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ABSTRACT: Chalcogenide perovskites constitute a promising earth-abundant, non-toxic, and robust semiconductor family with
the potential to compete with hybrid perovskites as high-quality photovoltaic absorbers. However, a low-temperature, solution-based
synthesis route has eluded researchers in this area. Here we report the colloidal synthesis of chalcogenide perovskite BaZrS;
nanoparticles at 330 °C in organic solvent. The nanoparticles (10—20 nm) are found to be comprised of smaller (3—5 nm)
crystalline domains. Promising optoelectronic properties for the nanoparticles are measured, with photoluminescence decay times as

high as 4.7 ns.

halcogenide perovskites—eponymously named for con-

taining S, Se, or Te as the anion rather than a halide—are
an emerging frontier in Pb-free, inorganic perovskites with high
stability. Promising optoelectronic properties have been
identified for this material family, primarily from theory,
including band gap values relevant for photovoltaics, a
tolerance to deep defects, strong dielectric screening for
generating free carriers with a long lifetime, favorable phonon
properties for high-performance thermoelectrics, and desirable
(isotropic) electron mobility for efficient charge transport.'~®
Furthermore, a high density of chalcogenide p-states in the
valence band maximum results in an extraordinarily high
absorption coefficient, exceeding those of other solar
technologies.g’10 Importantly, increased covalent bonding in
the crystal lattice relative to that in halide perovskites results in
enhanced structural stability.”''~"*

However, the cost of structural stability for chalcogenide
perovskites can be associated with a high crystallization energy
barrier for these materials. While chalcogenide perovskites
have been sparsely reported for ca. 60 years, the majority of
reported syntheses require temperatures around 1000 °C and
reaction times on the order of days to weeks (generally using
solid-state reaction techniques).”” Such conditions limit the
possibility of using most tunable synthesis techniques to
control material growth and preclude the majority of substrates
commonly used for electronics. The majority of chalcogenide
perovskite syntheses also report powders and pellets, which are
unrealistic for realizing the properties of chalcogenide
perovskites in functional applications. The present high
temperature requirements, long synthesis times, and lack of
thin-film syntheses are significant barriers to research in
chalcogenide perovskites, and the demonstration of solution-
based synthesis has been identified as a key goal in
chalcogenide perovskite research.”®

In this work, we present the first bottom-up colloidal
synthesis of chalcogenide perovskite nanoparticles, demon-
strated here for BaZrS;, which is known to crystallize in the
desired distorted perovskite crystal structure, shown in the
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inset of Figure 1. The nanoparticles were synthesized by a
thermal decomposition mechanism via the heat-up synthesis
technique.15 First, reactive single-source precursors were
synthesized for Ba and Zr (described in the Supporting
Information (SI)) as barium dibutyldithiocarbamate (BaD-

BuDTC) and zirconium diethyldithiocarbamate (ZrDEtDTC),

Intensity (a.u.)

26 (°)

Figure 1. XRD pattern of the BaZrS; nanoparticles following an 18 h
reaction. The reference pattern from Clearfield'® is shown for
comparison. Impurity peaks are labeled with a and b. The insets show
the synthesized nanoparticles as a stable dispersion in toluene and the
crystal structure of distorted perovskite BaZrS;.

Received: June 11, 2022
Published: August 24, 2022

=JACS

https://doi.org/10.1021/jacs.2c06168
J. Am. Chem. Soc. 2022, 144, 15928—15931


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruiquan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+D.+Jess"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Calvin+Fai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+J.+Hages"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.2c06168&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06168?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06168?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06168?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06168?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06168/suppl_file/ja2c06168_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06168/suppl_file/ja2c06168_si_001.pdf
https://pubs.acs.org/toc/jacsat/144/35?ref=pdf
https://pubs.acs.org/toc/jacsat/144/35?ref=pdf
https://pubs.acs.org/toc/jacsat/144/35?ref=pdf
https://pubs.acs.org/toc/jacsat/144/35?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06168?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06168?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06168?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c06168?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.2c06168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

respectively. The precursors (0.244 mmol, respectively) were
loaded into a homemade reactor with 1 mL of dry oleylamine
(OLA) as the solvent/ligand. The mixture was heated (ca. S
°C/min) to the reaction temperature of 330 °C. BaDBuDTC
is fully soluble at ca. 80 °C, while ZrDEtDTC is fully soluble at
ca. 120 °C, at which point a clear solution (yellow tint) is
formed. Shortly after complete dissolution, the mixture
changed to a turbid pale yellow, then orange, and finally
dark red over the course of heating, with gaseous byproduct
generated during the reaction. Due to the extreme oxophilicity
of Zr, the precursors were handled in a glovebox, OLA was
dried and degassed prior to use, and the synthesis utilized air-
free techniques (Schlenk line) under ultra-high-purity Ar. A
series of identical reactions were carried out for various
reaction times (0.5, 1, 3, and 18 h). Following the reaction, the
product was first dispersed in toluene and isolated by
centrifugation (5000 rpm, S min). An initial precipitate
phase (described below) which does not form a stable
dispersion in organic solvent was first separated. The
remaining supernatant, containing the target BaZrS; nano-
particles, was diluted with ethanol as an anti-solvent and
recovered via a second centrifugation (10000 rpm, S min).
These particles can be kept as a stable dispersion (nanoparticle
ink) over weeks without settling, shown in toluene in the inset
of Figure 1.

To achieve a low-temperature synthesis, a sufficiently
reactive precursor is required. Here metal-dithiocarbamate
(DTC)-based precursors were used due to their favorable
solubility in organic solvent and low-temperature thermal
decomposition (below 300 °C); the decomposition temper-
ature is also tunable based on the choice of organic functional
groups (dibutyl and diethyl used here for Ba and Zr,
respectively). Individually, these precursors can be used for
the synthesis of BaS and ZrS,. An additional sulfur source is
not required for the reactions, as metal-sulfide monomers are
directly generated from the thermal decomposition of the
metal-DTC. We previously reported the use of metal-DTC
precursors for the synthesis of BaSnS; (non-perovskite needle-
like phase) as well as SnS, SnS,, and ZrS,,""~"” and they have
also recently been reported for the synthesis of BaTiS; (non-
perovskite hexagonal phase).”’ In general, metal-DTCs are
prevalent in the synthesis of metal sulfides and have been
reported for the majority of metal cations due to their
favorable reactivity, single-source nature for metals and sulfur,
and relative ease of synthesis. Importantly, the metal-DTC
precursors are free of oxygen (e.g, compared to acetyl-
acetonates and ethers), to prevent oxidation at the reaction
temperature. Additionally, common chloride precursors (ZrCl,
and BaCl,) are incompatible with this reaction due to the
insolubility of BaCl, in organic solvents.

Powder X-ray diffraction (XRD) data of the nanoparticles
from the longest reaction time (18 h) are shown in Figure 1.
The main peaks that can be resolved at 25.2, 44.5, and 52.8° 20
are in good agreement with the reference for BaZrS; in the
orthorhombic (Pnma) distorted perovskite structure.'® The
XRD patterns show clear texturing of the sample, dominated
by the (121) or (002) reflections which overlap at 25.2° 26;
accordingly, parallel reflections from (242) or (004) at 52.8°
20 also appear with a relatively increased intensity. Such
texturing can be expected from anisotropic nanoparticles which
can orient in non-random directions during sample prepara-
tion.”! In addition, small impurity peaks labeled a and b are
found. The two peaks labeled a were also reported by

Comparotto et al.® and may be associated with a Zr-rich
region, though the origin could not be identified. The peak
labeled b is a good match for ZrO, or BaZrOj;; ZrO, may form
from trace oxygen during synthesis, while BaZrO; would be a
result of minor post-synthesis oxidation of the nanoparticles.
XRD patterns for the shorter reaction times (0.5, 1, and 3 h)
are virtually identical (see SI). The phase of the BaZrS,
nanoparticles was also verified by Raman spectroscopy (see
SI).

A bright-field transmission electron microscopy (TEM)
image of nanoparticles from the 18 h reaction is shown in
Figure 24, illustrating a heterogeneous particle size around 10—

Figure 2. (a) Bright-field TEM image of the BaZrS; nanoparticles
following an 18 h reaction. (b) HRTEM image of a BaZrS; crystal
domain showing (002) and (121) plane fringes; the d-spacings and
dihedral angle are labeled. The inset shows respective planes in a
crystal cell marked with green lines in the same orientation of the
crystal domain. (c) HRTEM image of an individual nanoparticle
showing multiple crystal domains; (220) plane fringes are shown with
the corresponding d-spacing labeled.

20 nm. High-resolution TEM (HRTEM) of individual
particles indicates that multiple smaller crystalline domains
(3—S nm) exist within a larger particle, illustrated in Figure 2c;
lattice fringes with a measured d-spacing of 2.88 A
corresponding to the {220} planes are shown. Interestingly,
the randomly oriented small domains in Figure 2¢ predom-
inately show the same fringes of the {220} planes, suggesting
preferential growth inside individual nanoparticles. Figure 2b
shows another HRTEM image showing different fringes with a
measured d-spacing of 3.51 and 3.53 A, corresponding to the
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{002} and {121} planes, respectively; the expected dihedral
angle of 60.0° is indicated. The inset of Figure 2b illustrates the
structure of BaZrS; with the (002) and (121) planes indicated.
Additional TEM images can be found in the SI as well as for a
shorter reaction time (3 h), though a similar morphology and
particle size are found, in agreement with the similar XRD.
Optoelectronic properties of the synthesized BaZrS; were
measured with UV—vis and photoluminescence (PL, 532 nm
excitation) for the nanoparticles dispersed in toluene.
Absorbance data A as a Tauc plot (A* vs E, for crystalline
semiconductors)>” is shown for the four reaction times in
Figure 3a in comparison to the steady-state PL spectra; PL and
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Figure 3. (a) Absorbance (as a Tauc plot) and steady-state PL spectra
for various reaction times; the dashed lines indicate the PL peak
position and linear fits extrapolated to the band gap (intercept) for
the Tauc plot. (b) Normalized TRPL from different reaction times:
blue, 0.5 h; orange, 1 h; green, 3 h; red, 18 h.

absorbance data are normalized by their relative sample
concentration for comparison. Data for all reaction times yield
virtually identical absorbance and emission spectra, with a
band gap of ca. 2.3 eV (see SI for details) and a PL peak
position at 2.08 eV. A shoulder can be observed in the PL
spectra near 1.9 eV. Both the band gap and PL peak position
are larger than those reported for bulk BaZrS; in the
literature," which may be attributed to quantum confinement
effects originating from the small crystalline domains. Samples
with equivalent absorbance show an increase in the steady-
state PL yield with increasing reaction time. In agreement,
time-resolved PL (TRPL, 532 nm excitation at 9.74 MHz)
similarly shows an increase in the PL decay time with
increasing reaction time, shown in Figure 3b. As the TRPL is
sampled over numerous BaZrS; particles or domains, we report
a statistical lifetime 7, from a biexponential fit to the PL
decay” (see SI), which yields 3.7 + 0.2, 3.9 + 0.3, 42 + 0.2,
and 4.7 + 0.1 ns for the increasing reactions times,
respectively. For comparison, TRPL decay lifetimes have not
been previously reported for BaZrS;, though a <7 ns lifetime
has been approximated from the steady-state PL yield of a thin
film."** While TRPL in Figure 3b is an integral over the
emission spectrum, time-resolved emission spectra shows that
the PL spectra decays uniformly in time (see SI).

Based on the preceding results, we speculate the increased
reaction time aids in annealing defects in the BaZrS;
nanoparticles. This is not unexpected, as much higher
temperatures are typically required for the formation of this
phase. We believe the relatively low reaction temperature is
also associated with the observed small intraparticle domains,
which may uniquely contribute to the observed optoelectronic
behavior. Initially, the 0.5 h reaction contains an estimated 50/
S0 mass ratio of the initial precipitate phase to the target
BaZrS; nanoparticles described herein; this decreases to

approximately 20/80 for the 18 h reaction. This initial
precipitate phase has similar XRD, TEM, and appearance to
the target nanoparticles; however, the instability of the initial
precipitates as a dispersion suggests their precipitation is a
result of surface properties rather than particle size. Also, a
relatively smaller band gap and no PL emission can be detected
for this initial precipitate phase (see SI). We speculate this
initial precipitate is an intermediate or highly defective BaZrS;
phase which transitions to the target nanoparticles with
increasing reaction time.

In summary, we have reported a low-temperature (330 °C),
solution-based synthesis for chalcogenide perovskite BaZrS,;
nanoparticles. The nanoparticles demonstrate promising
optoelectronic properties based on their PL/TRPL, which is
encouraging for photovoltaic applications. This result opens
the door to using nanoparticle inks”~>’ of chalcogenide
perovskite for the realistic fabrication of thin films and devices.
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