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Abstract

The solution processing of Cu(In,Ga)(S,Se), photovoltaics from colloidal nanoparticles has long suffered
from deleterious carbonaceous residues originating from long chain native ligands. This impurity carbon has been
observed to hinder grain formation during selenization and leave a discrete residue layer between the absorber layer
and the back contact. In this work, organic and inorganic ligand exchanges were investigated to remove tightly bound
native oleylamine ligands from Cu(In,Ga)S, nanoparticles, thereby removing the source of carbon contamination.
However, incomplete ligand removal, poor colloidal stability, and/or selective metal etching was observed for these
methods. As such, an exhaustive hybrid organic/inorganic ligand exchange was developed to bypass the limitations
of individual methods. A combination of microwave-assisted solvothermal pyridine ligand stripping followed by
inorganic capping with diammonium sulfide was developed and yielded greater than 98% removal of native ligands
via a rapid process. Despite the aggressive ligand removal, the nanoparticle stoichiometry remained largely unaffected
when making use of the hybrid ligand exchange. Furthermore, highly stable colloidal ink formulations using non-toxic
dimethyl sulfoxide were developed, supporting stable nanoparticle mass concentrations exceeding 200 mg/mL.
Scalable blade coating of the ligand exchanged nanoparticle inks yielded remarkably smooth and microcrack free
films with RMS roughness less than 7 nm. Selenization of ligand exchanged nanoparticle films afforded substantially
improved grain growth as compared to conventional non-ligand exchanged methods yielding an absolute improvement
in device efficiency of 2.8%. Hybrid ligand exchange nanoparticle based devices reached total-area power conversion
efficiencies of 12.0%, demonstrating the feasibility and promise of ligand exchanged colloidal nanoparticles for the
solution processing of Cu(In,Ga)(S,Se). photovoltaics.

Introduction

Solution processing of thin-film photovoltaics has emerged as a promising fabrication technique with the
potential to significantly reduce manufacturing costs as compared to traditional vacuum processing. Solution processing
offers substantial advantages over high-vacuum batch processing due to its compatibility with atmospheric-pressure,
high-throughput, and high-materials-utilization deposition techniques such as slot-die printing, inkjet printing, and
blade coating. Of commercial thin-film materials, solution processing of Cu(In,Ga)(S,Se), (CIGSSe) absorbers have
shown noteworthy promise, reaching certified power conversion efficiencies of 17.3% via a hydrazine based molecular
precursor approach.! Hydrazine processing is advantageous in that it can solubilize metal, chalcogen, and metal
chalcogenides, while also cleanly decomposing under mild thermal treatment. However, due to the explosive and
extremely toxic properties of hydrazine, wide-scale deployment of this technology has been hindered by safety
concerns. A variety of non-hydrazine molecular precursors and colloidal nanoparticle based approaches to solution
processed CIGSSe have emerged as more benign alternatives, where a solution deposited precursor layer is selenized
to yield a device-quality film. Similar to hydrazine, mixtures of alkylamines and alkylthiols have demonstrated the
ability to solubilize a wide variety of metal salts,?® pure metals,” chalcogens,'®!'! and metal chalcogenides.!? Devices
fabricated using the amine-thiol molecular precursor approach have reached power conversion efficiencies up to
13.12%.'? Alternatively, an approach making use of metal chlorides and thiourea in dimethyl sulfoxide'3 (DMSO) or
dimethyl formamide'* (DMF) has reached a champion total-area efficiency of 13.6% (15.2% active area).'> While the
molecular precursor approach is advantageous in its simplicity of ink preparation, the highest efficiency non-hydrazine
solution processed device has been achieved through a colloidal nanoparticle approach, reaching a champion power
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conversion efficiency of 15% (total-area).!® While the colloidal nanoparticle approach has added complexity of
synthesis over molecular precursors, it has several advantages such as the ability to prepare high mass concentration
inks at or above 250 mg/mL allowing compatibility with blade coating and slot die printing. Additionally, at these high
mass concentrations, single pass coatings exceeding 800 nm are feasible by highly scalable techniques such as slot-die
printing, reducing the number of coating steps substantially as compared to techniques such as spin coating.!’
Furthermore, a wide variety of non-polar solvents can be employed such as hexanethiol, toluene, chlorobenzene, and
dichlorobenzene, affording versatility in processing. !¢

Despite these benefits, colloidal nanoparticle based photovoltaics have continually suffered from
carbonaceous impurity residues that could increase series resistance and recombination, potentially limiting efficiency.
These carbonaceous residues originate from long chain organic ligands bound to the surface of the nanoparticles.2%?!
Virtually all common synthetic pathways for chalcogenide nanocrystals make use of low-volatility coordinating ligands
that consist of a polar head group to coordinate with the nanocrystal surface, and a long alkyl chain tail to afford
colloidal stability via steric repulsion between nanoparticles. Commonly used ligands during colloidal synthesis include
oleylamine (OLA, b.p 348-350°C), dodecanethiol (DDT, b.p 266-283°C), trioctylphosphine (TOP, b.p. 284-291°C),
and oleic acid (OA, b.p. 360°C).?2?3 These long chain surfactant-like molecules are used during synthesis for their high
boiling point, ability to solubilize precursors, and ability to control reaction kinetics and nanoparticle morphology.
However, due to the high boiling point of these molecules, they are difficult to remove via thermal treatment and can
leave coke residues in the nanoparticle film when annealed under an inert atmosphere.”” In the case of solution
processed CIGSSe and Cu,ZnSn(S,Se)s (CZTSSe) photovoltaics from colloidal nanoparticle inks, these ligands
decompose and react with a liquid front of selenium during the selenization process. The liquid selenium front
segregates a polymeric carbon/selenium fine grain layer to the back contact.'®?* While this layer is fairly conductive, it
still has several orders of magnitude higher resistance than the molybdenum back contact and thereby may increase
series resistance.>? Additionally, it has been suggested that the presence of carbon can detrimentally impact the
elemental redistribution process that occurs during selenization.?!

Naturally, removal of these bulky ligands would prevent carbon residues from contaminating nanoparticle thin
films. However, due to the benefits of these ligands during nanoparticle synthesis, their removal is preferred post
nanoparticle synthesis via ligand exchange reactions. A significant body of literature has explored ligand exchange for
metal and metal chalcogenide nanomaterials. Binary materials such as CdSe, CdTe, and PbS have been studied
extensively due to their well-defined surface chemistry and application in quantum dot based devices.?® Their native
ligands have been replaced using a wide variety of organics such as pyridine,>’?° butylamine,*® ethylenediamine,’!
ethanedithiol,® tert-butylthiol,>® benzenedithiol, 3-mercaptopropionic acid, benzenthiol,’® and many others.
Additionally, inorganic ligands such as hydrazine,** diammonium sulfide (DAS), sodium sulfide, sodium azide,?’
ammonium thiocyanate,** as well as molecular metal chalcogenide complexes (MCCs) have emerged as promising
ligands.* These inorganic ligands can be advantageous in that ligands can be selected without impurity elements such
as carbon while simultaneously retaining colloidal stability via electrostatic repulsion between nanoparticles. Of these
various ligands, several binding motifs have been observed and classified. Depending on the chemistry of the ligand,
different binding modes are classified as L, X, or Z-type ligands. In the case of L-type ligands, a neutral molecule
donates a lone electron pair to a cationic nanoparticle surface atom. For an X-type ligand, a negatively charged molecule
donates a single electron to a cationic nanoparticle surface atom forming a covalent bond. For Z-type ligands, a
nanoparticle anchored metal donates two electrons to a neutral ligand.¢

Despite the large body of literature on ligand exchange, very few reports have explored ligand exchange on
more complex ternary, quaternary, and quinary materials such as Cu(InyGaix)(SySeiy)2 or CuaZnSn(SySei.y)s, with
even less focusing on applications for photovoltaic devices. Due to the presence of many cationic species, the surface
chemistry of these nanomaterials is less defined and subject to more variability, complicating ligand exchange
pathways. Further complicating matters, the various cations can have significantly different reactivities as defined by
Pearson hard-soft acid-base (HSAB) theory.>* For example, in CulnS, (CIS) nanoparticles, indium is a hard acid while
copper is a soft acid, thereby necessitating special consideration in pairing base ligands for ligand exchange. Multi-
ligand, multi-step strategies have often been necessary due to the variety of surface sites on these ternary and quaternary
chalcogenide nanomaterials.*® Several reports have attempted to adapt ligand exchange methods for derivatives of
CIGSSe and CZTSSe nanoparticles with varying degrees of success, with few making use of quantitative measures of
native ligand removal. In a comprehensive study of alkylamine and thiol ligand binding on CIS, Diereck et al. explored
ligand chemistry through proton nuclear magnetic resonance ('"H-NMR) studies, observing that L-type alkylamine
ligands (OLA and octadecylamine) exhibit very tight binding, uncharacteristic of L-type ligands for other materials
systems. This tight binding of alkylamine ligands generally necessitated temperatures greater than 100 °C for organic-
organic ligand exchange facilitated by alkylamine desorption, further complicating ligand exchange pathways.3” The
lack of oleylamine desorption below 100°C and further difficulty of direct exchange with other species has been



observed in other reports, where molecular iodine was needed to facilitate exchange to other bulky carbonaceous
ligands.®® Other attempts in the literature using room temperature phase transfer exchanges with DAS have yielded
poor removal of native OLA ligands (~50% removal) as determined by 'H-NMR.*

In this report, various ligand exchange pathways were explored to yield exhaustive native ligand removal via
a rapid process. Several criteria were identified for successful ligand exchange and subsequent utility of exchanged
nanoparticles. First, the ligand exchange should remove the majority of native ligands to minimize carbonaceous
residues. Second, the ligand exchange should not change the nanoparticle stoichiometry through etching of the
nanoparticle surface, especially for low earth abundance elements such as indium. Third, the ligand exchanged
nanoparticles should be dispersible at high mass concentrations exceeding 200 mg/mL for compatibility with scalable
coating techniques such as blade coating and slot-die printing. Each of these criteria were systematically investigated
and a sequential hybrid solvothermal organic and room temperature inorganic exchange was developed using pyridine
and DAS. Native ligand removal of >98% was achieved and did not appreciably alter the stoichiometry of the as-
synthesized nanoparticle. Finally, inks with mass concentrations exceeding 200 mg/mL were successfully prepared
with colloidal stability on the order of months in low toxicity solvents such as DMSO. Blade coating and initial device
fabrication was demonstrated with promising total-area power conversion efficiencies reaching 12.0%.

Experimental Section

Materials. Copper (I) Sulfide (99.99%), Ga (99.9999%), 1,2-ethanedithiol (98%), propylamine (99%), oleylamine
(OLA, Technical grade, 70%), pyridine (anhydrous, 99.9%), acetonitrile (anhydrous, 99.9%), diammonium sulfide
solution (DAS, 40-48 wt% aqueous solution), toluene (anhydrous, 99.8%), N-methyl formamide (NMF, 99%),
dimethyl sulfoxide (DMSO, anhydrous, 99.9%), selenium pellets (99.995%), cadmium sulfate hydrate (99.996%),
thiourea (>99%), dimethyl sulfoxide-Ds (99.96 atom % D), 1,2-dichlorobenzene-D4 (98 atom % D), chloroform-D
(99.96 atom % D), toluene-Dg (99.6 atom % D), ethylene carbonate (99.96%), copper (II) acetylacetonate (99.9%),
indium (IIT) acetylacetonate (99.99%), gallium (III) acetylacetonate (99.99%), sulfur (99.99%), and hexanethiol (95%)
were purchased from Sigma Aldrich and used as received with the exception of OLA, which was degassed through
successive freeze pump thaw cycles, and gallium, from which surface oxide was removed with a blade. Indium
(99.999%), hexanes (mixture of isomers, 99%), isopropyl alcohol (IPA, 99.9%), acetone (99.5%), and ammonium
hydroxide (28.0-30.0% in H>O) were purchased from Fisher Scientific and used as received. All chemicals were stored
and dispensed under an inert nitrogen environment with < 0.1 ppm H>O and O,. Ultrapure water was produced using a
Millipore Direct-Q 3 (18.2 MQ at 25°C).

Synthesis of Cu(In,Ga)S: (CIGS) Nanoparticles. Nanoparticle synthesis was performed using a modified method
from our previous report.*’ Briefly, separate CuS and In/Ga precursor solutions were prepared. Propylamine and 1,2-
ethanedithiol were added (2:1 mol:mol) to Cu,S powder to form a 1.79 M (with respect to copper) solution, and to Ga
and In (Ga/(In+Ga) ratio of 0.3) to form a 1.01 M solution. The Cu,S solution was dissolved in a glovebox at room
temperature overnight and the In/Ga solution was dissolved at 45°C on an argon purged Schleck line for several days.
The transparent homogenous In/Ga solution was mixed with the transparent yellow/brown Cu,S solution such that the
Cu/(In+Ga) ratio was 0.92, yielding a homogenous transparent yellow/brown solution. This solution was transferred to
a 100 mL reaction flask, diluted with 5.86 mL of OLA per mmol of In + Ga and connected to an argon purged Schlenk
line. The solution was heated to 285°C over the course of approximately 30 minutes and allowed to dwell at reaction
temperature for 90 minutes followed by natural cooling to room temperature, all with vigorous stirring. The reaction
mixture was then precipitated with excess IPA and centrifugation. The supernatant was decanted and the nanoparticles
were redispersed in hexanes at approximately 75 mg/mL followed by precipitation with IPA and centrifugation. The
suspension and precipitation cycle was repeated two more times to remove all free OLA (as determined by 'H-NMR,
Figure S1). The final pellet was dried under argon flow and stored under an inert atmosphere for further use.
Approximately 1 gram of CIGS nanoparticles were obtained from a single synthesis. For nanoparticle synthesis using
metal acetylacetonate salts and sulfur in OLA, previous literature methods were used.!®!

Ligand Exchange. Pyridine ligand exchanges were performed by first dispersing the dry CIGS nanoparticles in toluene
at 100 mg/mL using sonication. The dispersed nanoparticle ink was transferred into a borosilicate glass microwave
reaction vial with a polytetrafluoroethylene (PTFE) coated magnetic stir bar and diluted with pyridine at a 9:1
pyridine:toluene vol:vol ratio. The microwave reaction vial was crimp sealed with an aluminum cap over a PTFE
coated silicone septa. The microwave vial was heated using a Biotage Initiator EXP 400W microwave reactor, equipped
with an in-situ IR temperature sensor and pressure gauge. The microwave vial was heated to 150°C for 30 minutes with
magnetic stirring, followed by natural cooling to room temperature. The nanoparticles were then precipitated using



excess hexanes and centrifugation. The supernatant was decanted. If additional pyridine cycles were performed, the
pellet was redispersed in pyridine and again transferred to a microwave vial. The aforementioned procedure was
repeated up to three times for successive pyridine cycles.

The final pyridine exchanged CIGS pellet was then dispersed in 10:1 vol:vol NMF:DAS at approximately 20
mg/mL through vortex mixing in a fluorinated ethylene propylene (FEP) vessel (significant particle adsorption to glass
vessel walls was observed, thus the use of a polymer vessel enabled increased yields). An immiscible phase of hexanes
of equal volume was added. The mixture was allowed to stir at room temperature for 90 minutes, after which, the polar
NMEF/DAS phase was removed and added to a clean vial. The liquid-liquid interface between the polar and non-polar
phase was intentionally rejected to prevent collection of poorly exchanged particles which typically aggregated at the
liquid-liquid interface. An equal volume of hexanes was again added to the mixture. The two-phase mixture was stirred
for an additional 30 minutes to allow any residual native ligand in the polar phase to segregate to the hexanes. The polar
phase was removed, rejecting the liquid-liquid interface, and transferred to a centrifuge tube. The nanoparticles were
precipitated with excess acetone and centrifugation. The supernatant was decanted and the pellet was redispersed in
acetonitrile at approximately 15 mg/mL and precipitated with acetone. The decanting, suspension in acetonitrile, and
precipitation with acetone and centrifugation was repeated one additional time. The supernatant was decanted and the
nanoparticles were dried under a nitrogen flow for 30 minutes. The dry particles were stored under nitrogen for further
use.

Single step exchanges were performed by first dispersing the native ligand capped CIGS nanoparticles in
hexanes at 20 mg/mL using sonication. Then, a 10:1 vol:vol mixture of NMF and DAS solution were added as an
immiscible polar phase. The mixture was stirred for 16 hours, during which time CIGS nanoparticles migrated from
the upper hexanes phase to the lower NMF/DAS phase. The polar phase was removed while rejecting the liquid-liquid
interface and transferred to a fresh vial. An equal volume phase of hexanes was added and allowed to stir for 30 minutes.
Finally, the polar phase was removed, rejecting the liquid-liquid interface, and washing was performed as described for
the hybrid ligand exchange.

Nanoparticle Ink Preparation and Coating. The dry ligand-exchanged nanoparticles (from single step or hybrid
ligand exchanges) were weighed and dispersed in DMSO at concentrations ranging from 150-250 mg/mL, typically at
225 mg/mL using sonication. The resulting viscous ink was then blade coated on soda lime glass or molybdenum coated
soda lime glass substrates using a multipass auto-blade coater constructed from a modified 3D printer (KClone K200).
First, the blade coater stage and substrate were heated to 80°C and 12 pL of ink were dispensed on the edge of a 2”x1”
substrate. A 100 pm blade gap and blade speed of 25 mm/s was used, with two passes down and up the substrate using
a borosilicate glass rod as a blade. The film was allowed to dry for four minutes at 80°C. The film was then annealed
at 300-400°C for 60-90 s in an inert atmosphere followed by 30 s of natural cooling on aluminum foil rails, and finally
quenching on a room temperature aluminum block. At 225 mg/mL, each coating typically yielded a 300 nm thick layer.
Successive coatings could be repeated for desired thickness. For preparing the conventionally prepared nanoparticle
thin films, dry particles were dispersed in hexanethiol at 250 mg/mL. Coatings were performed and annealed in air as
described in previous literature.!!819

Device Fabrication. Molybdenum was DC magnetron sputtered on soda lime glass substrates with a final thickness of
800 nm. Nanoparticle inks were coated with four layers as described previously. Following coating, 10 nm of NaF was
evaporated onto the CIGS nanoparticle films using E-beam evaporation. The CIGS films were then selenized in a
graphite box in a tubular furnace under an argon atmosphere with selenium pellets at 500-550°C for 10-20 minutes.
After selenization, CdS (50 nm) was deposited by chemical bath deposition. Then, i-ZnO (80 nm) and ITO (220 nm)
were deposited by RF sputtering. Finally, Ni/Al (100 nm/1.5 pm) grids and a MgF, (100 nm) antireflection coating
were deposited by E-beam evaporation. Devices were isolated with mechanical scribing with a device total-area of
approximately 0.47 cm? (exact areas determined by image analysis, Table S3) and a grid shading of 4%.

Characterization. Capillary gas chromatography mass spectrometry (GC-MS) analysis was performed with an Agilent
5975C mass spectrometer with an electron energy of 70 eV, ion source temperature of 250°C, and 30-meter DB-5
capillary column (250um i.d. X 0.25pum film thickness). OLA was diluted in dichloromethane for GC-MS
measurements. X-ray diffractograms (XRD) were collected on a Rigaku Smart Lab diffractometer with a Cu Ka (A =
1.5406 A) source operated at 40 kV/44 mA in in parallel beam (PB) mode at an angle of 0.5 degrees. Raman spectra
were collected using a Horiba/Jobin-Yvon HR800 Raman spectrometer with a 632.8 nm excitation laser wavelength.
Quantitative elemental composition measurements were taken on a Fisher XAN 250 X-ray Fluorescence (XRF)
instrument at 50 kV voltage with a silicon drift detector, primary nickel filter, and flowing helium gas purge. 'H-NMR
spectra were collected with a Bruker AV-111-400-HD using a relaxation time of 6 seconds and 32 scans. Heat up 'H-



NMR was performed on a Bruker DRX500-2 NMR with a relaxation time of 6 seconds and 8 scans. DMSO-Dg, 1,2-
dichlorobenze-Dj4, and toluene-Ds, and chloroform-D were used as deuterated solvents and quantitation was performed
using ethylene carbonate as an internal standard. During in-situ heat up experiments, 1,2-dichlorbenzene-D4 was used
as a solvent in a screw cap NMR tube, and the sample was allowed to equilibrate for approximately five minutes at
each temperature prior to measurement. FTIR spectra were collected with a Thermo-Nicolet Nexus 670 FTIR in
transmission mode using either NaCl crystal or soda lime glass as substrates. Thermogravimetric Analysis (TGA) was
performed using a TA Instruments Q50 with an alumina pan and platinum holder at a heating rate of 10°C/min under
an argon atmosphere. Scanning Electron Microscopy (SEM) images were taken using a FEI Quanta 3D FEG Dual-
beam SEM with an Everhart-Thornley Detector at an accelerating voltage of 10kV and working distance of 10 mm.
Profilometry was performed using a Dektak 6M stylus profilometer with a 12.5 um diameter diamond tip stylus.
Thickness measurements were taken using mechanically scribed trenches. X-ray Photoelectron Spectroscopy (XPS)
was performed on a Kratos AXIS ULTRA DLD Imaging XPS with monochromatic Al Ko radiation (1486.6 eV). Peak
fitting was performed on CasaXPS using Voigt peak profiles and linear backgrounds. The peak position of C 1s was
set to 285 eV and for the S 2p photoelectron transition the doublet separation between S 2p1, and 2ps3,, was set at 1.20
eV. Capacitance-voltage measurements were collected using a Hewlett Packard 4284 A LCR meter operated at 100 kHz.
Transmission electron microscopy (TEM) images and scanning tunneling electron microscopy energy dispersive x-ray
spectroscopy (STEM-EDS) measurements were taken on a Talos 200X TEM with four silicon drift detectors with lacey
carbon grids for imaging and molybdenum grids for STEM-EDS. A FEI Helios 600 Dualbeam FIB with a gallium ion
beam was used to prepare the FIB samples.

Results and Discussion

A wide variety of synthetic methods have been developed for CIS and CIGS nanoparticles.? In this report we
adapted a synthetic pathway from our previous work that makes use of high purity elemental indium (99.999%), gallium
(99.99999%)), and copper (I) sulfide (99.99%) as precursors in amine-thiol solutions.*’ A gram-scale one-pot heat up
reaction was employed using OLA as a reaction solvent/ligand as described in the experimental section. The advantage
of this synthetic pathway is that it eliminates potential anionic impurities present in commonly used metal salts such as
halides, nitrates, sulfates, acetate, acetylacetonates, etc.?>? It is well known that anions from conventional metal salts
can bind to nanomaterial surfaces and alter their growth and/or subsequent optoelectronic properties,?® or in the case of
oxygen containing anions, introduce high resistivity oxide secondary phases.?>*! Using only Cu,S, In, and Ga prevents
the introduction of non-sulfide, contaminating anionic X-type ligands typically present in metal salts. XRF
measurements of as synthesized nanoparticles typically revealed elemental ratios of 0.92 for Cu/(In+Ga) and 0.29-0.30
for Ga/(In+Ga). The particles were imaged as shown in Figure S2 and have an average size of approximately 10 nm.

OLA has been widely employed as a solvent/ligand for the synthesis of CIS and CIGS nanoparticles due to
the high colloidal stability it affords. OLA also exhibits favorable binding on indium (IIT) and gallium (IIT) surface sites
due to favorable HSAB interactions.?>** However, OLA is almost always used as a technical grade mixture, a mixture
of primary amines and other trace alkyl components. After degassing by successive freeze pump thaw cycles under
vacuum (which removes more volatile components of the mixture), the technical grade OLA was run through GC-MS
to identify the components of the degassed technical grade mixture. An understanding of this mixture is important for
the design and characterization of adequate ligand exchange pathways. Table S1 details the compositional makeup of
the technical grade OLA. Of the degassed mixture species, 87.3% contained a carbon-carbon double bond, either as
OLA or hexadeceneylamine. Additionally, no X-type impurities were observed as is reported by others.>” Using 'H-
NMR, the protons of the alkene region are distinctly separate from the alkyl chain and amine protons. As such, this
provides a convenient means of quantifying the OLA molecules bound to the nanoparticle surface. Figure 1 a) shows
the "H-NMR of OLA, as well as OLA capped CIGS nanoparticles. Distinct peak broadening and disappearance of the
amine protons and CH, protons closest to the amine are observed which are all characteristic of surface bound OLA.
The peak broadening is caused by immobilization of the ligand molecule at the nanoparticle surface and becomes more
pronounced the closer the protons are to the bound polar head group. In the case of the amine and neighboring alkyl
chain protons, the peak broadens so significantly that it becomes indistinguishable from the noise.’” The amine is able
to donate its lone pair electrons on the nitrogen atom to cationic metals on the nanoparticle surface. Typically, this
binding is described as a weakly bound adsorption like process, and amines can be desorbed as simply as through
dilution. This “weak” binding has been observed for binary metal chalcogenides such as CdTe and PbSe.*? Interestingly,
OLA and octadecylamine (ODA) have been shown to exhibit exceptionally tight binding to CIS nanoparticles in
previous work by Diereck et al.’” Conventional spontaneous desorption was not observed for OLA and ODA ligands
at room temperature. Desorption was only observed when the CIS nanoparticles were exposed to temperatures in excess
of 110°C.37 Due to differences in synthetic pathway and the inclusion of gallium (a harder acid than indium), we



repeated their temperature dependent 'H-NMR OLA binding study on CIGS nanoparticles synthesized via the amine-
thiol precursor route.
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Figure 1. a) "H-NMR of OLA capped CIGS NPs as compared to neat OLA (" denotes residual IPA from particle
washing) and b) In-situ heat-up 'H-NMR of OLA capped CIGS NPs from 25°C to 130°C as compared to neat OLA.
Chloroform-D and 1,2-dichlorobenzene-Dy were used as deuterated solvents in a) and b) respectively

As shown in Figure 1 b), a shoulder peak emerges at 5.44 ppm, onset at approximately 110°C. This shoulder is attributed
to dynamically absorbed/desorbed OLA, confirming similar results to what was observed by Diereck et al.3” As a result,
elevated temperature in the solution phase is needed to induce OLA desorption. Furthermore, the removal of OLA from
a thin film was probed using FTIR. CIGS nanoparticles were dropcast from chloroform onto NaCl crystals and spectra
were recorded at the same location (and thereby same pathlength) on the CIGS thin film before and after annealing at
300°C for 5 minutes in a nitrogen atmosphere. As shown in Figure 2, no appreciable change in the intensity of C-H
stretches around 2924 ¢cm! was observed, demonstrating the low volatility of OLA ligands in a thin film. Use of higher
temperature annealing risks the decomposition of OLA into graphitic carbon under an inert atmosphere. While air
annealing can prevent the formation of graphitic carbon through the combustion of the organic species, it risks the
oxidation of the nanoparticle precursor film.2’ Oxide containing precursor films generally require an additional
reduction step,* otherwise residual oxide content can be observed in the final selenized film,* and could substantially
increase series resistance.
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Figure 2. FTIR of neat OLA, and comparison of OLA capped CIGS NPs with OLA capped CIGS NPs annealed at
300°C for 5 minutes under nitrogen atmosphere (* donates atmospheric CO;).



To remove the carbonaceous impurities stemming from native OLA ligands, a variety of ligand exchange
pathways were investigated. Both volatile organic ligands and inorganic sulfide ligands were analyzed with respect to
their ability to remove OLA, preserve nanoparticle stoichiometry, and retain colloidal stability at high mass
concentrations. Pyridine was investigated as a target volatile organic species due to its weak basicity, relatively low
boiling point, and previous success in ligand exchange for photovoltaics literature.?’ Similar to alkylamines, pyridine
can bind to cationic surface atoms as an L-type ligand through its nitrogen lone pair electrons, thus native ligand
desorption followed by pyridine adsorption was the targeted exchange mechanism, driven by a molar excess of
pyridine. Traditionally, ligand exchanges with pyridine are performed at reflux conditions. However, due to the
temperature-dependent nature of OLA desorption, pyridine’s boiling point of 115°C barely enters OLA’s thermal
desorption regime as observed in heat up '"H-NMR. As such, a microwave-assisted solvothermal approach was
investigated as a means to bypass atmospheric pressure boiling point limits, while microwave radiation could
selectively excite the polar head groups of the ligands to aid in exchange. Use of a sealed vessel allowed pressurized
reaction conditions above the boiling point of pyridine, and farther into the desorption regime of oleylamine. A
temperature and time of 150°C for 30 minutes was selected to facilitate ligand exchange, a temperature well above the
OLA desorption onset. Due to pyridine’s near universal miscibility, ligand exchange was performed in a single liquid
phase. While OLA capped nanoparticles were readily dispersible in non-polar media such as hexanes, toluene, and
chloroform, neat pyridine was observed to induce significant flocculation due to its relatively higher polarity (e = 12.4).
To bypass this, the particles were first suspended in toluene followed by dilution with pyridine (1:9 vol:vol
toluene:pyridine) to allow for proper dispersion. To the best of our knowledge, this is the first report of microwave-
assisted solvothermal ligand exchange reaction.

After the heating cycle and cooling of the dispersion back to room temperature, the pyridine exchanged
particles would remain dispersed directly after exchange with the onset of settling observed after an hour with no
agitation. The nanoparticles were precipitated with excess hexanes and centrifugation. Prior to the exchange, hexanes
were a suitable solvent to disperse the nanoparticles, a qualitative indication of OLA removal by their action as an
antisolvent post-exchange. However, after precipitation, the particles did not fully redisperse in additional pyridine,
with many visible aggregates in solution. The significant decrease in observed colloidal stability is attributed to the
significantly less bulky tail group of pyridine’s ring, thereby providing less steric repulsion between adjacent
nanoparticles and allowing for some degree of aggregation. To further probe pyridine’s ability to remove OLA ligands,
successive pyridine exchange cycles were performed to assess the upper limit of its OLA removal ability. Due to the
compromised colloidal stability and rapid settling, quantitative measurements of residual OLA in colloidal dispersions
using 'H-NMR were not feasible. In its place, TGA was used to probe the OLA removal capacity of pyridine as shown
in Figure 3. Each of the pyridine exchanged nanoparticles were dried under vacuum prior to TGA. Note that TGA
measurements were run under inert atmosphere to prevent particle oxidation (and thereby changing the mass of the
CIGS nanoparticles), thus the mass loss at higher temperatures may not be fully representative of the total mass of OLA
due to coke formation from incomplete pyrolysis of OLA.2° Mass loss up to 500°C is shown in Figure 3, which is the
maximum processing temperature used for later device fabrication.
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Figure 3. TGA of CIGS nanoparticles with as synthesized OLA ligands as compared to CIGS nanoparticle ligand
exchanged with pyridine in 1, 2, and 3 successive cycles.



As shown in Figure 3, pyridine was able to begin OLA removal after a single cycle. However, even after up to three
successive pyridine exchanges, a significant portion of OLA as denoted by the mass loss event around 350°C remains.
This suggests that there is a critical amount of OLA that can be removed by pyridine-based ligand exchanges, implying
there may be an equilibrium of pyridine/OLA capping as defined by their relative strength as ligands. Further, while
pyridine is an intermediate base as defined by HSAB theory, there may be some preference to specific metal surface
sites, leaving native ligands on other surface sites bound. Interestingly, after three pyridine exchanges, the TGA mass
loss was significantly more linear, not showing a discrete mass loss event at the boiling point of OLA. However, due
to the lack of any discrete mass loss events in the three-pyridine exchange case, it is unclear if the observed mass losses
are the result of solely pyridine evaporation, decomposition of the nanoparticle, and/or simply from atmospheric or
cleaning procedure induced adsorbates on the alumina TGA pan decomposing during heat up. Future work aims to
further clarify the TGA data for the three pyridine exchange case. Further ink formulation of pyridine exchanged
nanoparticles was marred by the poor colloidal stability and rapid settling of pyridine capped particles, thereby not
meeting the need for high mass concentration inks suitable for blade and slot die printing methods. As such, pyridine
exchanges alone were deemed to be a largely ineffective means of complete native ligand removal.

As a means to bypass the limitations of organic ligands such as pyridine, ligand exchange with inorganic
sulfide ligands was investigated as an alternative. In the case of OLA to sulfide ligand exchange, sulfide anions bind to
the cationic sites on the nanoparticle surface. To maintain charge neutrality, when the neutral L-type OLA ligand is
displaced by an anionic sulfide ligand, counter cations of the sulfide salt must be retained to form a net charge neutral
nanoparticle. If any X-type ligands are present on the nanoparticle surface (such as 1,2-ethanedithiol, which is a part of
the reaction mixture during synthesis), a metathesis type ligand exchange is possible. In this exchange, the cation from
the sulfide salt coordinates with a thiolate and induces desorption. The sulfide would then covalently bind to metal
cations on the nanoparticle surface as an X-type ligand.?® Of sulfide salts, sodium and DAS are the two most readily
available. However, due to the possible retention of cationic species, sodium sulfide was avoided to prevent an excess
of sodium from being retained in the film. While sodium is a favorable dopant species in CIGSSe photovoltaics, too
much can harm optoelectronic properties.* Therefore, we opted to control sodium content post film deposition for
more fine control and selected DAS as the ligand of choice. In the case of DAS, charged ammonium cations can be
volatilized as ammonia gas, leaving just protons as a charge balancing cations. Further, during annealing or selenization,
the DAS ligand could simply volatilize as ammonia and hydrogen sulfide gas.*°

A two-phase ligand exchange was employed as is common in the literature.*® First the nanoparticles were
dispersed in non-polar hexanes. Then an immiscible polar phase of NMF and aqueous DAS solution was added. With
stirring, a gradual phase transfer of the nanoparticles in the upper non-polar phase to the polar phase was observed over
the course of 16 hours. After purification and drying as described in the experimental section, the nanoparticles could
be redispersed in deuterated DMSO forming colloids that did not settle for months. As such, 'H-NMR quantitation of
OLA removal was possible. Using ethylene carbonate as an internal standard, remaining OLA was quantified using
peak fitting and integration of the alkene proton peak, which is distinctly separate from the chemical shift of other trace
species such as washing solvents. As shown in Figure 4 a), the sulfide exchange was observed to be extremely effective
at removing OLA, removing 97.3% of the native ligands, determined through comparison of the as-synthesized and
ligand exchanged alkene peak integration. This result is a substantial improvement on previous quantitative reports in
the literature, whereby only ~50% of OLA was removed with DAS. In the previous literature report, pre-exchanged
particles were observed to have a sharp peak at 5.35 ppm, slightly offset from the broadened bound alkene peak at
approximately 5.4 ppm.?® This sharp peak, likely being free OLA, may have inhibited their sulfide exchange by altering
the equilibrium, highlighting the need for sufficient nanoparticle purification post-synthesis to remove free OLA. In
this work, sufficient nanoparticle washing was determined through 'H-NMR, where no free OLA resonance was
observed after four successive precipitation/resuspension cycles with isopropyl alcohol and hexanes as antisolvent and
solvent respectively as shown in Figure S1. Additionally, we believe the longer duration of the sulfide exchange used
in this report allowed for more complete exchange. However, this longer duration exchange also exposes the
nanoparticles to the fairly aggressive DAS species for a longer time, raising concerns of nanoparticle surface etching.
XRF measurements of DAS exchanged nanoparticles revealed that some copper was in fact etched from the
nanoparticle during the exchange. DAS is known to dissolve certain metal chalcogenides such as copper selenide, so
selective etching of copper from the chalcogenide nanoparticle is not unexpected and has been observed in previous
reports.’
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Figure 4. a) Fitted 'H-NMR comparing alkene proton resonance on OLA capped CIGS nanoparticles and hybrid
pyridine/DAS exchange and DAS exchange (inset shows fitted data superimposed on experimental data for each of
the CIGS-DAS exchanges). The shift in the alkene peak positions between the CIGS-OLA spectrum and CIGS-DAS
spectra are due to the use of different deuterated solvents, where Toluene-Ds and DMSO-Dgs were used, respectively.
b) Cu/(In+Ga) and ¢) Ga/(In+Ga) ratios normalized to 1 for the respective exchange methods measured by XRF (As
synthesized CIG = 0.92 and GIG = 0.29).

Additionally, a corresponding drop in Ga/(In+Ga) ratio was observed, implying that Ga may also be selectively etched.
While this copper and gallium etching could be compensated for by increasing the relative metal content of the original
nanoparticle, one of the goals of solution processing is to increase materials utilization. Thus, it is advantageous to
avoid this etching outright.

It was hypothesized that the combination of the solvothermal pyridine exchange followed by the DAS
exchange would allow for significantly reduced residence time in the DAS containing polar phase, thereby decreasing
etching of metals while also substantially decreasing the total time required for the ligand exchange. The pyridine
exchange is able to remove a portion of OLA, providing holes in the protective layer of sterically hindering and
hydrophobic alkyl chains, allowing DAS to access the nanoparticle surface more readily. This sequential exchange was
performed as described in the experimental section, where the pyridine-exchanged particles were directly dispersed in
the NMF/DAS phase and allowed to stir for a total of 120 minutes, and is referred to as the hybrid ligand exchange
(hybrid LigEx). The resulting exchanged particles were purified and dried, followed by analysis by quantitative 'H-
NMR and XRF. The two-step hybrid organic-inorganic exchange was able to surpass the OLA removal attained by the
single step two-phase method. No traces of pyridine were observed in the 'H-NMR spectra, demonstrating its ease of
displacement by DAS as shown in Figure S4. Additionally, XRF confirmed negligible copper etching and substantially
decreased gallium etching, confirming the hypothesis that decrease in DAS containing polar phase residence time can
prevent metal etching. The removal of OLA could be further driven to completion by repeating the pyridine exchange
several times. 'H-NMR quantitation of hybrid exchanged nanoparticles with three pyridine exchanges show near
complete removal of the alkene peak. For the hybrid LigEx with 1 pyridine cycle, 98.4% of the original alkene intensity
was removed. For the hybrid LigEx with three pyridine cycles, quantitation was also performed yielding 98.4% removal
again, however, we note that the very low signal to noises ratio at that level of OLA removal likely yields inaccurate
quantitation for this sample. To confirm the hybrid LigEx did not alter crystalline phase or induce the formation of any
amorphous phase material, XRD and Raman were run on nanoparticles exchanged with both the one-step, two-phase
transfer method and hybrid LigEx as is shown in Figure S5. No changes in crystalline phases or evolution of secondary
phase formation were observed via both XRD and Raman.

With near exhaustive OLA removal obtained by the rapid hybrid exchange method, ink formulation was
explored with the goal to form stable inks with mass concentrations exceeding 200 mg/mL. As previously mentioned,
these high mass concentration inks allow us to bypass non-scalable and low materials utilization coating techniques
such as spin coating and enables scalable coating techniques such as blade coating. Various polar aprotic solvents were



tested such as acetonitrile, DMF, NMF, formamide, and DMSO. Polar protic species such as alcohols and water (which
were observed to disperse the ligand exchange nanoparticles well) were avoided due to their ability to bind as alkoxide
and hydroxide ligands, which are known to decompose to metal oxides.*® While all tested polar solvents could disperse
the sulfide ligand exchanged nanoparticles to some extent, formamide, NMF, and DMSO were able to disperse the
exchanged nanoparticles at mass concentrations exceeding 200 mg/mL without aggregates. Formamide has been
previously investigated as a solvent for DAS exchanged CulnS; nanoparticles. However, in work by Dierick et al., it
was observed that the use of formamide as a solvent was responsible for the oxidation of dropcast nanoparticle CIS
thin films upon annealing in an inert atmosphere. They observed this oxidation in XPS via a transition of surface S* to
positive oxidation state sulfur bonded to oxygen as SO», SOs-, and/or SO4>* moieties. Furthermore, they observed that
the surface oxidation inhibited sintering of the sulfide capped nanoparticles.*® As such, we chose to avoid formamide
and its derivatives, NMF and DMF, for ink formulation. Ideally, a solvent molecule that does not contain oxygen could
completely avoid oxidation concerns. Acetonitrile is such a solvent, however, acetonitrile-based inks were only able to
disperse a portion of the ligand exchanged nanoparticles and thereby contained a substantial amount of aggregates.
DMSO was observed to disperse the sulfide-capped nanoparticles with ease, and formed stable inks at mass
concentrations of up to 250 mg/mL without gelling. These inks were stable for over two months when stored in an inert
atmosphere without settling and for several days when stored in air. However, as an oxygen containing molecule,
oxidation of the nanoparticle films similar to what had been observed with formamide was a concern. To test if DMSO
based inks could induce particle oxidation, XPS was performed on two dropcast thin films, one containing DMSO and
sulfide exchanged CIGS, and a control of sulfide exchanged CIGS in the non-oxygen-containing solvent, acetonitrile.
Both films were coated and annealed at 300°C for 90s in a nitrogen filled glovebox. As shown in Figure 5 a) through
d), both films appeared identical under XPS and neither contained the Sulfur IV oxidation state peak observed at 169.5
eV in Dierick et al.’s previous report that made use of formamide as a solvent.*® Furthermore, analysis of gallium,
which forms the most stable oxide of the cations in CIGS did not show any discernable oxide content, only exhibiting
a single gallium peak as is commonly observed for CIGS/CIGSSe.* This lack of oxidation and the high stability of
DMSO based inks coupled with its low toxicity made for an attractive ink for device fabrication.
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Figure 5. a) and ¢) XPS of sulfur 2p peak showing absence of any sulfoxide (169.5 eV) and b) and d) XPS of gallium
2ps3p peak showing absence of any gallium oxide species for both the control acetonitrile and DMSO inks
demonstrating absence of solvent induced oxidation. Circles, blue lines, and orange lines denote experimental data
points, individual peak fits, and overall fit, respectively.

Blade coating was selected as a scalable coating method for ligand exchanged inks and was performed using
a custom built automated blade coater based on a KClone K200 3D printer with controllable substrate-blade gap,
coating speed, coating pattern, and substrate temperature. DMSO was observed to dewet from the edges of both soda-
lime glass and molybdenum coated soda lime glass substrates during long drying periods at room temperature. A heated
bed was found to be effective in enabling rapid drying prior to edge dewetting. A bed temperature of 80°C was found



to be most effective. Using the conditions described in the experimental section, highly uniform coatings at thicknesses
of approximately 300 nm per coating were obtained. Sequential coatings could be performed by annealing the films at
a minimum of 300°C for 90 s between coatings. If not sufficiently annealed between coatings, it was observed that
subsequent coatings would redisperse underlying layers and yield rough and discontinuous films. After four successive
coatings, remarkably smooth films with an average and RMS roughness of 5.07 and 6.25 nm, respectively, were
obtained at thicknesses of approximately 1200 nm as shown in the SEM cross section in Figure 6 a). Additionally, the
films were free of any microcracks as evidenced by SEM plan view as shown in Figure 6 b). A larger area optical
micrograph and profilometry scan are shown in Figure S6, further demonstrating the high quality of the coated films.
The hybrid LigEx films were uniquely resistant to microcracking, which has been a significant concern and the topic
of entire research articles in other nanoparticle based coating methods. In these reports, additional carbonaceous long
chain surfactants, DDT or OLA, were incorporated in the ink through either reduced nanoparticle washing, or direct
addition, counterproductive to the goal of removing carbon contamination.’%5!
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Figure 6. a) SEM Cross-section and b) plan view of hybrid ligand exchange nanoparticle film coated by blade coating

Selenization of coated nanoparticle films was performed using a tubular furnace with ~300 mg of elemental
selenium pellets under an argon atmosphere at 500°C. XRD and Raman analysis of the selenized films reveal
conversion of the original CIGS nanoparticles to sulfur depleted CIGSSe with improved crystallinity. Conversion from
sulfide to selenide is clearly visible in the shift in XRD peaks, as well as reduction in intensity of the sulfide CIGS Al
Raman peak, centered at approximately 300 cm’!, and the emergence of a sharp A1 Raman peak of selenide
Cu(In,Ga)Se; at approximately 178 cm™'. Additionally, no secondary phases were found, notably residual elemental
selenium or Cu,«Se as shown in Figure 7 (however, it should be noted that Raman spectroscopy is surface sensitive,
thus may not be representative of the back of the absorber layer). As such, no pre or post selenization treatment in
highly toxic potassium cyanide were needed, reducing the toxicity and number of steps in film processing. XRF
measurements showed post-selenization elemental ratios of 0.92 for Cu/(In+Ga) and 0.28 for Ga/(In+Ga).

a) 5 b) Al
= g
g
- N & =
= } © 3
s . - s
> - g >
= = § = B2E E
2 = e T |B1 v oY
2 g @ £ CIGSSe
N —— .
h CIGSSe A1 B2, E
T = M
CIGS NPs
10 20 30 40 50 60 70 80 100 200 300 400
20 (°) Raman Shift (cm™)

Figure 7. a) XRD and b) Raman of CIGS nanoparticles and selenized CIGSSe from hybrid ligand exchanged ink (»
denotes the molybdenum substrate’s XRD peak).

Further analysis of the carbon content was performed on the coated and selenized films using FTIR and Raman
spectroscopy. A thickness normalized (profilometry calibrated) comparison of an annealed unexchanged nanoparticle



film, annealed ligand exchanged nanoparticle film coated from DMSO, and selenization of the ligand exchanged
nanoparticle film was performed using FTIR on soda lime glass substrates. As shown in Figure 8, a significant reduction
in C-H stretch intensity is observed when comparing unexchanged nanoparticle films with ligand exchanged
nanoparticle films.
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Figure 8. Thickness normalized FTIR on blade coated nanoparticles films of CIGS — OLA (coated from hexanethiol),
Hybrid CIGS — DAS (coated from DMSO), and selenized hybrid CIGS — DAS (CIGSSe, 500°C, 10 min) on sodalime
glass.

After selenization, there is a complete absence of C-H stretches. If all C-H intensity is attributed to residual OLA, there
is a small discrepancy between the quantitative 'H-NMR and the FTIR of the coated CIGS — DAS film. It is believed
this discrepancy is due to the entrainment of coating solvent in the annealed nanoparticle film, which has been observed
in other solution processed literature.’> While selenized films of ligand exchanged CIGS nanoparticle films were free
of C-H stretch in FTIR, Raman spectroscopy was used to probe graphitic carbon-carbon bonds. Due to Raman’s low
penetration depth of only a few hundred nanometers, a thin ~300 nm thick film was used. Miniscule, but discernable
peaks were observed in Raman corresponding to graphitic carbon-carbon bonds as shown in Figure S7. We believe this
residual signal is from the remaining ~1% of initial OLA, and potentially some of the entrained solvent decomposing
during selenization.

Selenization of hybrid exchanged CIGS nanoparticles on molybdenum substrates for device fabrication was
performed and compared with selenized CIGS nanoparticle films from conventional methods (OLA ligands,
acetylacetonate salts for synthesis, hexanethiol as a coating solvent, coating and annealing in air). Sodium for both
films was provided using 10 nm of electron beam evaporated sodium fluoride and both were selenized at 500°C for 20
minutes. Since potassium cyanide was not needed for the hybrid LigEx films to correct elemental ratios, remove surface
oxide or Cuy«Se secondary phases, potassium cyanide was also not used in the conventional device as has been used
prior to selenization in our group’s previous reports.'®!® This allowed for direct comparison between the two devices,
decoupling any effects that residual potassium could have on the electronic or morphological properties. A marked
difference is immediately observed between the selenized conventional and hybrid LigEx films, with a large unsintered
layer/carbon residue layer observed for the unexchanged nanoparticles. As has been observed consistently in solution
processed CIGS literature, presence of significant carbon can inhibit grain growth and limit the ultimate thickness of
large grains while leaving a discrete carbon residue layer. For hybrid ligand exchanged films, grains appear to span the
thickness of the film, however a thin nanocrystalline layer is still sometimes observed at the back contact. This layer
was further probed using STEM-EDS to elucidate the species present as shown in Figure S8. For the conventional
method, the resulting fine grain layer after selenization had a composition of C/(Cu+Se) of 0.88, and as seen in Figure
9a, generally had a thickness of ~600 nm. When a fine grain layer was observed for the hybrid LigEx method, a
C/(Cu+Se) ratio of 0.10 was observed, with a thickness of ~100 nm.
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Figure 9. SEM cross-sections of a selenized a) conventional non-ligand exchanged CIGS nanoparticle film, and b)

hybrid ligand exchanged film at identical sodium content (10 nm NaF) and selenizaton conditions. The scale bar is
the same for both images.

Devices were prepared from both the conventional unexchanged and hybrid ligand exchanged methods. A
notably higher efficiency of 12.0% was obtained as compared to the non-ligand exchange device with an efficiency of
9.2 %. As shown in Figure 10 and Table 1, nearly all device parameters have improved with the implementation of the
hybrid ligand exchanged methods. Notably, we observe a 14.2% increase in Js which is attributed to the significantly
enhanced grain growth of selenized hybrid ligand exchanged nanoparticle films as compared to the conventional
unexchanged film, yielding thicker, high-quality grains of CIGSSe to absorb incident photons. Capacitance-voltage
measurement of the hybrid ligand exchanged device revealed a majority carrier concentration of 1.30%*10'¢ as shown in
Figure S9. While promising initial efficiencies were obtained with selenized hybrid LigEx nanoparticle films, further
optimization of selenization with thicker films may be a pathway to higher Js.. Additionally, the incorporation of heavier
alkali to improve V. and the incorporation of gallium grading to reduce interface recombination are both areas of future
study to improve device efficiency and verify if such ligand exchange methods are more effective than the current
record carbonaceous ligand containing nanoparticle films at reaching high efficiencies.'® Nevertheless, removal of
carbonaceous impurities represents a forward step in replicating the existing carbon-free, vacuum-based absorbers
using highly scalable, solution processed colloidal nanoparticles.

Table 1. Comparison of device characteristics between champion devices prepared from selenized conventional
unexchanged nanoparticle films compared to selenized hybrid ligand exchange nanoparticle films. R, Ry, and n

(series resistance, shunt resistance, and diode ideality factor) were calculated using dark data and Hegedus and
Shafarman’s method.™

| n@® | Vo) [ Juc(maem’) | FF(%) | Ri@cm?}) | Rw(@cmd) |  n
Unexchanged 9.2 0.57 26.0 62.1 0.9 554 1.71
Hybrid LigEx 12.0 0.60 29.7 67.5 1.00 605 1.59
a) b) 1%
& 254
g 80
<
é — Unexchanged
2 X 604
= £z}
5 0 & o
[} w
;é; 404 S
= Unexchanged i
© 25 20 £
i Hybrid LigEx 11 12 13
Energy (eV)
-0.2 0.0 0.2 0.4 0.6 0.8 400 600 800 1000 1200
Voltage (V) Wavelength (nm)

Figure 10. a) J-V curve for devices prepared from selenized conventional unexchanged nanoparticle films compared
to selenized hybrid ligand exchange nanoparticle films b) and corresponding EQE from each device.



Conclusion

A rapid and exhaustive ligand exchange making use of sequential organic/inorganic exchanges was developed
as a means to remove native oleylamine ligands and their resulting carbonaceous impurities in colloidal nanoparticle
based Cu(In,Ga)(S,Se), photovoltaics. Microwave-assisted solvothermal heating with pyridine enabled exposure of the
nanoparticles to temperatures above oleylamine’s desorption onset of 110°C-120°C and decreased the residence time
needed for subsequent inorganic ligand exchange with the fairly aggressive species, diammonium sulfide. This hybrid
organic/inorganic method prevented etching of the nanoparticle surface, decreased the total time needed for exchange,
and improved the net removal of oleylamine as compared to each of its individual steps yielding greater than 98%
removal of native ligands with negligible impact to nanoparticle stoichiometry. The hybrid ligand exchanged
nanoparticles could be dispersed in stable and benign inks of dimethyl sufoxide at mass concentration exceeding 200
mg/mL, enabling scalable coating techniques such as blade coating. High quality, crack free, and ultra-smooth
nanoparticle films were obtained from the hybrid ligand exchanged inks. Significantly improved selenization and grain
growth was observed as compared to selenized films of conventionally prepared, non-ligand-exchanged nanoparticles.
Subsequent devices showed that selenized hybrid ligand exchanged nanoparticle films yielded a substantial increase in
power conversion efficiency over the non-ligand-exchanged control, reaching a champion total-area efficiency of
12.0%. The enhancements afforded by the hybrid ligand exchange over conventional methods demonstrates the merit
of the developed methods for fabrication of high-quality solution-processed CIGSSe absorber layers.
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Figure S1. 'H-NMR of the alkene proton resonance of oleylamine capped CIGS nanoparticles after being washed (as
described in the experimental section) for one and four cycles. Arrow shows sharp resonance of free oleylamine,
demonstrating underpurification. Chloroform-D was used as a deuterated solvent.

Figure S2. HAADF STEM image of as-synthesized CIGS nanoparticles with a 90-minute reaction time.



Table S1. GC-MS mixture composition of technical grade oleylamine after freeze-pump-thaw degassing, species

identified via MS.
Molecule % Compound
Oleylamine 82.7
Hexadecenylamine 4.6
Octadecylamine 4.1
Hexadecylamine 3.6
Trace Components (n-octylformamide, oleylanitrile, column 5
bleed)
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Figure S3. Gas chromatogram of the technical grade oleylamine in CH>Cl;
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Figure S4. 'H-NMR after hybrid ligand exchange showing no residual pyridine content (* denote trace impurities

and black lines indicate the centers of the multiplet (m) peaks of pyridine in DMSO-Ds). DMSO-Ds was used as a
deuterated solvent.
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Figure S5. a) XRD and b) Raman of single step and hybrid ligand exchanged films with 1 and 3 pyridine cycles.
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Figure S6. a) Optical microscope image of coated ligand exchanged film and b) profilometry demonstrating low
surface roughness and lack of microcracks.
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Figure S7. Raman spectrum of a thin selenized hybrid LigEx nanoparticle film showing trace graphitic carbon content
persisting in the absorber.
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Figure S8. STEM-EDS of residual unsintered layer on a a) hybrid ligand exchanged film b) conventional non-ligand-
exchanged film. Note the difference in scale bars between images.

Table S2. Atomic percent of various species present in the fine grain layer for both hybrid LigEx films and
conventional films.

Atom LigEx Conventional

(at%) (at%)

Cu 41.10 23.02
In 1.21 0.60
Ga 1.24 1.81
S 2.40 2.34
Se 35.83 16.12
C 8.11 34.35
(0] 2.14 14.07
Na 3.63 5.78
Mo 434 1.91

The conventional films have a predominantly carbon based fine grain layer with significantly higher carbon content
than the hybrid LigEx film. Additionally, a “sponge” like morphology can be observed for the conventional film’s
carbon based fine grain layer whereas the for the hybrid LigEx film, a more nanocrystalline appearance is observed. A
slight increase in carbon content as compared to the bulk background is observed for the hybrid LigEx film (possibly
due to the ~1.4% native ligand remaining as well as potentially decomposed entrained solvent). However, the residual
unsintered layer is composed almost entirely of copper and selenium, devoid of gallium and indium. As mentioned in
the text, a C/(Cu+Se) ratio of 0.10 is observed for a ~100 nm thick fine grain whereas for the conventional film a
C/(Cu+Se) ratio of 0.88 is observed for a substantially thicker layer. For the hybrid LigEx, this suggests that this
unincorporated layer is a function of the selenization reaction mechanism as opposed to carbon entrainment. We
hypothesize that the similar ratio of copper and selenium, or a CuSe like material, is the result of the high selenium
vapor pressure present during selenization. This may cause copper to maintain a +2 oxidation state, thereby preventing
its incorporation into the Cu(In,Ga)(S,Se), lattice in the +1 oxidation state. More fine control of selenium may be
needed to generate fully laterally spanning grains using techniques such as flow RTP, where selenium temperature can



be controlled independently of the substrate as is shown in previous reports. However, existing results show promise,
nearly removing unsintered/carbon residue layers and significantly improving grain growth due to the absence of carbon
impurity.

Table S3. Device parameters of the cells on the same film as the champion hybrid LigEx device (Cell 2). Device
characteristics reported from total area which was determined from image analysis (A = 0.451, 0.458, and 0.454 cm?
for cells 1,2 and 3 respectively).

e | Ve Jye (mA/cm?) FF(%) | R@em) | Ru@em) | n
1 11.8 0.60 297 66.1 1.22 576 1.55
2 12.0 0.60 29.7 675 1.00 605 159
3 11.9 0.60 295 67.1 0.93 502 1.48
Average 11.9 0.60 29.6 66.9 1.05 561 154

Table S4. Device parameters of the cells on the same film as the conventional device (Cell 1 parameters used in
manuscript). Device characteristics reported from total area which was determined from image analysis (A = 0.510,
0.514, and 0.515 cm? for cells 1, 2 and 3 respectively).

R0 Va®) | Je@maem) | FFs) | R@emd) | Ra@em) | n
1 92 0.57 26.0 62.1 0.9 554 1.71
2 9.0 0.58 25.8 60.3 1.04 476 1.58
3 8.3 0.57 23.1 62.8 1.13 297 1.55
Average 8.8 0.57 25.0 61.7 1.02 442 1.61
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Figure S9. Ncy versus width extracted from capacitance-voltage measurements on cell 3 for the hybrid LigEx device.



