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Chalcogenide perovskites such as BaZrS3 have promising 
optoelectronic properties.  Methods to produce these materials at 
low temperatures, especially in the solution phase, are currently 
scarce.  We describe a solution-phase synthesis of colloidal 
nanoparticles of BaZrS3 using reactive metal amide precursors.  The 
nanomaterials are crystallographically and spectroscopically 
characterized. 

The search for efficient and low-cost materials for thin-film 
photovoltaics has in recent years been dominated by a focus on 
hybrid lead halide perovskites due to their low cost, facile 
processing, and high efficiency—exceeding 29% when 
combined with silicon in a tandem device.1  However, concerns 
about the stability, toxicity, and potential environmental effects 
of these lead-based materials have already begun to drive 
substantial research efforts towards the development of 
related materials with higher stability and lower toxicity.2–4  
Among the many proposed materials, chalcogenide perovskites 
and related materials with general formula ABQ3 (A = Ca, Ba, Sr; 
B = Zr, Hf, Ti; Q = S, Se) show particularly strong promise based 
on their optoelectronic properties and excellent stability.5–7  Of 
these materials, BaZrS3 has drawn the most attention because 
of its distorted perovskite structure and useful optical 
properties (Figure 1A). In particular, at ~1.8 eV its bandgap is 
higher than the ideal for a single-junction solar cell but 
competitive to replace perovskites in tandem applications; 
moreover, the bandgap could be lowered closer to the ideal by 
alloying or the use of related Ruddlesden-Popper phases.6,8–11 

Despite the theorized potential of BaZrS3, development and 
testing of it in thin-film devices has been largely hindered by the 
lack of low-temperature methods to deposit it as a thin film.6  
The first bulk syntheses of BaZrS3 required temperatures near 
or above 1000 oC.12,13 Further tuning of the chemistry and 

stoichiometry eventually lowered this to 450 oC.14,15   Initial 
efforts to generate BaZrS3 thin films have relied on sulfurization 
of oxide films or co-sputtering approaches, but high 
temperatures (>900 oC) were usually needed to complete the 
reaction and achieve crystalline materials.16–18  Recently, 
epitaxial film growth has been achieved at lower temperatures 
(>700 oC) using pulsed laser deposition.19  Most promisingly, 
film growth and crystallization at 600 oC has been achieved 
using a sputtering/sulfurization approach.20  Many of these 
techniques also require more complex and expensive 
equipment compared to the solution-phase growth and 
processing that is possible with the hybrid lead halide 
perovskites.

The solution-phase synthesis of chalcogenide perovskites as 
nanomaterials represents a potential alternative route to their 
preparation that might be amenable to lower synthesis 
temperatures.  There has been one report of the successful 
preparation of colloidal BaZrS3 nanoparticles by grinding bulk 
BaZrS3 to a fine powder and treating it with appropriate 
solvents/ligands to extract a population of small (40-60 nm) 
colloidal particles, which were successfully processed into thin-
film devices.21  However, methods for the direct solution-phase 
synthesis of BaZrS3 nanomaterials are still lacking.

In this communication, we report the synthesis of BaZrS3 as 
colloidal nanoparticles using reactive metal amide precursors in 
oleylamine solution, with N,N’-diethylthiourea as the sulfur 
source, using a procedure adapted from that we previously 
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Figure 1. (A) Depiction of the crystal structure of the orthorhombic perovskite BaZrS3.  
(B) Synthetic scheme for the synthesis of BaZrS3 nanoparticles.
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reported for the synthesis of BaTiS3 nanomaterials.22  The 
reaction was successful at temperatures ranging from 365 oC to 
as low as 275 oC.  However, nanomaterials synthesized at the 
lower temperatures showed structural distortions and a more 
pronounced platelet-like morphology as compared to those 
synthesized at the upper end of the temperature range.

Briefly, in a typical synthesis, Ba[N(TMS)2]2(THF)2,23 
Zr[N(CH3)2]4, and N,N’-diethylthiourea are combined in a 1:2:60 
mole ratio in rigorously dried oleylamine, at a concentration of 
0.08 M in Ba2+ (Figure 1B).  The reaction is carried out in a 
Schlenk reaction tube under inert gas using a set-up similar to 
that we previously reported for the heat-up synthesis of 
BaTiS3.24  The reaction mixture is heated to the desired reaction 
temperature (e.g., 365 oC) and maintained at this temperature 
for 30 minutes before being allowed to cool to room 
temperature. During heating, the reaction mixture takes on a 
deep red-brown color and remains homogeneous in 
appearance.  Following precipitation and washing of the 
nanomaterials from the reaction solution using anhydrous 
chloroform and ethanol, BaZrS3 nanoparticles are isolated as an 
orange-red powder. 

We found that a large excess of the sulfur precursor and a 
high concentration in solution were both important for the 
success of the reaction; otherwise, impurity phases were 
commonly observed.  Additionally, the use of the readily soluble 
and reactive metal amide precursors greatly facilitated the 
successful production of crystalline BaZrS3.  Attempts to 
synthesize this material using simple chloride and acetate salts 
of Ba2+ and Zr4+ have thus far been unsuccessful in our hands, as 
have attempts to use alternative sulfur precursors including CS2 
and (Me3Si)2S; in these cases, binary phases such as BaS and ZrS2 
are frequently observed, or no detectable crystalline phase is 
observed at all.  Although the synthesis itself must be carried 
out under rigorously anhydrous conditions due to the reactive 
nature of the precursors, the resulting nanomaterials are quite 
stable to air and moisture (vide infra).  However, the initial 
nanoparticle purification must also be carried out under air- and 
water-free conditions in order to avoid contamination of the 
sample with amorphous oxide byproducts (e.g. ZrO2).

Figure 2 shows characterization data for a sample of 
nanoparticles obtained at the highest readily accessible 
temperature—approximately 365 oC, corresponding to 
vigorously refluxing oleylamine.  Figure 2A compares the 
powder diffraction pattern of the nanoparticles to the predicted 
pattern based on the reported orthorhombic distorted 
perovskite structure of bulk BaZrS3; the diffraction peak 
positions are reasonably well-matched, with the expected size-
related broadening.25  TEM imaging (Figure 2B-C) shows nano-
sized particles which appear to have a plate-like morphology 
and tend to be highly aggregated, making precise size 
distribution measurements challenging.  Typically, the particles 
are non-uniform and polydisperse with the majority of particles 
falling within a lateral size range from approximately 10 to 40 
nm; this is corroborated by fitting of the PXRD data to a model 
incorporating uniaxial size broadening (Figures S10-S11 in the 
Supplementary Information).  Lattice fringes observed in TEM 
images of the material (Figure S14) suggest that the observed 

particles are crystalline, and polycrystalline electron diffraction 
measurements (see Figures S12-S13) are consistent with the 
structure of BaZrS3 as observed by PXRD.

EDX measurements carried out on a sample of BaZrS3 
nanomaterials gave a percent atomic composition in reasonable 
agreement with the expected values for BaZrS3

 (Figure 3); 
elemental mapping shows that these elements are uniformly 
distributed across the sample, suggesting a homogeneous 
ternary phase. The sample shown is slightly enriched in barium 
relative to zirconium, which is typical in most of our samples 
measured by EDX. Elemental analysis by ICP-MS of a similarly 
prepared nanocrystal sample after acid digestion also gave 
close to the stoichiometric ratio of Ba:Zr, but slightly enriched 
in Zr (1:1.2 Ba:Zr); the reason for this discrepancy is not clear 
but could be related to different sample preparation methods 
for the two elemental analysis techniques (EDX vs. ICP). 

These nanomaterials, synthesized at the high-temperature 
limit, are referred to as HT-BaZrS3 in the following discussion.  
Characterization data for additional nanocrystal samples 
synthesized under these conditions are provided in the 
Supplementary Information (Table S2, Figures S3-S5).

The temperature dependence of the reaction was 
canvassed by carrying out the reaction at temperatures from 
250 oC to 365 oC (Figure S8).  At temperatures of 275 oC and 
above, a red-brown nanocrystalline powder was obtained 
following work-up; no crystalline material was produced from a 
reaction at 250 oC.  While the HT-BaZrS3 nanomaterials 

Figure 3. Elemental mapping of S, Ba, and Zr on a cluster of nanoparticles in a HT-
BaZrS3 TEM sample, using energy-dispersive X-ray spectroscopy (EDX).  Atomic 
percentages determined from this data (averaged over the area shown) are given on 
the left. 

Figure 2. Structural characterization and imaging of HT-BaZrS3 nanomaterials.  (A) PXRD 
pattern of synthesized orthorhombic BaZrS3 nanoparticles (red), compared to calculate 
reference pattern (black). (B, C) TEM images of the same nanoparticles, at two different 
magnification levels. 
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discussed above (Figure 2) showed a good structural match to 
bulk orthorhombic BaZrS3, syntheses carried out at lower 
temperatures showed some apparent structural changes 
(Figure 4); we refer to these material as LT-BaZrS3.  We note that 
this result was also sometimes observed in nanoparticle 
samples synthesized at 365 oC for reasons that are not currently 
clear. Powder X-ray diffraction analysis of these nanomaterials 
showed evidence of deviations from the reported bulk 
structure, as illustrated in Figure 4A.  Key differences include the 
presence of additional diffracted intensity around 2θ = 34o and 
22.5o, along with small shifts of the other major diffraction 
peaks towards higher angles and the appearance of a broad 
shoulder on the low-angle side of the peak near 44.5o. The 
Ruddlesden-Popper Ba3Zr2S7 and Ba2ZrS4 phases do not appear 
to be a better match to the experimental data (Figure 4A).26,27  
It is difficult to completely rule out that the samples could 
actually be a mixture of related phases, although they do appear 
uniform by TEM (Figure 4B-C).

TEM imaging (Figure 4B-C) of LT-BaZrS3 shows nanoplatelet-
like particles.  Elemental analysis (EDX) data is similar to that 
measured for HT-BaZrS3, although the samples tend to have a 
higher barium/zirconium ratio. Given the platelet-like 
morphology of the particles, this discrepancy could be partly 
accounted for if the lateral surface planes are Ba/S-rich.  
However, we cannot conclusively determine if this is the case.  

To better understand the origin of the apparent structural 
distortions, and to further confirm the identity of the material 
as a distorted perovskite BaZrS3, preliminary structural 
refinement was carried out using atomic pair distribution 
function (PDF) analysis of synchrotron-based X-ray scattering 
data (see Supplementary Information, Figure S15 and Table S5, 
for details and fit parameters).  The resulting data and fits are 
shown in Figure 5.  Data from the high-temperature particles 
(HT-BaZrS3) are shown in Figure 5a, overlaid with a fit to the bulk 
BaZrS3 structure.  During the fitting, refinement of the lattice 
parameters and isotropic atomic displacement parameters was 
allowed while other structural parameters were fixed to those 

of the reported bulk structure.  Overall the PDF data appears 
consistent with a Pnma distorted perovskite BaZrS3 structure. 

Figure 5B shows PDF data for a representative sample of LT-
BaZrS3, with corresponding fits to the perovskite BaZrS3 
structure; while the peak positions generally match at low r 
values, there are more discrepancies in the intensities, and the 
fit at higher r values becomes poor, suggesting changes to the 
overall structure relative to the HT-BaZrS3 sample. For further 
comparison, attempted fits of this PDF data to the reported 
structures of Ba3Zr2S7 and Ba2ZrS4 are shown in Figure 4C and 
by visual inspection are less successful than the fit to BaZrS3; 
these fits also have higher Rw values (Table S5).  Therefore, the 
PDF data suggests that these nanoparticles may still possess the 
perovskite-like structure of bulk BaZrS3 at least on the local 
level.   The exact nature of the structural distortions suggested 
by PXRD and PDF analysis, and their relationship to the particle 
morphology and synthesis temperature, is not yet known; 
investigations into this question are ongoing and will be 
elaborated in future reports. 

Figure 6A shows an absorbance spectrum for a colloidal 
solution of the HT-BaZrS3 nanoparticles.  The spectrum shows a 
shallow sloping onset around 750 nm and a steeper slope 
commencing around 600 nm.  A broad shoulder is detectable at 
460 nm, and an additional peak at 300 nm. The absorption onset 
is in line with those reported in the literature for bulk BaZrS3, 
and is also reflected by the reddish-orange color of the 
materials (Figure 6B-C).6 The exact value of the intrinsic band 
gap for BaZrS3 is not well-established, with reports ranging at 

Figure 4. Structural characterization and imaging data for LT-BaZrS3 nanomaterials (see 
text for discussion).  (A) Measured PXRD pattern (black) compared to calculated 
reference patterns for orthorhombic BaZrS3 and two related Ruddlesden-Popper 
phases. (B,C) TEM images of the nanomaterial sample at two different magnification 
levels.

Figure 6. Optical properties of the BaZrS3 nanomaterials.  (A) UV-visible absorbance 
spectrum of a colloidal solution of nanoparticles in chloroform. (B) Photograph of a 
dilute dispersion of the nanoparticles in chloroform. (C) Photograph of a drop-cast 
nanoparticle powder on a silicon substrate.

Figure 5. Pair distribution function data for HT-BaZrS3 (A) and LT-BaZrS3 (B-D).  Data is 
shown in black, fits to the indicated phases are shown in blue, and the difference 
curves are shown in green. 
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least from 1.75 eV to 1.94 eV.18,28 Unfortunately, we were 
unable to detect significant luminescence from our materials; it 
has been noted that the luminescence of BaZrS3 nanomaterials 
can be highly dependent on surface treatment, so further 
optimization of the surface termination could elicit emission in 
the future.21 

Finally, we tested the stability of the nanoparticles to 
exposure to ambient atmosphere and to direct immersion in 
water, to determine if the excellent stability observed for bulk 
BaZrS3 might hold true on the nanoscale (Figure 7).  For a 
sample of HT-BaZrS3, the PXRD pattern did not change 
significantly over the course of 9 weeks of exposure to ambient 
atmosphere.  Upon immersion in water, a small unidentified 
impurity peak was observed in the sample after 30 minutes. 
Therefore, although the stability of these nanomaterials against 
water is higher than that of lead halide perovskite nanocrystals 
or BaTiS3 nanocrystals,24 they may be less resilient than bulk 
BaZrS3.

In conclusion, we have demonstrated that colloidal 
suspensions of BaZrS3 nanomaterials can be obtained using a 
low-temperature, solution-phase process. The approaches 
reported here may be generalizable to other related materials.
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