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BaZrS3 Lights Up: The Interplay of Electrons, Photons, and
Phonons in Strongly Luminescent Single Crystals

Rasmus Svejstrup Nielsen,* Ángel Labordet Álvarez, Yvonne Tomm, Galina Gurieva,
Andres Ortega-Guerrero, Joachim Breternitz, Lorenzo Bastonero, Nicola Marzari,
Carlo Antonio Pignedoli, Susan Schorr, and Mirjana Dimitrievska*

Chalcogenide perovskites have emerged as a promising class of materials
for the next generation of optoelectronic applications, with BaZrS3 attracting
significant attention due to its wide bandgap, earth-abundant composition, and
thermal and chemical stability. However, previous studies have consistently
reported weak and ambiguous photoluminescence (PL), regardless
of synthesis method, raising questions about the intrinsic optoelectronic
quality of this compound. In this work, strong, band-to-band-dominated
PL is demonstrated at room temperature in high-quality BaZrS3
single crystals, with a PL quantum yield of ∼0.005%. Despite the narrow,
single-component PL emission band, time-resolved PL measurements reveal
a carrier lifetime of 1.0 ± 0.2 ns. To understand the origin of the strong PL and
short carrier lifetime, multiwavelength excitation and polarization-dependent
Raman measurements are performed, supported by first-principles lattice
dynamics calculations. All 23 theoretically predicted Raman-active modes
and their symmetries are identified, providing a comprehensive reference
for future studies. These results indicate that phonon-assisted carrier decay
and nontrivial electron-phonon interactions contribute to the short carrier
lifetimes, as evidenced by Raman spectroscopy and DFT calculations. Further
studies on compositional variations or partial cation/anion substitutions
can mitigate electron-phonon coupling and enhance carrier lifetimes. By
establishing a detailed reference for the intrinsic vibrational and optoelectronic
properties of BaZrS3, this work paves the way for further advancements
in chalcogenide perovskites for energy and optoelectronic technologies.
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1. Introduction

The emergence of lead-halide per-
ovskites has transformed the field of
optoelectronics,[1–5] driven by their excep-
tional optoelectronic properties, including
high absorption coefficients, long carrier
diffusion lengths, and defect tolerance.[6–8]

However, their practical implementation
faces significant challenges due to their
thermal and chemical instability,[9–11]

as well as concerns over the toxicity
of lead.[12,13] In response, chalcogenide
perovskites have gained attention as a
promising alternative, offering superior
stability and environmentally benign
compositions,[14] with bandgaps within the
visible region that are relevant for energy
conversion and light technologies.[15–17]

Among these materials, BaZrS3 has been
the most widely studied, owing to its wide
direct bandgap and its ability to be synthe-
sized at comparatively lower temperatures
than other chalcogenide perovskites.[18–22]

BaZrS3 exhibits a high absorption coeffi-
cient (>105 cm−1 in the visible region),[5,23]

stability under ambient conditions,[14,24]

and is composed of earth-abundant
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elements,[25] making it a promising candidate for a range of opto-
electronic applications.[15] However, the optoelectronic properties
remain debated in the literature, with the few existing studies re-
porting weak and ambiguous photoluminescence (PL).[18,23,26–31]

The reported PL spectra vary significantly, showing inconsis-
tencies in peak positions, asymmetric emission bands, multi-
component features, and, in some cases, a complete absence of
room-temperature PL. Since strong, well-defined PL is a key in-
dicator of high optoelectronic quality, these discrepancies raise
fundamental questions about intrinsic limitations to the opto-
electronic potential of BaZrS3. As the origins of these variations
remain unclear – they may result from quenched-in defects in-
troduced during synthesis or strong electron-phonon coupling
facilitating non-radiative recombination – a detailed study of the
optoelectronic and vibrational properties of high-crystal quality
BaZrS3 is needed to assess the role of both defects and phonons.
In a recent study, Ye et al. compared the vibrational properties

of the lead-halide perovskite CsPbBr3 and BaZrS3 by investigat-
ing temperature-dependent PL and Raman spectra.[26] They con-
cluded that electron-phonon coupling in BaZrS3 is significantly
stronger, likely due to greater phonon anharmonicity. However,
their PL measurements revealed multiple spectral components
and no detectable signal at room temperature, suggesting poor
optoelectronic quality in their sample. Yetkin et al. combined
theoretical and experimental Raman studies on BaZrS3-BaHfS3
solid solutions, showing that non-resonant Raman spectra varied
only slightly with composition, while resonant Raman measure-
ments revealed the emergence of new two-phonon modes highly
sensitive to composition.[32] Ramanandan et al. investigated sec-
ondary oxide-based phases to better understand the formation
of BaZrS3 from sulfurized oxide precursors,[33] while Pandey
et al. studied the temperature dependence of phonon frequencies
and compared their results with density functional theory (DFT)
calculations.[34] Several other studies have also explored the vibra-
tional properties of BaZrS3 through Raman spectroscopy,[22,35–38]

yet fundamental questions remain about its lattice dynamics
and electron-phonon interactions. Despite these efforts, a com-
prehensive peak identification and symmetry assignment from
high-quality single crystals remains lacking. Such analysis is
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essential for a deeper understanding of lattice dynamics and
electron-phonon coupling in BaZrS3, which directly impacts its
optoelectronic properties. A thorough analysis of a high-quality
crystal can also establish Raman spectroscopy as a promising
technique for defect characterization in this compound.[39]

In this work, we grew a high-quality BaZrS3 single crystal
and performed a comprehensive investigation of its optoelec-
tronic and vibrational properties. Using power-dependent PL
spectroscopy, we demonstrate a strong emission dominated by
band-to-band transitions, featuring a single, narrow peak – sig-
nificantly sharper than previously reported spectra – and provide
insights into the carrier dynamics using time-resolved PL (TRPL)
measurements. To determine the properties of the phonons,
we use multiwavelength excitation Raman spectroscopy to ex-
ploit resonance effects and polarization-dependent Raman spec-
troscopy to assign symmetries to all 23 theoretically predicted Ra-
manmodes. These experimental results are further supported by
first-principles lattice dynamics calculations, offering a more de-
tailed understanding of phonon modes and electron-phonon in-
teractions. Our findings establish a more definitive picture of the
intrinsic optoelectronic and vibrational characteristics of BaZrS3,
helping to resolve discrepancies in prior reports and highlighting
its potential as well as limitations for optoelectronic applications.

2. Results

First, we perform a chemical and structural characterization
of the synthesized single crystal. Figure 1a presents an optical
microscopy image of the needle-like single crystal of BaZrS3.
The chemical composition of the crystal was investigated by X-
ray fluorescence spectroscopy, revealing a Ba/Zr ratio of 0.93
± 0.04. This observation suggests the possibility of slight off-
stoichiometry, whichmay be accommodated by defect formation.
However, as detailed later, XRD and Raman spectroscopy con-
firms the absence of secondary phases, indicating that any devi-
ations from stoichiometry are not associated with macroscopic
phase separation. Given the relatively high formation energies of
isolated barium vacancies (VBa) and cation antisites (BaZr, ZrBa)
predicted by DFT studies,[40,41] these defects are unlikely to ex-
ist in significant concentrations, even under barium-poor con-
ditions. Instead, we expect charge-neutral defect complexes –
such as Zr2+Ba + Ba2−Zr or Zr

2+
Ba + V2−

Ba – to form preferentially, as
these would maintain charge neutrality and minimize the elec-
trostatic energy of the lattice. Although such complexes have not
yet been explicitly investigated in BaZrS3 through DFT calcula-
tions, their formation is strongly supported by the defect chem-
istry in related chalcogenide materials, such as Cu(In, Ga)S2 and
kesterites.[42,43] Considering the estimated 4% experimental un-
certainty in the XRF measurements, along with our comprehen-
sive structural and optoelectronic characterization presented be-
low, we conclude that the crystal is close to stoichiometric, with
any native defects being low in concentration and likely existing
as electrically benign complexes.
The structural analysis of the crystal confirms the distorted-

perovskite type, orthorhombic crystal structure with corner-
sharing ZrS6 octahedra (space group Pnma). Figure 1b depicts
the determined crystal structure, generated in VESTA from the
CIF file obtained through single-crystal XRD structure deter-
mination. The obtained lattice parameters are a = 7.076(3) Å,
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Figure 1. a) Optical microscope image of the needle-like single crystal
studied in this work. b) Crystal structure of BaZrS3, generated in VESTA
from the CIF file obtained through single-crystal XRD refinement.

b = 9.991(4) Å, and c = 7.027(3) Å. The atomic position param-
eters, determined from the structural analysis, are presented in
Table 1. These parameters further confirm the precise positions
of the constituent elements within the orthorhombic unit cell.
The CIF has been deposited with the CCDC and assigned CSD
Number 2465609.

2.1. Photoluminescence Spectroscopy of BaZrS3

To investigate the optoelectronic properties of the BaZrS3 sin-
gle crystal, we performed photoluminescence (PL) spectroscopy
at room temperature, studying the dependence on excitation
power density and polarization, as well as the time-resolved
PL decay.

Table 1. Atomic position parameter of BaZrS3 (space group Pnma). The
CIF has been deposited with the CCDC and assigned CSD Number
2465609.

Wyckoff position x y z

Ba 4c 0.9615 0.2500 0.4926

Zr 4a 0.0000 0.0000 0.0000

S1 4c 0.0042 0.2500 0.9403

S2 8d 0.7130 0.9694 0.2130

Figure 2a shows the power-dependent PL spectra of the BaZrS3
single crystal. Previous reports on the PL spectra of BaZrS3 have
been highly inconsistent, often featuring broad, asymmetric, and
sometimes even multi-component emission bands.[18,23,26–31,44,45]

In contrast, we observe a single symmetric emission peak in all
our spectra, which can be fitted with a single Gaussian function.
The peak width ranges from 0.19 to 0.24 eV at maximum power,
which, to the best of our knowledge, is the narrowest emission
peak reported for BaZrS3. As the width of the PL peak is related
to the Urbach energy and the density of shallow defects, this
suggests that our BaZrS3 crystal exhibits higher optoelectronic
quality compared to previous reports. It is also worth noting that
our measurements were conducted at room temperature, where
Ye et al. recently reported no detectable PL from BaZrS3 single
crystals.[26] We observe no emission features at lower photon en-
ergies, where Márquez et al. and Pradhan et al. have reported
midgap defect peaks (∼1.2 eV) attributed to undetected secondary
phases and sulfur interstitials, which are hypothesized to quench
PL inmost BaZrS3 samples.[45,46] Finally, we estimated the photo-
luminescence quantum yield (PLQY) to be approximately 0.005%
under 532 nmexcitation, calibrated against an internal perovskite
reference standard with a known PLQY of 0.03% as reported by
Lai et al.[47]

These discrepancies between our results and previous reports
suggest that the multi-component features and weak PL intensi-
ties reported elsewhere are not intrinsic to BaZrS3, but arise from
synthesis-related imperfections, particularly in thin films. Given
the high synthesis temperature of BaZrS3, structural defects and
impurities aremore likely to become quenched-in,making defect
control more critical for optimizing optoelectronic quality than
in lead-halide perovskites, where charged point defects can be
eliminated (or “self-healed”) through ionic diffusion.[48,49] How-
ever, our results demonstrate that despite the relatively rigid crys-
tal structure of BaZrS3, a single-component PL emission peak
is achievable.
To investigate the nature of the radiative emission peak, the

integrated PL intensities have been fitted to the power law I∝Pk

in Figure 2b, where I is the integrated peak intensity, P is the
excitation power density, and k is an exponent. When k ⩽ 1, the
transition is associated with defect recombination, whereas k ⩾ 1
typically indicates excitonic transitions.[50,51] For the BaZrS3 sin-
gle crystal studied here, we obtain k= 1.04± 0.02, suggesting that
the radiative emission primarily arises from band-to-band tran-
sitions. This is a promising result for the material’s potential in
optoelectronic applications.
We observe a shift in the PL emission peak with increas-

ing integration time, as shown in Figure 2c. While excitonic
effects could, in principle, lead to transitions slightly below
the bandgap energy, we believe this shift is more likely due
to sample heating. A similar effect is observed when measur-
ing the PL under 488 nm excitation, as shown in Figure S2
(Supporting Information). Comparison of the PL spectra excited
with 532 nm and 488 nm reveals a redshift of approximately
30 meV in the emission peak. While the spectral broadening
is negligible, we attribute the redshift to local heating result-
ing from the smaller penetration depth of the 488 nm laser, as
well as to the enhanced contribution of surface states, consistent
with observations previously reported in halide perovskite single
crystals.[52]

Adv. Optical Mater. 2025, 13, e00915 e00915 (3 of 12) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. a) Excitation power-dependent PL spectra of the BaZrS3 single crystal measured at room temperature. b) Integrated PL intensity, I, as a function
of excitation power density, P. The fit follows a power-law relation with an exponent k = 1.04 ± 0.02, indicating a band-to-band-like transition. c) PL peak
position as a function of excitation power density. Two integration times were used to illustrate the effect of total energy dose on the peak position.
d) Time-resolved PL (TRPL) transient fitted with a monoexponential decay, yielding a characteristic decay time of 𝜏 = 1.0 ± 0.2 ns. e) Angle-resolved
polarization-dependent PL intensities measured on the (010) plane, revealing weak optical anisotropy in the xy plane.

Reported PL peak positions in the literature vary widely, rang-
ing from 1.65 to 1.95 eV.[15] However, given the strong PL in-
tensity, narrow peak width, and band-to-band-like transition ob-
served in our single crystal, we propose that the peak position
of 1.92 ± 0.01 eV represents the intrinsic bandgap of BaZrS3
at room temperature. Yuan et al.[40] recently demonstrated that
several intrinsic defects form shallow donor levels with relatively
low formation enthalpies. In addition to chemical impurities and
structural defects, these may contribute to the broad range of re-
ported emission peak positions and peak asymmetries in the lit-
erature. The observed peak shift with increasing power density, as
well as the influence of total injected energy— illustrated here by
the shift with increasing integration time during the data acqui-
sition— underscores the importance of reporting suchmeasure-
ment conditions when comparing PL data across different stud-
ies.
The TRPL transient of the the BaZrS3 single crystal is shown

in Figure 2(d). The transient is well described by a monoexpo-
nential decay, yielding a characteristic decay time of 𝜏 = 1.0 ±
0.2 ns. This result is promising, given that the crystal surfaces
have not been passivated. The TRPL decay time is comparable to
that reported for single crystals by Zhao et al.,[53] and for epitax-
ially grown BaZrS3 thin films by Surendran et al.,[28] where the
steady-state PL spectrum also exhibits a single, symmetric emis-
sion peak. Furthermore, similar decay times were obtained by

transient absorption spectroscopy on epitaxially grown BaZrS3
thin films.[54]

Longer TRPL decay times have been observed by Ye et al. us-
ing single crystals,[30] and Wei et al. with thin films synthesized
by sulfurization of PLD-deposited oxide precursors.[23] However,
these longer decay times are believed to originate from carrier
localization, likely due to defect trapping, as indicated by biexpo-
nential decay behavior. The presence of multiple recombination
channels in these samples aligns with the more complex steady-
state PL spectra, which often feature several emission peaks.[26]

While Surendran et al., Wei et al., and Ye et al. all report biexpo-
nential decays, the shorter decay components in their studies are
comparable to our characteristic decay of 𝜏 ∼ 1 ns. Yuan et al.[40]

calculated an upper limit of 33 ns for the non-radiative lifetime
in BaZrS3 synthesized under sulfur-rich conditions. Ye et al. ini-
tially reported decay times of up to 50 ns,[30] but later clarified that
these long lifetimes are likely associated with carrier localization
through defect trapping, which explains the coexistence of very
long TRPL decay times and low PL quantum yields.[26]

Finally, we performed angle-resolved polarization-dependent
PL spectroscopy on the (010) plane, as shown in Figure 2e. While
some degree of optical anisotropy is observed in the xy plane,
it is far less pronounced than in BaTiS3, which adopts a quasi-
1D structure believed to drive the giant optical anisotropy in
that compound.[55] Although the emission characteristics appear

Adv. Optical Mater. 2025, 13, e00915 e00915 (4 of 12) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 2025, 26, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202500915 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [22/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

largely isotropic, the slight anisotropy observed still warrants
further exploration of optical anisotropy in other crystal planes
of BaZrS3.

2.2. Vibrational Properties and Phonons in BaZrS3

Group theory analysis predicts 60 phonon modes for BaZrS3
(space group Pnma (No. 62), point group mmm) with the follow-
ing irreducible representations:[56]

Γvib = 7Ag + 8Au + 5B1g + 10B1u + 7B2g + 8B2u

+ 5B3g + 10B3u

(1)

where (i) B1u + B2u + B3u are acoustic modes, (ii) 9B1u + 7B2u
+ 9B3u are infrared active modes, and (iii) 7Ag + 5B1g + 7B2g
+ 5B3g are Raman active modes. Here, A and B denote non-
degenerate symmetric and asymmetric modes with respect to
the principal rotational axis (under all 180° rotations in the point
group), while the subscripts g and u indicate mode symme-
try and asymmetry under inversion, respectively. The numeri-
cal subscripts in the phonon modes denote asymmetry with re-
spect to specific mirror planes: “1” corresponds to asymmetry
with respect to the yz plane, “2” to the xz plane, and “3” to the
xy plane.
To determine the properties of these phonon modes, we per-

formed multiwavelength excitation Raman measurements in
both non-polarized and polarized configurations, supported by
phonon and Raman calculations in DFT.

2.3. Multiwavelength Excitation Raman Measurements of BaZrS3

Non-polarized Raman spectra of BaZrS3, measured using
488, 532, 638, and 785 nm laser excitations, along with the
non-resonant DFT-calculated Raman spectrum, are shown in
Figure 3a.
The Raman spectra obtained with 488 and 532 nm excitations

exhibit very similar features, whereas those measured with 638
and 785 nm excitations show differences in the intensity distri-
bution of the Raman peaks. These variations arise from differ-
ences in laser penetration depth and resonance conditions. Based
on the absorption spectrum of BaZrS3,

[57] the penetration depth
ranges from approximately 10 μm for a 785 nm wavelength to 1
μm for 638 nm and around 100 nm for 532 and 488 nm. This
suggests that measurements with shorter wavelength excitations
(488 and 532 nm) are more sensitive to surface effects, such as
surface roughness or the formation of a native oxide layer, as re-
ported by Agarwal et al.[58] These surface effects reduce the in-
tensity and broaden the Raman peaks. In contrast, the 785 nm
excitation probes a larger volume of material, resulting in nar-
rower and more intense Raman peaks, as seen in Figure 3a. Ad-
ditionally, since our PL measurements indicate a direct bandgap
of 1.92 ± 0.01 eV for BaZrS3, the 638 nm excitation (1.94 eV) is
resonant. This resonance enhances specific Raman modes and
modifies the spectral shape, particularly in the lower-frequency
region of Figure 3a.
We note that all observed peaks in the Raman spectra of the

single crystal can be attributed to the BaZrS3 phase, with no ev-
idence for the presence of secondary phases such as ZrS2, BaS,

Figure 3. a) Non-polarized Raman spectra of BaZrS3 measured with
488, 532, 638, and 785 nm laser excitation, along with the DFT
calculated Raman spectrum. Vertical lines beneath the spectra show
a comparison between experimentally determined Raman peak posi-
tions (labeled “Exp”), obtained through deconvolution, and those de-
rived from DFT (labeled “DFT”). b) Phonon density of states and
DFT-calculated phonon dispersion along high-symmetry directions of
BaZrS3.

Adv. Optical Mater. 2025, 13, e00915 e00915 (5 of 12) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Calculated phonon displacements for Raman modes of BaZrS3.
Mode symmetries and frequencies (in cm−1) are listed under each picture.

BaS3, BaZrO3, ZrO2, or oxysulfides, based on comparison with
reference Raman spectra reported in the literature.[33,59,60]

The non-resonant DFT calculated Raman spectrum shows
good agreement with the experimental data, particularly when
comparing the Raman intensity profile and peak positions to the
spectrum measured with 785 nm excitation. This is expected,
as the 785 nm spectrum best reflects the bulk characteristics of
the BaZrS3 crystal. Slight differences in the Raman peak posi-
tions between the experimental and DFT spectra can be observed
in the high-frequency region, around 200 cm−1. These differ-
ences are attributed to anharmonic effects, which are more pro-
nounced for lighter sulfur atoms due to their larger vibrational
amplitudes. This leads to an underestimation of frequencies in
the harmonic approximation. Additionally, electron-phonon in-
teractions, which are not fully captured in standard DFT calcula-
tions, can further renormalize the vibrational modes, contribut-
ing to the observed deviation between theoretical and experimen-
tal spectra.
A more detailed analysis of the phonon nature in BaZrS3 can

be obtained from the calculated phonon dispersion along high-
symmetry directions of the Brillouin zone, as shown in Figure 3b,
along with the elemental phonon density of states (PDOS). Sev-
eral distinct regions can be identified in the phonon dispersion
diagram: (i) the low-frequency region (<100 cm−1), predomi-
nantly dominated by Ba-related vibrations with smaller contribu-
tions fromZr atoms, (ii) the intermediate region (100–240 cm−1),
which corresponds tomixed contributions fromZr- and S-related
vibrations, and (iii) two high-frequency regions (260–280 cm−1

and 370–420 cm−1), primarily attributed to S-related vibrations.
Additionally, two phonon gaps are observed: one in the 240–260
cm−1 frequency region, and another in the 280–370 cm−1 region.
These gaps arise from the mass differences between Ba, Zr, and
S atoms, as well as the strong bonding within the ZrS6 octahedra
compared to the weaker interactions involving Ba. The phonon

gaps restrict available phonon scattering channels, which in turn
enhances the energy transfer from excited carriers to the lattice,
promoting non-radiative recombination. While the existence of
phonon gaps in BaZrS3 suggests enhanced electron-phonon cou-
pling and an increased probability of defect trapping, in agree-
ment with the observations by Ye et al.,[26] recent theoretical
studies[61] have shown that electron-phonon coupling in BaZrS3
is notably strong, significantly influencing polaron formation
and carrier dynamics. The observed phonon gaps are consistent
with a lattice that supports moderate to strong electron-phonon
coupling, where specific vibrational modes preferentially interact
with charge carriers, leading to polaronic effects. This behavior
contrasts with more rigid semiconductors such as GaAs, Si, or
GaN, where stronger bonding, lower dielectric polarizability, and
higher phonon frequencies suppress such interactions. There-
fore, the combination of a soft lattice, a polarizable bonding en-
vironment, and the presence of phonon gaps provides evidence
for nontrivial electron-phonon interactions in BaZrS3, which are
crucial for understanding its carrier recombination and transport
properties.
Atomic displacements of the Raman modes were calculated to

visualize the corresponding atomic motions. Figure 4 shows the
vibrational patterns of representative Raman-active modes, while
the full set ofmode representations is provided in Figure S5 (Sup-
porting Information).
To determine the frequency and phonon order (one- or multi-

phonon) of the Raman modes, we performed a deconvolution
of the Raman spectra shown in Figure 3a. The deconvolution
was carried out simultaneously for all four spectra, allowing the
identification of 23 one-phonon Raman modes, as predicted by
theory. Each peak was modeled using a Lorentzian curve, char-
acterized by its peak position, width, and intensity. The initial
parameters for the one-phonon modes were derived from the
simulated Raman spectra obtained from DFT calculations, while
multi-phonon modes were introduced as needed during the fit-
ting process. Due to the large number of variables involved, strict
constraints were applied to prevent correlations among the pa-
rameters and ensure meaningful results. The peak positions and
widths of the same Raman modes were tied together across all
four spectra, while the intensities were treated as free parame-
ters. Since peak widths are primarily determined by phonon life-
times, which depend on the crystal quality, modes of the same
phonon order are expected to have similar widths. Additionally,
multi-phonon modes are expected to be broader compared to
one-phonon modes. This approach resulted in a narrow range
of allowed variations in the peak widths throughout the deconvo-
lution process, enabling an unambiguous determination of the
Raman mode frequencies. The representative deconvolution re-
sults for the Raman spectra measured with 488 nm excitation are
shown in Figure S4 (Supporting Information).

2.4. Angle-Resolved Raman Polarization Measurements of
BaZrS3

As the symmetry of the Raman modes cannot be directly de-
termined from multiwavelength Raman measurements, we per-
formed angle-resolved polarization Raman measurements.

Adv. Optical Mater. 2025, 13, e00915 e00915 (6 of 12) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Table 2. Angular dependencies of Raman modes intensity for BaZrS3, in
parallel and perpendicular measurement configurations on (010) basal
plane, with 𝜃 being the polarization angle between e⃗i and (100).

Phonon
mode

Parallel
configuration

Perpendicular
configuration

Ag C(𝜔p) × (a × cos 2𝜃 + c × sin 2𝜃)2 C(𝜔p) × (a − c)2 × cos 2𝜃 × sin 2𝜃

B1g 0 0

B2g C(𝜔p) × |e × sin 2𝜃|2 C(𝜔p) × |e × cos 2𝜃|2

B3g 0 0

Under non-resonant conditions, the Raman tensors for the
Raman-active phonon modes are defined as:

ℜ
(
Ag

)
=
⎛⎜⎜⎝
a 0 0
0 b 0
0 0 c

⎞⎟⎟⎠
, ℜ

(
B1g

)
=
⎛⎜⎜⎝
0 d 0
d 0 0
0 0 0

⎞⎟⎟⎠
,

ℜ
(
B2g

)
=
⎛⎜⎜⎝
0 0 e
0 0 0
e 0 0

⎞⎟⎟⎠
, ℜ

(
B3g

)
=
⎛⎜⎜⎝
0 0 0
0 0 f
0 f 0

⎞⎟⎟⎠

(2)

where a, b, c, d, e and f are the Raman tensor coefficients (ele-
ments).
The scattering intensity of each mode in the Raman spectra is

given by:

IS ∝ C
(
𝜔p

)||e⃗i ⋅ℜ ⋅ e⃗s||2 (3)

where e⃗i and e⃗s are the unitary polarization vectors of the incident
light and backscattered light, respectively. The coefficient C(𝜔p)
describes the dependence of the Raman mode intensity from the
phonon frequency 𝜔p and the incident laser frequency 𝜔i. It is
defined as:

C
(
𝜔p

)
=

𝜔i

(
𝜔i − 𝜔p

)3
𝜔p

[
1 − exp

(
−ℏ𝜔p∕kBT

)] (4)

where ℏ = h/2𝜋, with h being the Planck constant, kB is the Boltz-
mann constant and T is the temperature.
Raman measurements were performed on the single crys-

tal with the (010) lattice plane as the basal plane, as shown in
Figure 6. Considering this configuration, the incident e⃗i and
backscattering e⃗s polarization unit vectors can be defined as:

e⃗i =
(
sin 𝜃 0 cos 𝜃

)

e⃗ ∥s =
⎛⎜⎜⎝
sin 𝜃
0

cos 𝜃

⎞⎟⎟⎠
, and e⃗⟂s =

⎛⎜⎜⎝
cos 𝜃
0

− sin 𝜃

⎞⎟⎟⎠
(5)

where 𝜃 is the polarization angle with respect to the [100] axis,
and the symbols ∥ and ⊥ denote parallel and perpendicular po-
larization, respectively.
Combining Equations (2– 5) yields the Raman intensity de-

pendency on the polarization angle for different phonon modes,
which are presented in Table 2. We find that changes in the po-
larization angle result in selective activation or cancellation of

phonon modes. When polarization Raman measurements are
performed with the incident light onto the (010) basal plane
(Figure 6), the B1g and B3g modes are silent, while the Ag and
B2g modes vary according to the polarization configuration.
Figure 5 presents the experimental polarization-dependent Ra-

man spectra of the BaZrS3 single crystal, recorded in both paral-
lel and perpendicular configurations for polarization angles (𝜃)
ranging from 0° to 180°. The measurements were performed us-
ing 785 nmexcitation, which provided the highest spectral quality
and the most representative response among the available laser
wavelengths. A detailed analysis of the polarization-dependent
spectra, based on the deconvolution methodology described ear-
lier, enabled the resolution of 12 distinct Raman peaks. The in-
tensity evolution of these peaks follows the expected behavior out-
lined in Table 2, allowing us to assign each peak to either an Ag
or B2g mode.
We highlight three representative Raman peaks centered at

51, 90, and 61 cm−1 in Figure 5b,c,d, which exhibit characteris-
tic polarization-dependent intensity trends. The peak at 51 cm−1

shows periodic intensity variations with a phase shift of 𝜋 (180°)
in the parallel polarization configuration and 𝜋/2 (90°) in the per-
pendicular configuration, which is typical of Ag modes. Interest-
ingly, certain Ag modes – such as the peaks at 90 cm−1 (Figure 5c)
and 136 cm−1 – exhibit a 𝜋/2 (90°) phase shift in their inten-
sity profile in the parallel configuration. Consequently, instead
of reaching a maximum intensity at the expected polarization
angles of -90° and 90°, these modes show a maxima at 0°. No
such shift is observed in the perpendicular polarization config-
uration, where all Ag modes behave as expected. This deviation
in the polarization-dependent Raman intensity suggests strong
electron-phonon coupling in BaZrS3, aligning with our analysis
of the calculated phonon gaps and the vibrational properties re-
ported by Ye et al.[26] Such coupling can anisotropically modify
the Raman tensor elements, leading to an intensity redistribu-
tion and a shift in the expected polarization maxima.
Additionally, the Raman peak at 61 cm−1 exhibits a sinusoidal

intensity variation in the parallel configuration and a cosinu-
soidal intensity variation in the perpendicular configuration, both
with a phase shift of 𝜋/2 (90°). This behavior is consistent with
the expected behavior of B1g modes.
Finally, we use these results from the polarization measure-

ments to assign the symmetry of the Raman peaks, as summa-
rized in Table 3.

3. Discussion

Our results on single-crystal BaZrS3 provide valuable insights
into its optoelectronic potential. Compared to prior reports of
broad and multi-component PL emissions, our study demon-
strates a strong, band-to-band-dominated PLwith a single narrow
emission peak. This suggests that high-quality synthesis tech-
niques minimize defect states that would otherwise broaden the
PL emission. These findings support the hypothesis that previ-
ously reported discrepancies in PL spectra stem from defects and
impurities, rather than intrinsic material limitations.
One of the central challenges with BaZrS3 has been its short

carrier lifetime. Our TRPL measurements reveal a character-
istic decay time of approximately 1 ns, comparable to other
high-quality samples but still limited, likely due to phonon

Adv. Optical Mater. 2025, 13, e00915 e00915 (7 of 12) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) Polarization Raman spectra of BaZrS3 measured for various polarization angles (𝜃) in perpendicular and parallel configuration. The spectra
were acquired at room temperature and using 785 nm excitation wavelength. Both configurations were measured under the same experimental condi-
tions. Polarization-dependent Raman intensities for two characteristic Raman peaks centered at b) 51, c) 90, and d) 61 cm−1, showing the modeling
of the experimental data according to the equations presented in Table 2. Dot and diamond symbols represent the experimental data, while full lines
present the fits. The standard uncertainty in the intensity is considered to be ±2%.

interactions. The presence of phonon gaps in the material, as
discussed in the Raman and DFT calculations, indicates that en-
ergy transfer from excited carriers to the lattice is enhanced, facil-
itating non-radiative recombination. This observation aligns with
previous work by Li et al.,[61] which showed that polaron forma-
tion in BaZrS3 can enhance non-radiative recombination path-
ways, leading to additional decay channels that may reduce the
lifetime of the photogenerated carriers. This is further corrobo-
rated by our polarization Raman measurements, which showed
unusual shifts in the intensity of Ramanmodes with polarization
angle, indicating the presence of strong electron-phonon cou-
pling.
Additionally, the low thermal conductivity characteristic of

BaZrS3, which has been attributed to short phonon lifetimes,[62]

suggests that thermal energy cannot efficiently dissipate, leading
to localized heating effects that influence carrier recombination
rates. Higher local temperatures could elevate phonon-assisted
non-radiative recombination pathways, as reported in studies on
electron-phonon interactions.[63] Our study further supports this,
as the presence of phonon gaps observed in DFT calculations
indicates inefficient heat dissipation mechanisms. While this
property may be advantageous for thermoelectric applications, it
presents a challenge for optoelectronic applications, where rapid
heat dissipation is critical to preventing performance degrada-
tion.

Overall, our study provides a more refined understanding of
the optoelectronic and vibrational properties of BaZrS3, particu-
larly in the context of high-quality single-crystal synthesis. The
observed strong and narrow PL suggests that synthesis improve-
ments can yield higher-performance materials with fewer non-
radiative losses.However, the persistent challenge of short carrier
lifetimes due to strong electron-phonon coupling remains a key
limitation. Future efforts should focus on strategies to decouple
electronic transport from phonon interactions, such as composi-
tional tuning or alloying, to optimize BaZrS3 for practical opto-
electronic applications.

4. Conclusion

In summary, we present a comprehensive investigation of the
optoelectronic and vibrational properties of high-quality single-
crystal BaZrS3, establishing its potential for optoelectronic appli-
cations. Our results confirm a strong band-to-band-dominated
photoluminescence (PL) with a single narrow emission peak,
suggesting that previous reports of weak or inconsistent PL
were influenced by synthesis-dependent defects. Time-resolved
PL measurements indicate a carrier lifetime of approximately
1 ns, highlighting the impact of strong electron-phonon cou-
pling on non-radiative recombination. Additionally, Raman spec-
troscopy and DFT calculations reveal the presence of phonon

Adv. Optical Mater. 2025, 13, e00915 e00915 (8 of 12) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Table 3. Frequency (in cm−1) of peaks from Lorentzian fitting of BaZrS3 Ra-
man spectra and assigned mode symmetry from polarization-dependent
Raman measurements compared with theoretical predictions and refer-
ences.

This work Ref [34]

Experimental DFT

𝜈exp [cm
−1] symmetry determined using 𝜈theory [cm

−1] symmetry 𝜈exp [cm
−1]

51 Ag polarization 57 Ag 56.5

61 B2g polarization 62 B2g 64

74 Ag polarization 72 Ag 78.6

72 B3g 488nm, 638nm 73 B3g

77 B2g polarization 78 B2g

85 B1g 532nm 83 B1g 86.7

88 B2g polarization 91 B2g

90 Ag polarization 95 Ag 96.5

111 B1g 488nm, 532nm 105 B1g

136 Ag polarization 137 Ag 143.1

145 B3g 488nm, 532nm 157 B3g 154

160 Ag polarization 161 Ag 168.3

176 B2g 532nm, 638nm 165 B2g

182 B1g 488nm, 532nm 167 B1g 192

190 B2g polarization 200 B2g 208.5

207 B3g 488nm 200 B3g 208.5

215 Ag polarization 205 Ag 217.2

222 B2g polarization 213 B2g 225

248 B1g/B3g 488nm 269 B1g 285

270 B3g 285

287 Ag 488nm, 532nm 283 Ag

362 B1g 488nm, 532nm 374 B1g 428

375 B2g polarization 386 B2g 428

420 B3g 488nm, 532nm 405 B3g

gaps, further corroborating the role of phonon-assisted carrier
decay. Finally, usingmultiwavelength excitation and polarization-
dependent Raman spectroscopy, we present a detailed identifica-
tion of all Raman-active modes, providing a reliable reference for
future studies.
Despite these promising optoelectronic properties, our study

also underscores challenges such as short carrier lifetimes
and nontrivial electron-phonon interactions, which limit its
device performance potential. Future research should explore
compositional tuning and defect passivation strategies to mit-
igate non-radiative recombination losses and enhance the
viability of BaZrS3 for practical applications. By establish-
ing the intrinsic optoelectronic and vibrational properties of
BaZrS3, this work paves the way for further advancements
in chalcogenide perovskites for energy and optoelectronic
technologies.

5. Experimental Section
We grew single crystals of BaZrS3 using the chemical vapor transport
(CVT) technique. The starting materials – BaS (Sigma Aldrich, 99.9%),
Zr (Cerac, 99.8%), and S (Sigma Aldrich, 4N8) – were weighed in stoi-
chiometric proportions for BaZrS3 and loaded into a glassy carbon boat.

The boat was placed inside a quartz ampoule with a diameter of 28
mm and a length of 220 mm. Iodine was added as a transport agent
at a concentration of 5 mg/cm3. The ampoule was evacuated, sealed,
and positioned in a two-zone furnace. The temperature was gradually in-
creased from 950°C to 1050°C to initiate the reaction between the start-
ing materials. The ampoule was maintained under a temperature gra-
dient from 1150°C (hot zone) to 1050°C (cold zone) for 240 hours, fa-
cilitating material transport from the hot to the cold end. During this
growth process, an elongated, needle-like crystal, measuring 4 mm in
length, grew at the center. After the furnace cooled to ambient temper-
ature, the ampoule was opened, allowing volatile gaseous by-products
to evaporate. Finally, the crystal was rinsed with ethanol to remove sol-
uble, moisture-sensitive residues. In contrast to previous studies that
employed broader temperature ranges or shorter reaction times – of-
ten resulting in polycrystalline material or secondary phases such as
BaS3, ZrS3, or ZrO2

[15,18] – we used a more precisely controlled CVT
process with a narrower temperature gradient and an extended reaction
duration. This optimized protocol enabled the growth of high-quality,
phase-pure BaZrS3 single crystals, as confirmed by XRD and Raman
spectroscopy.

The crystal structure of nominally BaZrS3 was determined using sin-
gle crystal X-ray diffraction (XRD). Single crystal XRD measurements were
performed using a Bruker APEX-II CCD diffractometer with Mo-K𝛼 ra-
diation (𝜆 = 0.71073 Å). Data acquisition was carried out using Bruker
APEX3, while cell refinement and data reduction were performed us-
ing Bruker SAINT. A multiscan absorption correction was applied using
Bruker TWINABS. Structure solution and refinement was performed with
SHELXT[64] and SHELXL2018/3.3.[65] The refinement resulted in a dis-
torted perovskite-type structure with the orthorhombic space group Pnma.
The key refinement parameters are a = 7.076(3) Å, b = 9.991(4) Å, c =
7.027(3) Å, V = 496.8(3) Å3; Z = 4; 𝜇 = 11.043 mm−1; T = 296(2) K;
measurement range: 0 ⩽ h ⩽ 10, 0 ⩽ k ⩽ 14, 0 ⩽ l ⩽ 10, 4.079° ⩽ 𝜃 ⩽

32.027°; 16493 observed reflections (for both individua), 2507 reflections
after merging in point group mmm (2335 independent reflections with I
> 2𝜎(I)), completeness: 99.8 %; Rint = 0.038, R𝜎 = 0.026; refined parame-
ters: 30; R1 (all data) = 0.0358, wR2(F

2) = 0.0799, goodness-of − fit(GoF)
= 1.061; −1.46 ⩽ Δp ⩽ 2.24. The crystal was refined as a non-merohedral
twin using a HKLF5 file produced by TWINABS with 2 individual of ≈ 30
% and 70 % relative intensities.

X-ray fluorescence (XRF)measurements were performed using a Bruker
M4 Tornado Micro-XRF spectrometer equipped with a Rh excitation beam
and two detectors. To ensure reliable results, the system was calibrated
with elemental standards. The spot size was 20 mm. High compositional
accuracy was achieved by averaging data from 20 local measurement
points within a 3 × 3 mm2 square area.

Raman and photoluminescence (PL) spectra were measured using a
WITec alpha300 R and Horiba LabRam confocal Raman microscope in
a backscattering configuration. Multiwavelength excitation Raman mea-
surements were conducted using 488, 532, 638, and 785 nm lasers. The
excitation laser was focused onto the sample surface using a long-range
50x microscope objective with a numerical aperture of 0.55, yielding beam
diameters approximately 1.1 μm for the 488 nm laser, 1.2 μm for the
532 nm laser, and 1.7 μm for the 785 nm laser. To ensure that the selected
laser power did not induce heating effects or structural modifications in
the sample, a power-dependent study was performed. The Raman spec-
trum was recorded at a fixed location on the sample while systematically
increasing the laser power density, starting from the lowest available set-
ting. Each spectrumwas evaluated for shifts in peak positions, broadening
of peaks, or the emergence of additional features. The maximum power
level at which no such changes were detected was chosen as the optimal
power setting for all subsequent measurements. The backscattered light
was analyzed using two spectrometers. For 488, 532, and 638 nm excita-
tion, a spectrometer equipped with a holographic grating (150 g/mm for
PL, 1800 g/mm for Raman) and a thermoelectrically cooled CCDwas used.
For measurements with 785 nm excitation, a spectrometer with a 1200
g/mm grating and a deep-depletion cooled CCD was employed. All Ra-
manmeasurements were performed using a power density of 20mW/cm2,
with each spectrum acquired over 60 seconds and averaged over three

Adv. Optical Mater. 2025, 13, e00915 e00915 (9 of 12) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. Schematic illustration of the Raman scattering polarization measurements. Raman measurements are performed on (010) basal plane with
incident laser light (wide red arrow) projected along the crystallographic y-axis ([010] direction). The incident light polarization and the output polarization
in perpendicular configuration are represented by the thin red and yellow arrows, respectively.

acquisitions to improve the signal-to-noise ratio. Raman peak positions
were calibrated against the Si reference peak at 520 cm−1. All measure-
ments were conducted at room temperature.

Time-resolved photoluminescence measurements were performed us-
ing a MicroTime 100 time-resolved confocal microscope coupled with a
PicoQuant detection unit. Photocarriers were excited using a pulsed laser
at 𝜆 = 639 nm, with a pulse duration of <100 ps, a beam diameter of
130 μm, and a repetition rate of 64 MHz. The excitation laser was fo-
cused onto the sample surface through a long-range 20x objective with
a numerical aperture of 0.45. Photons emitted from the sample were col-
lected through the objective and guided via a 50 μm diameter optical fiber
to the detector unit, which comprised a FluoTime 300 photospectroscop-
meter, a monochromator and an InGaAs-based photomultiplier detector
(950–1450 nm) from Hamamatsu. A 667 nm cutoff filter was employed to
prevent the collection of reflected photons from the excitation laser. The
uncertainty of the extrapolated decay time is given as the instrumental res-
olution limit of 200 ps.

Raman calculations were carried out using AiiDAlab-QE, a Quan-
tum ESPRESSO-based web application,[66] in combination with the vi-
broscopy external plugin (AiiDAlab-qe-vibroscopy).[67,68] This plugin inte-
grates automated AiiDA-based workflows for phonon and Raman calcula-
tions by employing a finite-displacement and finite-field approach (aiida-

vibroscopy).[69] The DFT calculations were performed using Quantum
ESPRESSO 7.2.[70,71] Before computing the vibrational spectra, the atomic
positions and cell parameters were optimized using the PBE functional[72]

until the total energy and atomic forces were converged below 5 × 10−6

Ry/atom and 5 × 10−5 Ry/Bohr, respectively. Norm-conserving pseudopo-
tentials from the Pseudo-Dojo library were employed.[73] A plane-wave cut-
off of 70 Ry was used for the wavefunctions, while a cutoff of 280 Ry was
applied for the charge density. The Brillouin zone was sampled using a
uniform k-point grid with a spacing of 0.1 Å−1, resulting in a 9 × 9 × 7
mesh for the primitive unit cell containing 20 atoms.

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