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Abstract

Colloidal nanoparticles have demonstrated significant promise in the fabrication of solution-processed
Cu(In,Ga)(S,Se), photovoltaics. However, carbonaceous impurities from long-chain native ligands retained
in the films during and after heat treatments have necessitated the exploration of post-synthetic ligand
exchange procedures, which increases process complexity, solvent usage, and could potentially reduce the
cost advantages solution processing aims to deliver over conventional vacuum processing. In this report, a
new method to directly synthesize anion impurity-free CulnS, nanoparticles with both inorganic and
thermally degradable thioacetamide ligands is developed to bypass the need for ligand exchange
completely. Metal thiolate complexes were isolated from solutions of Cu,S or Cu, and In precursors in
amine-thiol mixtures. The isolated metal thiolate complexes were solubilized in the readily available and
low toxicity solvent, sulfolane, and were thermally decomposed to CulnS, nanoparticles in presence of
thioacetamide. H,S formed during thiolate decomposition was used in conjunction with thioacetamide as
ligands for nanoparticles. High mass concentration inks in the low toxicity polar solvent, dimethyl
sulfoxide, was used to easily deposit thin films using scalable blade coating. CulnSe; photovoltaic device
with total area power conversion efficiency of 7.1% was prepared from carbon-free CulnS; nanoparticle
film. Further, the synthetic methods were successfully adapted to the more complex quaternary material,
CuZnSnS4 where phase pure material synthesis was observed. The developed methods represent a
paradigm shift in the synthesis of metal sulfide nanomaterials and the subsequent solution processing of
photovoltaics without the need for ligand exchange.
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Cu(In,Ga)(S,Se), (CIGSSe) has proven to be a robust absorber layer for thin-film photovoltaics,
reaching champion power conversion efficiencies up to 23.35% on the lab scale via vacuum processing.'
However, CIGSSe has historically relied on batch processing with vacuum-based deposition, which limits
manufacturing throughput, lacks large area uniformity, and requires costly equipment. Solution processing
has emerged as an alternative fabrication technique that bypasses vacuum processing, allowing for roll-to-
roll compatible, atmospheric pressure, liquid phase deposition. Solution-processed CIGSSe has reached
champion power conversion efficiencies of 18.1 % (17.2% certified) using a hydrazine molecular precursor
system by solubilizing Cu,S, In,Ses, Ga, S, and Se.” A major advantage of the hydrazine system is the clean
thermal decomposition of the precursor solutions into CIGSSe without oxygen, anion, and carbon
impurities. However, a major limitation of this system is the highly explosive and carcinogenic properties
of hydrazine, placing a major hurdle on the path to large-scale manufacturing.> As such, numerous
hydrazine-free solution processing routes have been explored, either through molecular precursors,*” or
colloidal nanoparticles.'®!” Of solution processing techniques, colloidal nanoparticle inks have emerged as
a versatile, low-toxicity method for chalcogenide thin film deposition, reaching the total area power
conversion efficiencies of 15%.'" However, a persisting limitation of nanoparticle approaches is the
carbonaceous impurities imparted by native ligands, generally long-chain alkylamines such as oleylamine.
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These long-chain ligands are used for their high boiling point, ability to control reaction kinetics, and
nanoparticle morphology while providing high colloidal stability.'®!* However, these ligands pyrolyze into
graphitic carbon when annealed in inert atmospheres® and react with selenium during the selenization
process, leaving a discrete segregated carbonaceous impurity layer at the back contact.'*'”*! This impurity
layer can limit the ultimate thickness of the coarsened grains, affect elemental distribution,” and potentially
increase series resistance.

As a method to remove these native ligands, ligand exchange reactions have drawn significant interest.
By a post-synthesis replacement of the long-chain carbonaceous ligands with either volatile organics,” %
or non-contaminating inorganic species,’®?’ low-carbon nanoparticle thin films can be produced while
retaining the benefits of the long-chain ligands during synthesis. In our recent report,'” we detailed a method
whereby tightly bound oleylamine ligands on Cu(In,Ga)S, nanoparticles were removed via a two-step,
hybrid organic/inorganic exchange with pyridine and diammonium sulfide. After ligand exchange, greater
than 98% of the native ligands were successfully removed and highly stable sulfide capped nanoparticle
inks were formulated in dimethyl sulfoxide (DMSO) solvent. Selenization of ligand exchanged nanoparticle
films exhibited significantly improved grain growth with little to no fine-grain layer, and improved device
performance as compared to an identically fabricated device from oleylamine capped nanoparticles.'”
However, the ligand exchange process requires many additional processing steps and increases solvent
usage substantially for the generally low mass concentration exchange steps,'’*’ hindering the potential
cost advantage and simplicity solution processing aims to deliver. Several reports have attempted to
synthesize nanoparticles that do not require post-synthetic ligand exchange using metal salts in glycol,”® or
metal salts in formamide with thioacetamide as a sulfide source.?* However, in the case of glycol, formation
of secondary oxide phases,”® surface oxidation during synthesis, or alkoxide ligand binding and
decomposition can detriment device performance.’® Further, poor colloidal stability from this method
requires the addition of polymeric dispersants such as polyvinylpyrrolidone (PVP), which again introduces
substantial carbon contamination.”® Others have made use of low-temperature syntheses from solubilized
metal chalcogenide complexes, but resultant device performance remained poor.!

In this report, we develop a method to bypass the long-standing necessity and extra complexity of carbon
impurity removal through ligand exchange reactions by the direct synthesis of CulnS, (CIS) nanoparticles
with a combination of inorganic sulfide ligands and thermally degradable thioacetamide ligands. To ensure
high quality of nanoparticles without any anionic impurities, CuzS or Cu with In metal were solubilized as
precursors in amine-thiol mixtures removing anionic impurity concerns as described in our previous
report.'* Excess amine and thiol were removed’ and isolated metal thiolate complexes then thermally
decomposed via a hot injection reaction in sulfolane which acts as a non-binding polar-aprotic solvent with
a thioacetamide and in-situ generated H»S as a sulfide ligand source. The resulting CIS nanoparticles were
phase pure chalcopyrite and exhibited high colloidal stability in polar solvents such as DMSO. Inks with
mass concentrations up to 225 mg/mL were prepared and highly uniform and crack free thin films were
easily deposited using scalable blade coating and finished into CulnSe, photovoltaic devices, reaching
power conversion efficiencies of 7.1% demonstrating the promise of the ligand exchange free CIS
nanoparticle synthesis method. With the methods developed in this report, the need for cumbersome ligand
exchange processes is completely bypassed, simplifying solution processing of photovoltaics with colloidal
nanoparticles.

Cu,S or Cu metal along with In metal were selected as precursors due to their ease of reactive
dissolution in monoamine-dithiol mixtures. Separate Cu,S and In solutions or a single solution of Cu and
In were prepared in propylamine/1,2-ethanedithiol mixtures. Within 12 hours, complete dissolution of the
solids was observed at room temperature yielding homogenous and transparent precursor solutions of metal
thiolate complexes.” The thermal decomposition of these species was investigated in our previous report,
where only metal sulfides and volatile by-products (ethylene sulfide, alkylamine, and hydrogen sulfide)
formation was observed (Scheme 1).'* This removes the concern of anionic impurities typically present
with the use of metal salts such as metal acetates, acetylacetonates, nitrates, halides, etc.,'®!” which can bind
to nanoparticle surfaces as ligands or directly incorporate into the crystal structure of the targeted material.*
While anionic impurities are removed in this method, amines and thiols are known to bind strongly as either



L-type ligands (donation of two electrons from a neutral species to a cationic metal) or X-type ligand
(donation of one electron from an anionic species to a cationic metal).”> As such, isolation of the metal
thiolate species from the bulk amine-thiol mixtures was performed to remove all free amine and thiol from
the precursor, yielding isolated powder of copper and indium thiolate complexes as was explored in our
previous report.”

The isolated metal thiolate precursor solids were readily soluble in a wide variety of polar solvents.
However, careful selection of a reaction solvent was necessary to ensure a high boiling point for synthesis,
thermal stability, low reactivity with reaction mixture constituents, solubilization of all precursors, and
sufficient polarity to disperse sulfide capped particles. Importantly, the bulk solvent should not bind to the
nanoparticle surface as a ligand, introducing additional carbonaceous species that would necessitate
removal. As such, aprotic solvents were initially selected to prevent the strong X-type ligand-binding
mechanism from occurring that has been observed for protic species such as alcohols.*® Sulfolane emerged
as an attractive solvent option with relatively low toxicity, good thermal and chemical stability at a variety
of acidic and basic conditions, high polarity (1 =4.7 debye, € = 43.4), and availability at high purity (>99%)
and low cost due to existing commercial use in the petrochemical industry for aromatics extractions and
sour gas sweetening.>*>¢

An inorganic sulfide ligand was targeted during the synthesis, and thus required a sulfide source.
Conveniently, during the decomposition of the metal thiolate precursor complexes, H»S gas is liberated into
the reaction mixture as a by-product, thus providing a source of potential H-S-Metal X-type ligand, or H,S
L-type binding, similar to the stabilization mechanism that diammonium sulfide uses via electrostatic
repulsion.'*!” However, this H,S alone was not enough to properly stabilize the nanoparticles. As
thioacetamide (TAA) undergoes slow thermal decomposition beginning at around 180°C in an inert
environment forming H,S and acetonitrile (b.p. 82°C),” it was added as an additional ligand to the reaction
mixture (Scheme 1).

Scheme 1. Reaction pathway illustrating formation of sulfide capped CulnS; nanoparticles starting from elemental
metal precursors

/\/NH3

= RN el 0. 0

+ S, s N\

In { ]

S

" — . A + /\ + /\/NHZ + H,S
/\/NHZ A

+
HS SH

A hot injection reaction was used for nanoparticle synthesis. Due to slightly different reactivities
observed for Cu/In precursors and Cu,S/In precursors, reaction times of 200°C/15 minutes and 210°C/30
minutes were used respectively to obtain particles with the correct stoichiometry. Considering sulfolane’s
miscibility with non-polar aromatic organics, toluene was selected as an antisolvent for nanoparticle
washing with centrifugation to separate the particles. After decanting the supernatant, acetonitrile was used
to disperse the nanoparticles for subsequent washes. Four total washes were used to exhaustively remove
any residual reaction mixture as determined by 'H-NMR, followed by drying with flowing argon at room



temperature. The use of non-coordinating washing solvents such as acetonitrile and toluene further aids in
the prevention of impurity oxide formation from alkoxide binding which can occur during washing with

alcohols.>
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Figure 1. a) XRD, b) Raman, and ¢) TEM of CIS nanoparticles synthesized from Cu and In metals. Chalcopyrite
phase CIS PXRD standard from ICSD collection code 186714

The resulting nanoparticles exhibited a chalcopyrite phase and did not contain any crystalline or
amorphous secondary phases, as determined by XRD and Raman as shown in Figures 1a and 1b.”” Average
particle size of approximately 8 nm was observed in transmission electron microscopy as shown in Figure
lc. High resolution TEM of nanoparticles synthesized from Cu,S and In are shown in Figure S1. XRF
revealed a Cu/In ratio of 0.95, slightly above the Cu/In of 0.92 in the precursor solution used for
nanoparticles synthesized from both Cu and Cu,S as copper precursors. Absorption signature for particles
synthesized using Cu precursor was collected using UV-vis spectroscopy which showed lowest bandgap at
approximately 1.6 eV which is close to the bulk band gap of 1.55 eV reported for CulnS, material. However,
some variation observed in the bandgap can be attributed to the polydispersity and the resulting confinement
of the synthesized nanoparticles (Figure S2). To determine the ligand shell of the nanoparticles, 'H-NMR
and FTIR were employed. Qualitative '"H-NMR of the CIS nanoparticles, thioacetamide, and sulfolane
standards are shown in Figure 2, where all sharp peaks can be attributed to the DMSO-d6 residual, and
trace amounts of the washing solvents toluene and acetonitrile. All water seen in Figure 2a is attributed to
impurities in the deuterated DMSO (Figure S3).
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Figure 2. a) Full spectrum 'H-NMR of neat sulfolane, thioacetamide, and CIS nanoparticles synthesized from Cu
and In precursors. Zoom-in of the region from b) 7 to 10 ppm, c¢) 1.8 to 2.8 ppm, and d) 0 to 1.5 ppm. Hypothesized
broad peaks assigned to bound thioacetamide are shown in orange and the hypothesized surface H-S-/H,S peak is
highlighted in yellow. Note that intensity is not quantitative, Y-scaling is performed per curve and per panel for
clarity.

Three broad peaks observed across the spectrum are indicative of surface-bound species due to surface
immobilization, causing peak shift and broadening. Zoomed in 'H-NMR spectra around each of the
broadened peaks are shown in Figures 2b, 2c, and 2d. The broad peaks centred at 8.57 ppm and 2.19 ppm
are attributed to thioacetamide’s NH, and CHjs protons respectively, shifted to lower ppm as is often
observed for ligand peak shift in other systems.”® While there is a literature suggesting possible reaction
between thioacetamide and amine forming a product which could act as a ligand through the S atom, the



low boiling point of propylamine (b.p 45 °C) compared to relatively hot reaction mixture (200-210 °C) and
the absence of any amine protons in '"H-NMR suggests less likelihood for such reactions.’* Diammonium
sulfide capped CIGS nanoparticles prepared by ligand exchange from the method described from our
previous work are shown in Figure S4 and are characteristically missing the peaks assigned to
thioacetamide, supporting the hypothesized assignments.!” The broad peak centred around 0.9 ppm is
hypothesized to be X-type surface H-S- or L-type H>S. Generally, the H-S on thiols is observed as low as
1.2 ppm. The lower shift observed in Figure 2d is likely due to bound surface immobilization. The other
peaks observed in Figure 2d are attributed to trace impurities in the deuterated DMSO, as evidenced by
their appearance in all spectra. All broad peaks have extremely low intensities, as is expected for bound
short-chain species, where peaks corresponding to the protons closest to the bound groups broaden the most
significantly.'” The lack of any appreciable sharp signals of sulfolane and thioacetamide in the nanoparticle
spectrum verify that the washing is sufficient to remove all unreacted precursors and reaction solvent. To
further investigate carbon content in films fabricated from these particles, transmission FTIR was
performed on films blade coated from a DMSO ink at 200 mg/mL concentration on soda-lime glass near
C-H region (where soda-lime glass is IR transparent). These films were dried at 100°C for 5 minutes to
remove residual coating solvent and then annealed at 320°C (the temperature used for annealing between
coatings in later device fabrication) for 5 minutes in a nitrogen atmosphere. Because the blade coated film
was uniform in thickness (Figure S5), direct comparison can be made between the pre-annealed and post-
annealed films due to identical path length across the thickness of the film as shown in Figure 3.
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Figure 3. a) FTIR on CIS nanoparticles from Cu,S and In precursors before and after annealing at 320°C, showing
removal of surface-bound thioacetamide from the annealed film b) Raman spectroscopy showing the graphitic
carbon-carbon region of CIS nanoparticles annealed at 320°C (CIS-NP) compared to a molecular precursor film
from CusS and In in n-butylamine/1,2-ethanedithiol solution annealed at 300°C (CIS-MP).

In the pre-annealed film, several broad peaks, attributed to amide (3100-3500 cm™), and small C-H
stretches (~2950 cm™) are observed. These peaks are assigned to thioacetamide; however, the observed
broadening suggests thioacetamide is surface bound. While the nanoparticle synthesis reaction was
performed at 200-210°C above the thermal decomposition onset of thioacetamide at 180°C, incomplete
decomposition of the large excess of thioacetamide can facilitate L-type ligand surface binding. After
annealing at 320°C, all signals are removed to the detection limit of FTIR, verifying a clean decomposition
of surface-bound thioacetamide and an easy method to obtain carbon free nanoparticle thin films. Full
spectrum FTIR is shown in Figure S6, where a film was dropcast from acetonitrile and annealed at 150°C,
below thioacetamide’s decomposition onset but well above acetonitrile’s boiling point. Broad amide and
C-H stretches are observed, attributed to residual surface thioacetamide. Removal of thioacetamide by the
320 °C annealing temperature was further confirmed by thermogravimetric analysis (TGA) as shown in
Figure S7, where a distinct mass loss onset at approximately 180°C and ending at 320°C is observed. Due
to absence of C-H signals by FTIR and C-C signals by Raman after 320°C, additional mass loss observed
on TGA is thought to be loss of sulfur from the CulnS, nanoparticles. Further analysis was performed using



Raman spectroscopy to probe any residual C-C bonds, which often occur from coke like pyrolysis by-
products and are relatively hard to detect in FTIR. Films from the nanoparticle synthesis were compared to
films directly cast from molecular precursors of Cu,S and In thiolate precursors in amine-thiol solution.
Interestingly, significant C-C bonding is observed from the molecular precursor, but not in the case of the
sulfide capped nanoparticles, potentially providing a method to bypass carbon impurities often observed
from molecular precursor approaches from either metal thiolate decomposition or bulk amine and thiol
decomposition.°

Nanoparticles inks were easily prepared at mass concentrations exceeding 200 mg/mL in DMSO.
DMSO was selected due to its low toxicity as well as its lack of oxide-inducing ability as demonstrated in
our previous work.'” Using blade coating on a preheated substrate at 80°C, high-quality thin films were
prepared with a low surface roughness as shown in Figure S5. Films were free of any microcracks as shown
in the plan-view SEM image in Figure S8. Sodium fluoride was evaporated onto the films as an extrinsic
dopant and selenization was performed in a tubular furnace with selenium pellets at 500°C. The selenized
films were finished into complete devices with a chemical bath deposition of a CdS buffer layer (50nm),
sputtered i-ZnO (80nm) and indium doped tin oxide (ITO) (220nm) as a transparent conducting oxide
(TCO) along with electron beam evaporated Ni/Al grids and anti-reflective MgF, layer. A cross-section
SEM image for this complete device is shown in Figure S9. A total area power conversion efficiency of
7.1% was obtained for CulnSe; device fabricated using the direct sulfide capped nanoparticles as shown in
Figure 4a. The bandgap of 1 eV was obtained for the selenized material using external quantum efficiency
data in Figure 4b which matches the reported value for CulnSe, material in the literature. While it is a
promising performance of 1 eV bandgap material, optimization with film thickness, Na addition, and
selenization conditions has the potential to further improve this performance.
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Figure 4. a) Current-voltage analysis and b) external quantum efficiency (EQE) analysis of CulnSe; solar cell
fabricated from direct sulfide capped CulnS, nanoparticles from Cu and In precursors.

To further explore the potential of this system, the significantly more complex quaternary material,
CupZnSnS, (CZTS), known for its difficulty of synthesis and ease of secondary phases formation,*’ was
prepared by first dissolving Cu, Zn, and Sn metals in propylamine/1,2-ethanedithiol solutions followed by
isolation of the thiolate complexes. The resulting complexes showed lower solubility in sulfolane than their
CIS counterpart, so propylamine was used in a small quantity to increase the solubility of the complexes in
the sulfolane. Again, hot injection into thioacetamide containing sulfolane at 200°C was performed. XRD
pattern collected on these particles shown in Figure 5a confirmed the formation of wurtzite phase CZTS
nanoparticles, matching previously reported wurtzite CZTS nanoparticles from a metal salt, sulfur, and
oleylamine reaction.* Raman spectroscopy performed on these particles (Figure 5b) also showed a strong
peak at 334 cm™ which is a characteristic of A mode in wurtzite CZTS nanoparticles.**
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Figure 5. a) Simulated wurtzite CZTS standard as compared to CZTS nanoparticles synthesized in this work, b)
Raman spectrum of CZTS nanoparticles.

In summary, we have developed a novel method of nanoparticle synthesis in which metal sulfide
nanoparticles can be synthesized with inorganic sulfide and thermally degradable thioacetamide ligands
directly, bypassing the need for complex and solvent intensive ligand exchange procedures. Syntheses of
phase-pure CulnS, and Cu,ZnSnS4 nanoparticles were demonstrated, and we believe these methods can
easily be extended to other metal sulfide nanomaterials. Non-toxic ink formulation in dimethyl sulfoxide
and subsequent scalable blade coating and selenization yielded carbon-free absorber layers of Culn(S,Se)a,
which when completed into devices, reached power conversion efficiencies of 7.1%, demonstrating the
promise of this system for implantation into large scale, low toxicity photovoltaics manufacturing.
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Experimental

Materials. Copper (1) sulfide (99.99%), copper (nanopowder, 99.5% trace metals basis, ~2% oxygen),
propylamine (PA; >99%), 1,2-ethanedithiol (EDT; 98%), sulfolane (99%), thioacetamide (99%), toluene
(anhydrous , 99.8%), acetonitrile (99.9%, anhydrous), dimethyl sulfoxide (anhydrous, 99.9%), butylamine
(99.5%), zinc (nanopowder, 99%), sodium fluoride (99.99%), cadmium sulfate hydrate (99.996%), and
thiourea (>99%) were purchased from Sigma Aldrich and used as received with the exception of
sulfolane, which was degassed using successive freeze-pump-thaw cycles under vacuum. Indium
(99.999%), tin (99.999%), and ammonium hydroxide solution (28.0-30.0%) were purchased from Fisher
Scientific and used as received. All chemicals were dispensed in an inert environment with O, and H,O <
1 ppm, with the exception of cadmium sulfate hydrate, thiourea, and ammonium hydroxide. Ultrapure
water was generated using a Millipore Direct-Q3 (18.2 MQ at 25°C).

Synthesis of CulnS> and CuyZnSnSs Nanoparticles. All synthesis work was performed under inert nitrogen
or argon atmospheres. Metal precursor solutions were prepared by co-dissolving Cu and In metals in PA-
EDT mixtures at 0.4M with respect to copper. A 50% excess of EDT was used assuming a minimum
stoichiometry of 2 EDT per In and 1 EDT per Cu. For solutions using Cu,S and In as precursors, separate
copper and indium solutions were prepared at the same molar ratios of Cu and In with respect to EDT.
These solutions were combined after all solids were dissolved. For CZTS, a minimum stoichiometry of 2
EDT per Zn and 2 EDT per Sn was assumed. When Cu,S was used in place of Cu, separate CuxS and In
solutions were prepared at 0.4M and mixed after complete dissolution. CIS and CZTS precursor solutions
were then evaporated under vacuum, leaving isolated metal thiolate complexes. The complexes were
dissolved in degassed sulfolane after stirring for 30 minutes to get a 0.4M concentration with respect to
copper. For CZTS precursor solutions, 300 uL of propylamine was added to the sulfolane to help
solubilize the metal thiolate complexes. Separately, thioacetamide was dissolved in 7 mL of sulfolane,
where a 6:1 TAA:In and 6:1 TAA:Zn molar ratio was used. The TAA/sulfolane solution was transferred
to a 100 mL 3 neck flask with a condenser, glass-sheathed thermocouple port, and a rubber septum. The
TAA/sulfolane mixture was transferred to an argon purged Schlenk line where cooling water was attached
to the condenser. Under stirring at 600 rpm, the TAA/sulfolane was brought to 80°C under vacuum for 30
minutes to further degas the sulfolane and remove any trace moisture from the TAA. The reaction vessel
was then backfilled with argon and brought to 200°C for synthesis with Cu-containing precursors, and
210°C for Cu,S-containing precursors. Two mL of the metal thiolate in sulfolane solution was hot
injected into the TAA/sulfolane solution, and the reaction was allowed to continue at the reaction
temperature for 15 minutes (for Cu metal precursors), or 30 minutes (for Cu,S precursors). The reaction
mixture was naturally cooled to room temperature and precipitated using excess toluene and
centrifugation. After decanting the supernatant, 4 mL of acetonitrile was used to redisperse the
nanoparticles with vortex mixing. Four total centrifugation washing cycles were used, after which the
supernatant was decanted, and the nanoparticles were dried under a flow of argon.

Film Coating. All coating was performed in an inert nitrogen environment. Nanoparticle thin films were
prepared by dispersing the dry nanoparticles at a 200 mg/mL mass concentration in DMSO using
sonication for 30 minutes. A dark viscous ink was obtained after sonication, which was then filtered
through a 1 pm glass fiber filter and blade coated onto either soda-lime glass or molybdenum-coated
soda-lime glass using a custom automatic blade coater. First, 12 pL of ink was dispensed on the top edge
of a 1” x 2” substrate on an 80°C heated bed. Then two passes down and up the substrate were performed
at 20 mm/s using a cylindrical glass rod as a blade with a 100 um substrate-blade gap. The films were
then dried for 2 minutes at 80°C followed by annealing at 320°C for 1-5 minutes. Each coating yielded an
approximate thickness of 400 nm. Sequential coatings were performed to reach thicknesses just over a
micron. Molecular precursor films were coated directly out of dissolved solutions of Cu,S and In in
butylamine-EDT mixtures using blade coating and annealing at 300°C.



Device fabrication. After coating CIS nanoparticle films with just over a micron thickness of
molybdenum coated soda-lime glass substrates, 10 nm of NaF was electron-beam evaporated onto the
surface of the nanoparticle film. The film was then selenized under an argon atmosphere in a tubular
furnace at 500°C along with approximately 350 mg of elemental selenium in a graphite box. After natural
cooling, 50 nm of CdS was deposited on the film surface using chemical bath deposition with aqueous
cadmium sulfate hydrate, thiourea, and ammonium hydroxide at 65°C. Next, i-ZnO (80 nm) and ITO (220
nm) were sputtered onto the device stack. Ni/Al (100 nm/1 pm) were electron-beam evaporated through a
shadow mask to complete the device. Finally, a magnesium fluoride antireflection coating (100 nm) was
deposited on top of the film. Devices were isolated by mechanical scribing with a total area of
approximately 0.47 cm® and a grid shaded area of 4%.

Characterization. X-ray diffractograms were collected using a Rigaku SmartLab diffractometer with a 40
kV/44 mA Cu Ka (A = 1.5406 A) source operated at in 0.5° parallel beam (PB) mode. Raman spectra
were collected on a Horiba/Jobin-Yvon HR800 Raman spectrometer at a 632.8 nm excitation laser
wavelength. Transmission electron micrographs were collected using a Tecnai T20 transmission electron
microscope at 200 kV accelerating voltage. Elemental ratios were determined using a Fisher XAN 250 X-
ray fluorescence (XRF) instrument, running at 50 kV with a silicon drift detector, nickel filter, and helium
gas purge. 'H-NMR spectra were collected with a Bruker AV-111-400-HD using a relaxation time of 6 s
and 32 scans. FTIR absorbance spectra were collected with a Thermo-Nicolet Nexus 670 FTIR in
transmission mode on soda-lime glass or NaCl as substrates. Uniform coatings were used for absorbance
measurements such that the path length between measurements was constant and therefore directly
comparable before and after annealing samples. Profilometry was performed using a Dektak 6 M stylus
profilometer with a 12.5 pm diameter diamond tip stylus. Thickness measurements were taken using
mechanically scribed trenches. Scanning electron microscopy (SEM) images were taken using FEI
Quanta 3D FEG dual-beam SEM with an Everhart— Thornley detector at an accelerating voltage of 10 kV
and a working distance of 10 mm. substrates. Absorption data was collected on a thin film fabricated on
soda lime glass substrate using Cary 60 UV-Vis spectrophotometer. Thermogravimetric analysis (TGA)
was performed on a TA Instruments Q50 under argon atmosphere with a heating rate of 10 °C/min using
an alumina sample pan on a platinum holder. J-V measurements were collected using an AM1.5G
simulated solar spectrum calibrated to 1 sun intensity using a NREL calibrated silicon reference cell. The
cell was placed on a 25°C temperature-controlled stage for all measurements.

Figure S1. HRTEM of CIS nanoparticle synthesized using Cu,S as a copper precursor
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Figure S2. a) Absorption spectrum and b) Tauc plot for CIS nanoparticles prepared from Cu and In precursors.
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Figure S3. 'H-NMR of neat as received DMSO-d6. Impurity water and residual non-deuterated DMSO are labelled
along with other trace impurities marked with asterisks
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Figure S4. 'H-NMR of diammonium sulfide capped ligand exchanged CIGS nanoparticles for reference
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Figure S5. Profilometry scan of a CIS thin blade coated from a DMSO ink on molybdenum with a mechanically
scribed trench for thickness and roughness measurement. Four successive coatings were used to reach the thickness
shown.
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Figure S6. Full spectrum FTIR showing residual C-H and broad peaks between 3000 and 3500 cm™! attributed to
surface bound thioacetamide
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Figure S7. Thermogravametric analysis (TGA) of CIS nanoparticle prepared with Cu and In precursors
demonstrating three distinct mass loss regions



Figure S8. Low magnification plan view SEM image of a coated CIS nanoparticle film (from Cu an In precursors)
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Figure S9. Cross-sectional SEM image of a complete device fabricated by selenization of direct sulfide capped CIS
nanoparticle film prepared from Cu and In precursors.



