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Zero-dimensional (0D) lead-free halide perovskites doped with ns2-metal ions have emerged as an interesting
research topic, due to their broad luminescence spectra and large Stokes shift for both fundamental research and
future optoelectronic applications. Herein, we report an abnormal phenomenon of pressure-induced blue-shifted
and enhanced emission in Sb3+-doped Cs2InBr5 · H2O. The pressure-induced photoluminescence enhancement
(<0.6 GPa) of Sb3+:Cs2InBr5 · H2O can be ascribed to the less energy difference between 3P1 of Sb3+ and
self-trapped exciton (STE) state, and the reduced nonradiative energy loss. Meanwhile, the pressure-induced
anisotropic contraction of inhomogeneously coordinated [SbBr5O]H2−

2 /[InBr5O]H2−
2 octahedra is highly re-

sponsible for the unusual blue-shifted STE emission and the variation of the band gap. These findings provide a
basis for understanding the structure-properties correlation of ns2-metal ions doped 0D perovskite, and shed light
on the effects of the pressure in emission enhancement and tuning the optical properties of halide perovskites.
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I. INTRODUCTION

Zero-dimensional (0D) lead-free halide perovskites, which
consist of electronically isolated metal halide anions and or-
ganic ands inorganic cations, are gaining increasing attention
in recent years [1]. The interest stems from their excellent
optoelectronic properties, such as remarkable ambient stabil-
ity, large exciton binding energy, and broad-band emission,
which promote them widely applied in various optoelectronic
devices. Among the reported 0D halide perovskite materials,
indium- (In-) based perovskites have been attracting strong
attention due to their low toxicity, oxidization avoidance
capabilities, and superior luminescence performance [2–5].
Despite these advances, their photoluminescence (PL) effi-
ciency is relatively low due to the small light absorption
coefficient corresponding to the excitation region, limiting
their further application [6]. In this sense, various strategies
have been proposed to improve their optical properties. Dop-
ing ns2-metal ions such as Sb3+(5s2), Te4+(5s2), Bi3+(6s2),
and Tl+(6s2), etc., in 0D In-based halide perovskites are an
effective strategy to improve the emission performance and
achieving efficient PL [7–14]. Recently, it has been reported
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that Sb3+ was compatible with the crystal and able to im-
prove the performance of 0D In-based halide perovskites,
owing to the same valence and similar ionic radius as the
In3+ ions. For example, Chen et al. successfully synthe-
sized A2InX5 · H2O and A3InX6 (A = Cs, Rb; X = Cl, Br)
crystals via 5s2-metal Sb3+ doping, and the photolumines-
cence quantum yield (PLQY) of the doped crystals increased
dramatically (above 90%) [15]. Crystals with bright orange
emission were obtained by Kuang et al. by introducing Te4+

into Cs2InCl5 · H2O. The sensitivity of the 5s2 lone pairs of
electrons in the Te4+ ion to temperature was also found, and
the Te4+-doped Cs2InCl5 · H2O has a strong temperature de-
pendence and an easily measurable lifetime [16]. Nonetheless,
the origin and mechanism of the emission in the ion-doped
perovskites are still debated [17–21]. Therefore, it is impor-
tant to investigate the structure-optical property relationships
of the Sb3+-doped 0D In-based halide perovskites in order to
improve the photoemission properties, and also to reveal the
excited-state dynamics processes of the doped Sb3+ ions.

High pressure has been pointed out as an effective ap-
proach to access the structure-property relationships, optimize
the optical performance, and promote the emergence of novel
features [22–27]. In terms of the excited-state dynamics re-
lated to material photoemission, high pressures can provide a
new dimension to access novel phenomena and structures that
are difficult to find at ambient pressures, thus revealing the
potential emission mechanism [28–32]. By comparing Mn-
doped and undoped Cs2NaBiCl6 double perovskites, Zou et al.
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reported a significant pressure-induced emission enhancement
(PIEE) of the former (<0.5 GPa), induced by the overlap of
the electronic wave functions and the energy transfer from
Bi3+ to Mn2+ ions [33]. The PIEE phenomena have been
also found in Mn2+-doped CsPbCl3 nanocrystals, Eu-doped
CsPbCl3 quantum dots, and Mn2+/Cu2+-codoped CsPbCl3,
related to the enhanced energy transfer rate from the excitonic
states to the doped ions [29,34,35]. From this point of view,
it is expected that the optical response of the Sb3+-doped 0D
In-based halide perovskites can be enhanced by the pressure.

Therefore, we investigate the changes of the structural
and optical properties of Sb3+:Cs2InBr5 · H2O under high
pressure. With increasing the pressure, Sb3+:Cs2InBr5 · H2O
exhibits a trend of PIEE (<0.6 GPa), then the photoe-
mission intensity gradually decreases and quenches above
11.0 GPa. Intriguingly, the emission peak shows an unusual
and persistent blue shift companied by a red-shift absorption
band gap throughout the compression process. Meanwhile,
the [SbBr5O]H2−

2 /[InBr5O]H2−
2 octahedra undergo consider-

able distortions through an isostructural phase transition that
occurs in the pressure region of 2.7–7.8 GPa. The experi-
mental results reveal the structure-properties relationship of
Sb3+:Cs2InBr5 · H2O, and provide theoretical guidance for
the optimization of the performance and multifunctionality of
the ion-doped halide perovskites.

II. METHODS

CsBr (99.9%), Sb(CH3CO2)3 (99.9%), HBr (48%) were
purchased from Aladdin. In(CH3CO2)3 (99.99%) was pur-
chased from Sigma-Aldrich. Methanol (99.5%) was pur-
chased from Macklin. All the chemical reagents were used
as received without further purification. The crystal sample of
Sb3+:Cs2InBr5 · H2O was synthesized according to the pro-
cedure described in previous reports [15]. The Sb3+ acts as
the dopant ion by replacing the position of In3+ in the host
Cs2InBr5 · H2O, and the molar ratio of In/Sb during synthesis
was 93:7 (Sb3+ = 7%). A symmetric diamond anvil cell
(DAC) and a pair of IIa-type diamond anvils with the culets
size of 400 µm were used for the high-pressure measurements.
The sample was loaded into a hole of the T301 steel gasket
(diameter 150 µm), and the thickness of the gasket indentation
was 42 µm. The ruby fluorescence technique was adopted for
the pressure calibration, and silicon oil (Aladdin, 10 cst) was
applied as pressure-transmitting medium (PTM) around the
sample [36].

In situ high-pressure photoluminescence experiments were
carried out using a UV DPSS laser with the excitation wave-
length of 355 nm (37 µW). The power-dependent PL emission
was monitored by a power meter of THORLABS PM100D.
It should be noted that the parameters of the excitation light
source were fixed during the experiment to avoid its influence
on the final photoluminescence intensity of the sample. In situ
high-pressure absorption spectra were performed using a fiber
spectrometer (QE65000, Ocean Optics). In situ high-pressure
Raman spectra were recorded using a spectrometer equipped
with the liquid-nitrogen-cooled CCD (iHR550, Symphony II,
Horiba Jobin Yvon). The 532-nm diode laser was used to
excite the sample and the output power is 10 mW. In situ high-
pressure synchrotron ADXRD experiments were conducted

at the BL15U1 beamline of Shanghai and 4W2 High Pres-
sure Station of Beijing Synchrotron Radiation Facility. The
experiments were carried out using a monochromatic x-ray
beam with a wavelength of 0.6199 Å. The refinement of the
XRD pattern was completed using the Reflex module in the
MATERIALS STUDIO software. The Pawley profile-fitting rou-
tine was first used to refine the cell parameters and search the
space group, and then the Rietveld refinement was executed
to obtain the crystal structural parameters.

III. RESULTS AND DISCUSSION

A. Emission and absorption

To investigate the optical properties of Sb3+:Cs2InBr5 ·
H2O under the different pressures, the in situ high-pressure
PL experiments were carried out. The PL spectra during the
compression are shown in Fig. 1(a). As for Sb3+:Cs2InBr5 ·
H2O under ambient conditions, the PL spectrum exhibits a
broad-band orange-red emission centered at 672 nm with a
large Stokes shift of 318 nm. Accordingly, these features have
been identified as the intrinsic self-trapped excitons (STEs)
emission, which depends profoundly on the structure distor-
tion [37]. As previous reported, the broad-band emission is
mainly associated with the presence of large octahedral dis-
tortion in Sb3+:Cs2InBr5 · H2O, and arises from the emission
of the Sb3+ ions, i.e., the 3P1 →1 S0 electron leap within
the Sb3+ ion [15]. The PL intensity gradually increases with
increasing the pressure and reaches a maximum value at
0.6 GPa, then decreases with further compression and dis-
appears when the pressure exceeds 11.0 GPa. However, the
PL peak of Sb3+:Cs2InBr5 · H2O shows a continuous blue
shift during the compression regimes. This PIEE phenomenon
with combining an insistent blue-shift PL peak is different
from the previous reports, suggesting that Sb3+:Cs2InBr5 ·
H2O has a unique photoemission mechanism. The variations
of the PL intensity, peak position, and the full width at
half-maximum (FWHM) with the pressure are clearly demon-
strated in Figs. 1(b) and 1(c) and Fig. S1 [38]. All of the
three emission state parameters undergo roughly three evolu-
tionary processes, with the emission intensity enhancing until
0.6 GPa (Fig. S2) [38], the peak position and FWHM decreas-
ing rapidly below 2.7 GPa, slowing down from 2.7–7.3 GPa,
and remaining essentially constant after 7.9 GPa, which may
be related to the structural change of Sb3+:Cs2InBr5 · H2O
under the pressure [39]. Ultimately, the PL intensity quenches,
which may be caused by the pressure-induced partly amor-
phization phenomenon [31,39]. The PL peak is observed at
561 nm at around 11.0 GPa, which is 110 nm blue shifted
compared with that of ambient pressure. To quantitatively
evaluate the evolution of Sb3+:Cs2InBr5 · H2O emission prop-
erties, we measured the photoluminescence quantum yield
(PLQY) of the material under ambient conditions and based
on this we estimated the PLQY at high pressures (Table
S1) [38], which is consistent with the experimental results
(see also [40,41] therein). The PL intensity of the sample
versus the laser power is shown in Fig. S3 [38]. Upon the
decompression, the PL returns to the initial state, but the PL
intensity decreases (Fig. S4) [38]. And this is closely related
to its crystal structure. The corresponding emission color of
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FIG. 1. Pressure-induced evolutions of (a) the PL spectra, (b) the normalized PL intensity, (c) the PL peak position, and (d) the PL
micrographs (irradiated with 355 nm constant power laser) of Sb3+:Cs2InBr5 · H2O. The black arrows represent the evolution of the PL peak
and intensity under the pressure.

Sb3+:Cs2InBr5 · H2O under the pressure modulation can be
seen in the optical micrographs as illustrated in Fig, 1(d). The
emission color undergoes a process from orange-red to yellow
to dull green. We also record the Commission Internationale
de l’Eclairage (CIE) chromaticity coordinates to visualize
the pressure-induced color evolution of Sb3+:Cs2InBr5 · H2O
emitted light (Fig. S5) [38]. The CIE chromaticity coordinates
vary continuously from (0.60, 0.39) at ambient pressure to
(0.41, 0.51) at 11.0 GPa. In general, the dopant ion concen-
tration, energy band structure, and structural transition affect
the emission properties of halide perovskite materials [15,22].
In order to exclude the effect of Sb3+-doping concentration
on the evolution of the emission behavior of the material
under high pressure and to verify the pressure-induced emis-
sion enhancement phenomenon, we also prepared a series of
Sb3+:Cs2InBr5 · H2O with different molar ratios (Sb3+ = 1%,
5%, and 10%). As shown in Fig. S6 [38], the PL spectra of all
three samples (1%, 5%, and 10%) exhibit pressure-induced
emission enhancement phenomena analogously. And the PL
spectra of all samples show similarly continuous blue shift
with their intensity increasing and then decreasing, and finally
disappearing. Thus, we excluded the influence of the dopant
ion concentration on the trend of the emission evolution of
the material at high pressures and on this basis we selected
the samples with the same dopant ion concentration (7%) for
the further experiments.

The tuning of the optical properties of the materials un-
der the pressure is closely related to the alteration of the
electronic structure. In situ high-pressure UV-Vis absorption
experiments of up to 20.5 GPa were performed in order to
understand the unique optical properties of Sb3+:Cs2InBr5 ·
H2O. As shown in Fig. 2(a), there are two absorption modes
in the system at ambient conditions, which are represented
here by the high- and low-energy absorption modes. For the

high-energy absorption part (edge 1), it is mainly attributed to
the electron leap from the valence band maximum of the main
body Cs2InBr5 · H2O (consisting of the 4p orbital of Br and
the 5s orbital of In) to the conduction band minimum (mainly
contributed by the 5p orbital of In); for the low-energy ab-
sorption part (edge 2), it is caused by the 1S0 → 3P1 leap

FIG. 2. (a) The UV-Vis absorption spectra of Sb3+:Cs2InBr5 ·
H2O as a function of pressure; (b) the Tauc plot under ambient condi-
tions; (c) the variation of band gap with pressure of Sb3+:Cs2InBr5 ·
H2O.
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FIG. 3. (a) The ADXRD spectra of Sb3+:Cs2InBr5 · H2O compressed to 20.6 GPa. The cell parameters (b) lattice constant and (c) cell
volume of Sb3+:Cs2InBr5 · H2O with pressure. (d) Structural diagram at 1 atm and 7.8 GPa.

of the Sb3+ ion in the isolated [SbBr5O]H2−
2 octahedron. By

analyzing the energy difference between edges 1 and 2, we
find that the energy difference between the two different ab-
sorption parts decreases with increasing the pressure (Fig. S7)
[38]. With increasing the pressure, the absorption edge of
Sb3+:Cs2InBr5 · H2O first undergoes a slight blue shift, i.e.,
the absorption edge moves towards to the higher energy. Be-
yond 2.6 GPa, the absorption edge shows a gradual red shift.
After 7.2 GPa, the energy difference between the two different
energy-absorbing sides shows a negative value. This implies
that it becomes easier for the energy to transfer from the
main body to the dopant ion guest during the pressurization.
At 9.0 GPa, the two separate absorbing edges move together
and the red-shift rate with the pressure slows down. Upon the
decompression, the absorption spectrum is almost the same
as that before the pressure treatment, with slightly different
intensities, as shown in Fig. S8 [38]. The optical band-gap
values of Sb3+:Cs2InBr5 · H2O are obtained by extrapolating
the intersection of the (αhν)2 linear part against hν in the
Tauc diagram, where α is the absorption coefficient and hν

is the photon energy [Fig. 2(b)]. The evolution of the band
gap with the pressure can be seen in Fig. 2(c). The band-gap
value increases slightly from 3.23 eV at ambient pressure
to 3.26 eV at 2.0 GPa, followed by a rapid decrease with
further increasing the pressure. Throughout the experiment,
the sample obtained a minimum optical band-gap value of
3.08 eV at 20.5 GPa. This pressure modulation of the band
gap indicates that the pressure can effectively tune the optical
absorption and photoemission properties of the ion-doped 0D
halide perovskites system.

B. Structural analysis

Based on the previous findings of the high-pressure tuned
structure-properties relationships of the halide perovskites,
there is a close relationship between their optical proper-
ties and the internal inorganic octahedral units. Two abrupt
changes in the absorption spectra of Sb3+:Cs2InBr5 · H2O
and the anomalous photoluminescence spectra suggest that
the material may have undergone structural changes associ-
ated with the changes in the electronic structure. Based on
this, in situ high-pressure angle-dispersive x-ray diffraction
(ADXRD) and Raman experiments were carried out with
the applied pressure to investigate the structural behaviors of
Sb3+:Cs2InBr5 · H2O [Figs. 3(a) and S9] [38]. It is observed
that the introduction of Sb3+ did not lead to the appearance
of new diffraction peaks (Table S2) [38] (see also Ref. [42]
therein). According to the Rietveld refinement (Fig. S10) [38],
Sb3+:Cs2InBr5 · H2O crystallizes in the orthorhombic phase
with a space group Pnma (phase I) under ambient condition,
yielding a slight increase in the lattice constants [phase I,
space group: Pnma, a = 14.977(1) Å, b = 10.930(3) Å, and
c = 7.695(2) Å] compared to the host Cs2InBr5 · H2O due to
the ionic radius of Sb3+ that in the central octahedral larger
than that of the In3+ ion. With increasing the pressure to
2.7 GPa, the overall diffraction peaks move towards to the
higher diffraction angles, implying the pressure-induced lat-
tice contraction of the orthorhombic phase, as also evidenced
by the Raman vibration modes shifting continuously to the
higher frequencies. At 2.7 GPa, the peak at around 11◦ dis-
appears and a new peak appears at around 12◦, indicating
a transition occurs from the orthorhombic phase to a new
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FIG. 4. Schematic illustrations of emission mechanism evolutions of Sb3+:Cs2InBr5 · H2O upon lattice compression.

phase. After compression to 7.2 GPa, the crystal structure is
completely transformed into the new phase as the new diffrac-
tion peak moves out at around 10◦ (Figs. S11 and S12) [38].
Moreover, the splitting and appearance of the Raman vibration
mode in this pressure region indicate that the phase transition
is related to the variation of the [SbBr5O]H2−

2 /[InBr5O]H2−
2

octahedra. The Rietveld refinement shows that the space
group of the high-pressure new phase at 7.8 GPa (phase
II, space group: Pnma, lattice parameters: a = 13.786(3) Å,
b = 10.336(8) Å, and c = 7.018(3) Å) adopts the same struc-
tural symmetry with the initial orthorhombic phase. Upon
the compression to 20.6 GPa, both the ADXRD and Raman
spectra show that the peaks are broadened, indicating that
phase II begins to undergo a structural amorphization process.
Sb3+:Cs2InBr5 · H2O has a similar phase transition path as
that of the host material Cs2InBr5 · H2O under the pressure.

In addition, the parameters of the lattice constant and cell
volume with the pressure as shown in Figs. 3(b) and 3(c),
respectively. During the structural evolution, the cell shrinks
faster along the c-axis direction, while the b-axis direction has
the strongest resistance to the compression. Hence, the cell pa-
rameters of Sb3+:Cs2InBr5 · H2O exhibit obvious anisotropic
contraction. As shown in Figs. S13– S15 [38], the contraction
is anisotropic at all three stages with increasing pressure,
which is related to the inhomogeneous coordination environ-
ment of the inorganic octahedra and the deformation under
pressure. From the structural viewpoint, the phenomenon may
be related to the inhomogeneous coordination environment
of the [SbBr5O]H2−

2 /[InBr5O]H2−
2 octahedra and the direc-

tionality of the hydrogen bonding within the surrounding
octahedral units [Fig. 3(d)] [22]. In order to clarify the be-
havior of the inorganic octahedra during structural evolution,
the bond lengths and bond angles of the [InBr5O]H2−

2 oc-
tahedra were analyzed (Figs. S16– S18) [38]. Furthermore,
the pressure-volume data are here fitted with the third-order
Birch-Murnaghan equation of state, and the processed results
are shown in Fig. 3(c) (see also Ref. [43] therein). In phase I,
the bulk modulus (B0) of Sb3+:Cs2InBr5 · H2O after fitting is
6.81 GPa, smaller than that of the conventional 3D perovskite
MAPbI3 (13.6 GPa), indicating that Sb3+:Cs2InBr5 · H2O has
a strong structural tunability under the pressure. The B0 values

for the coexistence phase (phase I + phase II) and phase II are
24.38 and 48.13 GPa, respectively. The higher B0 indicates
higher stability under the pressure, which is closely related
to the special hydrogen bonding network structure inside the
main body.

C. Mechanism

Through the above analysis, we can conclude that there is
relevance between the PL responses of Sb3+:Cs2InBr5 · H2O
and the lattice variations. According to previous reports, the
wide emission with the large Stokes shift originated from
STEs is mainly a result of the strong electron-phonon cou-
pling and transient elastic lattice distortions under an excited
state [37]. The pressure-regulated exciton-phonon coupling
can be quantified using Huang-Rhys factor S. According to the
relationship between the Stokes displacement energy EStokes

and optical branch phonon modes (EStokes = 2Sh̄ωLO), the
evolution trend of the S factor with the pressure is obtained
(Figs. S19 and S20) [38,44]. The intrinsic STE emissions of
Sb3+:Cs2InBr5 · H2O are understood as follows in Fig. 4. At
ambient conditions, we obtained a large Huang-Rhys parame-
ter of 20.2, which exhibits giant electron-phonon coupling via
Fröhlich interaction in the Sb3+:Cs2InBr5 · H2O crystal. The
broad-band emission is contributed by the strong electron-
phonon coupling. The parameter S decreases monotonously
as the pressure increases, indicating the decrease in the
electron-phonon coupling strength reduced by the lattice
compression. According to the energy gap law, the energy dif-
ference between the initial and final states decreases, reducing
nonradiative loss. Meanwhile, FWHM of the STE emission
decreases as the pressure increases, reflecting the decrease
of the lattice relaxation energy and the energy difference
between multiple STEs. Such changes result in the band-gap
narrowing and STE enhancement of Sb3+:Cs2InBr5 · H2O un-
der mild compression (<0.6 GPa). With further increasing
the pressure, the structure of Sb3+:Cs2InBr5 · H2O exhibits
obvious anisotropic contraction, leading to an increase of
the defects and the nonradiative recombination, therefore,
the PL intensity decreases. And the rapid attenuation of
the PL strength can be attributed to the rapid increase of
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the defects in the system caused by the structural phase
transition.

During compression, the S factor of the system grad-
ually decreases, which indicates that the strength of the
electron-phonon coupling of the material is weakened, i.e., the
self-trapped excitons cannot be stabilized, leading to a reduc-
tion in the emission of the system. However, the enhancement
of the system emission suggests that the STE emission here
is not part of the system’s intrinsic STE emission. Rather, it
is the STE state associated with the Sb3+ ion. The weakening
of the emission due to the lifting of the STE state and the
reduction of the S factor competes with the increase in energy
transfer due to the reduction of the energy difference between
the host and the object and the reduction in energy loss, and
these two mechanisms together lead to an increase in the
overall emission intensity of the system. The first-principles
density functional theory (DFT) calculations show that the
high-pressure phase exhibits an increased electronic band
dispersion compared to the ambient phase (Figs. S21a and
S21b) [38] (see also Refs. [45–50] therein), allowing for easier
energy transfer between host (In) and guest (Sb). Additionally,
the broadening of the exciton energy level associated with Sb
poses a challenge in forming stable self-trapped excitons that
are dependent on Sb. These two competing mechanisms influ-
ence the system during the pressurization process, providing
a plausible explanation for the observed behavior of initially
increasing and then decreasing emission intensity [51].

IV. CONCLUSION

In summary, we have investigated the intrinsic
structure-property relationships of Sb3+:Cs2InBr5 · H2O
under the pressure, and an abnormal phenomenon of
the pressure-induced blue-shifted and enhanced STE
emission is achieved. During the pressurization, the structure

of Sb3+:Cs2InBr5 · H2O shows an obvious anisotropic
contraction due to the inhomogeneous coordination
environment of [SbBr5O]H2−

2 /[InBr5O]H2−
2 octahedra. Such

structural variation is directly related to the high-pressure
behavior of the STE emission. The enhanced emission in
the lower-pressure range of 0–0.6 GPa is associated with
increased energy transfer between the host and object. The
evolution of the emission intensity and peak position at high
pressure suggests that the broad-band emission originates
from the STE state associated with the Sb3+ ion. This
work deepens the understanding of the correlation between
structural and optical properties of the Sb3+:Cs2InBr5 · H2O,
and provides experimental evidence and theoretical guidance
for the elucidation of the dynamics of the excited states of
Sb3+, thus promoting the application of such materials.
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