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High-Temperature Equilibrium of 3D and 2D Chalcogenide
Perovskites

Prakriti Kayastha, Devendra Tiwari, Adam Holland, Oliver S. Hutter, Ken Durose,
Lucy D. Whalley,* and Giulia Longo*

1. Introduction

Chalcogenide perovskites (CPVK) have
recently been proposed as possible non-
toxic alternatives to lead-based perovskites
for photovoltaic applications thanks to their
promising optoelectronic characteristics,
including a bandgap that is suited for
tandem solar cell applications.[1–4]

Chalcogenide perovskites follow the for-
mula ABX3 with A, B, and X representing
an alkaline earth cation (2þ), a transition
metal cation (4þ), and a chalcogenide
anion (2–), respectively.[5–7] The most stud-
ied compound in this family is BaZrS3, but
other compositions have been reported.[8,9]

Accordingly, chalcogenide perovskites
have been under recent scrutiny to evaluate
and validate a variety of optoelectronic
parameters. Reports suggest the possibility
of tunable bandgaps through composi-
tional engineering with high absorption
coefficients in the visible range,[10] low
effective masses,[11] and, resultantly, high
carrier mobilities.[12] Moreover, these mate-
rials should present improved thermal and

chemical stability compared with the hybrid halide perovskites,
being resistant toward high temperatures and atmospheric
conditions.[13]

Notwithstanding these promising features, the development
of CPVK-based devices is still hindered by the synthetic proce-
dure necessary to prepare these perovskites. In practice, these
materials need very high temperatures to be crystallized in the
desired phase. For example, BaZrS3 is produced by the solid-state
reaction of the elemental or binary precursors at 800–1100 °C for
several hours or days. This requirement for high temperatures is
limiting as it does not easily allow for thin film processing and
device integration, and can lead to chalcogen loss via volatile
precursors.

Understanding reaction mechanisms can help design fabrica-
tion procedures potentially having lower temperatures, and
recent research has started to explore which processes may allow
for this. For example, it has been proposed that favoring the
formation of BaS3, which has a lower melting point than BaS,
can trigger the formation of BaZrS3 at temperatures as low as
600 °C.[14] Similarly, it has been reported that an excess of sulfur
in the reaction mixture can significantly reduce the reaction time
and temperature.[15]
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Chalcogenide perovskites have been recently proposed as novel absorber
materials for photovoltaic applications. BaZrS3, the most investigated com-
pound of this family, shows a high absorption coefficient, a bandgap of around
1.8 eV, and excellent stability. In addition to the 3D perovskite BaZrS3, the
Ba–Zr–S compositional space contains various 2D Ruddlesden–Popper
phases Banþ 1ZrnS3nþ 1 (with n= 1, 2, 3) which have recently been reported.
Herein, it is shown that at high temperature the Gibbs free energies of 3D and
2D perovskites are very close, suggesting that 2D phases can be easily formed
at high temperatures. The product of the BaS and ZrS2 solid-state reaction,
in different stoichiometric conditions, presents a mixture of BaZrS3 and
Ba4Zr3S10. To carefully resolve the composition, X-ray diffraction, scanning
electron microscopy, and energy-dispersive X-ray spectroscopy analysis are
complemented with Raman spectroscopy. For this purpose, the phonon
dispersions, and the consequent Raman spectra, are calculated for the 3D
and 2D chalcogenide perovskites, as well as for the binary precursors. This
thorough characterization demonstrates the thermodynamic limitations
and experimental difficulties in forming phase-pure chalcogenide perovskites
through solid-state synthesis and the importance of using multiple techniques
to soundly resolve the composition of these materials.
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The tuning of the precursors’ stoichiometry can provide a path
to find milder synthetic conditions for BaZrS3 and other chalco-
genide perovskites, but it can also lead to the formation of other
unwanted perovskite phases. The ideal perovskite structure is
formed from a 3D network of corner sharing octahedra.
However, there are other closely related perovskite-like phases
that can be formed. For example, low-dimensional
Ruddlesden–Popper (RP) phases are known for chalcogenide
perovskites, similar to the oxide and halide perovskites.
Banþ 1ZrnS3nþ 1 for n= 1, 2, 3 (with the presence of low- and
high-temperature polymorphs for Ba3Zr2S7) have been reported
in addition to the 3D structure BaZrS3 (in which
n=∞).[6,13,16–18] For the corresponding perovskites with Hf
(Banþ 1HfnS3nþ 1), additional RP phases with n= 4, 5 have been
reported,[19] while no evidence is present for n> 3 in the Zr
series. In these low-dimensional phases, layers of 3D CPVK
are alternated with layers of BaS, as represented in Figure 1.
Interestingly, the bandgaps of these chalcogenide RP perovskites
decrease as n increases, contrary to the oxide and halide counter-
parts, where the bandgap widens as n increases.[20–22] The differ-
ent crystalline structure not only affects the bandgap of the
perovskite, but can also affect other functional features, such
as carrier transport and thermal or chemical stability. A deep
understanding of the synthetic reaction, especially when nonstoi-
chiometric conditions are explored, will be essential to control
the formation of competing phases with distinct properties.

The most widely used technique for the assessment of
different phases is X-ray diffraction (XRD). However, due to
the structural similarity of the 3D and the 2D perovskites, the
diffractogram peaks overlap, whichmake differentiating between
species challenging. For example, in the case of samples formed

by the mixture of BaZrS3 and Ba3Zr2S7, long data collection
times and rigorous refinement (supported by compositional tech-
niques such as energy-dispersive X-ray spectroscopy, EDS) are
necessary to give a quantitative estimation of their compositions.
As such, even with diffractograms presenting good angular res-
olution, intensity, and angular range, ambiguous assignation can
still occur. It follows that good practice, especially for this family
of materials, would be to combine crystallographic analysis with
other complementary techniques that may also provide a clearer
distinction between species. Vibrational spectroscopy is a good
candidate technique to carry out this role, as it probes the local
structure of a material, in contrast to XRD which probes the bulk
response. In this article, it will be shown that the 3D and 2D
perovskite structures each have a unique vibrational fingerprint
that better distinguishes between materials in the Ba–Zr–S sys-
tem and that Raman spectroscopy is therefore well suited for
checking the phase purity of the compounds.

In this study, XRD and Raman spectroscopy are combined to
assess the main composition of the product resulting from the
solid-state reaction of BaS and ZrS2 at various ratios. To aid in
our analysis, a first-principles thermodynamic model is used to
demonstrate that at high temperatures the Gibbs free energy of
the 3D and 2D CPVKmaterials is only a few kJ mol�1 apart, indi-
cating that both can be formed during high-temperature synthe-
sis (>1000 K). In addition, the Raman spectra for all known
binary and ternary compositions in the Ba–Zr–S phase systems
are calculated from first principles. Despite the use of excess
ZrS2 in the reaction mixtures, all the resulting powders show
deficiency of Zr and S, and present mixtures of BaZrS3 and
the RP phase Ba4Zr3S10. It will also be shown that peaks’ assig-
nation can be done more confidently when Raman and XRD are

Figure 1. Thermodynamic, electronic, and vibrational properties of BaZrS3 (Pnma) and Banþ 1ZrnS3nþ 1 (I4/mmm). a) Gibbs free energyΔG as a function
of temperature. ΔG is calculated for decomposition of BaZrS3 into: 1) Ba4Zr3S10 and ZrS2; 2) Ba3Zr2S7 and ZrS2; 3) Ba2ZrS4 and ZrS2. For comparison, all
materials are in the I4/mmm phase. b) Crystal structure of BaZrS3. c) Electronic band structure of BaZrS3 calculated using the HSE06 exchange–correla-
tion functional and with spin–orbit coupling (SOC), showing a direct bandgap of 1.72 eV. d) Phonon band structure of BaZrS3 with positive phonon
modes across the Brillouin Zone, indicating dynamical stability. e) Crystal structure of Ba4Zr3S10. f ) Electronic band structure of Ba4Zr3S10
(HSE06þ SOC), showing an indirect bandgap of 1.13 eV. g) Phonon band structure of Ba4Zr3S10 showing negative phonon modes at the zone bound-
aries, and indicating the presence of a lower symmetry structure at 0 K.
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used simultaneously. All calculated Raman spectra and the
thermodynamic analysis code are published in open-access
repositories alongside this work, allowing the adoption of our
approach to other studies of BaZrS3 synthesis.

2. Results and Discussion

During BaZrS3 synthesis, competing phases can form from both
the constituent elements (Ba, Zr, S) and/or from external impu-
rities (e.g., O2). In order to focus our analysis efforts on the
thermodynamically accessible competing phases, ab initio ther-
modynamic calculations were performed. As in this study syn-
thesis was carried out within a closed ampule under vacuum,
phases in the Ba–Zr–S system only were considered.
Competing phases were initially identified using the Materials
Project database,[23] followed by recalculation of the total energies
using a higher level of theory (HSE06 functional with spin–orbit
coupling) to reproduce lattice constants and bandgaps in agree-
ment with published results from experimental studies: the for-
mation energy, lattice constants, electronic bandgap, and a
comparison to experimental data for all systems considered
are provided in Table S1, Supporting Information. Five compet-
ing ternary phases were identified: Ba4Zr3S10 (I4/mmm),
Ba3Zr2S7 (I4/mmm), Ba3Zr2S7 (P42/mnm), Ba3Zr2S7 (Cmmm)
and Ba2ZrS4 (I4/mmm). All ternary compounds are in the RP
perovskite analogue series, Banþ 1ZrnS3nþ 1.

It follows that there are three ternary-to-ternary decomposition
mechanisms to consider

BaZrS3 ! ¼Ba4Zr3S10þ¼ZrS2 [Reaction 1]

BaZrS3 ! ⅓Ba3Zr2S7þ⅓ZrS2 [Reaction 2]

BaZrS3 ! ½Ba2ZrS4þ½ZrS2 [Reaction 3]

To predict the relative phase stabilities, a previously published
methodology was followed to calculate the change in Gibbs free
energy (ΔG) of each process,[24,25] as this is the potential that is
minimized in equilibrium. It is important to emphasize that this
calculation does not consider the effects of lattice expansion or
anharmonic vibrations. However, despite these limitations,
this methodology has been used to successfully predict the
temperature–pressure stability window for Cu2ZnSnS4.

[24]

The ΔG for all processes, reported in Figure 1a, is endother-
mic (positive valued) across the full temperature range consid-
ered (100–1300 K). ΔG for [Reaction 3] ranges from 17 to
15 kJmol�1, suggesting that BaZrS3 is stable against decompo-
sition into Ba2ZrS4. ΔG for [Reaction 2] is calculated for the three
polymorphs of Ba3Zr2S7. At 300 K ΔG is comparable for all three
polymorphs, as expected given the structural similarity:
10 kJmol�1 (P42/mnm and Cmmm), 11 kJ mol�1 (I4/mmm). At
1300 K ΔG is reduced to very small values: 7 kJmol�1

(P42/mnm), 6 kJ mol�1 (I4/mmm), and 5 kJ mol�1 (Cmmm).
ΔG for [Reaction 1] is 10 kJ mol�1 at RT reducing to
2 kJ mol�1 at 1300 K. Given that chemical accuracy is
�4 kJmol�1, these results indicate that 1) metastable Ba3Zr2S7
and Ba4Zr3S10 are energetically accessible during synthesis, with
Ba4Zr3S10 being the most likely phase to form; and 2) formation
of Ba3Zr2S7 and Ba4Zr3S10 becomes more likely as the

temperature is increased. Our results are supported by reports
of Ba4Zr3S10 formation during high-temperature synthesis of
Ba3Zr2S7.

[6]

Crystal, electronic, and vibrational structure information for
BaZrS3 and for the lowest energy competing phase, Ba4Zr3S10
are shown in Figure 1b–g. The electronic band structure is cal-
culated with the HSE06 functional and includes spin–orbit
effects, leading to an accurate predicted value of 1.72 eV for
the 3D perovskite direct bandgap[26] and a predicted value of
1.13 eV for the indirect bandgap of the RP phase. This is the
smallest predicted bandgap for RP Banþ 1ZrnS3nþ 1 materials
considered, and is in line with previous reports of a decreasing
bandgap with increasing n.[20–22] While an indirect bandgap can
lead to a decreased absorption coefficient near the band edge, we
expect this to be counter-balanced by the flatter band dispersion
for Ba4Zr3S10, resulting in a larger density of states.

At room temperature, BaZrS3 is reported to form in in space
group Pnma,[9] which is a distortion of the idealized cubic perov-
skite. RP phases are reported to form in the space group
I4/mmm.[20,21] It is found that BaZrS3 in the Pnma phase is
dynamically stable with positive phonon modes across the
Brillouin zone. In contrast, Ba4Zr3S10 is dynamically unstable
with imaginary phonon modes at the zone boundaries. This indi-
cates the presence of a symmetry lowering transition to a more
stable phase at low temperature, which is a common feature of
halide and oxide perovskite materials.[27,28] Ba4Zr3S10 in the
space group Fmmm has also been previously reported in the lit-
erature.[18] However, this corresponds to a small lattice expansion
and increase in the c/a lattice parameter ratio, so is unlikely to
result from distortions along zone boundary phonon modes of
the I4/mmm phase. In Figure S1, Supporting Information, we
confirm that the high-temperature structures for Ba4Zr3S10
(Fmmm), Ba3Zr2S7 (I4/mmm), and Ba2ZrS4 (I4/mmm) also pro-
duce imaginary phonon modes in the harmonic approximation.

To characterize the bulk structure, XRD was performed on
powder samples at room temperature and ambient atmosphere.
The corresponding diffractograms are reported in Figure 2a. The
names Zr_0, Zr_5, Zr_10, and Zr_20 used in this work represent
the product obtained by the reaction of 1:1, 1:1.05, 1:1.1, 1:1.2
BaS:ZrS2 molar ratios, respectively.

Observing the diffractograms it can be noted that the samples
present high crystallinity and, except the Zr_20, present complete
conversion to the ternary phase, with no evidence of unreacted
BaS (Figure S3a, Supporting Information). The presence of
unreacted ZrS2 is more challenging to assess, as its characteris-
tics peak is located at 32.2° (Figure S3a, Supporting Information),
where the samples present numerous small peaks which could
derive also from the 2D or 3D perovskite. As discussed later in
the text, Raman analysis simplified the assignation, confirming
the presence of ZrS2 in the Zr_0 sample. The Zr_20 sample
presents an additional peak at low angles which origin has
not been identified. Given the poor quality of the XRD pattern
of this sample, both in terms of crystallinity and phase purity,
it has been excluded from further characterization. It has to
be noted that the presence of other Ba–S and Zr–S binary com-
positions has been excluded observing their XRD patterns and
Raman spectra (Figure S3b, Supporting Information).
Similarly, the presence of oxides, sulfates, and carbonates
(all possible unwanted products in presence of air) has been
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excluded by comparing reported experimental XRD patterns and
Raman spectra (Table S3, Supporting Information).

The Zr_0 sample, which was expected to provide stoichiomet-
ric conversion to BaZrS3,

[29] shows the presence of multiple
phases that were assigned to the 3D BaZrS3 and to the RP phase
Ba4Zr3S10. It is important to highlight the similarity of the angu-
lar position and intensity of the BaZrS3, Ba3Zr2S7, and Ba4Zr3S10
XRD patterns, which complicates the experimental diffracto-
grams resolution (Figure S4, Supporting Information). The
Rietveld refinement presented in Figure S5 and Table S4–S6,
Supporting Information, shows that the RP phase is the majority
one, representing almost the 70% by mass. As the molar amount
of ZrS2 in the starting mixture is increased by 5%, the diffracto-
gram still reveals a mixture of phases, but with an overall pre-
dominance of the BaZrS3 over the RP phase.

This can be concluded by the change in shape of the peak at
25.1° and by observing the high-angle peaks (Figure S4,
Supporting Information), and is confirmed by the Rietveld
refinement. For the sample with a nominal 10% molar excess
of ZrS2, Ba4Zr3Z10 returns to be the majority phase, surprisingly
reaching 86% of the sample weight (Table 1).

In Figure 2b and Table 2, the experimentally recorded Raman
spectra of all the samples are reported together with the calcu-
lated spectra of BaZrS3, Ba4Zr3S10, and ZrS2. First of all, it is
worth stressing that the Raman spectra allow clear distinction
between the binary sulfides, the 2D RP phases, and 3D

CPVK, in contrast with the XRD pattern in Figure 2a. At a first
look it can already be appreciated that in all the samples there is
BaZrS3, as shown by the most intense peak located at 214 cm�1,
deriving from the A6

g and B6
2g vibrational modes. Similarly, the

peaks at lower frequencies (83 and 133 cm�1) and the peak at
380 cm�1 are mainly assigned to the BaZrS3 phase (A2

g, A
4
g,

and B5
1g, respectively), in agreement with previous works

(Table 2).[5,28–30] It is worth stressing that the expected experi-
mental spectra measured at room temperature should be red-
shifted to lower frequencies compared to computational
predictions, due to thermal expansion of the lattice which leads
to a softening of the phonon modes. For the A3

g and A4
g modes

in BaZrS3, the frequency shift at room temperature is reported to
be approximately 8 cm�1,[31] in agreement with what observed (a
shift of 10.3 and 6.6 cm�1, respectively). In contrast, the experi-
mental spectra are blueshifted for the A6

g and B6
2g modes, as has

been reported previously.[31,32] Importantly, these modes relate to
displacements of the sulfur species only. In the sample Zr_0, a
shoulder can be observed around 308 cm�1, which is assigned to
both the A7

g mode of the BaZrS3 and the A1
1g of the ZrS2.

Figure 2. a) X-ray diffractograms of the synthesized powders. Reference patterns for BaZrS3, Ba4Zr3S10 are taken from ICSD (Collection Code 23288 and
72656, respectively). Top left panel: focus on the low-angle peak shown by Zr_20. Bottom left panel: focus of the main peak. b) Calculated (bottom) and
measured (top) Raman spectra collected with 785 nm excitation wavelength.

Table 1. Phase quantification from Rietveld refinement.

BaZrS3
(Pnma) [wt%]

Ba4Zr3S10
(Fmmm) [wt%]

BaZrS3
(Pnma) [mol%]

Ba4Zr3S10
(Fmmm) [mol%]

Zr_0 31 69 61 39

Zr_5 59 41 84 16

Zr_10 14 86 36 64

Table 2. Raman peak positions for the measured Zr_0 (νexp) compared to
the calculated value (νpbesol).

Material Mode νpbesol νexp

BaZrS3 A3g 94.0 83.7

A4g 139.8 133.3

A6g 204.9 214.8

B62g 213.1 214.8

B51g 389.1 380.4

ZrS2 A11g 313.4 307.8

Ba4Zr3S10 Ag 350.1 339.3

Ag 403.9 416.2
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As previously reported Raman spectra of BaZrS3 show that the
A7

g mode is visible only at low temperature,[31] the 308 cm�1

peak in the Zr_0 spectrum is likely to derive from unreacted
ZrS2. This demonstrates that the presence of ZrS2 is easier to
observe through Raman spectroscopy than through XRD.

Importantly, all the spectra present a peak at around 339 cm�1

which does not derive from the 3D perovskite. Comparing the
measured spectrum with the calculated one for Ba4Zr3S10 it is
possible to assign it to the secondary RP phase, which is also
corroborated by XRD. The Zr_0 sample presents an additional
peak at 416 cm�1, which can be assigned to the Ag mode of
the Ba4Zr3S10. This phonon mode involves displacement of
the sulfur species only, as in the A6

g and B6
2g modes of the

BaZrS3 phase, which can be used to rationalize the unexpected
blue shift to higher frequencies for the experimental spectra.

Importantly, Raman spectra cannot be used for quantitative
analysis unless calibration with phase pure materials is per-
formed. The higher intensity of the BaZrS3 Raman peaks com-
pared to the RP ones does not indicate a higher content in the
sample, as demonstrated by the Rietveld quantifications.
However, it is interesting to note how the ratio between the areas
of the 339 and 214 cm�1 peak decreases as 5% molar excess of
ZrS2 is used in the starting mixture, suggesting that in this sam-
ple the orthorhombic 3D phase is favored over the 2D. This
hypothesis is supported by the disappearance of the peak at
99 cm�1 (which does not derive from BaZrS3 and is attributed
to the Ba4Zr3S10 mode located at 92 cm�1) and to the increased
intensity of the 380 cm�1 peak. In the Zr_10 sample, instead, the
ratio between the two peaks returns in favor to the Ba4Zr3S10,
with a reduction of the BaZrS3 peaks, as confirmed by
Rietveld analysis. It should be noted that the measured
Raman spectra were compared against the spectra of the binary
precursors (Figure S3, Supporting Information) as well as
against the oxide counterparts (Table S3, Supporting
Information),[33–37] confirming their absence in the synthesized
mixture.

So far it has been shown that, in these synthetic conditions,
the reaction between binary precursors leads to the formation of
a secondary 2D ternary phase. Zr- or S-poor conditions can trig-
ger the formation of RP phases, and a careful compositional anal-
ysis is necessary to obtain sensible conclusions. For this reason,
EDS compositional analysis has been performed on all the
synthesized powders and on the Zr_0 precursor mixture before
heat treatment, and the results are reported in Table 3.

The Zr_0 precursor mixture confirms that the Ba/Zr atomic
ratio before heat treatment was 1:1. Surprisingly, all the resulting
powders after treatment present Zr deficient compositions, with
the Ba/Zr atomic ratio decreasing in the Zr_0, Zr_5 and Zr_10

series. However it is worth stressing that the confidence range of
these values is enlarged by the limitations associated with pow-
ders analysis with EDS (see Supporting Information). The start-
ing material and the synthesized powders also present
substoichiometric amounts of sulfur, which becomemore unbal-
anced as the starting excess of ZrS2 is higher. To exclude acci-
dental losses during the loading of the samples in the quartz
ampules, a second batch repeating the Zr_0 conditions was pre-
pared and characterized showing very similar XRD, Raman spec-
tra, and EDS compositions to Zr_0 (Figure S6, Supporting
Information). The systematic loss of Zr in these synthesis hints
to possible unwanted reactions with the quartz ampule, even if
carbon-coated. More investigation is needed to address this phe-
nomenon, which is out of the scope of this work. However, this
evidence hints that other precursors, rather than ZrS2, should be
used, especially in high-temperature solid-state synthesis.

The observation of substoichiometric amounts of Zr and S
gives an additional explanation for the formation of Ba4Zr3S10.
As the RP Banþ 1ZrnS3nþ 1 family of materials are a ZrS2-
deficient analogue of BaZrS3, the RP phases are expected to
be more readily formed in Zr- or S-poor environments. To
explore this further, a ternary phase diagram for the Ba–Zr–S
system was constructed using the first-principles thermody-
namic model introduced earlier (Figure S2, Supporting
Information). This allows a prediction of which products are
formed for the substoichiometric amounts of Zr and S as mea-
sured by EDS. At high temperature, all RP phases and most
binary phases (all except BaS3) lie on the convex hull, so that
the predicted products are very sensitive to composition. Using
Ba–Zr–S composition values within the range of values reported
for each sample in Table 3, the model predicts that Ba4Zr3S10 and
BaZrS3 will be formed at 900 °C, alongside a smaller proportion
of ZrS2 (Table S7, Supporting Information). This suggests that
there is an additional driving force for phase separation into
BaZrS3 and Ba4Zr3S10 resulting from the under stoichiometric
amount of Zr and S. Our modeling also suggests that the S con-
centration in the samples limits the formation of BaZrS3. This is
why the Zr_10 sample, with the lowest proportion of sulfur mea-
sured by EDS, produces the highest proportion of Ba4Zr3S10. On
the other hand, this sample has the Ba/Zr ratio closer to unity,
suggesting that the cation ratio is not the driving force for the
preferential formation of 3D over 2D perovskites.

The compositional mapping presented in Figure 3 offers an
additional insight in the nature of the synthesized powders.
In the image, brighter zones correspond to areas of high atomic
concentration, although it is recognized that shadowing effects
give large dark areas (observable in the dark large areas in the
mappings but not in the secondary electron images).
Notwithstanding this, it may be observed that in all the samples
Zr is less uniformly distributed than Ba and S, as evidenced by
the particularly bright area in the Zr mapping. Among all the
samples, the Zr_0 shows the biggest agglomeration of zirco-
nium. Brighter area can be observed also in the other samples,
but the dimension and number of these agglomerates reduces in
Zr_5 and Zr_10 with the formation of smaller clusters more dis-
persed across the sample. The EDS analysis confirmed the pres-
ence of Zr-rich clusters in the sample Zr_0 (Figure S7,
Supporting Information), but in the others the distribution of
Zr looks more homogeneous (Figure S8 and S9, Supporting

Table 3. EDS quantifications (in atomic %) of the Zr_0 powder before the
synthesis and after, Zr_5 and Zr_10 with the instrumental error.

Ba Zr S

Zr_0 before treatment 23� 5 22� 5 55� 5

Zr_0 after treatment 25� 5 21� 5 54� 5

Zr_5 25� 5 22� 5 53� 5

Zr_10 25� 5 23� 5 52� 5
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Information), even if some local deviations from the average are
still present, as indicated by the mapping results. Instead, Ba and
S mapping shows that the Zr-rich areas in the Zr_0 sample cor-
respond to S and Ba deficient zones. The presence of Zr-rich
clusters hinders the uniformity of the reaction environment pos-
sibly creating local regions even more Zr-deficient than the aver-
age composition, favoring the formation of 2D perovskites.
Furthermore, the morphology of the synthesized crystals has
been analyzed through scanning electron microscopy (SEM)
in both secondary electron and the more compositionally sensi-
tive backscattered electron (BSE) modes. Looking at the BSE
image in Figure S10, Supporting Information, it can be noted
that, in the Zr_0 sample, the crystals have a different appearance
accordingly with the grain composition, as it could also be

appreciated in Figure S7, Supporting Information. The grains
with a composition close to stoichiometry have a flat, uniform
surface, while the grains presenting high concentrations of Zr
present an irregular, rough, patchy microstructure within the
grain. Additionally, it can be observed that the flat and regular
grains present a laminar structure, further indication of the pres-
ence of layered 2D phases in the sample.

3. Conclusions

In this work, experimental and computational techniques have
been combined to identify structurally similar products of the
reaction between BaS and ZrS2 at different stoichiometric ratios.

Figure 3. Secondary electron images and elemental mapping of the Zr_0, Zr_5, and Zr_10 (left, center, and right column, respectively).
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Ab initio thermodynamic calculations identified that chalcogen-
ide RP phases (and in particular the phases with larger n) are
energetically close to BaZrS3 and are thermodynamically acces-
sible at the high temperatures often required for the CPVK syn-
thesis. XRD and Raman spectroscopy demonstrate that for all the
investigated ratios of binary chalcogenide precursors, mixtures of
3D BaZrS3 and 2D Ba4Zr3S10 are created. Interestingly, it has
been shown that, despite the use of ZrS2 excess in the precursor
mixtures, Zr and S deficiencies have been observed in all the syn-
thesized powders, further driving the 2D phase formation.
However, the formation of RP phase does not depend only on
the Ba/Zr ratio (with higher concentration of 2D phases formed
with the Ba/Zr ratio closer to unity), but is also extremely sensi-
tive to sulfur deficiencies. These results suggest the high possi-
bility of creation of mixed phases during CPVK synthesis at high
temperatures, and the need to carefully control phase composi-
tion. These results may also explain why the reported bandgap of
BaZrS3 varies significantly in different publications: it is possible
that 3D and 2D mixtures were created and not identified due to
the similarity of the XRD diffractograms of these species.

Raman spectra calculated from first principles have been pub-
lished in an open-source database for binary Ba–S and Zr–S and
ternary Ba–Zr–S compositions. This includes Raman data not yet
present in the literature, specifically for phases Ba4Zr3S10, BaS2,
BaS3, ZrS, and ZrS3. Ba4Zr3S10 has been rarely reported, and
little characterization is available in literature on this RP perov-
skite. The DFT calculations presented predict an indirect
bandgap of 1.13 eV, suggesting that it is the smallest bandgap
of materials synthesized in the Banþ 1ZrnS3nþ 1 series.

Finally, this work has demonstrated the complexity of the
Ba–Zr–S phase diagram, stressing the importance of using
multiexperimental techniques to soundly resolve the reaction
products of synthesis, and the necessity to find alternative
synthetic routes involving lower temperatures and different pre-
cursors. Raman spectroscopy, here suggested as a technique
complimentary to XRD, has been proven to provide a relatively
easy and quick differentiator between CPVK phases, and even for
several binary compositions of the Ba–Zr–S elements. In addi-
tion, the use of Raman spectroscopy in other CPVK synthesis
environments (such as nanoparticle synthesis) may help to iden-
tify the reaction mechanisms where traditional techniques, such
as XRD, cannot be used, or where the presence of organic mate-
rials complicates the analysis. Hopefully, the use of the database
created in this work will support further progress in developing a
low-temperature synthetic procedure for chalcogenide perov-
skites, promote increased control of the 2D–3D phase equilib-
rium during synthesis, and ultimately enable their thin film
deposition and integration into optoelectronic devices.

4. Experimental Section

Experimental Procedure: Synthesis of powders: BaS (99.7%. Alfa Aesar)
and ZrS2 (99.99%, Alfa Chemistry) were used without further purification.
300mg of powder formed by 1:1, 1:1.05, 1:1.1, and 1:1.2 molar mixtures of
BaS and ZrS2 (called Zr_0, Zr_5, Zr_10, Zr_20, respectively) were finely
ground with an agate pestle and mortar, loaded into carbon-coated quartz
ampules, purged with argon 3 times and sealed under a vacuum of
10�5 mbar. Each mixture was then placed in a single zone furnace
at 500 °C, and the temperature was increased to 900 °C at a rate of

200 °C h�1. The powders were kept at 900 °C for 5 days, and finally
quenched in water.

Computational Details: Competing phases of BaZrS3 were identified
using the Materials Project database,[38] with all Ba–Zr–S compounds
within 0.5 eV above the convex hull considered. This energy range has
been shown to cover the 90th percentile of all metastable materials
reported within Materials Project.[39,40] First-principles density functional
theory (DFT) calculations were carried out with the all-electron numeric
atom-centered code FHI-aims.[41] Minimum-energy crystal structures were
found using parametrically constrained geometry relaxation.[42] The self-
consistent field criterion was set to 10�7 e Å�3 and 10�6 eV Å�1 for
electron density and force, respectively. The structures were relaxed until
the maximum force component was below 5� 10�3 eV Å�1.
All other inputs were set to the default value within FHI-aims. All relaxa-
tions and phonon calculations were performed with the PBEsol[43]

functional with a tight basis set. Electronic band structures and total ener-
gies were calculated using the HSE06[44] functional alongside inclusion of
spin–orbit coupling. The resulting formation energies and bandgaps are
reported in Table S1, Supporting Information. Phonon band structures
were evaluated using the finite difference method with a 0.01 Å step size,
as implemented in Phonopy.[45] The supercell size and k-point spacing
used for phonon calculations are presented in Table S2, Supporting
Information. Raman intensities and peak positions were generated
through Phonopy-Spectroscopy with a two-point finite difference along
displacements, and are reported in the Supporting Information.[46]

A Lorentzian peak width of 1 cm�1 was set on the peak positions obtained
from the analysis. Macroscopic dielectric tensors were evaluated using the
real space density functional perturbation theory method implemented in
FHI-aims[47] with the PBE functional.[48] Gibbs free energies were calcu-
lated using Phonopy and the ThermoPot package.[49] Imaginary modes
were omitted from our calculation of the thermodynamic partition func-
tion and so do not contribute to the Gibbs free energy. An online reposi-
tory containing 1) analysis code for generating Figure 1a and S2,
Supporting Information; 2) the raw data from electronic structure
calculations; and 3) the data used to generate Raman spectra is available
at https://github.com/NU-CEM/2022_BaZrS3_High-T_equilibrium.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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