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Tin halide perovskites recently have attracted extensive research attention due to their similar electronic and band
structures but non-toxicity compared with their lead analogues. In this work, we prepare high-quality CsSnX3 (X = Br,
I) microplates with lateral sizes of around 1–4 µm by chemical vapor deposition and investigate their low-temperature
photoluminescence (PL) properties. A remarkable splitting of PL peaks of the CsSnBr3 microplate is observed at low
temperatures. Besides the possible structural phase transition at below 70 K, the multi-peak fittings using Gauss functions
and the power-dependent saturation phenomenon suggest that the PL could also be influenced by the conversion from the
emission of bound excitons into free excitons. With the increase of temperature, the peak position shows a blueshift ten-
dency for CsSnI3, which is governed by thermal expansion. However, the peak position of the CsSnBr3 microplate exhibits
a transition from redshift to blueshift at ∼ 160 K. The full width at half maximum of CsSnX3 broadens with increasing
temperature, and the fitting results imply that longitudinal optical phonons dominate the electron–phonon coupling and the
coupling strength is much more robust in CsSnBr3 than in CsSnI3. The PL intensity of CsSnX3 microplates is suppressed
due to the enhanced non-radiative relaxation and exciton dissociation competing with radiative recombination. According
to the Arrhenius law, the exciton binding energy of CsSnBr3 is ∼ 38.4 meV, slightly smaller than that of CsSnI3.

Keywords: cesium tin halide perovskite, temperature-dependent photoluminescence, chemical vapor deposi-
tion, microplate

PACS: 78.20.−e, 78.55.−m DOI: 10.1088/1674-1056/ad028e

1. Introduction

Since perovskite-type solar cells were selected as one of
the ten major breakthroughs in Science in 2013, the halide per-
ovskite materials with various components and structures have
been developed significantly in the past decade in not only
the photovoltaic field,[1–9] but also in optoelectronic applica-
tions, such as bright light-emitting diodes (LEDs),[10–12] low-
threshold lasers,[13,14] wireless light communication,[12,15]

and high-sensitivity photodetectors.[11,16,17] Being represented
by lead halide perovskites, their remarkable application per-
formances are supported by excellent optoelectronic proper-
ties, including high optical absorption coefficient,[18] long car-
rier lifetimes,[19] tunable narrow-band emission,[20] high flu-
orescence quantum efficiency,[21] and so on.[22,23] Although
the performances of lead halide perovskites are outstanding,
many efforts have been devoted to exploring environmentally
friendly analogues with minimized performance losses.

The development of tin halide perovskites has been
proved to be one of the most promising approaches because
the replacement of Pb2+ by Sn2+ with a very close ionic
radius can form stable perovskite structures and maintain

similar electronic and band structures.[17,23–25] For example,
all-inorganic cesium tin halide perovskites CsSnX3 (X = Cl,
Br, and I) have been reported to have excellent optoelec-
tronic properties, such as high PL quantum efficiency,[26]

tunable narrow-band PL emission,[24,27,28] high absorp-
tion coefficient,[25,29] low exciton binding energy,[24,30,31]

high carrier mobility,[31] amplified spontaneous emission
characteristic,[32,33] and narrower bandgaps compared with the
lead analogues.[34,35] Therefore, most of the optoelectronic
applications achieved by lead halide perovskites have also
been demonstrated by CsSnX3, including solar cells,[23,34,36]

LEDs,[30] lasers,[32] and photodetectors.[28,37] However, nar-
rowing the performance gap between tin perovskites and their
lead analogues is still challenging. In order to further improve
the optoelectronic performances of CsSnX3, the most impor-
tant foundation is the deep understanding of fundamental pho-
tophysical properties, which is still largely insufficient.

Temperature-dependent photoluminescence (PL) spec-
troscopy provides an effective method to investigate the pho-
tophysical properties of materials, such as exciton behaviors,
thermal expansion, carrier-phonon interactions, and structural
phase transition.[38–41] Many essential physical parameters
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can be derived by fitting the temperature dependence of the
PL peak position, linewidth, and integrated intensity.[30,42–48]

The temperature-dependent PL properties of various halide
perovskites have been studied in recent years, and some inter-
esting findings have been reported.[24,42,43,49–51] For instance,
Wright et al. have proved that the scattering from longitudinal
optical phonons governs the electron–phonon coupling in sev-
eral hybrid lead halide perovskites.[42] The phase transitions of
MAPbBr3 single crystal are elucidated by Chen et al.[43] The
splitting of the PL peaks of CsPbBr3 quantum dots is investi-
gated by Lee et al.[48] For CsSnX3 nanocrystals, Mahesh et al.
have reported the temperature-dependent PL features and the
LED application.[30] It is worth emphasizing that the prepa-
ration method for CsSnX3 is also developed in recent years.
Chemical vapor deposition (CVD) has been proven to be a
good way to synthesize CsSnX3 micro-nano structures with
excellent crystalline quality.[24,32] Particularly, the thermal PL
quenching of CsSnBr3 at above room temperatures has been
investigated by using a micro-square and a micro-pyramid
prepared by CVD.[32] Considering the important micro-laser
application prospect, the temperature-dependent PL study of
CsSnX3 microcrystals becomes an essential but unclear sub-
ject.

In this work, high-quality CsSnBr3 and CsSnI3 mi-
croplates are synthesized by using the CVD method. The
morphology, crystal structure, and quality of the as-prepared
samples are characterized by absorption spectroscopy, x-
ray diffraction (XRD), and scanning electron microscopy
(SEM). The temperature-dependent steady-state PL spectra of
CsSnBr3 and CsSnI3 microplates are measured in the range
of 10 K–295 K. Obvious splitting of PL peaks of CsSnBr3

is observed at the low-temperature region below 70 K, which
could be induced by the structural phase transition to a lower
symmetry phase. Otherwise, with multi-peak fittings using
Gauss functions and the excitation power-dependent PL mea-
surement, the sub-peaks of PL at low temperatures may also
be attributed to free exciton emission and bound exciton emis-
sion with different energy. The variation of the PL peaks in
peak position, linewidth, and integrated intensity are studied
by curve fitting based on several theoretical models. From the
linear blueshift of the PL peak position of CsSnI3, the thermal
expansion is clarified to take the dominating role. In com-
parison, the PL peak of CsSnBr3 exhibits blueshift only at
above 160 K, and the thermal expansion weight is much lower
than that of CsSnI3. From the continuous broadening of PL
linewidth, as the temperature rises, the scattering of electron–
phonon coupling is proved to be governed by longitudinal op-
tical phonons. From the temperature-dependent PL intensity,
the exciton binding energies of CsSnBr3 and CsSnI3 are de-
rived to be 32.0 meV and 46.9 meV, respectively.

2. Experimental details
2.1. Synthesis of CsSnX3 (X = Br, I) microplates

CsSnX3 (X = Br, I) microplates are prepared by the CVD
method on freshly cleaved mica substrates, as indicated in
Fig. 1. Firstly, 26.6 mg CsBr powder (Aladdin, 99.9%) and
34.8 mg SnBr2 powder (Alfa, 99.9%) (or 32.5 mg CsI powder
and 46.5 mg SnI2 powder) are mixed in an alumina boat as
the precursor and placed in the center of a quartz tube furnace.
The mica substrate is positioned downstream of the quartz tube
in another alumina boat which is approximately 12 cm from
the precursor. High-purity Ar with a flow rate of 500 sccm is
held for 3 min to eliminate air in the tube. Then, the furnace
is heated to the growth temperature (310 ◦C for CsSnBr3 and
320 ◦C for CsSnI3) for 25 min and maintained in an Ar at-
mosphere (20 sccm) for 30 min. At the growth temperature,
CsX and SnX2 can be carried downstream by Ar to synthe-
size CsSnX3 on the mica substrate chemically. Lastly, the fur-
nace is naturally cooled to room temperature with the protec-
tion of Ar flow to the sample. The temperature-dependent PL
experiments are performed immediately after the samples are
prepared. Then, a thin PMMA layer is spin-coated (PMMA
solution, 4 wt.% in anisole, the rotational speed is 2000 rpm
for 20 s) on the sample surface for further characterizations at
room temperature to reduce the influence of oxidative deterio-
ration.
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Fig. 1. (a) Schematic of the synthesis of perovskite CsSnX3 microplates
using the CVD method. (b) Absorption spectra and PL spectra of CsSnX3
at room temperature. (c) XRD patterns.

2.2. Characterization method

The morphology and quality of the CsSnX3 (X = Br,
I) microplates are measured by the following experiments.
The bonding configuration is confirmed by XRD (Bruker, D8
Advance). The microstructure is characterized by the SEM
(Thermo Fisher, Apreo S). The optical absorption is tested by
the UV-Vis absorption spectroscopy (R1, Ideaoptics).

2.3. Low-temperature PL experiments

The PL spectra are investigated by a Horiba iHR550 spec-
trometer with the SmartRaman confocal-micro-Raman mod-
ule developed by the Institute of Semiconductors, Chinese
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Academy of Sciences. In the PL measurement, the CsSnX3

microplates are excited by a 532 nm laser with a power of
20 mW, which is focused by a 50× objective lens (NA = 0.55)
to get a spot size of approximately 1.2 µm. With the help of
a closed refrigeration system (Janis CCS-XG), PL measure-
ments are performed in the 10 K–295 K temperature range in
increments of 15 K. The CsSnX3 microplates are fixed on the
sample stage in a closed cycle cryogenic equipment (Janis-
CCS-XG-M/204N, Janis Research Company, Inc).

3. Results and discussion
3.1. Sample characterization

The UV-Vis absorption and PL spectra of the CsSnX3 mi-
croplates are investigated at room temperature, as illustrated in
Fig. 1(b). According to the absorption edges, the bandgap en-
ergies of CsSnBr3 and CsSnI3 microplates are estimated to be
1.76 eV and 1.31 eV, respectively. Moreover, the PL spec-
tra of these perovskite microplates show emission peaks at
1.81 eV and 1.35 eV for CsSnBr3 and CsSnI3 microplates,
respectively. These results agree well with the previously re-
ported bandgaps and optical bandgaps of CsSnBr3 and CsSnI3

samples.[24,28,30,32]

Figure 1(c) shows the XRD patterns of the CsSnBr3

and CsSnI3 microplates, which are compared with those of
the mica substrate and type samples. The mica substrate
displays a set of diffraction peaks with nearly equal spac-
ing at 2θ = 18.03544◦, 27.06304◦, 36.2852◦, 45.76029◦,
55.56962◦, and 65.71109◦. In addition to the peaks of
mica, the peaks observed at 15.40581◦, 21.79045◦, 26.86848◦,
30.93479◦, 36.07118◦, 44.32054◦, and 55.30156◦ correspond
to the diffraction planes of (100), (110), (111), (200), (210),
(220), and (222) for CsSnBr3 with a cubic phase (JCPDS
file number: 70-1645), respectively.[24,28,30] Meanwhile, the
peaks at 17.86033◦, 23.93894◦, 24.25168◦, 25.41325◦, and
40.55845◦ correspond to the (111), (211), (121), (022), and
(232) planes of orthorhombic CsSnI3 (JCPDS file number: 43-
1162), respectively.[24,28,30]

Figure 2 exhibits the SEM images of the as-prepared
CsSnX3 microplates with different magnifications. Figure 2(a)
shows that CsSnBr3 microplates with a high spatial density are
synthesized uniformly on the flat mica substrate. Figure 2(b)
gives an isolated high-quality CsSnBr3 microplate with about
3.3 µm × 2.7 µm size. Note that this microplate is similar
with the one used in the temperature-dependent PL experi-
ment. From Fig. 2(c), both microplates and micro-triangles of
CsSnI3 can be observed on the mica substrate. These micro-
sheets of CsSnI3 have a lower density than those of CsSnBr3

and a smaller average size. In the temperature-dependent PL
experiment, a relatively large microplate, which is similar with
the one (∼ 2.6 µm× 1.7 µm, larger than the spot size of the
laser) shown in Fig. 2(d), is selected and measured. There-
fore, the CsSnBr3 and CsSnI3 microplates used in this work

have high quality and similar sizes.

3 mm

2 mm 

30 mm

10 mm 

(a) (b)

(c) (d)

Fig. 2. SEM images of CsSnX3 (X = Br, I) samples. (a) and (b) CsSnBr3
microplates with different magnifications. (c) and (d) CsSnI3 microplates
with different magnifications.

3.2. Temperature-dependent PL

For the purpose of studying the temperature-dependent
PL of CsSnX3 perovskites, we record the steady-state PL spec-
tra of CsSnBr3 and CsSnI3 microplates from 10 K to 295 K ex-
cited by a 532 nm continuous laser. Figures 3(a) and 3(c) show
the PL spectra of CsSnBr3 and CsSnI3 microplates at different
temperatures, respectively. For a more transparent presenta-
tion, the temperature and PL photon energy-dependent map-
ping of PL intensity of CsSnBr3 and CsSnI3 microplates are
given in Figs. 3(b) and 3(d), respectively.
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Fig. 3. Temperature-dependent PL spectra of CsSnX3 microplates.
(a) Steady-state PL of CsSnBr3 at different temperatures. (b) Tem-
perature and photon energy dependent mapping of the PL intensity
of CsSnBr3. (c) Steady-state PL of CsSnI3. (d) Mapping of the PL
intensity of CsSnI3.

When the temperature increases from 10 K to 295 K, the
PL spectra of CsSnBr3 and CsSnI3 microplates exhibit dra-
matically different properties, which can be analyzed from the
following three aspects: PL peak position (optical bandgap),
width at half maximum (FWHM), and integrated intensity.
Generally, for both CsSnBr3 and CsSnI3 microplates, the PL
intensity shows a decreasing tendency and the FWHM has a
broadening tendency. However, compared with the consistent
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blueshift tendency of the PL peak position of CsSnI3, the op-
tical bandgap of the CsSnBr3 microplate exhibits a blueshift
at above 160 K while a redshift at below 160 K. In addition, a
remarkable splitting of the PL peaks at extremely low temper-
atures can be observed in Figs. 3(a) and 3(b). In the following
part, we discuss the PL properties of CsSnBr3 and CsSnI3 mi-
croplates by splitting the PL peaks and fitting them with some
theories to clarify the PL mechanism.

3.2.1. Splitting of the PL peaks of CsSnBr3 at low tem-
peratures

In the low-temperature region below 40 K, remarkable
splitting of the PL peaks of the CsSnBr3 microplate can be ob-
served. In order to make the analysis easier, multi-peak fittings
using Gauss functions are performed for the PL spectra below
100 K. From Fig. 4(a), at least three sub-peaks can be used to
fit the experiment at 10 K well. A similar three sub-peak fitting
has also been used to match the experimental results below
55 K. In the region between 70 K and 100 K, the experimen-
tal PL peak can be well-fitted by two sub-peaks. Figure 4(b)
exhibits the PL curve measured at 70 K as a representative.

The possible PL mechanisms are discussed in the follow-
ing part. Firstly, the dramatic change of PL peaks in this low
temperature region especially between 10 K and 70 K con-
forms to the characteristic of structural phase transition in-
duced PL. For example, organic halide perovskite MAPbI3 has
a significant shift of the PL peak at ∼ 160 K due to the struc-
ture changes from orthorhombic to tetragonal.[49] However,
the reported structural transition temperatures of CsSnBr3 are
∼ 270 K from orthorhombic to tetragonal and ∼ 300 K to cu-
bic, which are far beyond this low-temperature region.[52–54]

Recently, Gao et al. have reported the appearance of several
new peaks and some changes in the existing modes of Raman
spectrum of CsSnBr3 at below 80 K, which may be induced
by the instability of orthorhombic phase.[55] They claim that
there may exist a phase transition to a lower symmetry (pos-
sibly monoclinic) phase at around 60 K. This phenomenon
is consistent with our result, indicating that the phase transi-
tion could be a possible explanation for the peak splitting at
low temperatures below 70 K. However, before the report of
more direct evidence, we cannot rule out other possible mech-
anisms.
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Fig. 4. Splitting of the PL peaks of CsSnBr3 microplate at low temperatures. (a) PL spectrum at 10 K fitted by the sum of three Gaussian peaks.
(b) PL spectrum at 70 K fitted by the sum of two Gaussian peaks. (c) PL spectra at 40 K with different excitation power. (d) Temperature-
dependent peak energies extracted from the PL spectra. (e) Temperature-dependent FWHM. (f) Temperature-dependent integrated PL intensity.

Secondly, we try to understand the PL mechanism beyond
the phase transition by analyzing the temperature-dependent
sub-peak properties obtained in Fig. 4. Take the 10 K condi-
tion as an example (Fig. 4(a)), the positions of sub-peaks are at
2.01 eV (peak 3), 1.90 eV (peak 1), and 1.82 eV (peak 2), cor-
responding to different FWHM values of 17.5 meV, 46.7 meV,
and 66.2 meV, respectively. Note that peaks 1 and 2 merge
into a wide peak which cannot be fitted with a single Gauss
function well, while peak 3 is separated and sharp. Because
the characteristic thermal energy is much lower than the exci-

ton binding energy, these sub-peaks could be induced by the
radiative recombination of free excitons and bound excitons.
Compared with free exciton emission, the peaks of bound ex-
citon emission are usually broadened by the numerous binding
sites to defects.[56] Therefore, it can be speculated that peaks
1 and 2 may be largely contributed by the bound exciton emis-
sion. This assumption is confirmed by the excitation power-
dependent PL measurements. Figure 4(c) shows the power
dependence of the PL spectra at 40 K as a representative. The
PL intensity is normalized by the maximum value of peak 3.
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When the excitation power increases from 1 µW to 10 µW,
the PL intensity ratio of the wide peak decreases and becomes
saturated, which is a typical characteristic of bound exciton
emission.[43,49] Therefore, peaks 1 and 2 at below 40 K are
proved to be related to the bound exciton emission, and peak
3 is not induced by bound excitons.

Figures 4(d)–4(f) show the temperature-dependent peak
position, FWHM, and integrated intensity extracted from the
PL sub-peaks, respectively. From Fig. 4(d), redshift is ob-
served for all three sub-peaks, and the trend is more significant
at below 70 K. Then, the separated peak 3 merges into peaks 1
and 2 at ∼ 70 K. However, the total peak is still asymmetric, so
at least two sub-peaks are needed to fit the experiment at above
70 K. Here, the redshift of peak energies could be induced by
the exciton–phonon interaction,[46] which is a common reason
for the PL peak position shift to lower energy. However, since
the redshift trend is more significant at below 70 K, where the
phonon effects may be suppressed, we believe the peak shift
could also be induced by the transition of bound exciton emis-
sion with a wide energy range to free exciton emission. As
supported by Fig. 4(e), the FWHM of peaks 1 and 2, which
are attributed to bound excitons with different energies, nar-
rows dramatically at below 70 K and become stable at higher
temperatures. From Fig. 4(f), the sum of integrated PL in-
tensity of peaks 1 and 2 is much larger than that of peak 3
at 10 K, indicating that the PL is governed by bound exciton
emission at very low temperatures. These results suggest that
the dominant PL mechanism of CsSnBr3 changes from bound
exciton emission to free exciton emission as temperature in-
creases from 10 K to 70 K.

3.2.2. Splitting of the PL peaks of CsSnBr3 and CsSnI3

In the range from 70 K to 295 K, temperature-dependent
PL properties of the CsSnBr3 microplate are analyzed, as
shown in Fig. 5. Splitting the PL peaks is performed by fitting
with two Gaussian peaks. Compared with the low-temperature
condition of 70 K (Fig. 4(b)), the side peak (peak 2) exhibits a
greatly reduced influence on the main peak (peak 1) at 250 K,
as shown in Fig. 5(a). The evolution of the PL peak positions
as temperature rises is given in Fig. 5(b). Peak 2 exhibits a red-
shift trend in the whole range. However, a remarkable transi-
tion from redshift to blueshift of peak 1 is observed, indicating
a complex PL mechanism. Figure 5(c) shows the temperature-
dependent FWHM of peaks 1 and 2. The former appears to
have an obviously broadening tendency, while the latter is rel-
atively stable. The integrated PL intensity of peak 1 relative to
that of peak 2 is shown in Fig. 5(d). The largely enhanced in-
tensity ratio implies that the contribution from peak 2 is grad-
ually weakened with the increase of temperature. Here, the
main and the side peaks are attributed to the band-edge and
defect states, respectively. The dominant PL mechanisms for

the change of the main peak are discussed in the last part with
curve fitting.
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Fig. 5. Temperature-dependent PL properties of CsSnBr3 in the range
of 70 K–295 K. (a) Splitting of the PL peaks of CsSnBr3 microplate at
250 K fitted by the sum of two Gaussian peaks. (b) PL peak energies of
peak 1 and peak 2. (c) FWHM of peak 1 and peak 2. (d) Integrated PL
intensity ratio of peak 1 relative to that of peak 2.
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Fig. 6. Temperature-dependent PL properties of CsSnI3 at the range of
10 K–295 K. (a) Splitting of the PL peaks of CsSnI3 microplate at 10 K
fitted by the sum of two Gaussian peaks. (b) PL peak energies of peak 1
and peak 2. (c) FWHM of peak 1 and peak 2. (d) Integrated PL intensity
ratio of peak 1 relative to that of peak 2.

In comparison, the temperature-dependent PL peaks of
the CsSnI3 microplate in the range from 10 K to 295 K are
given in Fig. 6. Because the PL spectra of CsSnI3 also ex-
hibit asymmetry, especially at near room temperatures, the
experiments are fitted by the sum of two Gaussian peaks.
For example, the splitting of the PL peak at 10 K is given
in Fig. 6(a). Moreover, the temperature-dependent PL peak
position, FWHM of peaks, and integrated PL intensity ra-
tio of peak 1/peak 2 are shown in Figs. 6(b)–6(d), respec-
tively. Here, the CsSnI3 microplate shows quite different
temperature-dependence of the PL properties. (i) In the low-
temperature region between 10 K to 100 K, the side peak is
extremely weak and no obvious broadening of peak 1 is ob-
served, indicating no significant bound exciton emission like
in CsSnBr3. (ii) The peak energy of peak 2 is larger than
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that of the main peak, which is opposite to the condition of
CsSnBr3. Moreover, only blueshift of peak 1 is obtained for
CsSnI3 as the rise of temperature, suggesting a different dom-
inant mechanism. (iii) The broaden tendency of the FWHM
of peak 1 is much weaker than that of CsSnBr3, implying a
reduced electron–phonon coupling. (iv) The PL intensity ratio
of peak 1/peak 2 reduces gradually, resulting in an enhanced
asymmetry at near-room temperatures. Similar phenomena
have also been covered in other reports.[45,57,58] Therefore, the
PL mechanism of the side peak of CsSnI3 should be different
from that of CsSnBr3. According to Yu’s report, this asymmet-
ric broadening may be caused by factors such as composition
fluctuations and granular boundaries.[45] The changing mech-
anism of the main PL peak is discussed in the following part.

3.2.3. Fitting of temperature-dependent PL peaks

As shown in Fig. 7, the temperature dependence of the
PL peak energy, FWHM, and integrated intensity of the main
peaks of CsSnBr3 and CsSnI3 microplates are studied by curve
fitting based on some widely acknowledged theory models. As
a result, many critical physical parameters are calculated, as
given in Table 1. The detailed fitting processes and mecha-
nism discussions are as follows.

Table 1. Curve fitting parameters of CsSnX3 microplates.

Sample Eb (meV) E0 (eV) Γ0 (meV) γLO (meV) ELO (meV)

CsSnBr3 32.0 1.79 56.2 166.0 35.1
CsSnI3 46.9 1.31 96.3 18.0 31.2

Firstly, the temperature-dependent shift of the PL peak
position is discussed. Figure 7(a) shows that redshift and
blueshift tendencies of the CsSnBr3 microplate can be ob-
served in temperature regions below and above 160 K, respec-
tively. For the CsSnI3 microplate, a consistent blueshift ten-
dency of the PL peak position can be observed in Fig. 7(b).
For conventional semiconductors, the PL peak energy Eg is
usually described by an empirical relation as Eg(T ) = E0 −
αT 2/(T +β ),[40] where E0 is the unrenormalized bandgap, α

and β are fitting parameters. This relation reveals a decrease
in bandgap as temperature increases, which is usually influ-
enced by electron–phonon interactions. However, this ten-
dency is inconsistent with the blueshift of our perovskite sam-
ples. Meanwhile, the blueshift phenomena have been reported
by many other lead-based perovskites,[42,45,48,51] in which the
temperature-dependent bandgap is attributed to the following
two factors: change of the lattice constant induced by thermal
expansion; renormalization of the bandgap energies driven by
electron–phonon interactions.[38,59–61] The former arises from
the anharmonicity of the inter-atomic potentials. The latter
consists of Fan[39] and Debye–Waller[62,63] terms, describing
the virtual phonon emission/absorption processes and the in-
teractions of an electron with two phonons with opposite wave

vectors at the branch j, respectively. Therefore, the temper-
ature dependence of the bandgap can be estimated by two
terms[45]

∂Eg

∂T
=

∂Eg

∂V
∂V
∂T

+∑
j,𝑞

(
∂Eg

∂n j,𝑞

)(
n j,𝑞 +

1
2

)
, (1)

where n j,𝑞 is the phonon mode number at the branch j with
wave vector 𝑞 and follows the Bose–Einstein distribution.
This equation can be further simplified based on the one-
oscillator model as[45,46,51]

Eg(T ) = E0 +ATET +AEP

(
2

exp
( h̄ω

kT

)
−1

+1

)
, (2)

where h̄ω is the average optical phonon energy, ATE and AEP

are the weight of thermal expansion and electron–phonon in-
teraction, respectively. As shown in Fig. 7(b), the fitting line
agrees well with the experiment of CsSnI3, and a linear depen-
dence with a coefficient of 0.11 meV/K is obtained. The E0 pa-
rameter of the CsSnI3 microplate is calculated to be ∼ 1.31 eV,
which is close to the previous report.[45] The absence of AEP

implies that the contribution of electron–phonon interaction to
the bandgap change is negligible, which could be attributed
to the large effective mass of electrons in CsSnI3. Therefore,
the temperature-dependent bandgap of CsSnI3 is dominated
by the thermal expansion effect. However, the PL peak posi-
tion changes of the CsSnBr3 microplate cannot be fitted well
by this equation in the whole experimental temperature range
due to the extraordinary redshift below 160 K and the increas-
ing slope of blueshift at above ∼ 265 K. Therefore, the study
on the temperature-dependent bandgap is carried out in dif-
ferent temperature regions. As shown in Fig. 7(a), the fitting
line calculated based on Eq. (2) shows a good agreement with
the experiment in the temperature range between 160 K and
265 K. Here, the electron–phonon interaction term also plays a
negative role so the linear blueshift is governed by the thermal
expansion. The E0 parameter is calculated to be ∼ 1.79 eV
and ATE coefficient is ∼ 0.05 meV/K, which is much lower
than that of CsSnI3. In the low temperature region below
160 K, we believe the slight redshift (compared with the obvi-
ous blueshift of CsSnI3) is influenced by the renormalization
of bandgap, which might be induced by the above-mentioned
structural phase transition or the transition from bound exci-
ton emission into free exciton emission at below 70 K. These
processes could be dominant at below 70 K and not be ig-
nored at below 160 K. At above 265 K, it has been reported
that a phase transition from orthorhombic to tetragonal could
occur in CsSnBr3 at around 270 K.[52] Therefore, the increas-
ing slope of the PL peak at 265 K–295 K may be attributed to
the enhanced weight of thermal expansion due to the different
structural phase.[46]
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Fig. 7. Temperature-dependent PL properties of CsSnX3 microplates.
(a) and (b) PL peak energy. (c) and (d) FWHM. (e) and (f) Integrated
PL intensity.

Secondly, the temperature dependence of the FWHM and
the underlying mechanism is discussed. From Figs. 7(c) and
7(d), the FWHM of CsSnBr3 and CsSnI3 microplates broadens
with increasing temperature. Generally, this PL broadening
is related to the electron–phonon coupling in inorganic semi-
conductors, such as the different scattering processes between
charge carriers and phonons (or impurities), which have dif-
ferent dependencies on temperature.[38,41,64,65] According to
the report by Wright et al.,[42] the temperature-dependent PL
linewidth Γ can be given as

Γ (T ) = Γ0 + γacT +
γLO

e
ELO
kT −1

+ γimp e−
Eimp

kT , (3)

where Γ0 is a temperature-independent inhomogeneous broad-
ening term induced by scattering of disorder and imperfec-
tions; γac is defined as the coupling strength between charge
carriers and acoustic phonons; γLO is the coupling strength be-
tween charge carriers and longitudinal optical phonons; ELO

is the energy of longitudinal optical phonons; γimp is attributed
to the scattering of impurities; Eimp is the average binding
energy of impurities. In the fitting of both CsSnBr3 and
CsSnI3, the γac and γimp terms are set as zero according to the
citation,[42] and the calculated lines agree well with the exper-
iments, as shown in Figs. 7(c) and 7(d). This result suggests
that the electron–phonon coupling in CsSnX3 microplates is
dominated by the interaction between charge carriers and lon-
gitudinal optical phonons, which is consistent with the conclu-
sion obtained in MAPbX3 and FAPbX3 perovskites.[42] More-
over, the fitting parameters of the CsSnBr3 microplate are

Γ0 = 56.2 meV, γLO = 166.0 meV, and ELO = 35.1 meV, and
of the CsSnI3 microplate are Γ0 = 96.3 meV, γLO = 18.0 meV,
and ELO = 31.2 meV. Compared with CsSnI3, the coupling
strength in the CsSnBr3 microplate appears much more robust,
which could be induced by the smaller high-frequency value
of the dielectric function in CsSnBr3 than in CsSnI3.[42]

Lastly, the temperature dependence of the integrated PL
intensity of CsSnBr3 and CsSnI3 microplates are discussed
according to the experimental data plotted in Figs. 7(e) and
7(f), respectively. Here, a continuous decreasing trend is ob-
served for both CsSnBr3 and CsSnI3 as the temperature rises.
According to the literature, the relationship between the inte-
grated PL intensity I and temperature T can be described by
the Arrhenius equation as[44,47,48,51,66–69]

I(T ) =
I0

1+Ae−
Eb
kT

, (4)

where I0 is the integrated PL intensity at 0 K, A is the pre-
exponential coefficient, Eb is the exciton binding energy, and
k is the Boltzmann constant. From Figs. 7(a) and 7(b), the red
fitting lines agree well with the experiments, indicating that
the Eb values are estimated to be 32.0 meV and 46.9 meV for
CsSnBr3 and CsSnI3 microplates, respectively. The continu-
ous decrease of the PL intensity suggests that the radiative re-
combination is gradually suppressed by the thermal activation
of exciton dissociation or non-radiative relaxation. The exci-
ton binding energy of the CsSnBr3 microplate is lower than
that of the CsSnI3 microplate.

4. Conclusion
High-quality CsSnX3 (X = Br, I) microplates are pre-

pared by CVD and characterized by XRD, SEM, and absorp-
tion spectroscopy. The temperature-dependent steady-state PL
spectra of the samples are investigated in the range of 10 K–
295 K. At the low-temperature region, the remarkable splitting
of PL peaks of the CsSnBr3 microplate is speculated to be in-
duced by structural phase transition or the coexistence of free
exciton emission and bound exciton emission with different
energies. The temperature-dependent characteristics of PL in-
tensity decline, peak position shift, and linewidth broadening
are analyzed by curve fitting using several theoretical models.
Moreover, several important physical parameters, such as ex-
citon binding energy, unrenormalized bandgap, and coupling
strength of longitudinal optical phonons, have been estimated
from the fitting. Compared with the obvious linear blueshift
of the PL peak energy of CsSnI3, the slight blueshift takes the
leading role at above ∼ 160 K in the PL of CsSnBr3, indi-
cating that the thermal expansion weight is much stronger in
CsSnI3 than in CsSnBr3. The scattering of longitudinal optical
phonons is proved to dominate the electron–phonon coupling
in CsSnBr3 and CsSnI3, but the coupling strength in CsSnBr3
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is more significant than that in CsSnI3. This research pro-
vides an insight into the photophysical properties of CsSnX3

microplates, which is essential for tin perovskite-based opto-
electronic applications, especially for developing micro-lasers.
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R, Bulović V and Lunt R R 2016 Nano Energy 28 469

[37] Xu W L, Yuan H, Yang X Y, Zhang Y and Zheng M 2021 Physica E
134 114843

[38] O’donnell K P and Chen X 1991 Appl. Phys. Lett. 58 2924
[39] Fan H Y 1951 Phys. Rev. 82 900
[40] Varshni Y P 1967 Physica 34 149
[41] Rudin S and Reinecke T L 1990 Phys. Rev. B 41 3017
[42] Wright A D, Verdi C, Milot R L, Eperon G E, Perez-Osorio M A, Snaith

H J, Giustino F, Johnston M B and Herz L M 2016 Nat. Commun. 7
11755

[43] Chen C, Hu X, Lu W, Chang S, Shi L, Li L, Zhong H and Han J B 2018
J. Phys. D: Appl. Phys. 51 045105

[44] Jiang D S, Jung H and Ploog K 1988 J. Appl. Phys. 64 1371
[45] Yu C, Chen Z J, Wang J, Pfenninger W, Vockic N, Kenney J T and

Shum K 2011 J. Appl. Phys. 110 063526
[46] Wei K, Xu Z, Chen R, Zheng X, Cheng X and Jiang T 2016 Opt. Lett.

41 3821
[47] Wu K, Bera A, Ma C, Du Y, Yang Y, Li L and Wu T 2014 Phys. Chem.

Chem. Phys. 16 22476
[48] Lee S M, Moon C J, Lim H, Lee Y, Choi M Y and Bang J 2017 J. Phys.

Chem. C 121 26054
[49] Fang H H, Raissa R, Abdu-Aguye M, Adjokatse S, Blake G R, Even J

and Loi M A 2015 Adv. Funct. Mater. 25 2378
[50] Wehrenfennig C, Liu M, Snaith H J, Johnston M B and Herz L M 2014

APL Mater. 2 081513
[51] Diab H, Trippe-Allard G, Ledee F, Jemli K, Vilar C, Bouchez G,

Jacques V L, Tejeda A, Even J, Lauret J S, Deleporte E and Garrot
D 2016 J. Phys. Chem. Lett. 7 5093

[52] Fabini D H, Laurita G, Bechtel J S, Stoumpos C C, Evans H A, Kon-
tos A G, Raptis Y S, Falaras P, Van Der Ven A, Kanatzidis M G and
Seshadri R 2016 J. Am. Chem. Soc. 138 11820

[53] Singh S, Kumar M, Jha P K, Jha P A and Singh P 2023 Europhys. Lett.
141 26001

[54] Mori M and Saito H 1986 J. Phys. C: Solid State Phys. 19 2391
[55] Gao L, Yadgarov L, Sharma R, Korobko R, Mccall K M, Fabini D H,

Stoumpos C C, Kanatzidis M G, Rappe A M and Yaffe O 2021 Mater.
Adv. 2 4610

[56] Korn T, Heydrich S, Hirmer M, Schmutzler J and Schüller C 2011 Appl.
Phys. Lett. 99 102109

[57] Shum K, Chen Z, Qureshi J, Yu C, Wang J J, Pfenninger W, Vockic N,
Midgley J and Kenney J T 2010 Appl. Phys. Lett. 96 221903

[58] Kontos A G, Kaltzoglou A, Arfanis M K, Mccall K M, Stoumpos C C,
Wessels B W, Falaras P and Kanatzidis M G 2018 J. Phys. Chem. C
122 26353

[59] Allen P B and Cardona M 1983 Phys. Rev. B 27 4760
[60] Lautenschlager P, Allen P B and Cardona M 1985 Phys. Rev. B: Con-

dens. Matter 31 2163
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