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Electron-phonon interaction in perovskite nanocrystals

in fluorophosphate glass matrix
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The photoluminescence (PL) spectra of CsPbBr; perovskite nanocrystals grown in a fluorophosphate glass matrix
exhibit phonon replicas of the exciton line. The dependence of intensity of the phonon sidebands are simulated
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1. Introduction

Currently, perovskite nanocrystals (NCs) are being exten-
sively studied due to the wide prospects for their practical
application [1-4]. Changing the size of nanocrystals and
their chemical composition makes it possible to easily vary
the energy of optical transitions over the entire visible
spectral range. A new class of optical materials are newly
synthesized perovskite NCs encapsulated in glass matri-
ces [5-8]. CsPbX; (X=Cl, Br, I) perovskite nanocrystals
synthesized in a fluorophosphate (FP) glass matrix [8]
have a number of advantages over colloidal analogues, in
particular they have high stability of their physical and, in
particular, optical characteristics.

The demonstration of the high quantum yield of photolu-
minescence (PL) of perovskite NCs has stimulated numer-
ous studies of the energetic structure and crystalline phases
of perovskites (see, for example, recent studies [4,9-11] and
references in them). It has been found that the bandgap of
states is virtually free from impurity levels [9,12], which
ensures a high luminescence yield. At the same time,
perovskite NCs contain metastable states of excitons with
a long lifetime of tens of microseconds [13]. The presence
of metastable states results in an interesting effect of anti-
Stokes luminescence [14-17]. In addition, these states
demonstrate a long-lived spin dynamics, which is promising
for the implementation of quantum technologies [13,18-21].

An important role is played by studies of phonon states
and exciton-phonon interaction in perovskite NCs [22-25].
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Experimental studies of the phonon spectrum at different
temperatures of nanocrystals, together with theoretical
modeling, make it possible to obtain important information
about structural phase transitions.

One of the methods for studying phonons is Raman
spectroscopy (RS), which can provide the data to deter-
mine the crystal structure and the nature of interatomic
interactions in the objects being studied. To get a clearer
idea of phonon states, the Raman spectroscopy data should
be supplemented by analysis of infrared absorption spectra
(IR spectra). This is especially important for crystals with
a centrosymmetric structure, which include the compounds
investigated in this study. These are polar optical phonons,
which are inactive in Raman spectra, that play a decisive
role in the mechanism of exciton-phonon interaction [26].
Calculations based on the density functional theory (DFT)
make it possible to clarify the information obtained from
spectroscopic studies, which helps to interpret phonon
spectra.

In this study, the phonon spectrum of the orthorhombic
modification of the CsPbBr3 crystal is studied theoretically
and experimentally. A comparison of the calculated and
experimental Raman spectra made it possible to confirm
the structural model of the nanocrystals under study and to
correlate the observed spectral peaks with certain phonon
states. The calculated IR spectrum made it possible to
propose an interpretation of the phonon-related features
observed in the PL spectra.
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2. Sample fabrication process and
characterization of samples

The sample under study is a fluorophosphate (FP)
glass with the composition of 60Ba(PO3),—15NaPO;—
12A1F;—1Ga;03—4Cs;0—8PbF, (mol%), doped with
3.4mol% of BaBr,, which was produced by melt quenching.
The choice of a fluorophosphate (FP) glass matrix for the
formation of CsPbBr; HCs is motivated by the possibility
of injecting high concentrations of halides. The glass
was synthesized in a closed glassy carbon crucible at
T = 1000—1050°C. About 50g of mixed powder was
melted in the crucible for 20min. As a result, nearly
colorless glass was produced. To produce NCs, the glass
was held for 240 min at a glass transition temperature of
T =400°C.

The fact of NCs formation, as well as their sizes
were identified using X-ray patterns recorded by a Rigaku
X-ray diffractometer. Several weak diffraction peaks were
observed, indicating the formation of CsPbBr3 crystalline
phases. The NC size was determined by the Scherrer
formula: d = KA(B cos@), where d is the mean size of
ordered (crystalline) domains, which can be less or equal
to the size of NC; K is a dimensionless form-factor. Form-
factor has a typical value of ~ 0.9 but varies depending on
the actual shape of the crystallite. B is line broadening at
half maximum intensity in radians, less the instrumental line
broadening, 6 is Bragg angle in radians. 4 = 0.154nm is
X-ray wavelength. In our case the parameters were as
follows: 20 = 30.4°, 0 = 15.2°, B = 0.63°. Based on the
analysis of X-ray patterns, the diameter of the NC in the
sample under study turned out to be 14.5 nm.

3. Experimental technique and
calculation procedure

The non-resonant PL and the spectrum of phonon
repetitions in resonant PL was studied using the standard
technique of stationary spectroscopy. The sample under
study was placed on a cold finger in a closed cycle
cryostat, which allowed the samples under study to be
cooled to a temperature of T = 11 K. The measurements
were carried out in the reflection geometry. When studying
the non-resonant PL, a laser with a radiation wavelength
of Aexe = 405nm was used as a light source. The laser
radiation was directed at the sample at a small angle to the
optical axis so that the reflected beam did not enter the lens
aperture in the PL collection channel. To record the PL
spectrum, an iHR-550 spectrometer was used (with a focal
length of 550 mm, a diffraction grating with 1200 lines/mm).
The spectrometer is equipped with a Symphony II CCD
camera cooled with liquid nitrogen, which ensures a low
noise level. When measuring the resonant PL, the sample
was optically excited by a laser with a radiation wavelength
of Aexc = 532 nm, which corresponds to the low-energy edge
of the PL band of the CsPbBr; NC ensemble.
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The PL excitation spectra were measured using the
same setup. An incandescent lamp with a MDR-4
premonochromator was used as an adjustable radiation
source. Due to the fact that light intensity of the lamp
depends on the wavelength and the hardware function of the
monochromator, the PL excitation spectra were normalized
to the intensity of the portion of the lamp spectrum selected
by the premonochromator. The use of CCD-camera allowed
the excitation spectra to be recorded simultaneously over
the entire PL band of the sample under study.

Raman scattering (RS) spectra at a temperature of
T =7K were measured using a T64000 spectrometer
equipped with a confocal microscope. A laser with a
wavelength of A = 633nm was used as an excitation
source.  The measurements were carried out in the
backscattering geometry. The RS of studied samples with
CsPbBr; nanocrystals grown in FP glass are characterized
by low signal level. Therefore, the RS spectra of the FP
glass matrix without nanocrystals, as well as the spectrum
of the air were additionally measured and subtracted from
the RS signal of the glass with NCs.

The electronic structure and phonon spectra were calcu-
lated using the GGA approximation of the density functional
theory with the PBE functional and norm-conserving pseu-
dopotential in the Castep program (Material Studio) [27,28].
The cutoff energy value when building up the plane-wave
basis was 1200 eV. To solve the electronic problem, a field
self-consistency criterion was set equal to 5- 10~7 eV/atom.
The k-grid dimension was chosen to be 3 x 2 x 3 (with
a step of 0.04A~1). The geometry was optimized until
residual forces and stresses not exceeding 0.01 eV/A and
0.02hPa, respectively, were achieved. For the optimized
structure, phonon frequencies were calculated by the linear
response method (DFPT) [29).

4. Photoluminescence under resonant
excitation

Fig. 1 shows the resonant PL spectrum of a sample with
CsPbBr; NCs measured under resonant excitation to the
low-energy edge of the PL band by laser radiation with
a photon energy of Eee =2.33eV (Aexe = 532nm). Red
arrow indicates the energy of laser radiation. The insert to
Fig. 1 shows PL spectrum of the same sample under short-
wave excitation with a photon energy of E. . = 3.06eV
(Aexe = 405nm). In Fig. 1, three phonon repetitions 18 meV
apart from each other can be clearly seen on the background
of the PL tail, that corresponds to the vibration frequency
of v =150cm~1.

Fig. 2 shows the PL excitation spectra measured at differ-
ent PL detection energies, Egeq = 2.375, 2.380, 2.385¢V,
corresponding to the high-energy edge of the PL band
(see the inset in Fig. 1). As can be seen in the figure,
several broad peaks are observed in the studied spectral
region.



308 XXVII International Symposium ,Nanophysics and Nanoelectronics*

The leftmost peak is shifted to the left side of the
spectrum as the energy of the detected photons Ege
increases. This feature of the spectrum is presumably
associated with the resonant excitation of excitons into the
second size-quantized state in the NCs under study. As Ege
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Figure 1. The resonant PL spectrum under excitation of CsPbBr3
NCs by laser radiation with a photon energy of Exe = 2.33eV
(Adexe = 532nm). Red arrow indicates the energy of photons of
the optical excitation. A number of LO phonon repetitions corre-
sponding to frequencies that are multiples of 150cm™" (18 meV)
can be seen on the background of the PL tail. The inset to the
figure shows the PL spectrum measured under excitation by laser
radiation with a photon energy of Ecxe = 3.06eV (Aexe = 405nm).
The measurements were taken at a temperature of T = 11 K.
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Figure 2. PL excitation spectra measured at different PL

detection energies given in the legend. The horizontal axis shows
the difference between the detection energies of PL and excitation
light photons in reciprocal centimeters. The intense signal observed
in the region < 25cm™! is associated with the scattered radiation
from the light source. The dashed curves show the decomposition
of the spectrum into Gaussian contours and the fitting of these
spectra by the sum of these contours. T = 11K. (The colored
version of the figure is available on-line).
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Figure 3. Spectrum of phonon repetitions of CsPbBr; NCs under
resonant excitation of PL, Ece = 2.33eV (Aexe = 532nm). The
smooth PL component is subtracted. Dashed line shows the fitting
by sum of Gaussian contours. The inset shows 100 times zoomed
in the 400—950 cm ™! part of the spectrum. T = 11K.

increases, the size of the NCs decreases in the subensemble
from which the PL is recorded. Accordingly, the energy
of the first and subsequent size-quantized exciton levels
increases, as well as does the energy gap between them,
which explains the shift of the observed peak in the PL
excitation spectrum.

Other features of the PL excitation spectrum observed in
Fig. 2 (shown with arrows) at frequencies of Vexe = —217,
—107, —39cm™! retain their positions nearly unchanged
relative to Eger. Therefore, we assume that these features are
due to exciton-phonon transitions in the PL excitation spec-
tra, i.e. simultaneous production of exciton and phonons
with the above-specified frequencies. In this case, the
frequency of 107 cm~! corresponds to the production of one
LO-phonon, and the frequency of 217c¢cm™! corresponds
to the production of two LO-phonons. It should be
noted that the LO phonon frequency in the excited state
of the electronic system (v; ~ 108cm™!) is significantly
lower than that of the LO phonon in the ground state
(v = 150cm™!). This indicates a significant difference
in the curvature of the adiabatic potentials in the ground
electronic state and excited electronic state.

5. Spectrum of phonon states

To study in detail the phonon spectrum in the lower state
of the electronic subsystem, we conducted a study of the
resonant PL with a long signal accumulation time, which
provided a dynamic range of 3 decimal orders. Fig. 3
shows the measured spectrum from which the smooth
component of the PL signal was subtracted. Thanks to
the accumulation of the signal, we were able to detect the 6
highest-frequency phonon repetitions corresponding to the
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Figure 4. ./l -n! values as a function of phonon replica
number. Blue dots show experimentally obtained values, green tri-
angles show approximation in the Huang—Ries model (S= 0.54),
red squares show the calculation within the model [35]. The inset
shows the diagram of adiabatic potentials and observed optical
transitions. The a parameter describes the shift of the minima of
the adiabatic potentials.

frequency of vy = 150cm~!. The theoretical calculation

described below allows us to attribute this phonon state
to a longitudinal optical (LO) vibration corresponding to
antiphase displacements of cations and anions.

Blue dots in Fig. 4 show the dependence of the intensity
of exciton-phonon transitions normalized to the intensity
of the first peak and multiplied by n!, where n is the
number of the phonon replica. This allows the intensities
of all peaks within the same decimal order to be shown.
The inset to Fig. 4 schematically shows the Franck—
Condon model [30-32], within which the behavior of
phonon replicas is analyzed. This model uses an adiabatic
approximation to separate electronic and vibrational degrees
of freedom and a parabolic approximation for adiabatic
potentials. The potential minima are shifted relative to each
other by a certain value of a. The curvature of the potentials
is also different, which describes the difference in vibration
frequencies measured in the resonant PL and excitation PL
spectra. The exciton-phonon transitions observed in the
experiment are shown in the diagram by arrows.

To theoretically model the intensity of phonon replicas,
the one-dimensional Schrodinger equation for a harmonic
oscillator is solved [33]:

Ma?x2
2

_h2 82

“om ol ¥n(x) +

wn(x) = Enwn(x)- (1)

Here it is represented in the standard notation. Let us
reduce this equation to a dimensionless form by replacing
the variable:

Q=4/—x (2)
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Then the Schrodinger equation takes the following form:

82

w n(Q) + (
As a result of solving the Schrodinger equation, the wave
functions of vibrational states are obtained:

me - (1)L

where H,(Q) are Hermite polynomials.
The curvature parameter of adiabatic potentials is deter-
mined by the following ratio:

26,
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where w1 » = 2mv; . Let us introduce the ratio of curvature
of adiabatic potentials, B = B1/B2 = w?/w3. We will assume
that wave function (4) describes vibrational states in the
lowest electronic state. The representation for the wave
function of the upper state is obtained by replacing the
variable, Q; = /B(Q — a), taking into account the shift
of the upper adiabatic potential and the change in its
curvature. Taking into account the change in normalization,
the vibrational wave function in the upper state has the
following form:

Q) = ¢ vB 1

The PL spectra show optical transitions between the

lowest vibrational state in the upper electronic state and

various vibrational states in the ground electronic state. The

intensities of these transitions in the Franck—-Condon model

are determined by the square of the integral of vibrational
wave functions overlap:

ow (- L) @) ©

2

Iy — / Yo (QYn(Q)AQ) - (7)

Let us first consider the simplest case, the Huang-Ries
model [34], where it is assumed that the curvature of the
lower and upper adiabatic potentials is the same (8 =1)
and, accordingly, w; = w;. In this model, the integrals of
overlap are easily calculated analytically, and the expression
for the intensity of transitions takes the following simple
form: o

—S >~

In:e n!,

(8)
where S = a?/2. Fig. 4 shows the fitting of the experiment
by the I/l -nl= St dependence, which follows from
the above expression. The optimal value of the model pa-
rameter determined by the least square method is S = 0.54
(a=1.04). It can be seen that this model proves a very
rough approximation of the intensity behavior of phonon
replicas. This was to be expected, because w; # w, as
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it follows from the experiment on resonant PL and PL
excitation spectra.

For a more rigorous description of the intensities of
phonon replicas, we calculated the overlap integrals included
in expression (7), taking into account different curvatures
of adiabatic potentials (8 =f1/B2# 1). In this case,
analytical formulae can also be obtained for expression (7).
They are given in [35] for the first few vibrational states.
Fig. 4 shows the dependence obtained within this model
for the optimal values of its parameters: a = 0.7 and
VB = w1 /w, = 0.8. Tt can be seen that this model provides
a more accurate description of the experiment. However, the
resulted frequency ratio is somewhat different from the ratio
obtained from the spectra of PL excitation and resonant PL
(VB = w1/wy = 0.7). The discrepancy is probably due to
the error in determining the w; frequency and the ratio of
phonon repetition intensities, respectively, as well as to the
approximation nature of the model [35].

6. Theoretical modeling of phonon
spectra

The first stage of the theoretical study of phonon
states was the search for a structure corresponding to the
minimum energy of the electronic subsystem. Such a
structure was found as a result of complete (both with
respect to the cell parameters and with respect to atomic
positions) optimization of the geometry of the orthorhombic
modification of CsPbBr; with space group Pnma and four
formula units in the cell. Theoretical estimates of the cell
parameters (8.402, 11.756, and 8.179 A) turned out to be
close to those found experimentally (8.186, 11.659, and
8.098 A) [36].

Then the centerband phonon states were calculated. All
modes were divided into irreducible representations of
the symmetry group. For all inversion-invariant modes
(so-called g-modes), their intensities in the RS spectra
were determined. According to the group theory, for
the orthorhombic modification, 24 active RS modes are
predicted for the I'-point: 7Ag + 5B1g + 7Bag + 5B3g. The
calculated depolarized RS-spectrum of the orthorhombic
phase of CsPbBr3 is shown in Fig. 5. The half-height line
width is taken equal to 2cm™!.

It can be seen that two intense lines at frequencies of
67 and 74cm~! are dominating in the calculated spectrum.
The corresponding phonons with Ag and B,y symmetry are
bending vibrations of PbBrg octahedra. In the experimental
RS spectrum, which is also shown in Fig. 5, these lines can
be associated with a double peak with maxima at 70 and
76 cm~ !,

The high-frequency line near 115cm™! is associated with
Ag and B3g symmetry modes corresponding to asymmetric
stretching vibrations localized in Pb—Br—Pb bridges. In the
experimental RS spectrum, these lines can be associated
with a peak with a broad maximum at about 125cm™".
For three less intense lines with frequencies of 30, 44
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Figure 5. RS spectrum of CsPbBr; NC (blue line), measured at
a temperature of 7K, and the calculated spectrum of phonons for
the orthorhombic phase (red line).

and 58cm™!, associated with scattering by phonons of
Ag symmetry, corresponding peaks can be found in the
experimental RS spectrum as well.

It should be noted that there are discrepancies between
the predicted line intensities in the calculated RS spectrum
and those obtained experimentally. Possible reasons for
these differences may be the quantum size effect and the
influence of the glass matrix.

Modes, which are anti-invariant to inversion (so-called
u-modes), are inactive in the RS spectrum but active
in IR spectra. According to the group theory, for the
I'-point in the IR spectra, 28 active modes are predicted:
10B;y, + 10By, + 8Bj,.  For all transverse optical (TO)
modes, we calculated the oscillator forces and determined
the spectrum of the corresponding longitudinal optical (LO)
modes. The intensities in the IR absorption spectra were
calculated for all TO and LO modes.

It has been shown in a number of studies [37,38],
that electron-phonon and exciton-phonon interactions in
a CsPbBr; crystal are mainly determined by the scatter-
ing of carriers by LO phonons (the so-called Froehlich
mechanism).  Therefore, having defined our next task
to be the interpretation of PL spectra, we paid special
attention to the spectrum of LO modes. For By, By, and
B3y representations polarized in different crystallographic
directions, frequencies and shapes of LO modes were
calculated and their IR intensities were determined. We
used this IR spectrum to model phonon replicas in the PL
spectra.

According to our calculations, in each direction there is
only one, the most high-frequency LO-mode in the set that
has a noticeable IR intensity. Therefore, a conclusion can
be made that the main 1LO—6LO phonon replicas shown
in Fig. 3 are most likely formed exactly by these modes.
The calculated frequency of this vibration is v ~ 140 cm™!,

Semiconductors, 2023, Vol. 57, No. 5
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Figure 6. Phonon repetitions spectrum between 1LO and 2LO
peaks. The red curve shows the calculated IR absorption spectrum
summed over different directions of the wave vector k.

which is well consistent with the experimental frequency
of v=150cm~!. However, broad additional features
are observed between the main phonon replicas in the
experimentally measured PL spectrum. Presumably, their
presence is associated with the manifestation of other, less
active LO phonons. Fig. 6 shows the part of the PL
spectrum between the first and the second phonon replicas.
The position of the first phonon repetition is taken as the
starting point. In the single-crystal case, the spectrum
of phonon repetitions depends on the polarization of the
exciting light and the orientation of the crystal relative to the
radiation. Accordingly, when interpreting such a spectrum,
we should use LO phonons with a certain polarization. Due
to the fact that the object of our study is an ensemble
of disordered nanocrystals grown in glass, the spectrum of
phonon repetitions neither depends on polarization nor on
orientation of the sample. To interpret such a spectrum,
the spectrum of LO phonons should be averaged over the
polarization direction. Such a spectrum, calculated for the
orthorhombic phase CsPbBrs, is shown with the red curve
in Fig. 6. The half-height width of phonon lines is taken
equal to 2cm~ !,

It can be seen that, in general, the pattern of the
spectrum plotted on the basis of the calculation results
reflects the frequency distribution of features observed in
the experimental PL spectrum.

7. Conclusion

Phonon repetitions in the resonant photoluminescence
spectrum of CsPbBr; nanocrystals were found and ex-
perimentally studied. Behavior of the integral intensity
of phonon replicas depending on the number has been
theoretically modeled, which makes it possible to estimate
the curvature ratio between the excited and ground adiabatic

Semiconductors, 2023, Vol. 57, No. 5

potentials for vibrational states in the CsPbBr; NCs. The
modeling results are further confirmed by experimental
measurements of phonon frequencies in the excited and
ground electronic states of the system. According to
the results of modeling the spectrum of polar phonons,
regardless of the crystal orientation, only one frequency
is most actively manifested in the PL spectra, which is
confirmed experimentally. A comparison of the results of
an experimental study of Raman scattering spectra and
calculations suggests that CsPbBr; nanocrystals grown in a
fluorophosphate glass matrix have an orthorhombic crystal
lattice. Discrepancies with the theory may be due to the
effect of size quantization and the influence of the glass
matrix.
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