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Experimental Methods
[bookmark: _Hlk12457220]Caution: Arsenic compounds are highly toxic! Consult the safety data sheets (SDS) for each specific compound before use. To reduce the risk of exposure and undesired reactions, it is highly recommended that any arsenic-containing compound is handled under an inert environment unless necessary, especially arsenic (III) chloride (AsCl3)!

[bookmark: _Hlk12457261]Materials: Table SI lists the chemicals, abbreviations, purities, and suppliers of the chemicals used in this work. All materials were used as received and stored in a nitrogen-filled glovebox unless otherwise noted. Oleylamine (OLA) used in nanoparticle (NP) synthesis was degassed using three freeze-pump-thaw (FPT) cycles and stored in the glovebox prior to use.
Table SI. Detailed information for chemicals used in this work. 
	[bookmark: _Hlk12457318]Chemical
	Abbreviation
	Purity
	Supplier

	1-hexanethiol
	HT
	>95%
	Sigma-Aldrich

	Acetone
	--
	>99.5% (certified ACS)
	Fisher

	Acetonitrile
	--
	>99.8% anhydrous
	Sigma-Aldrich

	Ammonium sulfide
	(NH4)2S
	40-48 wt% in water
	Sigma-Aldrich

	Arsenic (II) sulfide
	As2S2
	>95%
	Sigma-Aldrich

	Arsenic (III) chloride
	AsCl3
	>99.99%
	Sigma-Aldrich

	Arsenic (III) sulfide
	As2S3
	>99.9%
	Strem Chemicals

	Arsenic (V) sulfide
	As2S5
	>99.99%
	Sigma-Aldrich

	Chloroform
	CHCl3
	>99.8% (certified ACS)
	Fisher

	Copper (I) chloride
	CuCl
	>99.99%
	Strem Chemicals

	Dimethylsulfoxide
	DMSO
	>99.9% anhydrous
	Sigma-Aldrich

	Ethanol
	EtOH
	200 proof
	Fisher

	Europium (III) chloride
	EuCl3
	>99.9% (hydrate)
	VWR

	Ferrocene
	Fc
	>98%
	Sigma-Aldrich

	Formamide
	FA
	>99.5%
	Sigma-Aldrich

	Molybdenum
	Mo
	>99.95%
	Kurt J. Lesker

	Oleylamine
	OLA
	>70% (technical grade)
	Sigma-Aldrich

	Sulfur
	S
	>99.99%, flakes
	Sigma-Aldrich

	Tetrabutylammonium hexafluourophosphate
	TBAPF6
	>99% for electrochemical analysis
	Sigma-Aldrich



[bookmark: _Hlk12457371]Nanoparticle Synthesis and Coating: Luzonite Cu3AsS4 nanoparticles (NPs) were fabricated according to our group’s previous reports.1–3 Briefly, precursor stock solutions were formed by dissolving sulfur (1 M) or CuCl/AsCl3 (2.8/1 Cu:As molar ratio, 0.2 M CuCl) in FPT OLA for ~2 h at 65 °C with magnetic stirring. A 100 mL three-neck flask containing 10.5 mL OLA was attached to a Schlenk line, evacuated and refilled with argon three times, and refluxed under vacuum for 1 h at 110 °C to remove dissolved gases and light impurities. The flask temperature was increased to 175 °C, at which point 1.2 mL of the S-OLA solution was injected, followed by 3.0 mL of the cation-OLA solution 20 s later. The reaction mixture immediately turned black and reacted for 10 min before removing from heat and cooling naturally to room temperature. NPs were washed via three precipitation and redissolution cycles with ethanol/chloroform mixtures; centrifugations took place at 8 krpm (~9800 xG) for 10 min.
	NPs were dried under argon, dispersed in HT (200 mg/mL), and blade coated onto 2” by 1” molybdenum-coated soda-lime glass substrates at room temperature. The Mo was 800 nm thick and was deposited using DC sputtering. Between coats, substrates were dried at 75 °C for 5 min.

[bookmark: _Hlk12457406]Ampoule Preparation and Heat Treatment: Samples were cut to ¼” by 1” and placed in a 10 mL borosilicate glass ampoule from ChemGlass. ~10 mg As2S2 powder was then added to the ampoule in a nitrogen-filled glovebox, and the ampoule was removed and attached to a Schlenk line while maintaining the inert atmosphere. The ampoule was evacuated and refilled with argon three times, then evacuated again and sealed using a butane torch. 
Sealed ampoules were treated in a horizontal tube furnace (Applied Test Systems, Inc. Series 3210). The furnace was set to the desired temperature and allowed to equilibrate, at which point the ampoule was inserted into the furnace. After a set time, the furnace was opened and allowed to cool by natural convection.  After cooling, the ampoules were broken around the neck by scribing with a diamond tip pen and snapping the neck while wearing cut-resistant gloves.

[bookmark: _Hlk12457504]Ligand Exchange: In order to eliminate carbonaceous residue that could impact optoelectronic measurements, we used a ligand exchange procedure to replace OLA with an As2S3-based molecular metal chalcogenide complex; this method was adapted from previous work.4,5 1 mmol As2S3 was dissolved in 0.43 mL (NH4)2S and 5 mL ultrapure water, and the resulting yellow liquid was filtered. Then, solid yellow (NH4)3AsS3 was isolated by adding acetone and centrifuging, followed by an additional washing step with water and acetone. This ligand was dried and dispersed in FA (0.15 M).
	To conduct the ligand exchange, undried LUZ NPs were dispersed in CHCl3 at ~25 mg/mL and taken into a glovebox, where an equal volume of FA-(NH4)3AsS3 was added. The two-phase mixture was stirred until the FA phase turned dark and the CHCl3 phase became transparent. The clear CHCl3 was drawn off and replaced with fresh CHCl3 for an additional hour of stirring. Then, the CHCl3 was discarded, and 6 mL acetonitrile was added to the FA phase. The mixture was centrifuged at 14 krpm (~17100 xG) for 5 min, and the yellow supernatant was discarded. The pellet was resuspended in 2 mL DMSO followed by 8 mL acetonitrile; this mixture was centrifuged at 14 krpm for 5 min. The supernatant was discarded, and the pellet was resuspended in DMSO (~200 mg/mL) for coating. Removal of carbonaceous ligands was verified by baking this ink at 200 °C in nitrogen and then performing Fourier transform infrared spectroscopy (FTIR).
Ligand exchanged NPs were coated onto desired substrates (Mo-coated soda-lime glass, quartz) by blade coating at 85 °C in air. Between coatings, the sample was dried at 85 °C for 5 min. After all layers were applied, the sample was baked at 130 °C and then 200 °C for 5 min each.
Characterization: GIXRD data were collected on a Rigaku SmartLab diffractometer using a copper Kα X-ray source in parallel beam mode at a grazing incidence angle of 0.5°. X-ray fluorescence data were taken at an accelerating voltage of 50 kV with a Ni filter (10 µm thickness) using a Fisherscope X-Ray XAN 250 with He flow. Raman spectra were taken at an excitation wavelength of 633 nm using a Horiba/Jobin-Yvon LabRAM HR800 confocal microscope system. SEM images were taken on an FEI Quanta scanning electron microscope at an accelerating voltage of 7 kV and a working distance of 10 mm. FTIR data were acquired using a Nicolet Nexus 670 FTIR. Reflectance data was acquired using a Perkin-Elmer Lambda 950 spectrometer with an integrating sphere. Electrochemical measurements were conducted using a home-built quartz cell with a SIN film as the working electrode, a platinum wire (BASi, Inc.) as the counter electrode, and Ag+/AgCl as the reference electrode; the electrodes were attached to a Digi-Ivy D2011 single channel potentiostat. All measurements were taken at a scan rate of 50 mV/s after the open-circuit potential had equilibrated. A xenon arc lamp with AM1.5G filters was used to provide artificial sunlight for photoelectrochemical measurements, and a Si reference cell was used for intensity calibration to 100 mW/cm2. Time-resolved photoluminescence (TRPL) measurements were acquired using a Horiba Fluorolog equipped with a 637 nm laser operating at 1 MHz pulse rate and an InGaAs photomultiplier tube (Hamamatsu H10330-45) for signal detection. Hall effect measurements were performed in the van der Pauw geometry on an Ecopia AHT55T5 system.


Supplemental Figures and Characterization
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FIG. S1.  Magnified sections of the GIXRD spectrum (corresponding to Fig. 1(a) in the main text) of a LUZ NP film heat treated in As2S2 for 10 min at 400 °C. Minor peaks (e.g. 20.8°) present in the reference spectrum (ICSD collection code 236895) are present in the as-synthesized film. The peak at 40° also overlaps with the Mo substrate.
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[bookmark: _Hlk12458320]FIG. S2. Plan-view SEM images of LUZ NPs heat treated in As2S2 at the indicated temperature for 30 min. The 350 °C and 400 °C treatments resulted in micron-sized grains with relatively high packing density, whereas the 450 °C and 500 °C treatments gave isolated groups of grains with significant portions of the substrate exposed.
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[bookmark: _Hlk12458368]FIG. S3. GIXRD and Raman spectra of LUZ NPs heat treated in As2S2 at the indicated temperature for 30 min. GIXRD spectra match with reference spectrum #236895 on the ICSD, and the Raman spectra match well with the spectrum depicted in Figure S1. In the 500 °C GIXRD spectrum, the peak marked with an asterisk (*) matches with the (222) plane of tennantite Cu12As4S13 (reference spectrum JCPDS #01-073-3934). The Cu/As ratios (as determined by XRF) were 1.17, 1.19, 1.22, and 1.09 for the un-etched 350 °C, 400 °C, 450 °C, and 500 °C treatments, respectively.
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[bookmark: _Hlk12458459]FIG. S4. GIXRD and Raman spectra of LUZ NPs heat treated in As2S2 at 400 °C for the indicated time. GIXRD spectra match with reference spectrum #236895 on the ICSD, and the Raman spectra match well with the spectrum depicted in Figure S1. The Cu/As ratios (as measured by XRF with no etching procedure conducted) were 1.33, 1.30, 1.29, 1.22, and 1.21 for the 5, 10, 15, 30, and 60 min treatments, respectively.
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[bookmark: _Hlk12458552]FIG. S5. Cross-sectional SEM image of LUZ NPs heat treated in As2S2 for 10 min at 400 °C. The film demonstrates a bilayer morphology, with micron-thick grains on top of a thinner “fine-grain” layer.
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[bookmark: _Hlk12458711]FIG. S6. Fourier transform infrared spectroscopy (FTIR) spectra of as-synthesized LUZ NPs and ligand exchanged LUZ NPs. The removal of characteristic oleylamine C-H stretches demonstrates the effectiveness of the ligand exchange protocol.
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[bookmark: _Hlk12458907]FIG. S7. Cyclic voltammetry (scan rate = 50 mV/s) on ferrocene dissolved in 0.1 M tetrabutylammonium hexafluorophosphate/acetonitrile solution. The onset current occurs at ~0.3 V vs. Ag+/AgCl.
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