoparticles have been reported previously.

In this work, we have used CBD to deposit CuS and Sb,S3 binary
layers that were annealed to form CuSbS,, but conditions were not
found that simultaneously allowed for direct control over phase purity
and desirable morphology for solar cell applications. In contrast, direct
synthesis of the desired chalcostibite phase in the form of colloidal
nanoplates with dimensions of 300 nm by 400 nm by 50 nm was
achieved using a modification of hot-injection methods reported pre-
viously [32,33]. These colloidal building blocks were then processed
into functional films using either convective assembly or electro-
phoretic deposition (EPD). For both deposition techniques, different
chemical approaches were herein optimized to exchange the synthesis
ligands with the compact, inorganic ligand S~ [18]. This step is per-
formed either before (EPD) or after (convective assembly) deposition to
ultimately render the film conductive. Post-deposition ligand exchange
of convectively assembled films increased their conductivity by two
orders of magnitude. In colloidal dispersions, the S~ ligand increased
the electrophoretic mobility of the nanoplates, allowing for EPD with
applied bias of only 5V, which is a 50 X reduction compared to as-
synthesized nanocrystals. Time-resolved terahertz spectroscopy was
applied to understand the photoexcited carrier dynamics of the nano-
plate films, revealing carrier mobilities of ~1 em® V' s and transient
photoconductivity that persisted into the nanosecond range.

2. Materials and methods
2.1. CuSbS; films from CuS and Sb,S3 bilayers

Films were deposited on F:SnO,-coated glass (FTO, 15 Q— 2/sq,
Hartford Glass), soda-lime glass, and quartz substrates. All substrates
were cleaned by successive sonication at 60 °C for 15 min in 20%
CONTRAD 70 (Decon Laboratories), 1:1 acetone:ethanol, and 1 M hy-
drochloric acid. The substrates were then thoroughly washed with DI
water and dried with nitrogen gas. A CuS layer and a Sb,S; layer were
sequentially deposited on the substrate, followed by thermal annealing
to form the ternary thin film. This approach follows the general bilayer
concept reported by the Nair group and is described in further detail
below [11].

CBD of CuS films followed the procedure reported by Kim et al.
[34], with a solution of 80 mM Na,S,03; and 20 mM CuSO,4. pH of the
solution was adjusted to 2.3 with hydrochloric acid. To generate the
deposition bath, Na,S,03; and CuSO, solutions were prepared in-
dividually and heated to a reaction temperature of 70 °C with a water
bath. CuSO,4 was then vigorously mixed into the Na,S,03 solution and
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reacted for 3 h at 70 °C, yielding a film thickness of 150 nm on FTO.

Sb,S; films were deposited on top of the CuS by CBD following a
recipe adapted from Messina et al. [35] Bright orange-red Sb,Ss films
were deposited via CBD at 4 °C from an aqueous solution of 28.5 mM
SbCl; and 250 mM Na,S,03. The desired concentrations were achieved
from 1.14 M SbCl; in acetone and 1 M Na,S,05 in water. The SbClg
solution was vigorously mixed into the Na,S,03 solution and diluted to
the desired reaction concentrations with DI water. The vessel was
capped for the entire reaction time, typically 4 h, which yielded films
that were 250 nm thick.

Ternary CuSbS, films were fabricated by thermally annealing the
Sb,S3/CusS bilayers. Thermal annealing was carried out on a hot plate in
a No-filled glovebox. In some cases, attempts to control Sb and S out-
gassing were made by reducing the overhead volume with a glass
structure, as described below. The limit of zero overhead volume was
also investigated by directly contacting a glass substrate to the Sb,S3/
CusS stack. Typically, a diffusion step at 200 °C for 2 h was followed by a
higher temperature step between 300 °C and 400 °C for crystallite
growth.

2.2. Mesoporous films from colloidal CuSbS,

2.2.1. Nanoplate synthesis

CuSbS, nanoplates were synthesized via colloidal hot-injection
methods in a Schlenk line following the method reported by Ramasamy
et al. [36] 0.50 mmol of Cu(acac),, 0.50 mmol of SbCl36H,0, and
10 mL of oleylamine (OLA) were degassed for 15 min and then back-
filled with nitrogen for 15 min, followed by heating to the reaction
temperature of 220 °C. In a second reaction flask, 1.3 mmol of ele-
mental sulfur was dissolved in 1 mL of OLA, then degassed for 5 min
and backfilled with nitrogen for 5 min three times. The reaction was
initiated by rapidly injecting the sulfur solution into the metal pre-
cursor solution. The reaction continued for 10 or 30 min and was then
quenched by removing the heat jacket and cooling using a cold air gun.
Nanoplates were washed with 15 mL of hexanes and 15 mL of ethanol,
then centrifuged at 6000 rpm for 5 min. This process was repeated 3
times. After washing, the nanoplates were typically dispersed in
chloroform or hexanes.

2.2.2. Films from convective assembly and solid-state ligand exchange

Convective assembly was used to deposit mesoporous films of
CuSbS, nanoplates on FTO, soda-lime glass, or quartz. In a typical de-
position, a 0.4 mg/mL dispersion of CuSbS, nanoplates in chloroform
was added to a vessel containing a substrate mounted at an angle of 30°.
As the solvent evaporated, CuSbS, nanoplates were deposited at the
liquid-air contact line. The solvent evaporated slowly over a 24-hour
period at room temperature, leaving a uniform matte-gray film cov-
ering the substrate and vessel walls.

$?~ ligands were exchanged for oleylamine using a 21 mg/mL so-
lution of Na,S in methanol, which is a modification of the process re-
ported by the Talapin group [18]. The Na,S solution was dispensed on
the nanoplate film and allowed to soak for 1 min, then was spun off at
3000 rpm for 30 s. To remove unbound OLA and S*~ ligands, two more
spin-casting steps at 3000 rpm for 30 s were applied with chloroform
and methanol.

2.2.3. Films from solution ligand exchange and electrophoretic deposition
After washing, CuSbS, nanoplates were dispersed in 10 mL of hex-
anes. Then 10 mL of Na,S in formamide solution (21 mg/mL) was
added slowly to the suspension, again adapting a literature procedure
[18]. The less dense phase of nanoplates dispersed in hexanes separated
to the top, while the Na,S solution settled to the bottom of the cen-
trifuge tube. The mixture was vortexed for 20 min to facilitate mixing
and enable the S~ to displace the OLA, rendering the nanoplates hy-
drophilic. The mixture was then left to phase separate for another
20 min, leaving the nanoplates dispersed in the polar formamide
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solvent. The hexanes were drawn off with a syringe and the electro-
statically stabilized solution of CuSbS, nanoplates in formamide was
washed by adding 10 mL of acetonitrile to cause flocculation of the
particles. The particles were isolated by centrifugation at 6000 rpm for
5 min and redispersed in formamide. This process was repeated 3 times.
After washing, the S?~-capped CuSbS, nanoplates were dispersed in
formamide and were stable for up to 5 days.

EPD was used to deposit mesoporous films of the CuSbS, nanoplates
on conductive substrates. The EPD setup consisted of two electrodes
separated by a 2.5 mm channel that was filled with a nanoplate dis-
persion of 9 mg/mL. S~ capped nanoplates were deposited with a bias
voltage of 5V, while the oleylamine capped platelets were deposited at
250 V. In a typical deposition, the voltage was applied to two ITO
(Sn:In,03, Colorado Concept Coatings) electrodes for 20 min. The de-
position solution was then withdrawn from the cell slowly with a syr-
inge, leaving a matte gray film on the positive electrode.

2.3. Material characterization

Optical characterization of nanocrystal films was performed in dif-
fuse reflectance geometry because the dimensions of the CuSbS, na-
noplates render them highly scattering. UV/Vis/NIR spectroscopy was
performed with a PE Lambda-950 spectrometer equipped with an in-
tegrating sphere (60 mm diameter, Labsphere, Inc). A Kubelka-Munk
transformation and Tauc plot were used to calculate the absorbance
spectrum and band gap of the CuSbS, films. Ligand exchange was
evaluated using FTIR spectroscopy (Thermo-Scientific Nicolet iS 50R).

Film morphology and thickness were investigated by scanning
electron microscopy (SEM, Zeiss Supra 50 VP). Crystallinity was eval-
uated by X-ray diffraction (XRD, Rigaku SmartLab) in grazing incidence
mode for CBD films and in Bragg-Brentano mode for nanoplate films.

Transient photoconductivity in both dispersions and films of CuSbS,
nanoplates was measured using time-resolved terahertz spectroscopy
(TRTS) with a configuration described elsewhere [37]. Briefly, the
output from a regeneratively amplified Ti:sapphire laser (Coherent
Libra, 50 fs pulse duration, 800 nm wavelength, 1 kHz repetition rate)
was split and directed to an optical parametric amplifier (Coherent
OPerA Solo) to select the wavelength of the optical pump pulse and to
ZnTe non-linear crystals to generate and detect terahertz radiation,
with pump-probe delay time controlled by an optical delay line. The
change in transmission or reflection of the terahertz electric field
strength following photoexcitation was normalized by the non-photo-
excited signal to determine AE/E,.. Nanoplate dispersions in hexanes
were measured in a quartz cuvette with continuous stirring. Films were
measured in transmission on quartz substrates, with the exception of
EPD films which were measured in reflection on ITO substrates.

Phase Analysis Light Scattering (PALS) was used to measure the
electrophoretic mobility of S*”-capped CuSbS, nanoplates in for-
mamide (Brookhaven NanoBrook Omni). PALS measurements were
performed with a bias of 4 V alternating at 2 Hz.

3. Results and discussion
3.1. Films by CBD

Although direct solution deposition of the ternary compound
CuSbS, as a conformal film is desirable, realization has been challen-
ging. Synthesis of the chalcostibite phase by CBD requires fine control
over concentrations of antimony and copper to avoid formation of
binary impurities [9]. The binary compounds CuS and Sb,S; have been
readily grown by CBD in the literature; [34,35] however, reaction
conditions are quite different due to different reaction kinetics and
solubilities of the metal salts. CuS has been deposited at 70 °C.'°
However, such high temperatures would result in significant, undesir-
able precipitation for typical Sb,S; recipes. Instead, Sb.Ss is typically
grown at 4-10°C to deposit uniform films on the substrate while
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Fig. 1. SEM images of (a) as-grown CuS/Sb,S3 stacks on FTO substrate, and (b) film after
annealing at 200 °C for 2 h, then 300 °C for 30 min. (¢) XRD of films annealed under
different conditions. *denotes peaks attributed to chalcostibite phase.

minimizing homogeneous nucleation [34,35]. Common CBD ap-
proaches to control free metal concentrations in solution employ li-
gands such as EDTA, citrate, and NTA that bind based on electro-
negativity of the metal cation [38,39], meaning that ligands
preferentially complex with copper rather than antimony. Therefore it
is difficult to find conditions where copper and antimony sulfides can
be deposited with similar driving forces. Instead, the current state of the
art for solution deposition is to sequentially deposit a bilayer of Cu/Sb
by electrodeposition or mixed metal layer from hybrid inks and then
sulfurize the metal stack [4,6].

We modified this bilayer strategy by depositing stacks of the binary
compounds CuS and Sb,S3 and then using a two-stage annealing pro-
cess to form ternary CuSbS,. Fig. 1 shows SEM micrographs and XRD
patterns for CuS/Sb,S3 stacks on FTO substrates, as-grown and after
annealing in nitrogen at 200 °C for 2 h and then 300 °C for 30 min. The
as-grown CuS/Sb,Ss3 stack was 400 nm thick, consisting of a 150 nm
CuS layer and a 250 nm Sb,S; layer, as measured by cross-sectional
SEM (not shown). Bilayer thicknesses were chosen to match the desired
CuSbS,, stoichiometry. After annealing, the top-down SEM micrograph
in Fig. 1b shows larger crystals on top of a floor layer. The floor layer is
coarsened after annealing compared to the as-grown, likely because of
species migration for crystal growth at energetically favorable sites.
Thus, large crystals grow at the expense of small crystals in the floor
layer, reducing uniformity. Chernomordik et al. have reported a similar
phenomenon when annealing films of colloidal CuZnSnS, (CZTS) na-
nocrystals [40]. They also report reduction in the nanocrystal film
thickness and increased formation of cracks as material from the na-
nocrystal layer is transported for growth of large grains [40].

XRD of the annealed CuS/Sb,S3 stacks, shown in Fig. 1c, indicates
that chalcostibite crystallite size and phase purity depend on annealing
temperature. Annealing at 200 °C enabled interdiffusion between
layers, but did not result in formation of crystalline material. However,
subsequent annealing at 300 °C resulted in crystallization and grain
growth of the desired chalcostibite phase as well as the digenite
(CuygS) impurity phase. Annealing at 350 °C resulted in sharpened
chalcostibite peaks, indicating crystallite growth, but also resulted in an
85% increase in the integrated intensity of the digenite peak at 27.6°,
presumably due to losses of the volatile Sb,S3 [3,41].
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Fig. 2. SEM images of (a) CuSbS, films on FTO annealed at 200 °C for 2 h followed by
300 °C for 30 min in a glass enclosure with a 2.2 mm headspace, and (b) CuSbS films on
FTO annealed at 200 °C for 2 h followed by 400 °C for 30 min with a glass substrate
resting directly on top of the film. (c) XRD patterns of the CuSbS, films in (a) and (b).
*denotes peaks attributed to chalcostibite phase.

To suppress outgassing of volatile components, the overhead vo-
lume was reduced by enclosing the films with glass, allowing a sa-
turation pressure of volatiles to be maintained in the headspace.
Maintaining a 2.2 mm headspace resulted in formation of uniform
films, Fig. 2a, and prevented Cu; gS formation, Fig. 2c. However, larger
grains on the order of the film thickness are desirable for use in a solar
cell absorber layer. To increase grain size further, the crystal growth
temperature was elevated to 400 °C. Even with the glass enclosure, at
400 °C the film outgassed significantly, and deposits on the roof of the
glass enclosure were observed. Alternatively, stacks were annealed at
400 °C with a glass substrate in direct contact with the film, essentially
reducing the overhead volume to zero. Under these conditions, the film
formed large crystals with diameters of up to ~500 nm; however, large
pinholes formed in the floor layer, Fig. 2b, and the digenite peak at
27.6° confirms the loss of phase purity. In CIGS, Na diffusion into the
film from soda-lime glass substrates during annealing results in in-
creased grain size [42]. However, use of Na-free substrates and en-
closures such as a crystalline Si wafer did not affect the CuSbS, grain
size. In an attempt to reduce outgassing of Sb,Ss, the order of the binary
stack was reversed, depositing the Sb,S; film first followed by the CuS.
However, this lead to preferential formation of the Cu, gS phase due to
the high stability of this phase relative to others in the Cu,S phase space
[34].

3.2. Films by deposition of colloidal nanocrystals

The second approach for film fabrication employed colloidal na-
nocrystal building blocks. CuSbS, nanoplates were synthesized via
colloidal hot-injection as reported by Ramasamy and coworkers (see
Experimental Methods) [36]. Nanoplates synthesized with 30-minute
reaction time had characteristic size of 400 nm by 500 nm with a
thickness of 50 nm, as measured by SEM, Fig. 3a. Nanoplates synthe-
sized with 10-minute reaction time were smaller on average, with a
broader distribution of sizes, Fig. 3b.

XRD of the dropcast film, Fig. 3c, confirmed that the nanoplates
grown for 30 min are almost purely chalcostibite phase. The amount of
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the digenite impurity phase, identified by the peaks at 27.6°, 32.0°, and
46.0°, increased when reaction time was 10 min or less, as reported by
Ramasamy [36]. The relative heights of the peaks between 28°-29° and
29.5°-30° change with deposition time. The XRD in Fig. 3c, shows ex-
aggeration of the (111) and (020) planes in the 30 min films compared
to the powder reference, which may be due to differences in nano-
crystal shape and packing orientation. A Tauc plot generated by Ku-
belka-Munk transformation of the diffuse reflectance data taken for
nanocrystals grown for 30 min, Fig. 3d, indicates a direct band gap of
1.58 eV, which is comparable to other reports in the literature for
CuSbS, [35,41].

While dropcast films of as-synthesized nanoplates were sufficient for
physical and optical characterization, they did not yield uniform or
conductive films. Consequently, both solution and solid-state exchange
methods were used to replace the insulating oleylamine ligands with
sulfide, as shown in Scheme 1. One route utilized convective assembly,
spin-casting, or drop casting of films followed by solid-state ligand
exchange with Na,S, as detailed in Experimental Methods. Convective
assembly and spin-casting provided facile methods to fabricate films of
uniform thickness for further characterization on arbitrary substrates.
However, these techniques are slow or wasteful and not scalable. Al-
ternatively, the second route utilized solution exchange of ligands fol-
lowed by EPD of films, which can be done over very large areas and
with high atom economy. Furthermore, as we show below, EPD pro-
vides selective deposition of the desired phase and exclusion of un-
desired impurities.

3.2.1. Films from convective assembly and solid-state ligand exchange

Dispersions of CuSbS, nanoplates in chloroform were fabricated
into mesoporous films by convective assembly, where a substrate was
immersed in a colloidal dispersion while the solvent was allowed to
evaporate, forcing particles toward the liquid-air contact line. Fig. 4
shows the resulting uniform matte gray films over an area of 4 cm>. The
nanoplates formed disordered mesosporous films rather than packing
into an ordered array as reported for systems of more geometrically
symmetric and monodisperse particles [43-45]. Films thickness was
approximately 10 um for conditions described in the Experimental
Methods. 10 um is thicker than required for efficient light harvesting
and likely to be too thick for efficient charge collection in solar cells [4].
Film thickness can be reduced by increasing the evaporation rate or
reducing the nanoplate concentration. For example, increasing the bath
temperature to 40 °C was found to decrease film thickness to 2.8 um.

After deposition of the mesoporous film, oleylamine ligands were
exchanged to S~ to increase the electronic coupling between nano-
plates. Ligand exchange is a two-step process that depends upon re-
moval of one species followed by binding of the replacement [17] and
requires that both ligand species are soluble in the ligand exchange
solution. Finding appropriate solvent-ligand combinations to meet
these constraints can be a significant challenge, and protocols devel-
oped for one materials system may not be transferrable to others. The
most successful exchange procedure that we tested for CuSbS, entailed
capping with S~ in methanol solvent. FTIR was used to measure the
efficacy of solid-state ligand exchange by monitoring the C—H
stretching features at 2850, 2920, and 2960 cm! that come from the
oleylamine ligand, as shown in Fig. 5a.

The C—H stretching features present in the as-grown nanoplate
sample are reduced by 83% upon exchange of the oleylamine ligands,
even with only 1 min of exchange time. The nanocrystals appeared to
partially fuse together after ligand exchange, Fig. 5b, a phenomenon
that has also been reported for other nanocrystal films such as CsPbl;
[46]. Because of the large size of the nanoplates and small volume
fraction of ligands, solid state ligand exchange did not result in cracking
due to reduction in interparticle spacing, as observed in other nano-
crystal systems [47]. XRD of the films confirmed that phase purity was
retained.

We also tried several other ligand-solvent combinations, but with
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Fig. 3. SEM images of dropcast CuSbS, nanoplates synthesized for (a)
30 min and (b) 10 min. (c¢) XRD pattern of the same samples as in (a)
and (b), shown over two ranges of diffraction angle. Reference
spectrum for chalcostibite XRD (JCPDS 00-044-1417) shown as ver-
tical orange lines. (d) Absorption spectrum of a CuSbS, nanoplate
film similar to sample (a) measured by diffuse reflectance. Tauc plot
in inset indicates a band gap of 1.58 eV.
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less success. For example, exposing the nanoplates to S*~ in formamide
did not result in the necessary removal of the original oleylamine li-
gands. FTIR in Fig. 5a shows < 25% reduction of the oleylamine peaks
after 5 min of exchange time. Increasing the time to 20 min does not
result in any further improvement. We posit that methanol is more
effective because it is sufficiently hydrophobic to adequately solvate
both the oleylamine and sulfide species. Exchange to SCN™~ has also
been employed to improve electronic coupling between nanocrystals,
particularly with CdSe and PbSe. However we observed only minimal
exchange of the original ligands when treating CuSbS, nanoplates with
SCN ™ in methanol, consistent with its milder reactivity compared to S.”
[20,23].
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Scheme 1. Processing routes for fabrication of conductive, $*~
capped mesoporous films from dispersions of oleylamine-capped
CuSbS, nanoplates.
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The atomic S*~ ligand reduced the interparticle spacing and en-
hanced charge transfer compared to the insulating oleylamine. Four-
point probe measurements of CuSbS, films fabricated via convective
assembly showed that conductivity increased by two orders of magni-
tude upon ligand exchange from oleylamine (10™*S/cm) to S~
(102 S/cm). This increase in conductivity indicates that intercrystal
contact resistance is quite significant for charge transport through the
mesoporous film despite the relatively large 400 nm particle size and
small number of contact points compared to quantum dot films. Charge
transport is still possible even with the native oleylamine ligand, pre-
sumably due to incomplete ligand coverage on the surface of the na-
noplates. Conductivities of ligand-exchanged films are comparable to
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Fig. 4. (a) Photograph of a CuSbS, film on a glass substrate deposited by convective
assembly from dispersions of CuSbS, in chloroform. CuSbS, synthesis time was 10 min.
(b) Cross-sectional and (c) top-down SEM images of the film in (a).

those reported for phase-pure CuSbS, deposited by co-sputtering of
Sb,S3/Cu,S by the Zakutayev group [41], although carrier concentra-
tions and mobilities were not independently determined.

3.2.2. Films from solution ligand exchange and electrophoretic deposition

Ligand exchange in solution resulted in dispersions of S*>~-capped
nanoplates that were electrostatically stabilized in polar formamide.
Here the ligand exchange step was performed in a polar/non-polar bi-
phasic solvent system, where the arriving (polar) and departing (non-
polar) ligands are individually solubilized in their respective phases.
These dispersions exhibited increased stability (5 days) compared to as-
synthesized nanoplates in chloroform (2 days) or in hexanes (~4 h).
Convective assembly and spin-casting could not be used to fabricate
films from these dispersions due to the low vapor pressure of for-
mamide, but the inks had excellent properties for EPD of films.

EPD is an inexpensive and scalable method for deposition of
charged particles into films via electrophoresis in an electric field ap-
plied between two electrodes [48-50]. EPD offers the benefit of reduced
deposition time and reduced waste compared to convective assembly
and spin-casting. While EPD has been applied on a commercial scale to
insulators and conductors since the 1940s, deposition of semi-
conductors presents a greater challenge because high applied voltages
can damage the material [51]. Application of EPD to nanocrystal dis-
persions has been studied both in batch [52-54] and continuous re-
actors [55] for deposition of dense films [56]. In these works, the
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Fig. 5. (a) FTIR spectra of a CuSbS, film on a quartz substrate as-synthesized and after
ligand exchange to $>~ in formamide and methanol. (b) SEM image of solid-state ex-
changed films of CuSbS, nanoplates. Nanoplate synthesis time was 10 min.

applied voltages are typically in the range of hundreds of volts. Here we
show that ligand exchange can increase the surface charge and resulting
electrophoretic mobility to reduce the voltage threshold for deposition
to below 5 V.

As-synthesized nanoplates with oleylamine ligand had electro-
phoretic mobilities that were too small to reliably measure, and they
required large voltages of at least 250 V that risk damaging the semi-
conductor nanocrystals. In contrast, uniform mesoporous films of S>~-
capped nanoplates in formamide could be deposited with applied bias
of only 5V, as shown in Fig. 6(a,b), because of their higher electro-
phoretic mobilities of (—6 + 2) x 10" m?/V-s, as measured by dy-
namic light scattering.

As an additional advantage, EPD enabled selective deposition of the
chalcostibite phase without the digenite phase. Nanoplates synthesized
for 10 min that contain a mixture of both phases were deposited by EPD
and convective assembly and characterized by SEM and XRD, Fig. 6.
XRD of the EPD films confirms the absence of the Cu; gS phase, while
the convective assembly film clearly exhibits this digenite peaks at
27.6° and 32.1°, Fig. 6d. We speculate that the small particles that are
visible only in the convective assembly films (and only in films made
from the mixed phase colloids), Fig. 6¢, are the digenite impurity phase.
The selective deposition by EPD could be due to a combination of
higher surface charge (i.e. greater electrophoretic mobility) and higher
propensity toward sedimentation of the larger chalcostibite plates. Such
considerations have been shown to influence the purification of nano-
crystals by EPD previously [57].

3.3. Carrier dynamics

Photoexcited carrier lifetime and mobility determine the carrier
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Fig. 6. (a) Cross-sectional and (b) top-down SEM images of EPD films of solution-ex-
changed CuSbS, nanoplates synthesized with a reaction time of 10 min. (c) Films de-
posited by convective assembly from the same batch of nanoplates used for (b). (d) XRD
of films used in (b) and (c). * denotes chalcostibite phase peaks.

diffusion length, which is a key parameter in solar cell design.
Additionally, carrier lifetime is a sensitive indicator of film quality and
has been directly correlated to open circuit voltage in CdTe and CIGS
devices [58,59]. Mobility and lifetime were recently reported for co-
sputtered CuSbS, films [7]. Solution-deposited dense films have shown
promising mobilities of 40-65 cm® V! 57! [12,60], but data on lifetimes
were not reported.

We used time-resolved terahertz spectroscopy (TRTS) to measure
the transient photoconductivity of dispersions of as-synthesized CuSbS,
nanoplates in hexanes, nanoplate films fabricated by convective as-
sembly with oleylamine and S*>~ ligands, and films deposited by EPD.
TRTS is a pump - probe method that measures the transient photo-
conductivity on picosecond to nanosecond time scales [37]. TRTS uses a
non-contact AC probe of electrical conductivity, making it ideally suited
to investigate nanocrystalline films. Fig. 7(a) shows the dynamic re-
sponse of S*>~ capped films and an oleylamine-capped colloidal dis-
persion. To quantify components of the decay, the convective assembly

film and colloidal dispersion data were fit to a tri-exponential decay

AE  _ ni=3 : AE
s B = i Clexp( ri)’ where Ao

toconductivity, 7; are the characteristic decay time constants, and C; are
the weight fractions. The weight fractions were constrained to sum to
unity, and the fitted data are shown in Fig. 7(b).

The photoconductivity of the oleylamine-capped nanoplate

model

is the normalized pho-
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dispersion in hexane quickly decayed by 70% over tens of picoseconds,
followed by a slower decay which resulted in non-zero photo-
conductivity even beyond 1 ns. The tri-exponential fit revealed time
constants of 5.7 + 0.6, 34 * 4, and 1360 = 270 ps with respective
weight fractions of 0.54 + 0.04, 0.42 + 0.04, and 0.06 *= 0.006.
The photoconductivity of the S*~-capped nanoplate film decayed with
nearly identical time constants to those of the olelyamine-capped dis-
persion, as shown in Table 1, although the weight fraction of the fastest
component was larger at 0.72 = 0.14.

The EPD film showed generally similar dynamics to the convective
assembly film and the colloidal dispersion. The conductive ITO sub-
strate needed for EPD does not transmit the terahertz probe. Reflection
geometry enabled measurement of dynamics, although the combination
of reflection geometry and the conductive substrate led to low signal-to-
noise ratio [61]. While it is clear that dynamics proceed on the pico-
second to nanosecond time scale, additional fitting was not attempted
because of the large uncertainty.

Assuming constant mobility of untrapped photoexcited carriers, the
dynamics of the photoconductivity are directly related to the decrease
in density of photoexcited mobile carriers. Decay dynamics for the S>~-
capped convective assembly film were independent of pulse energy
over 8-100 wJ/cm?® and independent of pump wavelength over
400-700 nm, as shown in Fig. 7c and d. The independence with respect
to carrier density indicates that higher order processes such as Auger
and radiative recombination are not significant. Instead, the fast decay
within the first ~100 ps is likely caused by trapping of photoexcited
carriers, in agreement with previous suggestions for sputtered films [7].
The similar dynamics between S>~ -capped nanoplates and olelyamine-
capped dispersions indicates that surface trapping is less important than
bulk trapping, which is reasonable given the large particle size. How-
ever, in the S~ -capped films the percentage of carriers trapped within
100 ps is slightly larger, likely due to increased number of surface de-
fects in $>~-capped film relative to the olyelamine-capped dispersion.

The longer time dynamics show that a small fraction of carriers,
~3% for oleylamine-capped dispersions and ~ 2% for the $%~-capped
film, have photoconductivities that persist for longer than 1 ns.
Considering that photoexcitation is likely in the high-injection limit and
given that dynamics are independent of pump fluence, this time scale
may correspond to Shockley-Read-Hall recombination at bulk defects.
Alternatively, the time scale may to de-trapping times, as has been
observed for kesterites [62]. We note that the fraction of long-lived
carriers and their lifetime are remarkably similar to those of co-sput-
tered CuSbS, films [7].

In addition to providing dynamics to evaluate trapping and re-
combination, TRTS also enables calculation of carrier mobility, , from
the photoconductivity, o, using Eq. 1

o =eun

@

where e is the elementary charge and n is the photoexcited carrier
concentration. The photoconductivity of a thin film on a substrate can
be calculated using Eq. 2 [63].

AE(tp) 2nggce,
AP A R

o(ty) = — P

Eref (2)

where n. is the refractive index of the mesoporous film, c is the speed
of light, & is the permittivity of free space, d is the thickness of the
photoexcited portion of the film, and ¢, is the pump-probe delay time.
Carrier mobilities of ~1 cm®V~'s~ ! were found for the S*~-capped
nanoplate films, given that |AE(tp = 0)/Eet| = 0.011 for pump flu-
ence of 14 pJ/cm? and wavelength of 400 nm. Several approximations
are implicit in this calculation. The refractive index of the mesoporous
film was calculated using a simple linear effective medium approx-
imation, neg = (1-€) Nncusps2 + € Nair, Where ¢ is the void fraction (es-
timated to be 0.50) and ncysps2 is 2.7 according to Reference [64]. For
conductivity, d is estimated as the 1/e optical penetration depth, which
we calculate to be 90 nm based on reported absorption coefficient data
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Fig. 7. (a) Normalized TRTS photoconductivity
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in hexanes shown in (a) with a tri-exponential
fit (blue line), shown on a log scale and over
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Time (ps)

Best fit parameters of tri-exponential decay for data and fit shown in Fig. 7b and for that recorded from the S~ capped film deposited by convective assembly (fit not shown).

G 71 (ps) Cz T2 (ps) Cs t3(ps)
$2~ film by convective assembly 0.72 = 0.14 6.2 + 1.3 0.32 = 0.14 30 = 14 0.03 *= 0.02 1800 + 5400°
as-synthesized in hexanes 0.54 + 0.04 5.7 £ 0.6 0.42 = 0.04 34 * 0.06 = 0.01 1360 = 270

2 This parameter has a large uncertainty due to the very small signal (0.02) past 100 ps.

[7] at the pump wavelength of 400 nm, although factors of d cancel out
in the calculation of mobility. The initial carrier density in CuSbS, was
4.4 x 10" cm ™3, which assumes that every incident photon is ab-
sorbed within the penetration depth and generates both an electron and
a hole that contribute equally to the conductivity. Matched electron and
hole mobilities were previously reported for CuSbS, [7] and also pre-
dicted by theoretical calculations of similar effective masses [65,66].
Despite the numerous assumptions, the mobility of ~1 cm®*V~'s™ ! in
our mesoporous nanoplate films synthesized at 220 °C is consistent with
the range of 2.5-4.1 cm? V™! s ™! reported by the Zakutayev group for
compact co-sputtered CuSbS, films under different annealing condi-
tions up to 500 °C [7].

Comparison of the diffusion length and absorption depth provides a
useful first indicator of the potential of a material for use as a photo-
voltaic absorber. Optimistic diffusion lengths of ~60 nm are estimated
based on the mobility of ~1 cm? V™! s~ and a lifetime of 1.3 ns taken
from the longest time constant in the model fit. The absorption coeffi-
cient for CuSbS, is 9 x 10*ecm ™! at 1.8 eV [7], yielding an absorption
depth of 110 nm. The small diffusion length relative to the absorption
depth portends the possibility of poor carrier collection for wavelengths
near the band edge, which is consistent with the decrease in external
quantum efficiency between 650 and 750 nm reported by Septina et al.
[4] However, CdS buffer layers reportedly form a cliff-like band offset
with CuSbS,, and selection of a more appropriate buffer layer may
enable improved charge collection through the formation of more ideal
space charge region.

4. Conclusion

Solution processing of CuSbS, for solar cell applications was in-
vestigated using CBD and colloidal nanocrystal synthesis and deposi-
tion. Conditions were not found for direct CBD of ternary chalcostibite.
CuSbS, films could be fabricated by annealing binary CuS/Sb,S3 stacks
in nitrogen atmosphere, but simultaneous control over the film mor-
phology and phase purity was elusive. In contrast, phase-pure chal-
costibite colloidal nanoplates with characteristic dimensions of
400 x 500 x 50 nm could be synthesized at temperatures of only
220 °C. As-synthesized nanoplates were capped with oleylamine li-
gands, which were replaced with S~ to form functional mesoporous
films using two different approaches: convective assembly followed by
solid-state ligand exchange, and solution ligand exchange followed by
electrophoretic deposition.

Characterization of the mesoporous films indicates some promise
for CuSbS, as a thin film solar cell material, with band gap of 1.58 eV,
mobilities of ~1 ecm?V~!s™!, and transient photoconductivities ex-
ceeding 1 ns. Multiple pathways are possible to enhance the properties
of films made from CuSbS, nanoplate building blocks. For example,
other ligands such as mercaptopropionic acid that have been demon-
strated to give optimal performance in quantum dot solar cells could be
exchanged for oleylamine rather than S~ [67]. Our previous studies of
PbSe quantum dot films have indicated that S*~ ligands are desirable
for enhanced mobility but result in shorter lifetimes than short organic
ligands [23]. Alternatively, the nanoplate building blocks could be
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annealed in appropriate atmosphere to coalesce and densify the film
while maintaining phase purity and control over defect types and
densities. Annealing nanocrystals into compact films has proven to be
an effective strategy for CZTSSe solar cells [68-70]. While more de-
velopment is certainly needed, the work reported here indicates the
potential to utilize high-quality CuSbS, nanoplate building blocks with
scalable processing strategies for photovoltaic devices.
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