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Phase-gradient CsPbBr3 perovskite structure
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We introduce a strategy to develop multiple-phase structure of inorganic lead halide perovskite CsPbBr3. The

method is based on local optical heating, which allows the creation of strong temperature gradients. Using Raman

spectroscopy, it was determined that such gradients induce a distribution of phase transitions within the perovskite

crystal. We show that such gradients lead to perovskite multiple-phase structure.
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The development of semiconductor nanoelectronics is

inextricably linked with the development of new materials.

In recent years, inorganic halide perovskites CsPbX 3(X-Cl,
Br, I) have attracted wide interest for photonic and optoelec-

tronic applications [1–3]. The crystal lattice of CsPbX3 is a

three-dimensional network of [PbX]4−6 octahedra with com-

mon sites, in the space between which there are Cs+ions.

The symmetry of the perovskite crystal lattice can change

significantly during phase transitions, when internal stresses

arise and structural defects are formed due to tilts and

distortions of the octahedra. Typically, the crystalline phases

of inorganic halide perovskites differ in their band gaps. This

leads to the migration of charge carriers from regions with

a larger band gap to regions with a smaller band gap, which

is most pronounced near areas of phase transitions [4,5].
The accumulation of free charge carriers in the phase region

with a smaller band gap increases the probability of radiative

electron-hole recombination, which increases the efficiency

of optical processes (photoluminescence, Raman scattering,

etc.) [6]. This phenomenon can be used to actively tune the

optoelectronic properties of semiconductors, in particular, to

create dynamically controlled multiphase heterostructures.

This work discusses the concept of creating a heterostruc-

ture consisting of several crystalline phases of inorganic

halide perovskite CsPbBr3. Depending on the mutual

orientation of the octahedra, the structure of CsPbBr3 can

be stable in three phases: orthorhombic (Pnma), tetragonal
(P4/mbm) and cubic (Pm3m) [7]. A thermoplasmonic

metasurface is used to create a multiphase structure.

The thermoplasmonic metasurface is a two-dimensional

array of nanoscale TiN/Si structures (Fig. 1, a). Each

nanostructure looks like a silicon column, on the top

surface of which a thin layer of titanium nitride (TiN) is

placed. When illuminated with focused laser light (633 nm,

16mW, NA= 0.7), a plasmon resonance appears in the TiN

nanostructure, leading to its strong heating up to 1000K.

The maximum heating temperature of the nanostructure

is determined by the intensity of the incident radiation.

In this case, the silicon structure acts as a channel for

heat removal [8,9]. Figure 1, a shows an atomic-force

microscopy (AFM) image of a CsPbBr3 microcrystal on a

metasurface. A CsPbBr3 perovskite microcrystal in the form

of a platform with linear dimensions 10× 14× 1µm3 was

placed on a thermoplasmonic metasurface using a micro-

manipulator. Since CsPbBr3 has low thermal conductivity

(0.42Wm−1K−1), and phase transitions occur at relatively

high temperatures (88◦C for the Pnma-P4/mbm transition

and 130◦C for the P4/mbm-Pm3m transition), inside the

crystal on the metasurface strong temperature gradients

may arise (Fig. 1, b) [8,10]. Such temperature gradients

should lead to a phase distribution inside the perovskite

crystal that depends on the distance to the heated plasmonic

nanostructure. To determine the heating temperature of the

crystal, the method of Raman light scattering thermometry

was used. It is based on the dependence of the Raman

scattering line shift on temperature. The analytical form

of this dependence is presented in work [11]. Using RS

thermometry, a temperature map was constructed from the

shift of the line of crystalline silicon (521 cm−1) (Fig. 1, b).
According to the obtained map, under the influence of

incident light, nanostructures of a thermoplasmonic meta-

surface can be heated to temperatures of the order of

500K, which is sufficient to activate all structural phase

transitions in CsPbBr3. To determine phase transitions, the

temperature dependence of the intensity of the transverse

optical single-phonon mode 127 cm−1 was studied. This

mode corresponds to the stretching vibrations of the Pb-

Br bond, and its intensity provides information about

the mutual orientation of the [PbBr]4−6 [12] octahedra.

Figure 2, a shows the dependence of the intensity of

the TO mode (127 cm−1) on temperature when heated

using a temperature table. It experiences two extremes

corresponding to the phase transitions γ → β (361K) and

β → α (403K). In the region of the tetragonal phase, there

is a decrease in the intensity of the RS line with increasing

temperature. This behavior of the line intensity can be
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Figure 1. a — AFM image of a CsPbBr3 crystal on the metasurface, b — temperature map obtained at a pumping intensity of

3.5MW/cm2 . The color indicates the temperature of each individual nanostructure.
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Figure 2. Temperature dependence of the intensity of Raman light scattering of a CsPbBr3 microcrystal for the 127 cm−1 TO mode

when heated using a temperature stage (a) or a metasurface (b).

caused by an increase in the band gap and a decrease in

free charge carriers in the valence band [5,6]. Meanwhile,

there is an opposite trend in the temperature dependences

of the RS line intensities in the α phase and the γ phase.

This can be explained by thermal volumetric expansion of

the lattice, accompanied by distortions of the [PbBr6]4−6 [5]
octahedra. Figure 2, b shows the change in the intensity

of the 127 cm−1 line with a change in the temperature of

the plasmonic nanostructure. Vertical dashed lines mark the

position of local maxima. The first maximum is located near

the transition temperature from the γ phase to the β phase.

It indicates the beginning of phase transitions between the

orthorhombic phase and the tetragonal one. A further

increase in the temperature of the plasmonic nanostructure

shifts the region of the β phase deeper into the crystal

volume. When the temperature changes by 130K, another

small maximum in the Raman light scattering intensity

indicates the formation of the α phase in the immediate

vicinity of the top surface of the plasmonic nanostructure.

There is a physical model below for the analysis of the

dependence presented in Fig. 2, b. The mechanism of for-

mation of the multiphase structure CsPbBr3 is schematically

presented in Fig. 3, a. It shows that the temperature gradient

induces phase transitions in the direction perpendicular to

the surface of the nanostructure. The RS intensity signal

from such a multiphase structure represents the combined

signal from all phases within the focal spot. The cumulative

RS intensity (ĨR) is introduced to describe this signal. It
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Figure 3. Schematic illustration of the formation of the multiphase structure of CsPbBr3 under the influence of a strong temperature

gradient (a); the result of simulating the cumulative intensity of the RS signal of crystals of different thicknesses (b).

reflects the process of formation of a multiphase perovskite

structure when the temperature Tm(0) of the plasmonic

nanostructure changes. If the temperature gradient inside

the perovskite crystal is formed along the z axis according

to a power law of the form Tm(z ) = Tm(0)|z |−µ (Fig. 3, a),
then the dependence of the RS signal intensity on tempera-

ture will be a convolution of two functions:

〈I(z )〉 =

Tm(z )∫

T0

Kz [Tm(z ) − T ]IR(T )dT, (1)

where Kz (T ) — kernel of the integral determined by

the phase distribution inside the perovskite crystal, T0 —
ambient temperature. The distribution of phases inside the

crystal depends on the type and concentration of defects,

since structural defects significantly affect the kinetics of

phase transitions [13]. In the general case, the cumulative

intensity of the Raman signal is obtained by averaging (1)
over the crystal thickness 1z :

ĨR =

1z∫

0

〈I(z )〉dz . (2)

Figure 3, b shows the results of simulating the dependence

of IR on I0 for different thicknesses of the perovskite

crystal. For very thin crystals (< 200 nm), the temperature

dependence of the intensity of the Raman light scattering

signal repeats the behavior of the curve shown in Fig. 2, a).
For thicker crystals, several crystalline phases can contribute

to the observed Raman light scattering signal. In this case,

a local maximum appears against the background of a

monotonically increasing RS signal, which indicates the

formation and growth of a two-phase structure (γ and β)
in the direction of the z axis.

Thus, this work demonstrates a method for creating a

multiphase structure of semiconductors using the example

of inorganic halide perovskites CsPbBr3. This work

proposes a method that allows one to tune the phase

composition of semiconductors using local optical heat-

ing. A physical model has been constructed to explain

the mechanism of formation of the multiphase structure

CsPbBr3. Such multiphase semiconductor systems open

up the possibility of creating a new class of optoelectronic

devices with improved efficiency.
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