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We report a comparative study of temperature-dependent photoluminescence and structural dynamics of two
perovskite semiconductors, the chalcogenide BaZrS3 and the halide CsPbBr3. These materials have similar
crystal structures and direct band gaps, but we find that they have quite distinct optoelectronic and vibrational
properties. Both materials exhibit thermally activated nonradiative recombination, but the nonradiative recombi-
nation rate in BaZrS3 is four orders of magnitude faster than in CsPbBr3, for the crystals studied here. Raman
spectroscopy reveals that the effects of phonon anharmonicity are far more pronounced in CsPbBr3 than in
BaZrS3. Further, although both materials feature a large dielectric response due to low-energy polar optical
phonons, the phonons in CsPbBr3 are substantially lower in energy than in BaZrS3. Our results suggest that
electron-phonon coupling in BaZrS3 is more effective at nonradiative recombination than in CsPbBr3 and that
BaZrS3 may also have a substantially higher concentration of nonradiative recombination centers than CsPbBr3.
The low defect concentration in CsPbBr3 may be related to the ease of lattice reconfiguration, typified by
anharmonic bonding. It remains to be seen to what extent these differences are inherent to the chalcogenide
and halide perovskites and to what extent they can be affected by materials processing.
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I. INTRODUCTION

Halide perovskites exhibit outstanding optoelectronic
properties and are under intensive development for pho-
tovoltaic (PV) applications [1–3]. These materials can be
synthesized at near-room temperature and feature sharp band-
edge optical absorption and long excited-state charge carrier
lifetimes [4–8]. However, halide perovskites suffer from ther-
mal and chemical instability, as well as lead toxicity, and
research continues into alternative materials for thin-film
photovoltaics. Chalcogenide perovskites are an intriguing al-
ternative. This class of materials possesses a similar crystal
structure and range of direct band gaps as their halide coun-
terparts [9–11]. Additionally, chalcogenide perovskites have
a very large dielectric constant, suggesting similar lattice dy-
namics and screening of charged defects [12,13]. However,
despite these similarities, chalcogenide and halide perovskites
are quite different in other respects. Chalcogenide perovskites
are made from Earth-abundant elements and present minimal
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toxicity concerns. Their synthesis is challenging, typically re-
quiring very high temperatures and air-free processing. Once
formed, chalcogenide perovskites are very stable [9,14–17].
The optoelectronic properties of chalcogenide perovskites
have been little reported. Existing published results suggest
that photoluminescence (PL) is not strong, and defect con-
trol remains a challenge, but long PL transient decay times
have been measured [9,16–21]. No chalcogenide perovskite
thin-film solar cells have been reported, likely due to the
challenging conditions required for film synthesis.

Many researchers, including ourselves, have argued that
the outstanding optoelectronic properties of halide perovskites
are intertwined with their strongly anharmonic structural
dynamics [22–31]. This poses questions of how the opto-
electronic properties and lattice dynamics of chalcogenide
and halide perovskites compare and what we can learn about
photovoltaic performance from this comparison.

Here, we employ temperature-dependent PL and Ra-
man scattering spectroscopy, alongside first-principles self-
consistent phonons simulations, to compare single-crystal
samples of two prototypical perovskite semiconductors: the
chalcogenide BaZrS3 and the halide CsPbBr3. These com-
pounds share the same distorted-perovskite, corner-sharing,
orthorhombic crystal structure (space group Pnma, no. 62)
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within the temperature range studied here [32,33]. BaZrS3

is the most widely studied chalcogenide perovskite, and has
been experimentally made and measured in various form
factors [9,12–21,32,34–38]. CsPbBr3 is among the most
widely studied inorganic halide perovskite [39–43]. It has a
band gap comparable to BaZrS3 and it can be prepared as
high-quality single crystals [44–49].

Between 80 and 300 K, the PL emission intensity of both
materials decreases due to thermally activated nonradiative
recombination, with electron-phonon interactions broadening
the PL linewidth in both cases. However, CsPbBr3 emission
intensity surpasses that of BaZrS3 by over four orders of
magnitude, suggesting a significantly higher concentration
of very-low-barrier nonradiative recombination centers in
BaZrS3.

We use Raman spectroscopy and first-principles simula-
tions to show that the phonon frequency spectrum in BaZrS3

extends to nearly double that in CsPbBr3. Raman analysis
demonstrates that CsPbBr3 exhibits pronounced anharmonic
characteristics, even at low temperatures. In contrast, BaZrS3

exhibits predominantly harmonic vibrational behavior akin to
traditional tetrahedrally bonded semiconductors. Our findings
are consistent with the hypotheses that the lower-frequency
and strongly anharmonic structural dynamics in CsPbBr3 may
reduce carrier capture cross-sections due to Franck-Condon
effects [50]. They may also decrease defect concentration
through annealing, even at room temperature [51]. Defini-
tive tests of these hypotheses await detailed calculations of
rate coefficients, supported by first-principles quantum cal-
culations and defect spectroscopy to identify and quantify
recombination-active defects experimentally.

II. METHODS

We grew single crystals of BaZrS3 with dimensions of
approximately 100 µm using a flux method as reported
previously [9]. We grew single crystals of CsPbBr3 with di-
mensions on the order of 2 mm using the vapor saturation of
an antisolvent method as reported previously [44].

We performed Raman scattering in a homebuilt system in
backscattering geometry. We used a 1.58 eV CW pump-diode
laser (Toptica Inc., USA), which is below the band gap of
BaZrS3 (1.9 eV) [9,34] and CsPbBr3 (2.32 eV) [52]. We
performed PL spectroscopy using the same optical system and
a 2.54 eV CW sapphire-pumped diode laser (Coherent Inc.,
USA). The signal was measured in a 1 m long spectrometer
(FHR1000, Horiba Inc.) equipped with a holographic grating
(1800 gr/mm for Raman and 150 gr/mm for PL) and a Synapse
Plus CCD detector (Horiba Inc.).

We controlled the sample temperature using a liquid N2-
or liquid He-cooled high-vacuum optical cryostat (Janis Inc.,
USA) for T � 400 K. For higher temperature measurements,
we controlled the temperature in an optical furnace (Linkam
TS1000) under N2 flow. We performed measurements for
a series of increasing temperatures. We took precautions to
isolate the effect of varying sample temperature on the mea-
sured spectra by maintaining stable measurement conditions,
refocusing the laser before every measurement, and taking
repeated measurements across the whole temperature range.
We verified sample integrity by the repeatability of the mea-

sured spectra and by optical microscope inspection after each
measurement sequence. We did not observe evidence of sam-
ple damage [53,54], except when the BaZrS3 sample was
heated to 850 K (consistent with reported thermal stability to
at least 600 ◦C). [14] The measurement system and protocols
are further described in Refs. [55–59].

We calculate normalized PL yield (Y ) by analyzing the
integrated PL intensity, including both the band-to-band peaks
and the shoulders. The PL data is measured in counts, and
we compute intensity by dividing by the acquisition time. We
define Y as the ratio between the PL intensity emitted from the
sample (IPL, measured in counts/sec) and the excitation laser
intensity that reaches the interior of the sample (Iin):

Y = IPL

Iin
= IPL

I0
(1 − Rs)−1. (1)

We measure the laser intensity I0 (in photons/sec) at the mi-
croscope entrance. We compute Iin from I0 by accounting for
losses due to reflection from the cryostat windows and the
sample surface. The same cryostat window reflection losses
affect the collected PL intensity and cancel in the expression
for Y , leaving only a dependence on the sample surface power
reflection coefficient (Rs). Further details are presented in
Sec. S1 of the Supplemental Material (SM) [60].

III. RESULTS

A. Photoluminescence and nonradiative recombination

In Fig. 1, we present temperature-dependent PL spectra
of BaZrS3 and CsPbBr3 measured between 80–300 K. At
low temperatures, the spectra are dominated by band-edge
recombination at Eg ≈ 1.96 eV and 2.34 eV for BaZrS3 and
CsPbBr3, respectively. The low-temperature spectra for both
samples feature low-energy shoulders, which are quenched at
elevated temperatures. The band-to-band peak and the shoul-
der are much broader in BaZrS3 than in CsPbBr3. In both
materials, PL is quenched with increasing temperature, and
for BaZrS3, it becomes too weak to measure above 170 K.
To eliminate external features in the PL spectra, the high-
temperature spectra were subtracted from those in Fig. 1.

BaZrS3 and CsPbBr3 are direct band-gap semiconductors
and strongly absorb the pump laser. At the pump laser energy
of 2.54 eV, the absorption coefficient of BaZrS3 is 1.68 ×
105 cm−1, and that of CsPbBr3 is 4.04 × 105 cm−1 [37,61,62].
Therefore, the pump laser absorption depth is much smaller
than the thickness for both single-crystal samples, and all
the light entering the samples is absorbed. However, the PL
emission intensity of CsPbBr3 dwarfs that of BaZrS3.

In Fig. 2(a), we present an Arrhenius plot of the normalized
PL yield (Y ) of the main band-to-band transition (deconvolu-
tion detailed in Sec. S1 of the SM [60]). We fit the data to a
minimal model of thermally activated nonradiative recombi-
nation [63,64]:

Y (T ) = 1

1 + Ae−Ea/kBT + Be−Eb/kBT
, (2)

where Ea and Eb are the activation energies of two nonradia-
tive recombination mechanisms, kB is the Boltzmann constant,
and T is the temperature. A = k0

nr,a/kr and B = k0
nr,b/kr are

ratios of exponential prefactors that compare the nonradiative
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FIG. 1. Temperature-dependent PL spectra. PL spectra measured
between 80 K and 300 K for (a) BaZrS3 and (b) CsPbBr3, after
subtraction of the background spectra at 170 K and 300 K, respec-
tively. The line color indicates temperature. BaZrS3 and CsPbBr3

were measured with different pump laser fluence: 4.3 MJ/cm2 for
BaZrS3, and 2.7 × 10−4 MJ/cm2 for CsPbBr3.

(k0
nr,a and k0

nr,b) to radiative (kr) recombination rate coefficients
at T = 0 K. As discussed below, two nonradiative recombi-
nation mechanisms are required for a minimal model of the
data. This model assumes that all radiative recombination
has a sufficiently small activation energy that appears bar-
rierless within the measurement window. The effect of this
assumption is that the PL internal quantum efficiency (IQE)
approaches unity at low temperatures. The best-fit model pa-
rameters are presented in Table I.

We find that BaZrS3 and CsPbBr3 feature a nonradiative
recombination process with similar activation energy Ea =
68 ± 7 and 86 ± 5 meV, respectively. This is apparent by eye
in the Arrhenius plot [Fig. 2(a)], as both data sets have similar
curvature and a knee at approximately the same temperature.
However, the PL yield of CsPbBr3 is over four orders of
magnitude larger than that of BaZrS3, and the data do not ex-
trapolate toward the same yield in the low-temperature limit.
The presence of nonradiative recombination mechanisms with
similar activation energy belies the difference in PL intensity.

To explain the divergence in PL intensity, we invoke a
second nonradiative recombination mechanism in BaZrS3,
with activation energy Eb too low to be determined in our

FIG. 2. Model-based analysis of normalized PL yield [Y , Eq. (2)]
and linewidth (�PL). (a) Y as a function of the inverse temperature.
(b) Fit to a model with a second nonradiative recombination pathway.
Eb/kB fall below our measurement temperature window. (c) �PL of
the band-to-band peak as a function of the temperature. All fitted
values can be found in Sec. S1 of the SM [60]. Purple circles and
traces are for CsPbBr3, orange diamonds and traces are for BaZrS3.

measurement window. We also assume a similar second mech-
anism in CsPbBr3 for consistency in the model function. By
construction, the thermal scale Eb/kB falls well below our
experimental temperature window, and therefore, Eb cannot
be determined by regression. This low-temperature process
is saturated within the measured temperature range, and
e−Eb/kBT ≈ 1. With this assumption, we fix the temperature
scale Eb/kB at a low value and fit the data to determine B.
In Fig. 2(b), we present a family of model functions with
Eb varied manually; for Eb sufficiently small, its value has
an insignificant impact on the fit results and our conclusions.
The ratio BBZS/BCPB is meaningful, as it determines the mea-
sured difference in low-temperature PL yield between BaZrS3

(BZS) and CsPbBr3 (CPB). We find that

BBZS

BCPB
=

(
k0

nr,b/kr
)

BZS(
k0

nr,b/kr
)

CPB

= 28,181. (3)

Both materials have comparable optical absorption coef-
ficients near their band edge; therefore, we can approximate
(kr,CPB/kr,BZS) ≈ O(1). We therefore conclude that the rate

TABLE I. Best-fit parameters for PL yield, Eq. (2). Results are presented here for Eb/kB = 0 K. In Table S2 of the SM [60], we present
results for other choices of Eb/kB.

Material I0 (photons/sec) Ea (meV) Eb/kB (K) A B

BaZrS3 6.7 × 1015 68 ± 7 0 (6.9 ± 3.8) ×1017 (2.8 ± 0.5) ×1014

CsPbBr3 4.3 × 1011 86 ± 5 0 (2.8 ± 0.8) ×1013 (9.6 ± 1.4) ×109

085402-3



KEVIN YE et al. PHYSICAL REVIEW MATERIALS 8, 085402 (2024)

constant k0
nr,b of low- (or zero-) barrier nonradiative recom-

bination is O(104) times faster in BaZrS3 than in CsPbBr3.
We analyze the PL linewidth (�PL) for insight into how

excited states couple to lattice vibrations. In Fig. 2(b), we
show the temperature dependence of �PL of the main PL peak
at the Eg for each material. We use multiple Gaussian peaks to
fit the data, three for CsPbBr3 and four for BaZrS3. For both
materials, the main PL peak is well modeled by two Gaussian
peaks, and we determine �PL numerically from the best-fit
models. We fit �PL to a relation describing thermal and non-
thermal broadening, previously applied to halide perovskites
[52]:

�PL(T ) = �0 + γ

eEph/kBT − 1
, (4)

where �0 represents temperature-independent contributions
to �PL, such as heterogeneous broadening due to quenched
structural disorder. The second term describes broadening due
to coupling between excited states and lattice vibrations with
characteristic energy Eph and electron-phonon coupling con-
stant γ . These lattice vibrations are likely longitudinal optical
phonons (see below), and the electron-phonon interactions
can be described through deformation potentials.

We find that luminescent band-edge states couple to vi-
brations with characteristic energy that is similar in both
materials: Eph = 24 ± 7 meV for BaZrS3, and 17± 4 meV for
CsPbBr3 (see below). The electron-phonon coupling constant
γ is larger for BaZrS3 (200 ± 100 meV) than for CsPbBr3

(50 ± 10 meV). γ is related to deformation potentials and
polar optical coupling. The higher value in BaZrS3 may be
related to the stronger covalent nature of the Zr-S bonds com-
pared to Pb-Br bonds: 32% covalent for Zr-S, compared to
26% for Pb-Br, according to the Pauling scale. This implies
enhanced sensitivity of electron energies to bond angles in the
chalcogenide, as we have studied previously [13,35]. We also
see that BaZrS3 has a larger heterogeneous broadening, �0,
than CsPbBr3, reflecting a higher concentration of structural
defects and other forms of nonthermal disorder. In addition to
affecting the PL spectra, these factors affect how steeply opti-
cal absorption rises at the band gap, the width of the Urbach
tail, and the phonon-limited charge transport mobility, and are
therefore relevant to photovoltaic performance [65–67].

B. Raman scattering and phonon dynamics

The lower luminescence yield and larger PL broadening
in BaZrS3, compared to CsPbBr3, are related to differences
in lattice vibrations. To better understand these relationships,
we turn to theoretical and experimental studies of the phonon
spectra. In Fig. 3, we present the total (black) and par-
tial (orange, green, and blue) vibrational density of states
of BaZrS3 (top) and CsPbBr3 (bottom), calculated ab initio
using the temperature-dependent effective potential (TDEP)
method at 300 K (details in Sec. S2 of the SM [60,68–
83]). The optical vibrations in BaZrS3 span frequencies up
to 430 cm−1 (53 meV), while those in CsPbBr3 peak at
160 cm−1 (20 meV). This is due to the higher mass of the
atoms in CsPbBr3 and the more covalent character of the
bonds in BaZrS3 [84].

Longitudinal optical (LO) phonons couple to electronic
excitations and likely contribute most to the temperature-
dependent PL linewidth broadening. In Fig. 3, the vertical
red lines provide a measure of the phonon LO character:
As detailed in Sec. S2 of the SM [60], the LO character is
estimated by computing the longitudinal charges for optical
vibrations from the mode eigenvectors and the atomic Born
charge tensors, projected on the [101] excitation direction, and
divided by the vibration frequency to account for the average
mode amplitudes. We see that BaZrS3 has many phonons with
prominent LO character along the [101] excitation direction,
whereas CsPbBr3 only shows one mode of appreciable LO
character at ≈125 cm−1. This factor likely contributes to the
stronger temperature-dependent PL broadening in BaZrS3 in
addition to the higher deformation potentials.

The characteristic energy of lattice vibrations responsible
for PL broadening in CsPbBr3, Eph � 17 meV (≈140 cm−1)
is comparable to the most prominent LO phonon in the cal-
culated spectrum. For BaZrS3, Eph � 24 meV (≈190 cm−1)
falls roughly in the middle of the calculated spectrum. Likely,
band-edge states couple to a diversity of lattice vibrations in
both materials through polar optical coupling and deforma-
tion potentials, and the characteristic energy determined by
PL broadening represents a distribution of processes. Sim-
ilar conclusions have been reached in studies of ultrafast
lattice rearrangement following optical excitation of halide
perovskites, including CsPbBr3 [85].

In Fig. 4, we present the low-frequency Raman spectra of
BaZrS3 and CsPbBr3 measured in the temperature range 80–
350 K. The spectra of BaZrS3 and CsPbBr3 are consistent with
previous reports [58,86], and mode assignments can be found
in Ref. [56,87]. In Sec. S3 of the SM [60], we present the
Raman spectra of BaZrS3 measured over a wider temperature
range, from 10 to 875 K, showing no indication of a phase
transition [14,88,89].

The Raman spectra of CsPbBr3 exhibit sharp first-order
peaks (one photon scattered by one vibration) [90] at low
temperatures, which shift and broaden significantly with
increasing temperature. These structural dynamics are char-
acteristic of halide and certain oxide perovskites [53,91–93].
The broad, featureless spectra at high temperatures, combined
with a rapid decrease in vibrational lifetime (evidenced by
peak broadening), indicate the impact of anharmonic vibra-
tional dynamics [23,52].

At low temperatures, the Raman spectra of BaZrS3 resem-
ble those of CsPbBr3 and other halide perovskites [55,94],
with a similar number of prominent peaks divided into dou-
blets and triplets. The vibrations in BaZrS3 are higher in
frequency than those in CsPbBr3. Unlike CsPbBr3, the Raman
peaks in BaZrS3 remain sharp and distinct with increasing
temperature, and even at 350 K, there is a scant signa-
ture of anharmonic dynamics. The harmonic dynamics in
BaZrS3 recall those in tetrahedrally bonded semiconductors
(e.g., GaAs), in which vibrations along the stiff covalent bonds
do not interact and change little with temperature [95,96].

We can more quantitatively compare the structural dynam-
ics of BaZrS3 and CsPbBr3 by considering the temperature
dependence of the phonon frequencies and linewidths. We
model the Raman spectra as a convolution of pseudo-Voigt
peaks multiplied by the Bose-Einstein occupation factor
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FIG. 3. Calculated room-temperature phonon density of states
(DOS, right axis) of BaZrS3 and CsPbBr3. The colors indicate the
partial contribution of the A (blue), M (green), and X (orange) ions
in the AMX3 formula. The red lines are the measure (left axis) of the
LO character. The top and bottom axes label the abscissa in energy
and wavenumber, respectively.

[97–99] (see Sec. S3 of the SM [60]). We focus on the
prominent peaks because they yield the most confident fits.
In Fig. 5(a) we present the vibrational frequency (�) and
linewidth (�R) of the prominent first-order peaks of BaZrS3

(left panel, orange) and CsPbBr3 (right panel, purple). The
frequency and linewidth data are divided by their values
at 80 K for ease of comparison (for original values, see
Sec. S3 of the SM [60]). The Raman peaks of BaZrS3 red
shift and broaden linearly with increasing temperature, as
is expected from perturbation theory for weak anharmonic
effects [100,101]. A slight change in slope near 200 K may
relate to the observed increase in the low-frequency dielectric
susceptibility in this same temperature range [12].

CsPbBr3 exhibits a similar monotonic and linear trend in
frequency and linewidth with increasing temperature up to
280 K, above which the data deviate substantially, includ-
ing sharp blue shifts and rapidly increasing linewidth (see
Fig. S8 of the SM [60]). We attribute these changes to two
causes: (1) the thermal population of all the optical phonons
above TDebye ≈ 250 K, and (2) the incipient orthorhombic-to-
tetragonal phase transition at T ≈ 360 K. Peak broadening
with increasing temperature is attributed to the shorten-
ing of vibrational lifetime due to phonon-phonon scattering
[98,100,101]. It is apparent that the structural dynamics of
BaZrS3 exhibit minor thermal effects and are less impacted
by anharmonic vibrational interactions than the dynamics of
CsPbBr3 [100,101].

The extent of anharmonicity in the phonon dynamics can
be further quantified by analyzing the deviation from linearity

FIG. 4. Temperature-dependent Raman scattering spectra of
BaZrS3 and CsPbBr3. Temperature is indicated by color. The individ-
ual data sets are shifted vertically for clarity; the dashed horizontal
lines indicate the zero level for each data set.

of the temperature dependence of the phonon frequencies
and linewidths. A linear temperature dependence is expected
within perturbation theory for weak phonon-phonon inter-
actions. Therefore, strong and anharmonic interactions are
indicated by deviations from linearity. In Fig. 5(b), we present
the R2 parameter and the absolute value of the slope (|α|) of
linear regression to the �(T ) and �R(T ) (for mean values,
see Sec. S3 of the SM [60]). For CsPbBr3, the R2 values
are far from unity, and the slopes are much larger than for
BaZrS3. This analysis further supports the conclusion that
anharmonic effects in BaZrS3 can be modeled as a weak
perturbation, whereas in CsPbBr3, they substantially change
the lattice vibrational properties.

IV. DISCUSSION

Lead halide perovskites excel as PV absorbers largely
due to their slow rates of defect-assisted Shockley-Read-Hall
(SRH) nonradiative free energy loss. Electron-phonon inter-
actions mediate SRH recombination processes, converting
excited-state energy into phonons and heat [25,27,31,102].
Therefore, by focusing on vibrational properties and electron-
phonon interactions, we can better understand the origin of the
excellent PV performance of the halides and identify promis-
ing new semiconductors for thin-film PV.

Chalcogenide perovskites have an untested potential for
PV mainly due to challenges in thin-film synthesis. There are
few published measurements of the optoelectronic properties
of chalcogenide perovskites, and the results are ambiguous.
We reported time-resolved PL (TRPL) data that suggest long
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FIG. 5. Analysis of Raman Spectra: (a) Frequencies (�, top) and linewidths (�R, bottom) of the first-order peaks of BaZrS3 (left) and
CsPbBr3 (right) as a function of temperature, relative to the value at 80 K. Different markers mark different peaks. (b) Linear regression results
(R2, top, and slopes α, bottom) of the temperature-dependent frequencies (left) and linewidths (right) of BaZrS3 and CsPbBr3, between 80 and
280 K. The results are plotted as a function of peak frequency at 80 K. Orange and purple markers are for BaZrS3 and CsPbBr3, respectively.
Error bars indicate one standard deviation as determined by the numerical fitting process.

radiative lifetimes in BaZrS3 and the Ruddlesden-Popper
compound Ba3Zr2S7, comparable to lead halides and other
high-performing PV materials such as CIGS [19]. Several
research groups have reported band-edge PL measured from
BaZrS3 samples of various form factors, including solution-
processed nanoparticles and thin films made by sulfurizing
oxide precursors [16,18,20,21]. However, quantitative PL
measurements (albeit on early-stage powder samples) suggest
low quantum efficiency and low quasi-Fermi level splitting
(i.e., open-circuit voltage potential) [9]. Our experience of
measuring PL on BaZrS3 single crystals is that many samples
have weak or no measurable band-edge PL and that the band-
edge PL can be strongly position dependent. To this point, the
BaZrS3 crystals used in our prior TRPL study were produced
by the same process as the crystal studied here, but were
prepared in different batches. We have observed similar vari-
ability in measuring PL on epitaxial thin films (unpublished).
Substantial sample-to-sample variation, combined with chal-
lenges in synthesis and defect control, makes it difficult to
assess the technological potential of chalcogenide perovskites.

We also note that the presence of long-lived traps in the
detailed balance with only one band edge (e.g., electron traps
with vanishing hole capture likelihood) would slow the decay
to equilibrium after pulsed excitation. For a direct band-gap
semiconductor such as BaZrS3, this would be observed as a
long TRPL lifetime, that could coexist with a low PL quantum
yield.

SRH recombination is much faster in BaZrS3 than in
CsPbBr3 due to an unidentified recombination pathway that
is active even at low temperatures, implying that it has a very
low thermal activation energy [Fig. 2(b)]. The theory of multi-
phonon nonradiative recombination highlights the importance
of the overlap between the vibrational wavefunctions of the
initial and final electronic states, consistent with the Franck-
Condon principle [50]. Model calculations for a harmonic
lattice indicate a steep dependence of SRH recombination rate
on phonon energy [102]. Lower phonon energy means more
phonons are needed to participate in nonradiative recombina-
tion processes. Within this model, the overlap of vibrational
wavefunctions is suppressed with increasing phonon number.
Therefore, the lower phonon frequency in CsPbBr3 compared
to BaZrS3 may explain the difference in SRH recombination
rates, even if the concentration and properties of defects are
similar.

The same harmonic model also predicts that SRH re-
combination rates increase with the extent of lattice dis-
tortion accompanying defect charge capture; this distortion
can be parameterized by the Huang-Rhys factor [50,102].
These lattice distortions often result in long-lived charge
trapping and are responsible for persistent photoconductivity
in many semiconductors; it is related to DX-center phe-
nomena in III-V compounds, and we termed it defect-level
switching in the context of resistive switches [103–106].
There have been many studies of persistent photocon-
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ductivity in halide perovskites. Still, there is no clear
model for defects in CsPbBr3 [107–110]. The timescale of
photoconductivity decay in BaZrS3 crystals depends on
sample polishing, suggesting that defects introduced dur-
ing plastic deformation (e.g., dislocations) may be effective
charge traps with large Huang-Rhys factors [36]. How-
ever, these observations may not be directly relevant to the
Huang-Rhys factors of recombination-active defects, which
may differ from the traps that influence photoconductivity
decay. Further, it has been suggested that polaronic ef-
fects resulting from strong charge-lattice coupling—including
Fröhlich (i.e., large effective mass states) polarons and defect-
localized polarons—may suppress SRH recombination rates
by screening dissimilar charges [111,112]. It is likely that
a full-quantum calculation of electron-phonon interactions,
combined with first-principles modeling of the known crystal
structures and the most likely recombination-active defects,
will be required to resolve these questions over the role of
strong electron-phonon coupling on SRH recombination rates.

The effect of anharmonic phonon-phonon interactions on
SRH recombination remains an open question. It would be
enlightening to compare a model calculation of vibrational
wavefunction overlap during multiphonon recombination with
and without anharmonic lattice vibrations and for varying
Huang-Rhys factors for otherwise similar phonon energies.
Model system calculations could help to understand the
conflated effects of low-phonon energy, lattice distortion at
defects, and anharmonic vibrations on SRH recombination
rates. However, full-quantum calculations are likely needed
to accurately model the differences in carrier capture rates
between halide and chalcogenide perovskites.

The discussion to this point has focused on the effects of
lattice vibrations on SRH recombination rates via the car-
rier capture processes. However, another significant unknown
is the concentration of recombination-active defects. Anhar-
monic vibrations in halide perovskites indicate rather soft
bonds, a pliable crystal lattice, and low-activation energy for
ionic diffusion [113–115]. Therefore, anharmonic vibration
in lead halide perovskites may improve optoelectronic per-
formance by accelerating the elimination of point defects by
annealing, even at room temperature (termed “self-healing”)
[51,116–119]. The same accelerated mass transport may has-
ten degradation mechanisms. BaZrS3, in contrast, requires
a high temperature to form and, therefore, is likely to retain
quenched-in defects ( e.g., chemical impurities). This suggests
that the PL yield and PV performance of chalcogenide per-
ovskites will depend more strongly on defect control during
sample processing than the performance of halide perovskites.

Defect characterization by methods such as deep-
level transient spectroscopy (DLTS) and related forms of
impedance spectroscopy could directly measure defect con-
centrations and quantify the extent of self-healing [120–126].
Interpretation of DLTS data is challenging for halide
perovskites due to mixed ionic-electronic conduction, but
progress has been reported [127]. Similar studies have not yet
been undertaken for chalcogenide perovskites.

V. CONCLUSIONS

We have presented a detailed spectroscopic comparison
between two perovskite semiconductors, the chalcogenide
BaZrS3 and the well-studied halide CsPbBr3. We find that
the PL emission yield of CsPbBr3 is over four orders of
magnitude higher than that of BaZrS3 for the single-crystal
samples considered here, indicative of a far higher con-
centration of very low-barrier, nonradiative recombination
centers in BaZrS3. Ab initio simulations show that BaZrS3

exhibits higher LO vibrational frequencies than CsPbBr3: this
may increase carrier capture cross sections due to Franck-
Condon effects [50]. Raman scattering results suggest that the
strongly anharmonic structural dynamics in CsPbBr3, relative
to BaZrS3, may reduce defect concentration through acceler-
ated solid-state diffusion and annealing [51].

We are optimistic that the fast SRH recombination rates
observed here for BaZrS3 can be reduced through sample pro-
cessing. Large sample-to-sample variability, and preliminary
results on BaZrS3 epitaxial thin films (not shown), suggest
that low PL yield may not be intrinsic to BaZrS3. The useful-
ness of BaZrS3 (and likely other chalcogenide perovskites) for
optoelectronic applications will hinge on continued progress
in defect control during synthesis and processing—as has
been historically required for other semiconductors.
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