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Moderate-temperature solution-processed
synthesis of incommensurate Srg;7TiS3
thin films and rod-shaped nanocrystals
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The chalcogenide perovskite family has been steadily gaining increasing attention from the research
community due to its optoelectronic properties and potential for diverse applications. While BaZrSs and
BaTiSs have been the most extensively studied, other promising compounds in this family, such as
SrTiSs (1.05 < x < 1.22), are now being explored for various optical, optoelectronic, and energy storage
applications. However, challenges remain in achieving the low-temperature synthesis of Sr,TiSs. In this
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study, we report, for the first time, the synthesis of Sr,TiSs nanocrystals at temperatures below 400 °C.
The synthesized nanocrystals exhibit a rod-like morphology. Additionally, we have developed solution-
processing routes to synthesize phase-pure Sr,TiSs thin films, marking the first reported instance of such
films, at temperatures below 600 °C. We also demonstrate the solid-state synthesis of Sr,TiSs powder
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Introduction

Chalcogenide perovskites are an emerging class of earth-
abundant inorganic semiconductors, recognized as non-toxic
and stable alternatives to lead halide perovskites. These mate-
rials crystallize in an ABX; structure, where typically the A-site is
occupied by Ba, Sr, or Ca; the B-site is occupied by Zr, Hf, or Ti;
and the X-site is occupied by sulfur. While Zr- and Hf-based
ABX; compounds adopt an orthorhombic distorted perovskite
structure with corner-sharing octahedra, Ti-based compounds,
especially those with Ba or Sr at the A-site thermodynamically
favor a hexagonal BaNiO;-type structure characterized by face-
sharing octahedra, resulting in rod-like structures. This struc-
tural diversity highlights the versatility of this class of materials
and their potential for tailored applications in optoelectronics
and energy-related fields.'™

BaZrS; has been widely studied for optoelectronic applica-
tions, including photovoltaics and photodetectors. It has been
synthesized using both vacuum- and solution-based techni-
ques, with some methods achieving synthesis temperatures
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below 600 °C. Our work paves the way for new and exciting application avenues for Sr,TiSs.

below 400 °C.*” Similarly, BaTiS; has been extensively investi-
gated for thermoelectric applications and has demonstrated
significant potential. Additionally, BaTiS; exhibits high bire-
fringence, making it a promising candidate for various optical
applications.®** Notably, it has been synthesized using a
variety of techniques, achieving the lowest synthesis tempera-
tures among all the ABS; compounds.®®*%314 These advance-
ments highlight the versatility and growing interest in these
materials for a range of technological applications.

SrTiS;, however, has been studied sparingly and has only
been synthesized in powder form, with only one reported
attempt to produce thin films. In nearly all cases, it has been
synthesized in an incommensurate structure with the formula
Sr, TiS;, where x ranges from 1.05 to 1.22. However, the com-
position Srg;TiS; is the most frequently reported in the
literature.”®! Traditionally, Sr,TiS; has been synthesized by
sulfurizing oxide powders using CS, at temperatures exceeding
800 °C.">2! Similar to BaZrS,; and BaTiS;, Sr,TiS; also demon-
strates tremendous potential, exhibiting the highest birefrin-
gence among all known inorganic materials.>>* Recently, it has
been explored as a cathode material in Li-S batteries, showing
promising results, and has been briefly investigated for thermo-
electric, thermistor and photo-thermoelectric applications.?*?*
These findings underscore its untapped potential for a variety
of advanced technological uses.

Given its promise, there is a need to develop methods to
synthesize Sr,TiS;, particularly at lower temperatures, to reduce
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Fig. 1 Schematic illustrating the procedures adopted in this work for synthesizing Srg/;TiS3 (a) nanocrystals and (b) thin films.

the thermal budget. A possible reason for the high-temperature
synthesis could be the use of highly stable metal precursors,'”*®
the absence of a transport agent, and the high oxophilicity of
titanium.>* To address these challenges, this study explores the
use of different metal precursors (both reactive and stable) for
the solution synthesis of Srg/;TiS; nanocrystals and solution-
processed thin films (see Fig. 1). Additionally, we utilize our
previously reported HfS;~H,S shuttle®® to mitigate oxophilicity
concerns during film synthesis. Structural and compositional
characterizations have been conducted on the synthesized thin
films and nanocrystals. Through this study, we aim to over-
come the synthesis challenges associated with Srg,TiS; and
unlock its full potential for advanced applications.

Results and discussion
Synthesis of Srg/;TiS; nanocrystals

Although SrTiS; nanocrystals have not been synthesized pre-
viously, our group, along with others, has successfully syn-
thesized BaZrS;, BaHfS;, BaTiS;, o-SrZrS;, and o-SrHfS;
nanoparticles.>'*?%2” Most of these nanoparticles were synthe-
sized using a “heat-up” method, in which organometallic or
metal-organic precursors, a sulfur source (primarily CS, or a
variant of thiourea), and oleylamine as the reaction solvent
were heated together to a desired reaction temperature. However,
for BaZrS;, a hot-injection approach proved more successful,
resulting in a phase-pure synthesis of the orthorhombic Pnma
phase. In this method, reactive metal precursors were combined
with CS, to form barium dithiocarboxylate and zirconium dithio-
carbamate species. These species, along with excess CS, and
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oleylamine, formed a slurry that was hot-injected into heated
mineral oil at temperatures exceeding 360 °C to nucleate phase-
pure BaZrS; nanoparticles. This approach marked the first
report of reproducible synthesis of phase-pure orthorhombic
BaZrS; nanoparticles in the chalcogenide perovskite literature.®

As previously mentioned, SrTiS; has been recognized for its
impressive array of electronic properties, but its synthesis has
remained cumbersome and requires high temperatures. There-
fore, developing approaches to synthesize this material at lower
temperatures would be a significant advancement. In our
previous work, we attempted the heat-up method using similar
precursors to synthesize SrTiS; nanocrystals, but the attempt
was unsuccessful and resulted in the formation of binary
sulfides.® This highlights the need for alternative strategies to
overcome the synthesis challenges associated with SrTiS;.

In this report, we employed a slightly modified hot-injection
technique, where metal precursors, oleylamine (OLA), and CS,
were injected into hot mineral oil (375-380 °C). Table 1 pro-
vides a list of the acronyms used for the commonly employed
chemicals in this study. Unlike in our previous study, we first
dissolved Sr(iPr;Cp), and TEMAT in OLA. All dissolution and

Table 1 List of common chemicals and their acronyms used in this work

Acronyms for chemicals used in this work

Sr(iPr;Cp), Bis(triisoproplycyclopentadienyl) strontium(u)
TEMAT Tetrakisethylmethylamido titanium(iv)

Sr acac Strontium acetylacetonate

Pyd Pyridine

PA Propylamine

MePT 2-Methyl-2-propanethiol

This journal is © The Royal Society of Chemistry 2025
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reaction setup preparations were performed in a nitrogen-filled
glovebox, consistent with our earlier report.® Due to inter-
actions between the non-polar chains of the precursors and
the long hydrocarbon chains of OLA, the precursors dissolved
more readily. After dissolution, a 20-fold molar excess of CS,,
relative to the moles of the Sr precursor, was added. The CS,
reacted with oleylamine to form oleyldithiocarbamic acid,
causing the solution to become slightly viscous. Although this
solution is somewhat viscous at room temperature, its viscosity
decreases when heated above 60 °C and the solution remained
homogeneous without any visible particles. Separately, mineral
oil in the reaction flask was heated on an argon-purged Schlenk
line to the reaction temperature. No visible changes were
observed during the heating of the mineral oil. The OLA-CS,
solution containing the metal precursors was then hot-injected
through a syringe into the mineral oil at 375-380 °C (see Fig. S1
for the reaction setup). This step likely caused the breakdown of
the metal precursors, forming reactive species, with oleyldithio-
carbamic acid serving as the sulfur source, ultimately resulting
in the formation of ternary Sr-Ti-S nanocrystals. Upon injec-
tion, intense fumes were observed, and the solution immedi-
ately turned black, likely due to the nucleation of Sr-Ti-S
nanocrystals. The solution was maintained at this temperature
for 30 minutes before the heating mantle was turned off and
the flask was allowed it to cool naturally to room temperature.
No noticeable changes in the reaction solution, such as color or
aggregate formation, were observed during the dwell time,
however, more sulfur-containing species were observed to con-
dense along the condenser walls as the reaction progressed.
After the flask had cooled, the reaction setup was transferred
into a glovebox, and the reaction contents were washed with
toluene and isopropanol, using toluene as the solvent and
isopropanol as the antisolvent. Synthesized in oleylamine, the
long-chain tails of the surface ligands provide favorable dis-
persibility in non-polar solvents. A dark, blackish pellet was
collected and redispersed in toluene. The colloidal stability of
the nanocrystals in toluene was not optimal as they settled out
overnight, possibly due to their morphology, which is discussed
in detail later.

It should be noted that Sr-Ti-S crystallizes in an incommen-
surate structure, differing from stoichiometric SrTiS;, where in
the incommensurate structure the TiS; units and Sr units share
the same ‘@’ lattice parameter but have different ‘c’ parameters.
This results in the formation of Sr,TiS;, where ‘x’ can vary
between 1.05 and 1.22, with 1.143 being the most commonly
reported value (see Fig. 2).">"9?%?*28730 Dye to the preferential
synthesis of the incommensurate phase, the molar ratios of
Sr:Ti when preparing reactions were adjusted to 1.1: 1, and the
results from these reactions are discussed below.

The X-ray diffraction (XRD) measurements of the synthe-
sized nanocrystals, as shown in Fig. 3(a), clearly indicate the
formation of an Srg/;TiS; phase in the nanocrystals. To the best
of our knowledge, this represents the lowest synthesis tempera-
ture ever reported for Sr,TiS; with significant crystal growth,
which could be pivotal for its exploration in various applica-
tions. The XRD peaks align best with Srg/;TiS;, as all the major

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The crystal structure of Srg,;TiSs features face-sharing TiSs units
and Sr atoms sharing the same ‘a’ lattice parameter but differing in their 'c’
parameters.
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peaks are present, some of which are unique to Srg/;TiS; and
not found in other Sr,TiS; phases. However, since the major
peaks of other Sr,TiS; phases are also present in Srg/,TiS3, the
presence of small amounts of additional Sr-Ti-S phases cannot
be ruled out.*'??

Further structural confirmation could have been achieved
using Raman spectroscopy; however, the lack of reported
Raman spectra for different phases of Sr-Ti-S ternary com-
pounds, combined with our inability to perform this analysis
on the nanocrystals, prevented such validation. Attempts to
collect Raman spectra proved inconclusive, as our Raman
detector became oversaturated with signal, likely due to lumi-
nescence from an organic byproduct that was difficult to
remove, as is detailed in our previous work.® Nevertheless, we
confirmed the structure through high-resolution transmission
electron microscopy (HRTEM) images, as shown in Fig. 3(b),
where the (110), (243), and (201) lattice planes of Srg;,TiS; are
marked. Additionally, Fig. 3(c) presents the fast Fourier trans-
form (FFT) pattern of the Srg,,TiS; HRTEM image, displaying
multiple spots that represent lattice planes in the nanocrystals,
further aiding in the proper assignment of the lattice planes in
Fig. 3(b). A more detailed discussion regarding the assignment
of these lattice planes is provided in Fig. S2 and S3. To
thoroughly confirm the synthesis of Srg/;TiS;, another set of
nanocrystals was inspected for their lattice planes, and their
assignment also confirmed the formation of Sry/;TiS; (see Fig. S4
and S5). Through scanning transmission electron microscopy-
energy dispersive X-ray spectroscopy (STEM-EDX) measurements
on the high-angle annual dark-field scanning-transmission elec-
tron microscopy (HAADF-STEM) image of the nanocrystals in
Fig. 3(d)-(g), we confirmed the presence of only Sr, Ti, and S in
the nanocrystals. It should be noted that plasma cleaning of the
transmission electron microscopy (TEM) grid prior to performing
the STEM-EDX measurements may have skewed any quantitative
composition measurements due to uneven sputtering of the
elements in the nanocrystals, so we provide these images as a
qualitative assessment only. Further supporting the observation of
orientation in the nanocrystals, the wide-view TEM images reveal
a rod-like morphology as depicted in the inset of Fig. 3(a). The
average rod length and rod diameter are estimated to be 40 +
10 nm and 20 = 5 nm, respectively. This morphology could be
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Fig. 3 Srg,7TiSz nanocrystals were synthesized through the hot injection of metal precursors, OLA and CS, into hot mineral oil at 375-380 °C. (a) XRD
pattern, (b) HRTEM image, (c) FFT pattern of the HRTEM image in (b) and (d) HAADF-STEM image of the synthesized nanoparticles, and (e)—-(g) elemental
maps of Sr, Ti, and S in the synthesized nanocrystals (represents counts). Note: Srg/7TiSs has been referred to as Sry143TiS3 in the ICSD database.

advantageous for various applications requiring high aspect
ratios, large surface areas, and directional electrical properties.

The aforementioned synthesis of Srg/;TiS; nanocrystals was
achieved at the lowest reported temperature in the literature.
However, further investigations allowed us to develop addi-
tional protocols without the need for the highest temperatures
provided by the use of mineral oil. In this modified approach,
we injected the solution containing metal precursors, and
oleylamine and CS, into hot oleylamine inside the reaction
flask at a temperature of 330 °C, which also successfully nucle-
ated Srg,;TiS; nanocrystals, as evidenced by the XRD pattern in
Fig. 4(a). However, there are some additional broad peak(s)
around 20° 2-theta, which we attribute to a residual byproduct
of organic residues from the reaction of OLA with CS, at high
temperatures that was not completely removed during the
washing step. Nonetheless, the TEM image in Fig. 4(b) revealed
a highly oriented, bundled nanowire-like morphology, with
nanocrystals significantly more elongated than those synthe-
sized at 375 °C. The nanowires had an average length of 300 +
50 nm with a diameter of typically 4-6 nm. This could be due to
several reasons: (a) synthesis at a lower temperature may allow
for a more controlled growth process. This greater control
could result in a much higher aspect ratio, as the precursors
break down more slowly, enabling the growth rates of high-
energy facets to exceed those of low-energy facets. (b) Without

19702 | J Mater. Chem. C, 2025, 13, 19699-19711

mineral oil, the reaction system has a much higher concen-
tration of ligand. Ligands are used to control nanocrystal
growth by selectively binding to certain facets, depending on
their surface energies. Mineral oil consists mainly of heavy
alkanes and other high-boiling hydrocarbons, which have few
or no functional groups for surface binding. By replacing
mineral oil with additional OLA, the number of molecules
available for surface binding increases significantly, allowing
for more selective growth. Nonetheless, this is an interesting
result that could be valuable for applications requiring highly
oriented thin crystals and should be explored further in future
studies. The lattice spacing in the HRTEM image in Fig. 4(c)
further supports our identification of the Srg/;TiS; phase, with
additional details of the lattice plane assignments provided in
Fig. S6 and S7. The STEM-EDX analysis in Fig. 4(d)-(g) confirms
the presence of only Sr, Ti, and S in the nanocrystals.

In addition to the hot-injection synthesis, a solvothermal
reaction was also conducted using metal precursors, CS,, and
oleylamine. In this method, all precursors were placed in a
borosilicate vial with the same molar ratios of Sr and Ti
precursors and CS, as before, along with 3 mL of oleylamine.
The vial was sealed and subjected to microwave radiation, with
the target temperature set to 300 °C. The XRD pattern of the
reaction product showed predominantly SrS, suggesting that
the nucleation temperature for Srg/,TiS; is likely higher than

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Srg/;TiSz nanocrystals were synthesized through the hot injection of metal precursors, and OLA, and CS, into hot OLA at 330 °C. (a) XRD pattern,
(b) wide-view TEM image, (c) HRTEM image, (d) HAADF-STEM image of the synthesized nanoparticles, and (e)-(g) elemental maps of Sr, Ti, and S in the
synthesized nanocrystals (represents counts). Note: Srg/7TiS3 has been referred to as Sry143TiSz in the ICSD database.

300 °C. However, in a less controlled experiment using twice the
amount of CS, as in the previous attempt, the reaction mixture
heated rapidly and the pressure rose to 27 bar at 270 °C,
resulting in all the peaks of Srg/;TiS;, along with some second-
ary peaks indicating the presence of additional phases (see
Fig. S8). Due to the inability to safely handle such high-pressure
reactions, this experiment was not repeated. Nevertheless,
these results suggest that both pressure and temperature play
a role in the nucleation of ternary ABS; compounds and could
be performed safely in traditional autoclaves that can go to
much higher pressures than 30 bar.

One limitation of all the previously discussed methods is
their reliance on the expensive Sr(iPr;Cp), as the strontium
precursor. Therefore, it would be advantageous to synthesize
Sr-Ti-S ternary nanocrystals using more cost-effective precur-
sors. In this regard, we attempted the hot injection synthesis of
Sr,TiS; nanocrystals using SrS and Sr dibutyldithiocarbamate
precursors. However, both attempts resulted in the formation
of binary phases rather than the desired ternary compound.
The methods used and the resulting XRD patterns are provided
in Fig. S9 and S10. A likely reason for these unsuccess-
ful attempts could be the limited intermixing of Sr and
Ti precursors before injection in these cases, which could be
addressed in future studies.

This journal is © The Royal Society of Chemistry 2025

Synthesis of Srg/;TiS; film

Although a film can ideally be synthesized from Srg;TiS;
nanocrystals, this approach was not pursued because the
nanocrystals exhibited poor colloidal stability in common
solvents, possibly due to inadequate ligand coverage and/or
large nanocrystal sizes preventing suitable suspension of the
nanocrystals. Instead, we explored the synthesis of thin films
through molecular precursor routes, where Sr and Ti precursors
were dissolved in appropriate solvents along with a sulfur
source, forming metal-sulfur bonded complexes. To the best
of our knowledge, this represents the first reported attempt to
synthesize a solution-processed thin film of Sr,TiS;. The only
other reported thin film was by Shuhaib et al.,'® who deposited
a thin film of SrTiO; through magnetron sputtering and sub-
sequently sulfurized it using CS, in a sealed ampule or a flow
reactor at 900 °C for multiple hours. However, the resulting film
was significantly porous, contained high levels of oxygen and
carbon, and exhibited a bandgap of 1.1 eV, which is consider-
ably higher than previously reported values."’

We have previously published articles on the synthesis of the
chalcogenide perovskite BaZrS;, noting that the use of highly
reactive precursors is crucial for synthesizing it at moderate
temperatures (<600 °C)."* Additionally, Ti, along with Zr and
Hf, are among the most oxophilic elements in the periodic

J. Mater. Chem. C, 2025, 13,19699-19711 | 19703
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Table 2 List of all the molecular precursor solutions used for the
solution-processed thin film synthesis of Srg,;TiS3

Mixed metal precursor solutions used in this work Synthesis result

M1 Sr(iPr;Cp), + TEMAT + CS, + Pyd Srg;TiS3
M2 Sr(iPr;Cp), + CS, + Pyd Srg/;TiS3
TEMAT + MePT + Pyd
M3 Sr(iPr;Cp), + TEMAT Srg;TiS;
+ MePT + CS, + Pyd
M4 SIS + CS, + PA + Pyd Sry/,TiS; (and TiS;
TEMAT + CS, + Pyd secondary phase)
M5 Sr acac + Ti isopropoxide Srg;TiS; (and oxide

+ CS, + PA + Pyd secondary phases)

table.>**> Therefore, it is advisable to either use oxygen-free
metal precursors or employ an oxygen sink during synthesis.
Drawing inspiration from these principles, this study explores a
variety of precursors, including metal acetylacetonates, metal
sulfides, and reactive organometallic/metal-organic precur-
sors. Table 2 summarizes the five approaches we employed,
along with the corresponding precursors, sulfur sources, and
solvents used for dissolution.

In our first approach, M1, we utilized the organometallic
precursor Sr(iPrzCp), and the metal-organic precursor
tetrakis(ethylmethylamido) titanium (TEMAT). These were
reacted with CS,, which inserted into the metal-carbon and
metal-nitrogen bonds, respectively, to form Sr dithiocarboxy-
late and Ti dithiocarbamate species. These species were co-
soluble in pyridine due to their polar nature. Although attempts
were made to dissolve them in other polar solvents such as
N,N-dimethyl formamide (DMF), dimethyl sulfoxide (DMSO),
and N-methyl-2-pyrrolidone (NMP), these efforts were unsuc-
cessful. This approach is adapted from our previous study on
BaZrS;, and the CS, insertion chemistry documented in the
literature.®® The resulting ink was blade-coated and annealed
on a hotplate in an argon-filled glovebox, forming an amor-
phous Sr-Ti-S matrix as the film. The film was then sealed in
an ampule with sulfur and HfH, and subjected to sulfurization.
As explained in our previous study, at elevated temperatures
(>500 °C), HfH, reacts with sulfur vapor to form HfS;, gen-
erating in situ H,S, which acts as both an oxygen sink and
shuttle to remove bulk oxygen impurities from the film.>®> The
sulfurization was performed at 575 °C for 2 h, yielding Srg/,; TiS3,
as confirmed by XRD and Raman spectroscopy.

Due to the similarity in diffraction patterns among different
Sr,TiS; structures, assigning a specific structure to the observed
pattern is challenging. However, the XRD pattern matched best
with Srg,;TiS; compared to other alternatives (see Fig. 5a).
Raman analysis (Fig. 5b) also aligned with the only other
reported Raman spectrum for Srg,TiS; by Shuhaib et al'’
The Raman spectrum closely resembles that of BaTiS;, which
has a similar hexagonal, BaNiOs-type structure with peaks at
200 and 370 cm ', further supporting the successful synthesis
of Sry,;TiS;.** Sulfurization for an extended duration of 16 h did
not result in significantly greater crystal orientation or addi-
tional secondary impurities compared to the sample sulfurized
for 2 h (see Fig. S11). The Kubelka-Munk transformation of the
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diffuse reflectance spectrum revealed a direct bandgap of 0.95 eV
for Sr,TiS;, consistent with previously reported values.'**!

Fig. 5d-g present the scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDX) analysis of the film,
which shows that while the film appears macroscopically
homogeneous, it contains some void spaces rather than form-
ing a smooth, continuous layer. Nonetheless, EDX analysis
confirms the presence of Sr, Ti, and S in the film, with possible
minor oxide impurities and a slightly Sr and S deficient
composition (see Fig. S12 for detailed analysis). To further
investigate the structure and composition, a thin lamella of
the film was prepared using a focused ion beam (FIB) and
analyzed using vie STEM. HRTEM analysis of the lamella
(Fig. 6a) reveals the (114) and (110) lattice planes of Srg/,TiSs,
with additional details provided in the FFT image of the lamella
(see Fig. S13-S15). HAADF-STEM and STEM-EDX images
(Fig. 6b-e, Fig. S16, and S17) indicate that the lamella primarily
consists of Sr, Ti, and S, but significant amounts of oxides are
present on the surfaces. It is unclear whether these oxides
formed during synthesis or if the lamella oxidized during post-
synthesis processing and handling, as HfH, is expected to
remove major oxide impurities during synthesis. However, in
the grain centers, where minimal oxygen is present, the Sr:Ti:
S ratios fall within the expected range, albeit with a slight S
deficiency (see Fig. S18). The slight sulfur deficiency may be
attributed to the oxygen content in the grains. As shown in
Fig. S17, the lamella exhibits significant porosity, suggesting
that longer sulfurization times may be required to sinter the
grains and achieve a more compact film. However, this opti-
mization was not pursued in this study, as the primary focus
was to establish methods for synthesizing Srg/;TiS;.

In our M2 and M3 approaches, we again utilized the organo-
metallic precursor Sr(iPr;Cp), and the metal-organic precursor
TEMAT. However, in these approaches, we aimed to create an
ink containing dissolved Sr and Ti thiolates in a solvent.
To achieve this, we reacted Sr(iPr;Cp), with various thiols,
including primary thiols such as 2-methyl-2-propanethiol,
propanethiol, and ethanedithiol. Unfortunately, the resulting
thiolates were insoluble in commonly used primary amines
(e.g., propylamine, butylamine, ethylenediamine, and hexylamine)
as well as in other polar and non-polar solvents such as pyridine,
toluene, and hexane.

In approach M2, we reacted TEMAT with 2-methyl-2-propane-
thiol to form a titanium 2-methyl-2-propanethiolate species,
which was found to be soluble in pyridine. Although this exact
reaction has not been studied previously, a similar reaction
involving tetrakis(dimethylamido)titanium and 2-methyl-2-
propanethiol resulted in a titanium thiolate species, and
the same outcome is expected here.>® Separately, Sr(iPr;Cp),
was reacted with a stoichiometric amount of CS, (1 mole of
Sr(iPr;Cp), with 2 moles of CS,), forming a Sr dithiocarboxylate
species that also dissolved in pyridine. The resulting Sr and Ti
solutions in pyridine were then mixed, yielding a fully dissolved
solution of Sr and Ti. This solution was blade-coated and
sulfurized in an ampule with sulfur and HfH,, resulting in
the formation of Srg/;TiS3, as confirmed by XRD (see Fig. S19).
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Fig. 5 Srg/;TiSs thin film synthesized using the solution described as M1 and sulfurized at 575 °C for 2 h. (a) XRD pattern, (b) Raman spectrum, (c) Kubelka—
Munk transformation of the diffuse reflectance spectrum, (d) SEM image of the fabricated film, and (e)-(g) elemental maps of Sr, Ti, and S in the film. Note:
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Fig. 6 Srg/7TiS3 thin film synthesized using the solution described as M1 and sulfurized at 575 °C for 2 h. (a) HRTEM image, (b) HAADF-STEM image of a
lamella from the fabricated film, and (c)—(e) elemental maps of Sr, Ti, and S in the film lamella. 30-50 nm of Pt layer was deposited on the film before
the FIB.

In approach M3, Sr(iPr;Cp), and TEMAT were first reacted These species were then reacted with an excess of CS,, which
with 2-methyl-2-propanethiol to form metal thiolate species. inserted into the metal-sulfur bonds of the thiolates, forming
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strontium and titanium trithiocarbonate species."* These spe-
cies were co-soluble in pyridine, resulting in a fully dissolved
solution. The solution was blade-coated and sulfurized with
sulfur and HfH, at 575 °C for 2 h, yielding phase-pure Srg/,TiS3,
as confirmed by XRD measurements (see Fig. 520).

All previous approaches to synthesizing Srg/;TiS; relied on
the expensive Sr(iPr;Cp), precursor. Therefore, we aimed to
develop solution-processing methods using more common
precursors. In the M4 approach, we dissolved SrS in a mixture
of propylamine, CS,, and pyridine. Propylamine and CS, react
to form propyldithiocarbamic acid, which is soluble in
pyridine.” When SrS is added to this mixture, the reactive
—-CSSH group of propyldithiocarbamic acid reacts with SrS,
forming a Sr dithiocarbamate species that dissolves in pyridine.
This process yields a dissolved solution of SrS in the bulk
solvent pyridine. Separately, TEMAT was reacted with CS, to
form a Ti dithiocarbamate species, to which the SrS solution
was added. This resulted in a hybrid route with a dissolved Sr
precursor but a slurry of the Ti precursor in pyridine. The
resulting solution was drop-cast and sulfurized with sulfur and
HfH, at 575 °C for 2 h. Fig. S21 confirmed the formation of the
Srg/;TiS; phase, along with minor impurities of TiS;, likely due
to the slurry nature of the solution rather than a fully dissolved,
homogeneous mixture. Future work could explore identifying
a Ti precursor that dissolves compatibly with SrS in this
chemistry.

Lastly, in our M5 approach, we utilized oxygen-containing
precursors, like acetylacetonates, which are commonly employed
for the synthesis of other chalcogenides, such as Cu(In,Ga)-
(S,S€),.%° For strontium, we used strontium acetylacetonate, and
for titanium, we used titanium isopropoxide. These precursors
were co-dissolved in propylamine-CS,-pyridine. We discussed
this chemistry in our previous publication, where it was used to
synthesize BaZrS; and BaTiS;."* The resulting solution was coated
and sulfurized with sulfur and HfH, at 575 °C for 2 h. However,
this approach resulted in significant oxide impurities alongside
the Srg,TiS; phase, as shown in Fig. S22. While this method
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employs the most cost-effective precursors, the issue of oxide
formation remains a challenge. This could potentially be
addressed by exploring longer sulfurization times, slightly
higher temperatures, or modifying the oxygen sink used in
these reactions.

Overall, our five approaches provide a comprehensive set of
solution-processing methods to synthesize thin films of Sr,TiS;,
a feat that has not been previously achieved. These methods
hold promise for exploring this exciting material for various
applications.

Shuhaib et al. previously demonstrated the high thermal
stability of Sr,TiS; through thermogravimetric studies, show-
ing that it remains stable under argon at temperatures up to
1200 °C.'° However, no studies have been conducted on the air
or water stability of Sr,TiS;, despite its potential use in
applications where exposure to air or water-containing envir-
onments is likely. To address this, we evaluated the air and
water stability of the Srg,TiS; film synthesized via our
M1 route.

For air stability testing, the film was stored in ambient air
for over a month, after which the XRD pattern was collected
again. We observed that all major peaks remained intact;
however, the relative intensity (normalized with respect to peak
at ~35.7° 2-theta) of the peak around 15° 2-theta, corres-
ponding to the (110) plane, increased over time (demonstrated
in Fig. 7a). The 15° is also the most dominant peak of
Sry 145TiS3, so at this stage, we assume that some structural
rearrangement occurs upon prolonged exposure to air. However,
this phenomenon should be studied in more detail in the future
to better understand its origin.

To assess water stability, the synthesized Srg/;TiS; film was
thoroughly rinsed with running distilled water for 5 minutes.
The XRD pattern collected afterward showed no distinct
changes, indicating the material’s high stability in the presence
of water (see Fig. 7b). These findings highlight the robustness
of Srg/;TiS; under both air and water exposure, which is
promising for its potential use in real-world applications.

a) b)
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Fig. 7 Srg/7TiSs thin film synthesized using the solution described as M1 and sulfurized at 575 °C for 2 h. (a) Comparison of the XRD patterns after storing
the sample in air for over 1 month, and (b) comparison of the XRD patterns after rinsing the film for approximately 5 minutes. Note: Srg/;TiSsz has been

referred to as Sry1437TiS3 in the ICSD database.
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Synthesis of Srg/;TiS; powder

In addition to nanocrystals and thin films, we aimed to explore
whether bulk Sr,TiS; powder could be synthesized at tempera-
tures below 600 °C using stable metal precursors such as metal
sulfides. To test this, we sealed SrS and TiS, powders in an
ampule along with excess sulfur and sulfurized the mixture at
575 °C for 3 days. Although the powders were well mixed, they
were not ground prior to sulfurization. The XRD pattern in
Fig. S23 revealed that Srg/;TiS; represents a significant phase,
alongside Sr; 145TiS3, StS, and Ti-S phases. As noted previously,
all the reflections of Sry 145TiS; overlap with those of Srg/;TiS;,
with Srg/;TiS; exhibiting additional reflections. This conclusion
is based on the relative intensities of the peaks, which corre-
spond more closely to Sry 145TiS; than to Srg/;TiS;.>"** A similar
reaction was attempted using Ti metal instead of TiS,, which
also resulted in a mixture of Srg/;TiS3, Sry.145TiS3, StS, and Ti-S
phases (see Fig. S24). It is rather intriguing that, despite the
initial precursors being well mixed but not ground or ball-
milled, and with neither Sr-S nor Ti-S known to have any liquid
phases at the operating temperatures to facilitate mass trans-
fer, the final product still contains significant ternary phases.
It is possible that given the Sr-Ti-S composition in this experi-
ment, we may be approaching a eutectic point granting us
access to a liquid phase that bypasses the diffusion barriers
necessary for the formation of the ternary phase.

When the sulfurization of SrS and TiS, was performed with
both sulfur and iodine, we again observed the formation of
Srg;TiS; alongside secondary impurities of Srl,, though the
ternary phase was much more dominant, as shown in the XRD
pattern in Fig. S25. Iodine, a well-known vapor transport
agent,®” facilitated the formation of Sr-Ti-S ternary phases,
indicating that mass transport remains a limiting factor in bulk
synthesis when starting with bulk powder precursors. In con-
trast, the intermixing of molecular Sr and Ti precursors likely
enables the phase-pure synthesis of Srg/;TiS; films at the same
temperature without the need for a transport agent.

Conclusions

Chalcogenide perovskites have emerged as an exciting class of
semiconductor materials being explored for various optoelec-
tronic applications. In this study, we focused on Sr,TiS;, which
has previously demonstrated promising birefringence along-
side other intriguing properties. However, the synthesis tem-
peratures required for conventional solid-state routes remain
prohibitively high. To address this, we explored solution-
processing techniques to synthesize Sr,TiS; nanocrystals and
thin films through molecular precursor routes.

We successfully achieved phase-pure, rod-shaped nanocrys-
tals of Sr,TiS; via a hot-injection procedure at temperatures
between 330-380 °C. The rod-like morphology of these nano-
crystals could be leveraged for a variety of interesting applica-
tions. Furthermore, we developed five solution-chemistry
strategies to deposit and fabricate thin films of Sr,TiS;. Diffrac-
tion measurements confirmed the formation of the Srg/;TiS;
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phase, which exhibits a direct bandgap of 0.95 eV. EDX analysis
revealed uniform distribution of Sr, Ti, and S, though the
composition was slightly sulfur-deficient, with oxygen poten-
tially occupying some sulfur sites. Stability studies demon-
strated that Srg;TiS; exhibits high stability in both air and
water, further supporting its potential for exploration in a wide
range of applications.

Experimental details

Materials and characterization

Carbon disulfide (CS,, anhydrous, >99%), pyridine (Pyd, anhy-
drous, 99.8%), N,N dimethyl formamide (DMF, anhydrous,
99.8%), thiourea (TU, ACS Reagent, >99%), sulfur flakes
(>99.99%), molecular sieves (type 3A, bead size 8-12 mesh),
alumina dispersed in isopropanol (20 wt%), tetrakisethylmethy-
lamido titanium(iv) (TEMAT, >99.999%), oleylamine (technical
grade, 70%; OLA), toluene (anhydrous, 99.8%), isopropanol
(anhydrous, 99.5%; IPA), calcium hydride (95%j; CaH,) and
2-methyl-2-propanethiol (99%) were purchased from Sigma
Aldrich. Bis(triisoproplycyclopentadienyl)strontium(u) (Sr(iPr;Cp),,
98%), strontium acetylacetonate hydrate, titanium(iv) isopropoxide
(min. 97%) and strontium sulfide (99.9%) were purchased from
STREM chemicals. Hafnium hydride (99.9%) was purchased from
Nano Research Elements. Borosilicate glass ampules were procured
from Chemglass. High purity mineral oil was purchased from
Fisher Scientific. Alkali-free Eagle XG (EXG) glass substrates were
obtained from Stemmerich.

All materials listed as anhydrous were used as received. Any
other materials not listed in the purification section below were
used as received.

Purification of materials prior to use

Before experimental use, many of the materials underwent
various purification steps. Molecular sieves, which are synthetic
crystalline aluminosilicate beads with a pore size of 3 A, were
dried overnight in vacuo at 150 °C prior to use. Glassware used
during purification, drying, or for storage after these processes
was dried in a vacuum oven under partial vacuum (~ 800 mbar)
in an argon atmosphere at 150 °C for at least 30 minutes before
use. The purification and/or drying steps for the various
materials are as follows:

Oleylamine purification process:

(1) Freeze-pump-thaw (FPT) cycles:

~250 mL of OLA was transferred to a 500 mL round-bottom
flask (RBF) in an N,-filled glovebox. The flask was sealed,
moved to an Ar-purged Schlenk line, and purged three times
via vacuum/Ar cycles. Three FPT cycles were performed to
remove dissolved gases:

(a) the OLA was frozen using liquid nitrogen.

(b) It was then melted with gentle heating using a heat gun
while maintaining dynamic vacuum (~ 150-350 mtorr).

(2) Drying with CaH,:

After the FPT cycles, ~2.5 g of CaH, (1 g per 100 mL OLA)
and a stir bar were added in the glovebox. The flask was
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returned to the Schlenk line, purged three times, and stirred
under vacuum at room temperature for 12-16 h. It was then
heated to 200 °C (measured at the flask surface) for 2 h under
vacuum.

(3) Vacuum evaporation:

The OLA was decanted into a 250 mL RBF in the glovebox,
minimizing CaH, transfer. The evaporation setup was purged
three times with Ar, and the collection flask was heated with a
heat gun to ensure dryness. Evaporation was performed under
reduced pressure (~200-400 mtorr) with the heating mantle
set to 200-280 °C and heating tape at 30-50% power. The
condensed vapor was collected as OLA liquid for further use.

(4) Storage:

The purified OLA was stored over molecular sieves for at
least a day before use and remained stored over the same sieves
during its usage.

All chemicals were stored in nitrogen-filled gloveboxes and
handled exclusively within the gloveboxes. Solvents without a
sure-seal cap were stored over molecular sieves for several days
prior to use. Thiourea was purified through two recrystalliza-
tion steps using 18.2 MQ deionized water and then dried under
vacuum overnight. Strontium acetylacetonate was vacuum-
dried at 150 °C overnight before use. Sulfur flakes were finely
ground inside a nitrogen-filled glovebox and subsequently
vacuum-dried overnight at room temperature via Schlenk line
techniques.

All molecular precursor films in this study were deposited
on alumina-coated EXG glass. Prior to alumina deposition,
the EXG glass was thoroughly rinsed with deionized (DI) water,
2-propanol, and methanol, followed by sonication in an
Alconox bath and DI water. Subsequently, the glass was cleaned
in a UV-ozone cleaner for 30 minutes. A commercial alumina
nanoparticle solution was diluted for deposition by mixing
0.2 mL of the commercial solution with 1.8 mL of isopropanol.
The resulting solution was spin-coated onto the cleaned EXG
glass at 1000 rpm for 1 minute, followed by annealing at 100 °C
for 1 minute and then at 500 °C for 30 minutes. All thin film
samples were stored in ambient air for an average of 1-2 days
between characterization steps. The samples in Fig. 7 were
stored in air for a month to assess stability.

Raman spectroscopy was performed using a Horiba/Jobin-
Yvon HR800 Raman spectrometer with a 632.8 nm excitation
laser wavelength.

XRD was conducted using a Rigaku SmartLab diffractometer
under ambient conditions, employing parallel beam geometry
with an incident beam angle of 0.5 degrees. Data collection
utilized a Cu Ko source (4 = 1.5406 A) operated at 40 kV and 44 mA.

SEM and SEM-EDX measurements were performed using
the Quanta 3D FEG equipped with an Everhart Thornley
detector. The measurements were carried out at an accelerating
voltage of 10 kv with a working distance of 10 mm. Pt was
sputter deposited on the films for easier SEM imaging.

Reflectance data were obtained employing a PerkinElmer
Lambda 950 spectrometer equipped with an integrating sphere.

TEM samples from the thin films were prepared using a Ga-
FIB on an FEI HELIOS G5 UX Dual Beam FIB-SEM. The samples
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were exposed to ambient air for an average of 1-2 weeks
between synthesis and fibbing. Nanocrystal samples were pre-
pared via drop-casting on a 300 mesh Cu TEM grid and drying
off the solvent in air. TEM, STEM-HAADF imaging, and STEM-
EDX analysis were performed on an FEI Talos F200i scanning/
transmission electron microscope (S/TEM) at an accelerating
voltage of 200 kv.

Synthesis of Sr,TiS; nanocrystals

Before use, all glassware intended for nanoparticle reactions
was dried at 150 °C in a vacuum oven under partial vacuum
(~800 mbar) in an argon atmosphere for at least 30 minutes.
A hot-injection procedure was employed for these reactions,
with all reaction setup and post-synthesis workup conducted in
an Ny-filled glovebox.

For the hot-injection method, 0.16 mmol of Sr(iPr;Cp), and
0.145 mmol of TEMAT precursors were added to a borosilicate
vial along with 2 mL of OLA. The mixture was stirred for several
hours, resulting in fully dissolved metal precursors in OLA.
Subsequently, a ~20-fold molar excess of CS, (300 pL) was
added to the vial and stirred. After the addition of CS,, the
solution became slightly viscous.

In a separate three-neck flask, 3 mL of a mineral oil or OLA
mixture was added. The flask was then sealed with an Allihn
condenser, an in situ thermocouple, and a rubber septum
before being removed from the glovebox and attached to an
Ar-purged Schlenk line. A schematic of the typical setup used
for hot-injection reactions is shown in Fig. S1.

Meanwhile, the dissolved metal precursors, OLA, and CS,
solution were transferred to a single-neck round-bottom flask,
sealed with a rubber septum, and brought out of the glovebox.
Due to the high viscosity of the solution, it was heated to 60 °C
to reduce its viscosity, making it easier to draw into a syringe.
The Schlenk line port was purged three times via Ar/vacuum
cycles, with the vacuum reaching <150 mtorr on the final cycle.
The reaction flask was then opened to the Ar flow from the
Schlenk line and heated to a set point of 330-380 °C.

Once the temperature stabilized, a syringe with a stainless
steel needle was purged multiple times with N, to remove
trapped air. The CS, and OLA solution was drawn into the
syringe from the single-neck flask and injected into the heated
mineral oil/OLA mixture. The prescribed dwell time (typically
30 minutes) began upon injection of the precursors into the hot
solvent. After the dwell time elapsed, the flask was allowed to
cool naturally before being returned to the N,-filled glovebox
for nanoparticle washing.

To wash the nanoparticles, 1-3 mL of toluene was added to
the reaction mixture and vortex-mixed, followed by the addition
of 12-18 mL of isopropanol (IPA) and another vortex mix. The
mixture was then centrifuged for 5 minutes at 14 000 rpm,
resulting in a dark pellet and a yellowish supernatant of varying
opaqueness. This washing process was repeated two to three
times, depending on the amount of gel-like species (a byproduct
of OLA and CS, at high temperatures) present. The gel was
typically removed and discarded between washing cycles. After
washing, the nanoparticles were suspended in toluene and stored
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in the N,filled glovebox for an average of 1-2 days between
characterizations.

Thin film synthesis

All chemical storage, solution preparation, thin film coating,
and sample handling were conducted inside nitrogen- and
ultra-high purity (UHP 99.999%) argon-sourced gloveboxes.
In all instances, unless specified, the solutions were blade-
coated using an automated blade coater at a speed of 15 mm
per second with a single pass, followed by annealing at 350 °C
for 2 minutes on a hot plate and cooling for 1 minute. The
coating was repeated 6-8 times on alumina-coated Eagle XG
substrates. Without any exposure to air, Sr-Ti-S were cut into
25 mm by 7-8 mm strips in a glovebox and placed in 5 mL
borosilicate glass ampules. The samples, sulfur powder, and
HfH, powder were loaded into the ampule inside the glove box
as per our previous work®® and then connected to a red rubber
tubing with a Teflon vacuum valve at the end. The ampules
were then sealed on the Schlenk line with UHP argon as the
purging gas.

Subsequently, the ampules were heated in a refractory
furnace to the desired temperature and cooled naturally under
a slow argon flow.

M1: a 0.2 M solution of Sr(iPr;Cp), and TEMAT was prepared
with the Sr:Ti molar ratio of 1.1:1 and pyridine:CS, molar
ratio of 1:4. The solution was stirred at 35 °C. The metal
precursors were added first, followed by CS, and finally pyri-
dine. The solution dissolved within 1 h. The films were blade-
coated as discussed earlier, sealed in an ampule with HfH, and
sulfur, and heated at 575 °C 2 h to synthesize Sr; 143TiS;.

M2: a 0.2 M solution of Sr(iPr;Cp), was prepared by using
twice the molar amount of CS, relative to the Sr precursor, with
pyridine as the bulk solvent. The strontium precursor was
added first, followed by CS,, and finally pyridine. The solution
was stirred at 35 °C and dissolved within 1 h. Separately, a 0.2 M
solution of TEMAT was prepared so that the Sr: Ti molar ratio is
1.1:1, using four times the molar amount of MePT relative to
TEMAT and pyridine as the bulk solvent. The titanium pre-
cursor was added first, followed by MePT, and finally pyridine.
This solution was also stirred at 35 °C and dissolved within 1 h.
The entire volumes of strontium and titanium solutions were
then mixed together. The films were blade-coated as discussed
earlier, sealed in an ampule with HfH, and sulfur, and heated
at 575 °C 2 h to synthesize Sr; 143TiS;.

M3: a 0.1 M solution of Sr(iPr;Cp), and TEMAT was prepared
with the Sr:Ti molar ratio of 1.1:1 and pyridine : 2-methyl-2-
propanethiol : CS, molar ratio of 1:1:4. The solution was
stirred at 35 °C. The metal precursors were added first, followed
by 2-methyl-2-propanethiol, and then CS, and finally pyridine.
The solution dissolved within 1 h. The films were blade-coated
as discussed earlier, sealed in an ampule with HfH, and sulfur,
and heated at 575 °C 2 h to synthesize Sry 143TiSs.

M4: a 0.2 M solution of SrS was prepared with a propyla-
mine: CS, : pyridine molar ratio of 1:1:0.73, stirred overnight
at 35 °C. Separately, a 0.2 M solution of TEMAT was prepared
so that the Sr:Ti molar ratio is 1.1:1 and pyridine : CS, molar
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ratio of 1:4. The titanium precursor was added first, followed
by CS,, and finally pyridine. This solution was also stirred at
35 °C. The entire volumes of strontium and titanium solutions
were then mixed together. The films were drop casted, sealed in
an ampule with HfH, and sulfur, and heated at 575 °C 2 h to
synthesize Sr; 143TiS;.

M5: as purchased strontium acetylacetonate was dried
under vacuum at 150 °C overnight and used. Dried strontium
acetylacetonate and titanium isopropoxide were used.
A solution with 0.2 M total metal concentration and Sr: Ti ratio
1.2:1 was prepared with propylamine:CS,: pyridine molar
ratio of 1:1:0.73, stirred overnight at 35 °C. The metal pre-
cursors were added first, followed by propylamine, then CS,,
and finally pyridine. The solution dissolved within 1 h of
stirring.

Solid state synthesis

Attempt 1: a mixture of 0.11 mmol of SrS, 0.1 mmol of TiS,,
6 mg of sulfur, and 2 mg of I, was loaded into a 10 mL ampule.
The ampule was flame-sealed on the Schlenk line after purging
the headspace. The sulfurization process was carried out at
575 °C for 3 days.

Attempt 2: a mixture of 0.11 mmol of SrS, 0.1 mmol of TiS,,
and 10 mg of sulfur was loaded into a 10 mL ampule. The
ampule was flame-sealed on the Schlenk line after purging the
headspace. The sulfurization process was conducted at 575 °C
for 3 days.

Attempt 3: a mixture of 0.11 mmol of SrS, 0.1 mmol of Ti,
and 15 mg of sulfur was loaded into a 10 mL ampule. The
ampule was flame-sealed on the Schlenk line after purging the
headspace. The sulfurization process was carried out at 575 °C
for 3 days.

Safety and scalability considerations

The synthesis of semiconductor materials often involves work-
ing with hazardous substances, including toxic gases and
reactive chemicals. A thorough understanding of the proper
storage and handling procedures is critical prior to working
with these materials. In this study, the insitu generated H,S was
handled with strict safety protocols. All ampules were opened
exclusively inside fume hoods to avoid exposure. The organo-
metallic precursor tetrakis ethyl methyl amido titanium
(TEMAT) used in this study is highly flammable and toxic
(NFPA rating - health: 4 and flammability: 4). It was stored
and handled inside N, filled gloveboxes and the boxes were
continuously purged while handling the precursors, to avoid
any exposure. All solvents and chemicals, including CS,, used
in this study were handled inside glove boxes and fume hoods
with appropriate PPE.

Regarding scalability, both H,S and organometallic TEMAT
are commonly used in chemical vapor deposition (CVD) pro-
cesses and pose no significant barrier.>®*° However, the biggest
challenge lies in translating the current ampule-based batch
synthesis to continuous fabrication while maintaining an
oxygen-free environment. This would require innovative engi-
neering and safety efforts. Nonetheless, this study provides a
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solid foundation for materials synthesis and a basis for future
research efforts to overcome these challenges.
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