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Abstract 

 Colloidal metal chalcogenide nanoparticles have emerged as a promising hydrazine-free route for the 

fabrication of solution processed electronic devices. While a wide variety of synthetic pathways have been developed 

for these nanomaterials, typical colloidal syntheses rely on the use of metal salts as precursors, which contain anionic 

impurities such as halides, nitrates, acetates, etc. that may incorporate and alter the electrical properties of the targeted 

nanoparticles. In this report, the recent advances in amine-thiol chemistry, and its unique ability to dissolve pure 

metals, chalcogens, and metal chalcogenides, is expanded upon for the fabrication of metal chalcogenide 

nanoparticles. Alkylammonium metal thiolate species are easily formed upon addition of monoamine and dithiol to 

elemental Cu, In, Ga, Sn, Zn, Se, or metal chalcogenides such as Cu2S and Ag2S. These species were then used directly 

for the synthesis of colloidal nanoparticles without the need for any additional purification. The thermal decomposition 

pathway of one such representative alkylammonium metal thiolate species was studied, verifying that only metal 

chalcogenides and volatile byproducts are formed, providing a flexible route to compositionally uniform, phase pure, 

and anionic impurity-free colloidal nanoparticles. Synthetic methods were developed from these precursors to yield 

pure phase colloidal nanoparticles of binary, ternary, and quaternary materials and their alloys including In2S3, (InxGa1-

x)2S3, CuInS2, CuIn(SxSe1-x)2, Cu(InxGa1-x)S2, Cu2ZnSnS4, and AgInS2. Successful synthesis with various experimental 

methods such as heat up, hot injection, and microwave assisted solvothermal reactions were also demonstrated, 

showing the flexibility and greater scope for this new synthesis route.   

 

 

Introduction 

The synthesis of colloidal nanoparticles derived from non-toxic metal chalcogenides is an appealing method of 

fabricating solution processed electronic devices such as photovoltaics. Solution processing holds the potential to 

substantially reduce the manufacturing costs of thin film photovoltaics through high throughput, atmospheric pressure 

processing, high materials utilization, and roll-to-roll compatible deposition over large areas. As such, 

Cu(In,Ga)(S,Se)2, or CIGSSe, and its earth abundant analog Cu2ZnSn(S,Se)4, or CZTSSe are of particular interest for 

the fabrication of p-type absorber layers in photovoltaic applications. CIGSSe based photovoltaics have demonstrated 

high power conversion efficiencies up to 23.35%.1 Solution processing of these metal chalcogenide materials has 

shown significant promise, with molecular precursor based approaches reaching certified power conversion 

efficiencies up to 17.3% for CIGSSe2 and 12.6% for Cu2ZnSnSe4.3 However, both of these solution-processed high 

efficiency devices are fabricated from hydrazine solvent systems which limits the prospects for scalability due to the 

solvent’s highly explosive and carcinogenic nature. In the past decade, a variety of hydrazine-free inks have been 

developed for the solution processing of CIGSSe and CZTSSe photovoltaics. Notably, various molecular precursor 

approaches have emerged making use of metal salts and thiourea in DMSO/DMF,4–6 aqueous based spray pyrolysis 

approaches,7 and metal precursors including metal salts,8,9 metal chalcogenides,10,11 and pure metals10–12 in reactive 

amine-thiol co-solvents. Similarly, colloidal nanoparticles dispersed in non-polar solvents have been explored as 

another low-toxicity approach to solution processing of thin films. Of these reported approaches, the colloidal 

nanoparticle approach has reached promising conversion efficiency of 15% for CIGSSe photovoltaics (a current record 

for a hydrazine-free solution processed approach),13 and efficiencies around 10% for the CZTSSe system and it’s 

alloys14–16 by utilizing Cu(In,Ga)S2 (CIGS) and Cu2ZnSnS4 (CZTS) nanoparticles. This colloidal nanoparticle 

approach is compatible with high mass concentration inks a 200 mg/mL for blade coating13 and inkjet printing,17 

demonstrating the scalability of the technique. 
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The synthesis of CIGS, CZTS and other metal chalcogenide nanoparticles typically relies on the use of non-

chalcogenide metal salts such as metal acetylacetonates, chlorides, iodides, acetates, nitrates, sulfates, oxides, hybrid 

salts such as Sn(acac)2Br2, and various hydrate derivatives.18–24 While careful selection of the salt can tune the 

reactivity in colloidal synthesis, a drawback to this approach is the presence of anionic impurities which can potentially 

introduce contaminant elements. In the case of chlorides, Kar et al. observed a distinct C-Cl bond stretch in FTIR, a 

result of the oleylamine solvent/ligand interaction with chlorine in solution.25 Such chlorine impurity in CIGSSe 

photovoltaic device can act as an n-type dopant, influencing the device performance.26 Similar impurities have been 

observed in molecular precursors making use of metal halide salts where Murria et al. observed presence of chlorine 

in organometallic complexes in the solution as well as in the resultant thin films.27 The highest efficiency CIGSSe 

photovoltaics fabricated from nanoparticles have made use of acetylacetonates salts in place of chloride salts.13 

However, in the case of indium acetylacetonate and acetate, it has been shown that the heat up in the absence of a 

sulfur source in oleylamine yields indium oxide.28 The formation of an oxide phase, especially in the case of the 

extremely stable, high bandgap gallium oxide, can significantly hinder photovoltaic performance.29 Along with direct 

reactions with metals or metal chalcogenides, these anionic impurities can also bind to the nanocrystal surface as a 

covalently bonded X-type ligand to passivate cationic dangling bonds, which necessitates their removal by post 

synthesis meta-thesis type ligand exchange processes.30 

The development of single source organometallic precursors has been explored in colloidal nanoparticle synthesis 

which can avoid the presence of anionic impurities described in the latter case. Metal dithiocarbamates and xanthates 

have been explored for the synthesis of CuInS2 (CIS),31 CIGS,32 and CZTS33 molecular precursors and nanoparticles. 

However, most of these syntheses involve either the use or the formation of water molecules which requires its 

complete removal from the product to avoid the formation of metal oxides at higher reaction temperatures during 

nanoparticle syntheses. Another limitation of this system is the difficulty in forming the selenium containing analogs 

of xanthates and thiocarbamates for selenide nanoparticle synthesis which requires the use of highly toxic carbon 

diselenide.34  Along with these, various other complex organometallic single source precursors have also been 

explored, which include (PPh3)2CuIn(SPh)4, (TOP)3CuIn(S(n-Pr,t-Bu)4, (Ph3P)2Cu(μ-Set)2In(SEt)2, (Ph3P)2Cu(μ-

SEt)2Ga(SEt)2 etc.21 However, these precursors suffer from more complex synthetic pathways and cannot be 

synthesized in-situ for large-scale synthesis. There has been a limited exploration into the synthesis of CIGS and 

CIGSe nanoparticles using pure metals and chalcogens in ethylenediamine via solvothermal synthesis routes. The 

mechanism for these syntheses relies on the reaction of the immiscible liquid metals (In and Ga) with dissolved copper 

and selenium, resulting in polydispersed (30-80 nm) and colloidally unstable nanoparticles35,36 which severely limit 

the prospects of this synthetic method being employed for solution processed device fabrication.  

Recently, amine-thiol chemistry has emerged as a versatile system with the unprecedented ability to dissolve various 

metal precursors including metal salts,8,9 pure metals,10–12 chalcogens,37–39 and metal chalcogenides10,11 at relatively 

high concentrations. These systems have been used to deposit thin films of various metal chalcogenide materials. 

Although these systems have demonstrated promising performances for CIGSSe and CZTSSe thin film photovoltaic 

devices, deposition of thin films using this solvent mixture has various issues due to high reactivity, air sensitivity, 

and highly corrosive nature. Amine-thiol chemistry has largely focused on molecular precursor formation with 

extremely limited reports of nanoparticle synthesis making use of the chemistry. Amine-thiol chemistry has been used 

for the synthesis of limited chalcogenide nanoparticles such as lead chalcogenides, Cu2ZnSnSe4, and CuInSe2, 

however, non-chalcogenide metal salts were still used as cation precursors.38,40 To date, there is only one report of 

elemental metals in amine-thiol solutions used for colloidal chalcogenide nanoparticle synthesis, applied by our group 

to synthesize binary ZnSe nanoparticles.41 

In this report, the benefits from the amine-thiol based molecular precursor approach and colloidal nanoparticle based 

approach are combined, yielding an extremely versatile synthetic pathway for colloidal metal chalcogenide 

nanoparticle synthesis. Amine-thiol chemistry is employed to solubilize elemental metals, chalcogens, and metal 

chalcogenides to create reactive metal thiolate precursors. These metal thiolate precursors are free of any of the 

aforementioned anionic (halide, acetylacetonate, acetate, etc.), oxide, and moisture impurities, and can be used directly 

without the need for additional separation or purification of the precursor solutions. In this report, the versatility of 

the system is demonstrated through the synthesis of a variety of binary, ternary, and quaternary photovoltaic relevant 

nanoparticles including In2S3, (InxGa1-x)S3, CuInS2, CuIn(SxSe1-x)2 (CISSe), Cu(InxGa1-x)S2, Cu2ZnSnS4, and AgInS2. 

The reactive metal thiolates were thermally decomposed in the coordinating solvent oleylamine to form colloidally 

stable, phase pure nanoparticles. The flexibility in the experimental synthetic method was also demonstrated by the 

synthesis of phase pure nanoparticle via hot injection, heat up, and microwave assisted solvothermal reactions. 

Additionally, in the case of sulfide nanoparticles, no additional sulfur source was used due to the presence of covalent 

bonds between the metal center and sulfurs in the metal thiolate precursors, eliminating rapid sulfur-metal intermixing 

concerns present in other synthetic methods.15 Phase purity, compositional uniformity, morphology, size and ligand 



moiety for these particles were investigated by a wide variety of analytical techniques such as XRD, Raman, XRF, 

TEM, STEM-EDS, 1H-NMR, and FTIR. The decomposition pathway of these precursors is further investigated via 

GC-MS and XRD analysis which demonstrates the decomposition of metal thiolates into metal sulfides along with 

few non-contaminating volatile byproducts. Additionally, the control over size and phase of the particles was 

demonstrated through variation of reaction conditions, allowing for tailoring of nanoparticles for specific applications. 

 

Experimental Section 

Materials: Ga pellets (6 mm dia, 99.99999% metals basis) were purchased from Alfa Aesar. Cu (40-60 nm, >99.5% 

metal basis with 2% oxygen), In (100 mesh, 99.99% metal basis), Zn (<50 nm, >99% metal basis), Sn (<150 nm, 

>99% metal basis), Se (100 mesh, 99.99% metal basis), Cu2S (powder, 99.99%), Ag2S (powder, 99.9%), n-

propylamine (PA, 99%), n-octylamine (OA, 99%), 1,2-ethanedithiol (EDT, >98%) and oleylamine (OLA, 70%, 

primary amines >98%) were purchased from Sigma-Aldrich. All chemicals were used as received except for Ga pellets 

and oleylamine. The Surface oxide was removed from as-received gallium pellets using a blade and oleylamine was 

degassed via successive freeze pump thaw cycles prior to use. 

Precursor solution preparation: All precursor inks for hot injection and heat up nanoparticle syntheses were 

prepared by dissolving pure metals in PA and EDT solution at a mole ratio of PA:EDT=2:1. Metal precursor weighing 

and solution preparations were performed in a glovebox under an inert atmosphere of nitrogen (oxygen and moisture 

concentration maintained below 1 ppm). For binary nanoparticle synthesis of indium sulfide, 0.4 M ink was prepared 

by dissolving indium powder in a PA-EDT solution at room temperature. For In-Ga alloyed binary sulfide 

nanoparticles, inks were prepared with various mole ratios of In to Ga such that the total concentration of In+Ga was 

maintained at 0.4 M. Metal dissolutions for CIS, CIGS and CZTS nanoparticle synthesis were performed on a Schlenk 

line under argon atmosphere at 45°C with constant refluxing for faster dissolution to obtain 0.4 M (Cu based) inks. A 

Cu:In mole ratio of 0.9 was used for CIS nanoparticles while Cu/(In+Ga) and Ga/(In+Ga) mole ratios of 0.9 and 0.3 

were used for CIGS nanoparticle synthesis respectively. In the case of CZTS nanoparticle synthesis, Cu/Sn and Zn/Sn 

precursor mole ratios were maintained at 1.92 and 1.2 respectively. Inks used for time study aliquot experiments for 

CIGS nanoparticle syntheses were prepared with Cu concentrations of 0.8 M, keeping the metal ratios constant. Inks 

prepared for CIS nanoparticle syntheses were further used as a solvent for Se powder dissolution to prepare inks for 

CISSe nanoparticle syntheses. Precursor inks for microwave assisted solvothermal syntheses of CIS nanoparticles 

were prepared on a Schlenk line under an argon atmosphere at 65°C in OLA-EDT solution instead of PA-EDT solution 

with an OLA:EDT mole ratio of 2:1, Cu concentration of 0.2 M, and a Cu:In mole ratio of 0.9. An indium precursor 

ink for GC-MS analysis was also prepared under Schlenk line using OA-EDT solution with an indium concentration 

of 0.4 M. For experiments involving metal chalcogenides as starting precursors, inks for CIGS and AgInS2 

nanoparticle synthesis were prepared by mixing two solutions prior to reaction; i. Metal chalcogenide ink (Cu2S or 

Ag2S) in 2:1 mole ratio of PA:EDT with a metal concentration of 0.8 M, ii. Pure metal inks (In+Ga or In) in 2:1 mole 

ratio of PA:EDT with a metal concentration of 0.88 M. 

Nanoparticle Synthesis: For standard heat up reactions, 1 mL of the metal precursor ink in PA-EDT solution was 

mixed with 8 mL of OLA in a 3 neck flask assembly and then heated to desired reaction temperature (285°C for In2S3, 

(InxGa1-x)2S3, CIGS and 250°C for CIS, CISSe, CZTS) under a flowing argon atmosphere on a Schlenk line. A 

condenser with cooling water was used to reflux the reaction mixture until ~150°C, above which, the cooling water 

was disconnected for the duration of the reaction to reduce reflux and remove excess PA-EDT from the reaction 

mixture. The duration of the reaction was measured once the reaction mixture reached the setpoint temperature. CIGS 

aliquot experiments were performed through this heat up procedure using 30 mL of OLA and 3 mL of 0.8 M (Cu 

based) ink. For this experiment, once the reaction mixture reached 285°C, samples were collected over the course of 

the reaction (0 hr, 0.5 hr, 1 hr, 3 hr, 6 hr, 12 hr, and 24 hr) by removing 2 mL of reaction mixture at 285°C using a 

glass syringe with a stainless steel needle and then quenching it in 5 mL OLA maintained at room temperature.  

The standard hot injection reaction for nanoparticle synthesis was performed by heating up 2 solvents separately. 

Reaction solvent i.e. OLA (8 mL) was heated to desired reaction temperature in 3 neck flask assembly while the metal 

precursor ink in PA-EDT (1.5 mL) diluted with an equal volume of OLA (1.5 mL) was heated to 45°C in a one-neck 

flask sealed with a rubber septum. Once both the mixtures reached the set temperature, 2 mL of metal precursor ink 

was quickly injected in hot OLA and then the reaction was continued for the desired duration. Similar to heat up 

process, the cooling water used for reaction reflux was removed after injection to remove the excess quantities of PA-

EDT solvents. The time study on In2S3 nanoparticle synthesis was performed using hot injection approach with 

aliquots at t = 5 min, 1 hr, 6 hr, and 18 hr collected in the manner similar to the CIGS heat up experiment.   

For the microwave assisted solvothermal reaction route, 1 mL of 0.2 M (Cu based) CIS-OLA-EDT ink was diluted 

to 5 mL with OLA and sealed with a crimped PTFE coated silicone septa cap on a 5 mL borosilicate glass microwave 



reactor with magnetic PTFE stir bar. The reaction was carried out for 15 min at 225°C with a stirring rate of 600 rpm 

using a Biotage Initiator EXP 400W microwave reactor. 

All particles formed through heat up, hot injection, or microwave assisted solvothermal route were washed using 

the same procedure. The cooled reaction mixture was transferred to a centrifuge tube and was centrifuged at 14000 

rpm for 5 min using isopropanol as an antisolvent. The supernatant from this process was discarded and the 

precipitated particles were re-dispersed in hexanes. This process was repeated 3 times to remove excess OLA from 

the nanoparticles. Finally, the nanoparticles were dried under argon flow to remove residual washing solvents and 

then stored in an inert atmosphere for further analysis. 

Material Characterization: X-ray diffractograms (XRD) were obtained using a Rigaku Smart Lab diffractometer 

in Parallel-Beam mode, using a Cu Kα (λ = 1.5406 Å) source operating at 40 kV/44 mA. Transmission electron 

microscopy (TEM) images were collected using Tecnai G2 20 TEM with an accelerating voltage of 200 kV. STEM-

EDS data were collected on Talos 200X TEM containing four silicon drift detectors using SiN grid. Atomic force 

microscopy was performed using digital instruments multimode atomic force microscope with a IIIa controller under 

contact mode. Absorption data for particles were collected using the Agilent Cary 60 UV-Vis Spectrophotometer in 

transmission mode on soda lime glass substrate. Raman spectra were collected on a Horiba/Jobin-Yvon HR800 

microscope with an excitation laser wavelength of 632.8 nm. FTIR spectra were collected on Thermo-Nicolet Nexus 

670 FTIR unit in transmission mode using NaCl crystal substrates. 1H-NMR spectra were collected using a Bruker 

AV-III-400-HD instrument and deuterated chloroform as a nanoparticle dispersing solvent along with ethylene 

carbonate as a NMR standard. Bulk nanoparticle composition was analyzed using a Fisher XAN 250 X-ray 

fluorescence (XRF) instrument at 50 kV voltage with primary Ni filter containing silicon drift detector.  Gas 

chromatography mass spectrometry was performed using Agilent 5975C MSD (mass selective detector) equipped 

with a 7890A gas chromatograph. The column used during this analysis was a DB-5MS 30m x 0.25mm x 0.25um 

film. The full scan EI spectra were obtained from 30-400 amu.  

 

Result and Discussion 

Synthesis of CIS Nanoparticles: 

The synthesis of nanoparticles from elemental metals using amine-thiol chemistry proceed under two regimes, metal 

thiolate formation and their thermal decomposition to metal chalcogenides. The formation of metal thiolate species 

takes place via the reaction of a metal with an amine-thiol solution. Our group has reported elsewhere the solution 

chemistry of elemental indium and copper after reactive dissolution with a monoamine and dithiol solution.42 The 

species formed from these dissolutions were identified as an alkylammonium bis(1,2-ethanedithiolate) indium (III) 

complex and alkylammonium high nuclearity copper (I) thiolate clusters in the case of indium and copper dissolutions 

respectively. These species have shown high solubility in the bulk amine-thiol solution, making a homogenous 

precursor that does not require any additional purification. Traditionally, a mixture of ethylenediamine and 

ethanedithiol is used for the dissolution of pure metals and subsequent fabrication of thin film metal chalcogenides. 

However, in this work a mixture of propylamine and ethanedithiol is used for pure metal dissolution due to 

propylamine’s higher volatility as compared to ethylenediamine (ethylenediamine b.p. 116°C, propylamine b.p. 

47.8°C), allowing for better removal through volatilization during high temperature nanoparticle synthesis. This 

prevents short chain ligands from binding, which may compromise colloidal stability. For CIS nanoparticle synthesis, 

copper and indium were dissolved together in PA-EDT solution as described in the experimental section. The 

completion of metal thiolate formation was indicated by disappearance of metal powders and a color change to a clear 

pale yellow/orange solution. In the second regime, the dissolved metal thiolates were thermally decomposed in the 

presence of a coordinating solvent to create a colloidally stable nanoparticle suspension. Oleylamine was selected as 

the coordinating solvent for reaction due to its wide use in colloidal syntheses of copper based metal chalcogenide 

nanoparticles.21 Oleylamine’s high boiling point of ~350°C and excellent thermal stability allow for high temperature 

synthesis. Additionally, its long carbon chain length affords excellent colloidal stability through steric hindrance 

between nanoparticles while strongly coordinating to the nanoparticle surface via the nitrogen lone pair on the amine.43 

Hot injection is a commonly used approach for the synthesis of CIS nanoparticles.18,21 The hot injection approach 

was explored using the procedure described in the experimental section whereby the metal thiolate precursor diluted 

with OLA was injected into preheated OLA. After a swift injection, the reaction was held at 250°C for a duration of 

one hour followed by natural cooling. Purified particles were obtained from this reaction mixture following a particle 

washing process as explained in the experimental section. The XRD spectrum for synthesized particles is shown in 

Figure 1a, confirming the formation of CIS material. The absence of any binaries was further confirmed via Raman 

analysis (Figure S1) and an average particle size of around 6-8 nm was observed from the TEM image of these particles 

(Figure 1b). The traditional hot injection method is generally considered to suffer from poor scalability due to mixing 

concerns in high volume reactions, and irreproducibility concerns from the injection itself. These concerns are largely 



mitigated while using the developed amine-thiol approach. Especially, the intermixing of separate metal cation and 

sulfur solutions is eliminated due to the covalently bonded metal centers with sulfur atoms in the metal thiolate 

precursors. 

Despite the success with this improved hot injection route, the reaction conditions like the local concentration at the 

point of injection and the impact it has on ligand coordination may affect the reaction kinetics as the result of mixing 

dynamics. An alternative experimental technique that is widely considered more scalable than the hot injection method 

is a one pot heat up method, which has demonstrated easily scaled reactions with greater than gram scale syntheses of 

metal chalcogenide nanoparticles. To study the one pot heat up synthesis of CIS nanoparticles using amine-thiol 

precursors, reaction parameters were chosen as described in the experimental section. Unlike hot injection experiments 

for CIS nanoparticles where the CIS precursor is exposed to high temperature (250°C) very rapidly resulting in 

immediate nucleation of nanoparticles, the heat up process exposes the precursor solution to various increasing 

temperatures over a much longer time scale. During this heat up process, the initially clear pale yellow/orange reaction 

mixture turned transparent dark yellow at around 120°C and at approximately 140°C, the reaction mixture turned dark 

brown/black suggesting the nucleation of nanoparticles. The reaction was ramped to 250oC and maintained at this 

temperature for 1 hour. Although this approach is suitable for large scale batch reactions, it tends to form slow-to-

consume binary phases at temperatures below the reaction dwell temperature and affect the properties of synthesized 

particles.34 However, the resultant XRD spectrum (Figure 1) and Raman spectrum (Figure S1) for synthesized particles 

confirm formation of CIS material without any binary phases with average particle size in the range of 6-8 nm, similar 

to that of hot injection method (Figure 1b).  

Another scalable synthetic method based on heat up principles is microwave assisted solvothermal reaction which 

was utilized to demonstrate flexibility in nanoparticle synthesis routes from amine-thiol precursor solutions. To avoid 

the over pressurization of the reaction vessel, a metal precursor ink for this reaction was formulated using OLA-EDT 

instead of PA-EDT as described in the experimental section. Due to the equipment limitation, the reaction was carried 

out at slightly lower temperature (i.e. 225°C instead of 250°C) for 15 min, resulting in smaller particle sizes (< 5nm) 

as can be seen from Figure 1b. The XRD for these particles (Figure 1a) show a broader peak at 27.9° with the absence 

of a peak near 32.3° when compared to heat up and hot injection particles. This variation in XRD spectrum could 

result from increased FWHM due to smaller particle size or formation of wurtzite phase CIS, possibly due to the 

different reaction conditions such as lower initial thiol volume, high pressure, rapid heating, retention of volatile 

species (notably thiols), etc. The Raman spectrum of these particles also supports formation of CIS but with reduced 

crystallinity observed from peak broadening for A1 mode of CIS particles at 294 cm-1 (Figure S1).

 

 
Figure 1. (a) XRD analysis and (b) TEM images of CIS nanoparticles synthesized using hot injection, heat up and 

microwave assisted solvothermal reactions. HRTEM image on bottom right corresponds to heat up synthesized CIS 

nanoparticles. (Chalcopyrite and wurtzite phase CIS standards with ICSD collection code 186714 and 163489 

respectively)  

 

Metal Thiolate Decomposition Mechanism to Metal Chalcogenide Nanoparticles: 

The dissolution of metals in amine-thiol solutions have shown to form metal thiolate species which break upon 

heating to metal chalcogenide materials. Unlike CIS which has little to no solubility in amine-thiol solutions, binary 



chalcogenides including In2S3, Cu2S, and CuS have reasonable solubility in amine-thiol solutions. This may suppress 

the nucleation of binary chalcogenides in the presence of ethanedithiol and oleylamine at temperatures below 

ethanedithiol’s boiling point of 146°C, resulting in phase pure CIS nanoparticle synthesis. To understand the thermal 

decomposition mechanism of metal thiolates into metal chalcogenides, the exposure of an individual metal thiolate 

species to higher temperatures was investigated. This can be done by performing a reaction of either Cu or In thiolate 

at higher temperatures to form copper sulfide or indium sulfide respectively. As the indium thiolate complex in an 

amine-thiol solution is well defined, it was chosen to study the reaction mechanism and the effect of amine-thiol 

solvents on nucleation of binary metal chalcogenides.    

The synthesis of binary indium sulfide was carried out at 285°C via the hot injection route as described in the 

experimental section. Immediate injection of the In-PA-EDT (diluted in OLA) ink in preheated OLA resulted in a 

vibrant yellow color suspension suggesting the formation of indium sulfide particles. Aliquots at different time 

intervals (5 min, 1 hr, 6 hr, and 18 hr) were collected for analysis after injection of the precursor ink. The XRD spectra 

collected on the particles obtained after purification are shown in Figure 2a. The first aliquot taken 5 minutes after 

injection shows broad XRD peaks, indicative of the low crystallinity of the formed material. The peak centered at a 

2θ of 19.5° matches closely to the trigonal crystal structure of In1.95S3. Subsequent aliquots show the conversion of 

trigonal crystal structure to tetragonal In2S3 crystal structure with complete phase purity achieved after maintaining 

the mixture at the reaction temperature for 18 hours. Compared to the ICSD standard for In2S3, the XRD spectrum of 

synthesized material shows different relative peak intensities which suggest a relatively different crystal orientation 

in the synthesized material.    

Along with phase evolution with time, the indium sulfide nanoparticles formed via this route also show structural 

evolution from amorphous nano-wire-like structures (5 min reaction) to crystalline faceted 2D nano-sheet-like 

structures (18 hr reaction) as shown in Figure 2b. The conversion of In1.95S3 to In2S3 over 18 hours is suspected to be 

an effect of ethanedithiol quantity in the solution, while the increasing crystallinity could be attributed to the longer 

annealing times at the reaction temperature. It is hypothesized that the removal of ethanedithiol (which can act as a 

sulfur source during the reaction), due to boiling off from continuous heating at 285°C, could drive the sulfur reduction 

in the trigonal crystal structure resulting in tetragonal In2S3. This hypothesis was verified by injecting an indium ink 

with a reduced EDT quantity, prepared using PA:EDT mole ratio of 11:1 instead of 2:1, into OLA at 285°C. This 

injection resulted in a mixture of In1.95S3 and In2S3 after one hour of reaction with a relatively higher quantity of In2S3 

as compared to the previous indium sulfide synthesis (Figure S2), specifying the role of thiol quantity on the phase of 

indium sulfide particles.  

 

 
Figure 2. (a) XRD analysis and (b) TEM images of indium sulfide particles synthesized using hot injection route with 

different time aliquots showing amorphous to crystalline transition with time. (Tetragonal phase In2S3 and trigonal 

phase In1.95S3 standards with ICSD collection code 151645 and 244280 respectively)

 

The effect of thiol quantity and its role in the formation of phase pure In2S3 was further exploited to understand the 

complete reaction pathway for converting metal thiolate species to metal chalcogenides. For this purpose, a microwave 

assisted solvothermal route, which has the ability to contain all the reaction products and byproducts in one sealed 

vessel, was used. The indium ink used for this reaction was prepared in OA-EDT mixture instead of PA-EDT mixture 

to maintain comparatively low pressure in the sealed reaction vessel when heating to 200°C. The amount of 



ethanedithiol used for the indium precursor preparation was the minimum required amount for dissolution according 

to the stoichiometry discussed by Zhao et al. to form phase pure In2S3 and to avoid binary redissolution after reaction 

completion.42 This reaction was carried out for 15 min at 200°C via microwave heating followed by natural cooling 

to room temperature. The reaction mixture was then centrifuged in an inert atmosphere without the addition of an 

antisolvent to precipitate indium sulfide nanoparticles from solution. The supernatant obtained from this separation 

was analyzed using GC-MS to identify liquid and dissolved gas byproducts formed during the metal thiolate thermal 

decomposition. Octylamine, with an elution time of 11 minutes in the GC column, was a major component in the 

reaction mixture. To avoid its domination in GC spectra, the sample was analyzed up to a 10 min elution time. Results 

obtained from this analysis are presented in Figure S3, showing three peaks in the GC spectrum at elution times of 

around 1.35 min, 2.1 min and 6.1 min. After analysis in the mass spectrometer, the peaks were assigned to H2S, 

thiirane, and 1,2-ethanedithiol respectively. Based on the indium thiolate structure proposed by our group for an 

indium-hexylamine-ethanedithiol solution42 in conjunction with the GC-MS analysis of reaction products, a balanced 

chemical reaction is proposed in Scheme 1. This reaction demonstrates the clean decomposition of metal thiolate to 

metal chalcogenide and volatile byproducts that will quickly evaporate from the reaction mixture at high temperature, 

supporting the use of amine-thiol chemistry for impurity-free metal chalcogenide nanoparticles synthesis.  

 

Scheme 1. Proposed reaction mechanism for indium sulfide 

synthesis from an alkylammonium indium thiolate species 

 

   
 

 

In the case of ternary CIS nanoparticle synthesis, the copper complex is present alongside the indium complex. The 

decomposition of the copper-thiolate complex alone in OLA is found to form mixed phase copper sulfide material as 

verified by XRD (Figure S4). This multiphase copper sulfide formation could be attributed to the presence of variety 

of copper complexes in Cu-amine-thiol solution as opposed to well-defined single indium complex in In-amine-thiol 

solution as studied by Zhao et al.42 Although multiple complexes were proposed for copper (I) thiolates, the structural 

motif for these structures is similar to the indium thiolate complex. So, it is expected that the copper species also 

undergo a similar decomposition pathway as indium species giving similar volatile byproducts. It is believed that the 

co-existence of copper and indium thiolate species in the solution directly nucleates the ternary phase CIS at relatively 

low temperatures of ~120-140°C, while keeping the binaries dissolved under the boiling point of ethanedithiol, 

demonstrating a viable reaction pathway to avoid deleterious binary formation. 

 

Alloying: 

In/Ga alloying: 

Along with pure metal chalcogenides, alloyed materials formed via metal or chalcogen alloying provide tunability 

of various optoelectronic properties. In the case of CIS photovoltaics, alloying of indium/gallium, and selenium/sulfur 

has led to substantial improvements in photovoltaic power conversion efficiencies through bandgap tunability and 

grading. As such, metal alloying was investigated for the amine-thiol based synthetic methods developed in this report. 

Alloying was first tested with the incorporation of Ga into indium sulfide nanoparticles. From the available literature, 

the dissolution of gallium by the amine-thiol route has been possible only in the presence of selenium using diamine-

dithiol mixtures, limiting the possibility of gallium containing pure sulfide materials.11 However, in our group’s work, 

it was discovered that gallium could be co-dissolved with indium in a monoamine-dithiol solution without selenium.44 

This enabled the novel preparation of indium gallium sulfide nanoparticles in this work. For these experiments, In+Ga 

solutions were prepared in PA-EDT mixtures at Ga/(In+Ga) mole ratios of 0.5 (50% Ga) and 0.9 (90% Ga) with a 

total In+Ga concentration of 0.4 M. A hot injection reaction (as described in the experimental section) was performed 

using these solutions for a duration of 1 hour at 285°C. XRD analysis of the resulting nanoparticles is presented in 

Figure S5, showing a shift in trigonal In2S3 peak and the presence of a new broad peak at around 30o suggesting the 

incorporation of gallium. The XRD obtained with Ga incorporation also shows the reduced crystallinity of the 

nanoparticles as compared to the pure indium sulfide. This variation is also observed in the particle morphology, 

where faceted 2D nano-sheet-like structures break down to nano-wire-like structures (Figure S6) with increasing Ga 

content. The lower crystallinity observed in Ga rich material is in agreement with the literature, as gallium sulfide 

materials are known to exhibit poor crystallinity, even up to synthesis temperatures of 400°C.45 The incorporation of 



Ga in the bulk material was also analyzed using X-ray fluorescence, which confirmed the Ga/(Ga+In) ratio of 0.42 

and 0.85 in final material for reactions with starting Ga/(Ga+In) ratio of 0.5 and 0.9 respectively. Although the bulk 

material showed incorporation of Ga, the amorphous nature of XRD makes it difficult to verify the presence of alloying 

in the material. The possibility of the formation of two different phases in the reaction, one with amorphous Ga2S3 

and other with small In2S3 particles, cannot be completely ruled out based on the XRD pattern. So, to confirm the 

indium-gallium alloying, UV-Vis absorption spectroscopy was performed on thin films cast from suspensions of the 

purified nanoparticles. As the direct bandgap of pure In2S3 is ~2.1 eV and that of Ga2S3 is ~3.45 eV, the gradual 

increase observed in optical bandgap of (In,Ga)2S3 with increasing Ga content supports the formation of gallium 

alloyed indium sulfide nanoparticles and eliminates the possibility for discrete In2S3 and Ga2S3 formation. The 

homogeneity of Ga incorporation within single nanoparticle was further verified via STEM-EDS mapping of the 

material containing 50% starting Ga content and is shown in Figure 3b, while the uniformity between multiple 

nanoparticles is presented in Figure S7. The thickness of one of these particles was observed in the range of 4-6 nm 

when measured using atomic force microscopy, which confirms the nano-sheet-like nature of this material (Figure 

S8).  

 

 
Figure 3. (a) Tauc plot for the data obtained through UV-

vis absorption spectroscopy on indium-gallium sulfide 

nanoparticles with different gallium content. (b) STEM-

EDS elemental mapping of indium-gallium sulfide 

nanoparticles containing 50% Ga.  

 

The successful alloying of gallium into indium sulfide was further applied to the ternary alloy system of CIGS using 

a one-pot heat up process similar to the aforementioned CIS nanoparticle synthesis. To study the incorporation of 

gallium and phase purity as a function of temperature, aliquots were collected at temperature intervals of around 25°C 

starting at 175°C to the final reaction temperature of 285°C. The Raman spectrum of the first aliquot collected at 

175°C shows the absence of any binary metal chalcogenides and confirms the formation of CIS (Figure S9, black 

spectrum). The XRD peak near 2θ of 46.5o shows a gradual shift towards higher angle demonstrating the incorporation 

of Ga into the CIS crystal structure as a function of temperature (Figure 4a). This Ga incorporation was further 

confirmed by analyzing the bulk composition of purified particles using X-ray fluorescence technique (Figure 4b). 

While at 175°C, very little gallium had incorporated into the nanoparticles, by 285°C, XRF analysis confirmed that 

the CIGS nanoparticles achieved the target composition of Ga/(Ga+In) = 0.3. As is consistent in other CIGS synthetic 

pathways, gallium incorporation indeed requires higher temperatures than CIS nanoparticle formation.21 However, for 

this study, aliquots were taken during heat up process with no dwell time at each temperature. Additional dwell time 

at lower temperatures may provide a route to form the targeted CIGS composition without heating to higher 

temperatures. 

Along with the effects of the gradual increase in reaction temperature on particle composition, the size of the 

particles was also studied with respect to time. After reaching the reaction temperature of 285°C, aliquots were 

collected at t = 0 hr, 0.5 hr, 1 hr, 3 hr, 6 hr, 12 hr, and 24 hr. The average nanoparticle size analyzed via transmission 

electron microscopy (Figure 4c) and XRD (Figure S10) shows a gradual increase in particle size with respect to time, 

reaching an average particle size of >15nm for the 24 hr reaction. The CIGS particles formed via this amine-thiol 

route have shapes and size distributions similar to the previously discussed CIS syntheses. While the bulk composition 

of the synthesized nanoparticles measured by XRF shows that the targeted composition was reached, the elemental 

uniformity within single particles was analyzed using STEM-EDS. The elemental mapping obtained for 3 hr reaction 

particles from STEM-EDS analysis of two adjacent particles is shown in Figure S11, which confirms elemental 

uniformity between two particles as well as within a single particle. The particles were also analyzed via FTIR and 



1H-NMR techniques, confirming the presence of oleylamine on particle surface acting as a ligand (Figure S12). This 

provided a stable particle suspension in nonpolar (or very low polarity) solvents like toluene under an inert atmosphere 

for well over 6 months with no visible settling, exemplifying the excellent colloidal stability of the nanoparticles. 

 
Figure 4. (a) XRD analysis focused on a peak near 2θ of 46.5o and (b) Plot summarizing X-ray fluorescence analysis 

on CIGS nanoparticles showing gallium incorporation as a function of temperature. (c) TEM images of CIGS 

nanoparticles showing size variation as a function of time 

 

S/Se alloying: 

Similar to metal alloying, chalcogen alloying of various semiconducting materials also provide tunability in material 

properties. In the case of CIS, incorporation of Se into the CIS crystal structure reduces the bandgap of the material 

from 1.5 eV for the pure sulfide to 1.0 eV for the pure selenide.46 As the amine-thiol solvent system also dissolves 

pure chalcogens, it provides additional benefits over traditional synthesis routes for metal selenide nanoparticles,38 

which often rely on alkyl-phosphines for dissolution.18,21 Utilizing the elemental Se dissolution ability of the amine-

thiol system, CISSe nanoparticles were synthesized through a one pot heat up process. The formation of sulfur-free 

selenides through the pure metal amine-thiol route is challenging and relies on excess selenium in the reaction mixture 

due to the covalent bonding between the metal atom and the sulfur in the metal thiolate complex.  To study the 

incorporation of Se in the metal chalcogenide structure, various quantities of Se powder were dissolved in the CIS 

solution prepared in PA-EDT solvent to obtain Se/(Cu+In) ratios of 0, 0.5, 1, and 2 in the precursor ink. The XRD 

analysis of synthesized particles is presented in Figure S13 while a representative shift observed in the XRD peak near 

2θ of 27o (112 plane) shown in Figure 5a, demonstrates the transition of CIS to CISSe with increasing Se quantities. 

This incorporation of Se studied via Raman analysis is shown in Figure 5b. The disappearance of CIS Raman peaks 

at around 294 cm-1 and 340 cm-1 with increasing Se content in the reaction mixture and the simultaneously increasing 

intensity of CISe peaks at 180 cm-1 and 228 cm-1, confirms the transition of pure CIS to a sulfur poor CISSe 

nanoparticles. XRF analysis performed on these particles also supports this trend with Se/(Cu+In) ratios of 0, 0.44, 

0.75, and 0.92 obtained for starting Se/(Cu+In) ratios of 0, 0.5, 1, and 2 respectively. The elemental mapping of CISSe 

nanoparticles with Se/(Cu+In) ratio of 0.92 is shown in Figure S14, which confirms uniform incorporation of Se and 

the presence of residual S in the particles. It is expected that additional increases in the Se/(Cu+In) ratio in starting 

precursor will drive the reaction to increasingly pure selenide material. While reaction time was not extensively studied 

for selenium alloying, longer reaction times may also allow for more complete incorporation of selenium into the 

synthesized material. 

 



 
Figure 5. (a) XRD analysis, focused on a peak near 2θ of 

27o (Chalcopyrite phase CIS and CISe standards with 

ICSD collection code 186714 and 73351 respectively) and 

(b) Raman spectroscopy analysis on CISSe nanoparticles 

as a function of Se quantity.  

 

Versatility of Synthesis Route: 

Synthesis of CZTS nanoparticles: 

Due to the high demand and scarcity of indium, the search for earth-abundant metal chalcogenide photovoltaic 

materials led to the development of the CZTS material system which is analogous to the CIGS system. The chemistry 

explored for the synthesis of binary indium sulfide, indium gallium sulfide and ternary CIS, CIGS, CISSe was applied 

to the quaternary system of CZTS as the pure Zn and Sn metals are soluble in the amine-dithiol mixture. A CZTS 

nanoparticle synthesis was performed via a heat up process as explained in the experimental section. As many 

traditional syntheses of CZTS material in OLA are carried out at 250°C, the same temperature was chosen for this 

reaction. The reaction was carried out for a total of 3 hours after the reaction mixture had reached 250°C. After 

purification, the nanoparticles were analyzed via XRD, Raman, and STEM-EDS analysis. The XRD spectrum 

collected on these particles confirms the formation of kesterite phase CZTS nanoparticles (Figure 6a). These particles 

are smaller in size when compared to CIS particles synthesized under similar reaction conditions (Figure 6b). 

Traditionally, syntheses of CZTS nanoparticles are known to form compositional inhomogeneities with particle size 

distribution. Various approaches including longer reaction time, size selective particle separation, change in precursor 

injection sequence etc. were adopted to reduce this inhomogeneity.15,47,48 Unlike these syntheses, the nanoparticles 

obtained for the CZTS system using the chemistry in this work show reduced polydispersity suggesting better 

homogeneity in particle composition, possibly caused due to metal-sulfur covalent bond in the precursor solution. 

This uniformity is also supported by elemental mapping of CZTS particles obtained via STEM-EDS analysis (Figure 

S15). Raman analysis performed on these particles also confirm the formation of CZTS material with characteristic 

peaks observed at 289 cm-1, 339 cm-1 and 374 cm-1 dominating the spectrum (Figure S15). Due to the very similar 

Raman spectra of Cu2SnS3 (CTS) and CZTS, and also the presence of a possible minor peak at 356 cm-1, the 

coexistence of a secondary CTS phase in the nanoparticles cannot be ruled out. This secondary phase, if present, is 

commonly observed for CZTS nanoparticle synthesis.15  

 

 



 
Figure 6. (a) XRD analysis (simulated kesterite phase 

CZTS standard obtained from JCPDS 26-0575) and (b) 

TEM image of CZTS nanoparticles. (c) XRD analysis 

(Orthorhombic phase AgInS2 standard with ICSD 

collection code 51618) and (d) TEM image of AgInS2 

nanoparticles. 

 

Using Metal Chalcogenide Precursors: 

Interestingly, it was found that high purity copper (>3N) was extremely difficult to dissolve, and its dissolution only 

marginally took place over several weeks in PA-EDT solutions. Typically, nanopowders of copper were used as a 

feedstock to ensure dissolutions over the course of days as opposed to weeks. However, these as received nanopowders 

of copper typically contained a small fraction of surface oxide, which is not ideal in the pursuit of impurity-free 

feedstocks (Figure S16a). It is unclear whether the higher reaction/dissolution rate was purely a function of 

nanoparticle size or if the small oxide content catalyzed the reaction and is currently the topic of further study. Because 

metal sulfides are known to be readily soluble in amine-thiol solutions, the copper nanopowder was easily replaced 

with high purity (4N) copper (I) sulfide, which did not contain any appreciable oxide content (Figure S16b). It was 

found that copper sulfide was rapidly soluble in propylamine-dithiol mixtures. Higher solubility and higher dissolution 

rates were observed when Cu2S was dissolved separately from In/Ga. The Cu2S and In/Ga precursor solutions were 

mixed after complete dissolution yielding a 0.8M (Cu based) solution of Cu2S, In, and Ga complexes. The mixed 

metal sulfide/pure metal precursor solution was used under identical reaction conditions as the previous CIGS heat up 

reactions from pure metal precursor solutions. Slightly different reactivity was observed when using copper sulfide as 

a precursor, with the initial color change from a transparent yellowish solution to a dark blackish brown suspension 

observed between 90-110°C as opposed to 120-140°C for the pure metal precursor case. It is hypothesized that the 

additional sulfur in solution from the Cu2S precursor as compared to the pure metal case may enhance the net reactivity 

and may initially form CIS at a lower temperature. XRD and Raman spectra, collected on purified nanoparticles 

obtained after 3 hr of reaction, as shown in Figure S17, confirm the presence of phase pure chalcopyrite CIGS 

nanoparticles and the TEM image of these particles also show similar average size compared to nanoparticles 

synthesized from pure metal precursor inks. 

The use of metal sulfides in place of pure metals is also advantageous in the case where the pure metal is insoluble 

in amine-thiol solutions. This was demonstrated for the synthesis of AgInS2 nanoparticles. Although there have been 

reports on co-dissolution of silver with copper, zinc and tin precursors in diamine-dithiol solution, 49 we observed no 

solubility of pure silver with or without indium in amine-thiol solution. In its place, we find that Ag2S can be 

solubilized in under a minute at room temperature using PA-EDT solutions at a concentration of 0.8M (Ag based). 



Synthesis of AgInS2 was performed by mixing precursor inks of Ag2S-PA-EDT and In-PA-EDT. These precursor inks 

were diluted with OLA and used for a hot injection reaction at 250°C for one hour. The XRD obtained for these 

particles supports the formation of orthorhombic AgInS2 system as can be seen from Figure 6c. A very weak 

diffraction signal observed at 30.3o does not correspond to orthorhombic AgInS2, rather it represents a marginal 

presence of tetragonal phase AgInS2. Unlike CIS nanoparticles, the particles obtained for AgInS2 system are bigger 

and polydisperse with sizes in the range of 50-200nm (Figure 6d). The effect of various Ag precursors and their 

corresponding reactivity resulting in diverse as well as larger particle morphology has been studied in a literature50 

which suggests the possibility of greater reactivity of Ag-amine-thiol precursor as compared to traditional Ag salt 

precursors. Further optimization of reaction conditions such as temperature, time, solvent etc., is required for better 

control over the size of the particles. 

 

Synthesis of Wurtzite Phase CIGS nanoparticles: 

While demonstrating the versatility of nanoparticle synthesis through the dissolution of variety metal precursors, 

this chemistry also provided a route to control the phase of a material via a change in the reaction conditions. As 

mentioned earlier, microwave assisted route for CIS nanoparticles suggested a possible formation of wurtzite phase 

which was suspected to be a result of different reaction conditions obtained in microwave assisted synthesis compared 

to normal heat up or hot injection route. The microwave assisted solvothermal route is in principle similar to heat up 

route except it has a faster heating rate, higher reaction pressure, and volatile byproducts are retained in the sealed 

vessel. To identify the role of heating rate in the formation of wurtzite phase material, another heat-up synthesis was 

carried out for CIGS nanoparticles with a faster heating rate under ambient pressure. The heating rate used during the 

aliquot experiment in the previous section for chalcopyrite CIGS nanoparticles was on average 4.4°C/min. This rate 

was changed to an average value of 8.8°C /min and a similar aliquot time study was performed. The XRD analysis 

(Figure 7) of initial aliquots show similar spectrum to that of microwave assisted CIS nanoparticles with peak 

broadening at 2θ of 28.2° and absence of the peak at 2θ of 32.5° (note that these positions are different from CIS peak 

positions due to the incorporation of Ga). Particles obtained after 18 hours of reaction showed 3 unique sharp peaks 

near 2θ of 28.2° and a new peak at around 2θ of 50.7°, confirming the formation of wurtzite phase CIGS. TEM image 

of the 3 hr reaction particles (Figure S18) shows a similar particle size of around 10 nm as compared to 3 hr 

chalcopyrite CIGS.  

 

 
Figure 7.  X-ray diffraction analysis on CIGS 

nanoparticles as a function of time synthesized via heat up 

synthesis with 8.8°C /min heating rate showing the 

formation of wurtzite phase. (Wurtzite phase CIS standard 

with ICSD collection code 163489) 

 

Conclusion 

In summary, the metal dissolution ability of the reactive amine-thiol solvent system was utilized for anion impurity-

free colloidal syntheses of semiconducting metal chalcogenide nanoparticles, an alternative to traditional metal salt 



based nanoparticle syntheses. Metals like Cu, In, Ga, Zn, Sn, Se were used in their elemental form to synthesize 

alkylammonium metal thiolate species using a propylamine and ethanedithiol solution. The thermal decomposition of 

these precursors was then studied using XRD and GC-MS analysis revealing a clean conversion of metal thiolates to 

metal chalcogenides along with volatile byproducts. Using this route, anion impurity-free, phase pure syntheses for 

binary In2S3, ternary CuInS2 and quaternary Cu2ZnSnS4 systems were demonstrated. Uniform metal alloying between 

In and Ga was also successfully achieved for the binary alloy (InxGa1-x)2S3 and the ternary alloy CIGS system, while 

chalcogen alloying with Se was demonstrated for the CISSe system. The success of heat-up, hot injection and 

microwave assisted solvothermal route for synthesizing phase pure material provided flexibility in experimental 

methods while the formation of different size, shape, and phase of nanoparticles via selective reaction parameters 

provided control over reaction products from these new precursor solutions. The applicability of this route was further 

explored by preparing precursor inks using metal chalcogenides instead of pure metals, which still avoid the use of 

any foreign impurity, to synthesize ternary metal chalcogenide nanoparticles of CIGS and AgInS2. 
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CIS Nanoparticle Synthesis: 

CIS nanoparticles synthesized from various experimental methods including the hot injection, one pot heat up and 

microwave assisted solvothermal routes yield phase pure material without any presence of binary as can be seen 

from Raman analysis. 

 

Figure S1. Raman spectroscopy analysis of CIS nanoparticles synthesized using hot injection, heat up and 

microwave assisted solvothermal reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Effect of Thiol on Indium Sulfide Particles: 

The evolution of amorphous trigonal indium sulfide to more crystalline tetragonal indium sulfide as a function of time 

could be related to the amount of thiol present in the reaction solution as a function of time. To verify this hypothesis, 

reactions were carried out for 60 min with varying quantity of thiol in the starting reaction solution. Although both 

the reactions resulted in mixture of amorphous trigonal indium sulfide and crystalline tetragonal indium sulfide, the 

reaction with reduced thiol quantity resulted in higher fraction of crystalline material as compare to reaction with 

excess thiol, supporting the hypothesis for thiol effect. 

 

Figure S2. XRD analysis of indium sulfide particles synthesized using hot injection route for 60 min reactions with 

different thiol quantities. (Tetragonal phase In2S3 and trigonal phase In1.95S3 standards with ICSD collection code 

151645 and 244280 respectively) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



GC-MS Analysis of Indium Sulfide Reaction: 

 

Figure S3. (a) Total ion chromatogram collected for indium-octylamine-ethanedithiol solution. Analyzed mass 

spectrum of isolated peak at elution time of (b) 1.35 min, (c) 2.1 min and (d) 6.1 min.  

 

 

Cupper Sulfide Synthesis: 

 

Figure S4. XRD analysis of nanoparticles synthesized via hot injection of Cu-PA-EDT ink in OLA showing 

formation of different phases of copper sulfides. (Cu2S, Cu1.8S, CuS2 and CuS standards with ICSD collection code 

200988, 95395, 100510 and 61793 respectively) 



In-Ga Alloying: 

Increasing gallium fraction in In-Ga sulfide resulted in reduced crystallinity of the particles as can be seen from XRD 

pattern below. The peak around 20° is shifted towards higher angles with increasing Ga fractions, suggesting possible 

incorporation of Ga into indium sulfide. The extent and uniformity of this alloying is further confirmed by performing 

STEM-EDS analysis on particles. 

 

Figure S5. XRD analysis of indium-gallium sulfide particles synthesized using hot injection route with different 

gallium fractions. (Tetragonal phase In2S3, trigonal phase In1.95S3 and Ga2S3 standards with ICSD collection code 

151645, 244280 and 409550 respectively) 

 

 

 

Figure S6. TEM images of indium-gallium sulfide nanostructures synthesized using hot injection with (a) 50% Ga 

and (b) 90% Ga fraction 

 



 

Figure S7. STEM-EDS elemental mapping of indium-gallium sulfide nanostructure containing 50% Ga showing 

uniformity of alloying within single particles as well as between multiple particles. 

 

 

Figure S8. Atomic force microscopy on indium gallium sulfide nanostructure containing 50% Ga. (a) AFM image of 

the nanostructure (b) Plot showing thickness measurement of the nanostructure along the white dash line. 

 

 

 

 

 

 

 

 

 

 



CIGS Nanoparticle Synthesis: 

CIGS nanoparticle synthesis performed via one pot heat up route show absence of any binary formation (based on 

Raman analysis) for aliquots collected at various temperature during the course of heat up process. As can be seen 

from Figure S9, the A1 mode of CIS nanoparticles at 294 cm-1 shifts toward higher Raman shift of around 298 cm-1, 

suggesting incorporation of Ga with increasing reaction temperature. Ga incorporation and elemental uniformity of 

CIGS particles is further confirmed via STEM-EDS analysis (Figure S10), while the particle surface is analyzed 

using FTIR (Figure 12a) and 1H-NMR technique (Figure 12b), confirming the presence of oleylamine as ligand. The 

extra NMR peaks at δ of 4.03 ppm and 1.21 ppm corresponds to isopropyl alcohol used for washing nanoparticles 

while peak at δ of 4.54 ppm corresponds to ethylene carbonate, which was used as an internal 1H-NMR standard. 

 

Figure S9. Raman analysis of CIGS nanoparticles during heat up process, showing incorporation of gallium in CIS 

structure as a function of temperature. 

 

 

Figure S10. XRD analysis of CIGS nanoparticles synthesized using heat up route with different time aliquots 

showing reduced FWHM of peaks corresponding to increased particle size. 



 

Figure S11. STEM-EDS elemental mapping of CIGS nanoparticles containing Ga/(Ga+In) of 0.3, showing 

elemental uniformity within single particles as well as between multiple particles. 

 

 

Figure S12. (a) FTIR analysis and (b) 1H-NMR analysis of CIGS nanoparticles synthesized using heat up route 

confirming the presence of oleylamine on particle surface. 



CISSe Nanoparticle Synthesis:  

 

Figure S13. XRD analysis on CISSe nanoparticles as a function of Se quantity. (Chalcopyrite phase CIS and CISe 

standards with ICSD collection code 186714 and 73351 respectively) 

 

 

 

Figure S14. STEM-EDS elemental mapping of CISSe nanoparticles synthesized with reaction containing Se/(Cu+In) 

ratio of 2, showing elemental uniformity within single particles as well as between multiple particles. 

 

 

 

 

 

 

 



 

CZTS Nanoparticle Synthesis suing heat up process: 

 

Figure S15. (a) Raman Spectroscopy analysis and (b) STEM-EDS elemental mapping of CZTS nanoparticles. 

 

 

CIGS Nanoparticle Synthesis from Cu2S Precursor:  

 

 

Figure S16. XRD analysis on as received (a) 99.5% pure Cu nanopowder showing presence of Cu2O material and 

(b) 99.99% pure Cu2S powder showing absence of Cu2O materials. 



 

Figure S17. (a) XRD analysis, (b) Raman analysis and (c) TEM image of CIGS nanoparticles synthesized via heat 

up route using Cu2S precursor instead of elemental Cu. (Chalcopyrite phase CIS standards with ICSD collection 

code 186714) 

 

Wurtzite Phase CIGS Nanoparticle Synthesis:  

 

Figure S18. TEM images of wurtzite phase CIGS nanoparticles synthesized via heat up route with faster heating 

rate and 3 hours of reaction time 

 


