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ABSTRACT

The effect of cadmium ions introduced into fluorophosphate glass on the growth and photoluminescence (PL) of the CsPb;_xCdxBrs per-
ovskite nanocrystals (NCs) is systematically studied. The x-ray diffraction patterns have shown that cadmium ions are really incorporated
into the NCs that results in a decrease in the lattice constant from 5.85 (x = 0) to 5.75 A (x = 0.45). At the large cadmium content in the glass
(x > 0.38), simultaneous formation of the perovskite CsPb;_CdxBrs NCs and the non-luminescent CsCdBrs NCs in the hexagonal phase is
found. It is also found that the lattice contraction leads to an increase in the bandgap energy and a noticeable shift of the PL band to the blue
region of the spectrum (from 2.42 to 2.68 eV) with a drop in quantum yield from 85% for CsPbBr3 NCs down to 4% for CsPb0.55Cd0.45Br3
NCs. It is shown that the PL quantum yield decreases due to the formation of deep trap states, which manifest themselves as a PL band in the
energy range of 1.6-2.5 eV at cryogenic temperatures. A simple model explaining the behavior of the PL band as a function of temperature in

the range from 30 to 300 K is proposed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0227459

I. INTRODUCTION

Lead halide perovskites, in particular, all-inorganic colloidal
CsPbX3 (X = halide ions) nanocrystals (NCs), are emerging as a fam-
ily of promising light emitters owing to their size- and composition-
dependent tunable bandgap from the violet to near-infrared spectral
region." '® In addition, an important advantage of halide perovskites
CsPbX3 (X = Br, I) is the stability of their photo-physical charac-
teristics to structural defects.'* Despite the high density of intrinsic
defects, electronic levels in halide perovskites appearing due to point
defects are formed within the valence and conduction bands rather
than in the bandgap. As a result, the photoluminescence quan-
tum yields (PL QYs) of the colloidal CsPbBrs and CsPbI3; NCs can

reach over 90% in the green and red spectral ranges, respectively.
By contrast, CsPb(Br,Cl)3s NCs exhibit much lower PL QYs in the
violet-blue region,'”'" and an insightful understanding of such poor
performance remains missing.

To provide blue radiation in the region of 450-480 nm, the
modification of the bandgap is required, which could be done by
anion'”'””" or cation exchange.”””' The replacement of lead with
lighter ions could produce a blue radiation. However, there is a lack
of study of the influence of B-site doping on the optical proper-
ties of inorganic perovskite NCs. Based on this motivation, various
attempts to exchange Pb2" cations with Sn**, Ge*™, Cd, Zn, Ni**,
or Bi** in colloidal CsPbX; NCs have been undertaken. However,
there is no consensus on the efficacy of such substitution. For
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example, it was stated in Ref. 20 that the exchange of Pb** with
other cations in CsPbBr; NCs could lead only to the decomposi-
tion of the parent NCs. However, in Refs. 21 and 22, a contrary
point of view was expressed. In particular, it was demonstrated that
after the prolonged ion exchange, the NCs structure changes com-
pletely and the partial exchange of Pb>" with M** (M = Sn, Cd,
and Zn) leads to a blue shift in the PL spectra while maintain-
ing high PL quantum yield (>50%).>! The blue shift in the optical
spectra is explained by the reduction in the lattice constant that
accompanies the cation exchange of Pb** with M**, yielding doped
CsPb;_xMyBr; NCs.

In recent years, CsPbX3 NCs doped with various ions (Sn2+,
Cd**, Zn**, Ni**, Mn?*, Ln*", and Bi’*) have been synthesized.”
Doping of the CsPbX3 NCs with these ions leads to the tunability
of bandgap”* > and removing the nonradiative defect states of the
NCS.E("IT

All the above-mentioned information refers to colloidal
nanocrystals. The mechanisms of NCs formation in glasses are
fundamentally different from the processes in colloidal chemistry
because the introduction of new components in glass composi-
tion does not guarantee their incorporation into the crystalline
phase. The question arises to what extent the regularities found
for colloidal nanocrystals will be repeated during the formation of
nanocrystals in glasses. To answer this question, the influence of
the bivalent and trivalent ions introduction on the NCs growth
process in glasses was investigated. In Refs. 36-45, changes in opti-
cal characteristics of the glasses were studied when introducing the
same impurity ions into the glass composition. The introduction
of M** and M’* ions into CsPbBr; NCs have been studied for
the borosilicate,”*'"** tellurite,*” borogermanate*' and germinate™
glasses. It is argued that all these substitutions improve the photo-
physical characteristics of the glasses doped with NCs, including an
increase in the quantum yield. It should be noted that all the cited
studies do not contain information on the concentration of sub-
stituted ions in the NCs composition. Only indirect indications of
changes in the optical characteristics were present. In particular, it
was reported in Ref. 42 that the Cd** ions were introduced into
the CsPbBrs NCs in the borosilicate glass. The Cd** doping of the
perovskite crystals results in blueshift of the PL and absorption spec-
tra when the concentration of cadmium ions in glass is higher than
that of lead.

In our study, the choice of a fluorophosphates (FP) glass host
for the formation of CsPb;_xCdyBrs QDs was motivated by the pos-
sibility of introducing high concentration of halides and their homo-
geneous distribution in the glass network, which distinguishes these
glasses from the borogermanate, borate, and borosilicate glasses.
Previously, we have grown lead-cadmium sulfoselenide NCs in these
glasses“ > as well as CsPbX3 (X = halide ions) NCs."*"” It was found
that PL QY of the CsPbBr3; NCs in these glasses is about 85%-90%.
A study of the optical and polarization properties of CsPbX3; NCs
in FP glass showed their great prospects as materials for photonics
and spintronics. In particular, it was shown that NCs with mixed
bromine/chlorine anions (the 1:1 ratio) are stable under the influ-
ence of laser radiation and magnetic fields, and they do not change
their characteristics for a long time."**

In the present work, the effect of introducing cadmium ions
into the glass composition on the growth process of perovskite
CsPb;_xCdxBr; NCs and on their luminescence properties was
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studied. The formation of CsPb;_xCdxBr3 NCs in the glass is con-
firmed by the absorption and PL measurements as well as by the x-
ray diffraction (XRD) and transmission electron microscope (TEM)
patterns. The dependences of the bandgap shift and PL QY changes
on the cadmium ion concentration were obtained. The electronic
structure of the NCs in dependence on the cadmium ion content is
substantiated.

Il. EXPERIMENTAL SECTION
A. Preparation of glass ceramics

Samples of FP glass with composition of 40P,0s-
40BaO-20AIF; (mol. %) doped with Cs;O, PbF,, CdF,, and
BaBr, were synthesized using the melt-quench technique. The
glass synthesis was performed in a closed glassy carbon crucible
at temperature T = 1000 °C. About 50 g of the batch was melted
in a crucible for 30 min and then the glass melt was cast on a
glassy carbon plate and pressed to form a plate with a thickness of
about 2 mm and a diameter of 7-8 cm. The samples were annealed
at a temperature of 50°C below glass transition temperature
(Tg = 400 °C). The CsPb;_«CdyBr; perovskite NCs were precipi-
tated by the glass self-crystallization during melt-quenching and
additional heat treatment at 420 °C for 30-60 min.

B. Experimental methods

Differential scanning calorimeter STA 449F1 Jupiter Nietzsche
was used for measurement of the glass transition temperature (TY).
The studies of glass chemical composition were performed by
scanning electron microscopy (SEM, Tescan Vega 3 SBH, Czech
Republic) with energy-dispersive x-ray spectroscopy (EDX).

The precipitation of CsPbBrs NCs in FP glass was identified
with the x-ray diffraction (XRD) method. Diffraction patterns were
recorded with a Rigaku X-ray diffractometer using Cuk, radia-
tion. The x-ray diffraction was detected in the double angle range
from 10° to 80° in the Bragg-Brentano geometry. A 0.02 mm thick
Ni foil was applied to suppress Cu Kg radiation. The measure-
ment step was 0.05°. The identification was performed using the
PDWin 3.0 software package. The search of analogs was carried
out within the ICDD PDEF-2 database of powder x-ray diffraction
patterns.

To estimate the shape, the average size, and the size distribution
of the NCs after the exchange Cd** — Pb**, we used the scanning
transmission electron microscope Zeiss Libra 200FE (TEM). The
absorption spectra of the FP glass samples at room temperature were
recorded in the 200-800 nm spectral region using a Lambda 650
PerkinElmer spectrophotometer.

Temperature-dependent PL measurements were carried out in
the temperature range of 10-300 K. To study the PL, we used the
standard technique of the continuous-wave (CW) spectroscopy. The
experimental setup was equipped with a helium closed-cycle cryo-
stat, which made it possible to vary the temperature of the sample
in the range from 10 to 300 K. For the non-resonant PL excita-
tion, a diode laser with the photon energy Eex = 3.06 eV was used.
The laser radiation was focused into a 50 ym aperture and then
refocused on the sample using a short-focus lens into a spot with
a diameter of 40 ym. The PL was collected in backward geome-
try. The laser excitation was incident onto the sample at a small
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angle to the of the optical axis, so that the reflected beam did not
enter the lens aperture in the PL collection channel on a slit of the
THR-550 spectrometer (focal length 550 mm, diffraction grating 600
grooves per mm). The spectrometer was equipped with a Symphony
II CCD camera cooled with liquid nitrogen, which ensured a low
noise level.

The absolute quantum yield was measured with an Absolute
PL Quantum Yield Measurement System C9920-02G, —03G (Hama-
matsu) consisting of a PMA-12 Photonic multichannel analyzer
with an InGaAs sensor (200-950 nm range with 2 nm resolu-
tion), an A10104-01 integrating sphere unit, a monochromatic light
source 1L9799-01 with a 150 W Xenon light source, and a remote-
controlled monochromator (250-950 nm range, bandwidth from
2 to 5 nm).

I1l. RESULTS AND DISCUSSION

In recent years, the possibility of exchanging Pb>* for another
cation has been investigated for colloidal NCs using either in situ
incorporation of guest cations during the particle growth or apply-
ing a post synthesis treatment. The latter is generally carried out
at low temperatures, having the advantage of avoiding thermally
activated out-diffusion of the guest species. In addition, van der
Stam et al”' have showed that the post synthesis Cd** — Pb’
exchange *in NCs results in an increase in E, and, correspondingly,
in the PL energy shift to the blue spectrum region without losses
of the PL QY.

Unfortunately, the crystallization process in multicomponent
glasses is complex, and there is no reason to assume that the intro-
duction of impurity ions necessarily leads to their incorporation into
the NC structure. These impurities can be embedded into the glass
network, while the crystal phase remains unchanged. This prop-
erty has a fundamental difference between the crystallization process
in glasses and the mechanism of the colloidal NCs formation by a
chemical assembly. Glasses usually contain a large number of com-
ponents, and there is no reason to expect that the impurities that are
involved in the formation of colloidal NCs will behave similarly in
glasses. Evidence of impurity incorporation into the NC structure
may be only the shift in the peak position in the x-ray diffraction
pattern.

ARTICLE pubs.aip.org/aipl/jcp

A. Composition and physical properties

In our technological experiments, the concentration of lead
fluoride (PbF;) was a constant value of 7.5 mol.%. The con-
centration of cadmium fluoride (CdF,) varied from 0.75 to 8.5
mol. %. The specified substitution kept the glass transition tem-
perature and coefficient of thermal expansion (CTE) practically
unchanged and amounted 390-400°C and 145 x 1077 K™%, cor-
respondingly. For analysis of the influence of the introduction of
cadmium ions in the composition of fluorophosphate glass, the
ratios of CdF,/PbF, (mol. %) 1/10, 2/10, 3/10, 5/10, 6/10, 7/10, and
12/10 were used. In recalculation on mole fractions of PbF, and
CdF,, they correspond to the expected NCs composition (initial
composition) in the glass samples presented in Table I. The real
compositions of glasses were obtained by energy-dispersive x-ray
spectroscopy (EDX).

B. TEM and XRD study

To estimate the shape, the average size, and the size distribution
of NCs after the exchange Cd** — Pb**, we used the scanning trans-
mission electron microscope Zeiss Libra 200FE. Because the highly
resistive glass samples become charged by the electron beam, they
require preliminary preparation before measurements of the TEM
images. The glass sample was ground into powder in an agate mor-
tar. The powder was placed into an ultrasonic bath and then on a
carbon-coated copper grid. Figure 1(a) shows the TEM image for
one of the pieces, which allowed us to observe the NCs in the glass.
Using the calibrated ruler, we have obtained the histogram of the
NCs sizes [Fig. 1(b)]. The average size of the NCs obtained from
this histogram is (12.6 £ 1) nm. The average size of NCs is larger
than the exciton Bohr radius. Correspondingly, the quantum con-
finement effect does not significantly contribute to the energy shift
of optical transitions.

The average size of NCs can also be determined from the XRD
measurements using the Scherrer formula for a peak at 31°. (see
Fig. 2). The Scherrer equation can be written as d = KA/(f cos@),
where K is a dimensionless shape factor equal to 0.9, A is the x-ray
wavelength, f3 is the line broadening (full width at the half maximum,
FWHM) in radians, and 0 is the Bragg angle. From the analysis of
the XRD patterns, the NCs size of 13 + 1 nm was obtained. The sizes

TABLE 1. Compositions of glasses with variable cadmium concentration based on the energy-dispersive x-ray spectroscopy (EDX) and their designation.

Real concentration (at. %)

Initial composition ~ CdF,/PbF, atomic ratio (0] F Cd Al P Br Cs Ba Pb  Amount (at. %)
CsPbo.g1 Cdo.09Br3 1/10 6338 818 011 179 1562 085 167 838 1.09 100.00
CsPbo g3 Cd .17Br3 2/10 62.31 848 0.10 183 1555 085 1.67 838 1.09 100.00
CsPbo 77 Cd 9.23Br3 3/10 61.70 835 0.5 1.81 1516 1.00 1.67 8.11 1.02 100.00
CsPby.67Cdo.33Br3 5/10 6290 780 0.62 104 1564 088 175 842 1.03 100.00
CsPbo,6Cdo.33Br3 6/10 60.54 931 0.8 1.67 1490 088 1.63 7.82 0.96 100.00
CsPbo55Cdo.4s5Br3 8/10 60.54 931 0.7 1.67 1490 088 163 7.82 0.96 100.00
CsPbo.45Cdo.s5Br3 12/10 62.1 8.2 1.4 1.5 153 085 171 8.0 1.02 100.00
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FIG. 1. (a) TEM image for a small piece of the glass containing NCs. The NCs are visible as black spots in the image. (b) The obtained histogram of the NC sizes resulting in

the average NC size of 12.6 nm.
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FIG. 2. XRD patterns of the glass sample with CsPbBr3 (JCPDS No. 01-072-7929)
and glass samples with CdF,/PbF; ratio of 1/10 and 3/10. The inset shows the
second diffraction peak in a magnified scale.

evaluated from the TEM and XRD measurements coincide within
experimental errors.

Figure 2 shows the x-ray patterns of a glass without Cd implan-
tation and two FP glasses with different CdF, content, in which the
NCs were formed after additional heat treatment at 420 °C during
1 h. The results show that the NCs are successfully formed in the
glasses. The diffraction pattern of glasses with NCs CsPbBr3 shows
four main peaks at double angle, 26 = 21.5°, 30.5°, 37.5°, and 43.6°.
As shown in the inset of Fig. 2, the position of the XRD peaks shifts to
the larger angles when the Cd** concentration in the glass increases
up to CdF,/PbF; ratio of 3/10. The patterns at such angles are char-
acterized by both the cubic phase (PDF#75-0412) and orthorhombic
phase (JCPDS No. 01-072-7929) of bromide perovskite. In the cubic
phase, such angles correspond to the following Miller indices: (110),
(200), (211), and (220). At the orthorhombic phase, it corresponds to
the (112), (220), (312), and (224) Miller indices. The small concen-
tration of NCs does not allow us to determine the perovskite phase

accurately due to the coincidence of intense peaks of high (cubic)
and low-temperature (orthorhombic) phases.

We also analyzed the XRD patterns for the nanocrystalline
phase obtained in the glass samples with the Cd/Pb ratios of 6/10
[Fig. 3(a)] and 12/10 [Fig. 3(b)].

The x-ray diffraction pattern of glass with a large Cd/Pb ratio of
6/10 contains additional peaks in the range of 28°-30°; see Fig. 3(a).
This indicates the release of a new, non-perovskite, crystalline phase
of CsCdBr3; NCs (PDF Card No. 00-024-023). Simultaneously, the
peaks corresponding to the perovskite Cs(Pb, Cd)Br; NCs shift to
smaller angles. This points out to the decrease in the cadmium
concentration in these NCs. A similar effect was observed in Ref.
21. Further increase in Cd** concentration in the glass composi-
tion leads to the formation of only CsCdBr; NCs in a hexagonal
form [Fig. 3(b)]. These observations allow us to conclude that the
Cd/Pb = 3/10 cation ratio (glass CsPbg.77Cdo.23 Brs) is the upper limit
for the formation of only the perovskite NCs.

When Cd*" ions enter the CsPbBr; lattice, the successful
replacement of Pb** ions leads to lattice shrinkage. This agrees
with the results of calculations using Bragg’s law.”! Analysis of
the x-ray diffraction patterns shows that the atomic reflexes are
shifted to larger scattering vectors for the glasses containing CdF,.
This fact indicates that the atomic lattice of CsPbBr; shrinks
when the small Cd** guest cations are incorporated in the NCs
(Fig. 4). This is the expected result because the ionic radius of Pb**
[R(Pb**) = 1.19 A] is significantly larger than that of the guest
divalent cation [R(Cd**) = 0.95 A]. The average lattice para-

meter can be determined by Bragg’s law: a = d\/k* + I* + h%, where
d=n)/(2sinf) is the spacing between diffracting planes. Here
\cukar = 1.54059 A; k, I, and h are the Miller indices; and 0 is the
diffraction angle.

The lattice parameter of CsPbBr; and CsCdBr3 was taken from
the literature for the cubic perovskite structure.”’ """ To determine
x in CsPb;_«CdxBr3 NCs, linear interpolation has been used between
the lattice constants a for the cubic phase of CsPbBr; (a = 5.849 A)
and CsCdBr; a = 5.62 A. We found that the lattice constant decreases
from a = 5.849 A for pure CsPbBr; NCs down to a = 5.81 A for
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FIG. 3. (a) XRD patterns of the glass doped with CdF,/PbF; ratio of 6/10. The inset shows a fragment of the XRD pattern in the magnified scale in the region of additional
peaks. (b) XRD patterns of the glass doped with CdF,/PbF; ratio of 12/10. The inset shows the XRD patterns after the background subtraction.
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FIG. 4. Dependence of the CsPb;.,CdxBrs lattice parameter on Cd?* ion concen-
tration in NCs based on linear interpolation between CsCdBr; and CsPbBr; para-
meters. The inset shows the relation between the Cd** concentration introduced
into the glass and the Cd?* concentration in the NCs.

NCs in glass with the Cd/Pb ratio = 1/10 and 5.75 A for glass with
the Cd/Pb ratio = 3/10. Using these data and the linear interpola-
tion, we can determine the real concentration of Cd in NCs (see
Fig. 4). In particular, NC compositions are CsPbg g1 Cdo.19Br3 for the
glass with Cd/Pb ratio = 1/10, CsPbgs;Cdo33Br;3 for the glass with
Cd/Pb ratio = 2/10, and CsPby 55Cdo.45Br;3 for the glass with Cd/Pb
ratio = 3/10. As shown, the Cd/Pb ratio in NCs is significantly larger
that the initial Cd/Pb ratio in the studied glass samples, as shown in
the inset in Fig. 4. The obtained results allow us to conclude that the
real composition CsPby 55Cdo.45Br3 is the upper limiting value of the
cadmium ion concentration in NCs.

To confirm the above-mentioned assumption about the lin-
ear dependence of the lattice constant on the concentration of
Cd, the theoretical calculations of the lattice constants of CsPbBr3,
CsCdBr3, and CsCd;_xPbxBrs solid solution were carried out.

The calculations were performed in the framework of generalized
gradient approximation (GGA) of the density functional theory
(DFT) with the Perdew-Burke-Ernzerhoff (PBE) functional and the
norm-conserving pseudopotential in CASTEP software (Material
Studio).”””” The cutoff energy value for constructing the plane wave
basis was chosen as 1200 eV. For the electronic structure calcula-
tions, the self-consistency field (SCF) criterion was set to 5 x 1078
eV/atom. Geometry optimization was performed using the mod-
ified Broyden-Fletcher-Goldfarb-Shanno LBFGS method™* until
residual forces, residual stresses, and maximum ionic displace-
ments, which did not exceed 0.005 eV/A, 2 x 10™* GPa, and
5 x 107> A, respectively. The k-space integration grid was cho-
sen according to the Monkhorst-Pack scheme.”” The dimension
of the k-space grid was chosen to be 4 x 4 x 4 for CsPbBr;
and CsCdBr;, which provided the step about 0.043 1/A. The con-
vergence of properties was also checked when calculating with a
6 x 6 x 6 grid.

To simulate the CsCdg 5Pbg 5Br;3 solid solution, a supercell was
created with double the dimensions of the original cell, i.e., 2 x 2 x 2.
The dimension of the k-space grid in this case was chosen to be
2 x 2 x 2. This was done to ensure that the steps in k-space were
the same for all the calculations. The replacement of Pb atoms with
Cd atoms was carried out so that the symmetry of the supercell
remained the same as the symmetry of the crystals. In all the cases,
the space group was Pm3m (No. 221). The results of the calculations
show that the linear dependence of the lattice constant as a func-
tion of the concentration x of Cd is really observed that confirms the
approximation used in Fig. 4.

The results presented above clearly show that guest cations,
Cd**, can be incorporated into CsPbBrs NCs during crystal growth
from the melt. The results obtained show a significant discrepancy
in the injected Cd/Pb ratio and the Cd/Pb ratio in the grown NCs.
On the basis of these results, we conclude that guest divalent cations
are indeed present in the perovskite NCs and are distributed homo-
geneously across the perovskite lattice. However, as it was concluded
in Ref. 21 for a series of CsPb;_xCdxBr; colloidal NCs, no continu-
ous series of solid solutions occurs and x = 0.1 is the limiting value
of the concentration of cadmium ions. For CsPbg9Cdy 1Br; colloidal
NCs, the value of the lattice constant a = 5.70 A was determined.
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Differences in the determination of cadmium ion concentration in
the colloidal NCs”' and our results are most probably related to
the peculiarity of ion exchange during the colloidal synthesis. It is
well known that the ion exchange results in an inhomogeneous dis-
tribution of the cadmium ions along the depth. Its concentration
exponentially decreases from the surface to the NC center. Lumines-
cence is caused by the surface of the NC with a high concentration
of cadmium ions, while the average concentration of cadmium ions
is much smaller.

C. Luminescent properties at room temperature

The optical properties of CsPb;_xCdxBrs NCs in the PF glass
were studied in detail. Figure 5 shows the PL and transmission spec-
tra of all the samples under study measured at room temperature
(T =300 K). As shown in Fig. 5(a), the PL peak position of CsPbBr3
NCs and of CsPb;_xCdxBr; NCs with different concentrations of
Cd?* ions shifts from E = 2.42 eV for the pure CsPbBr3 NCs (no cd*
ions) to E = 2.68 eV with an increasing Cd** content up to 3/10.
We should note that the PL band, even in the pure CsPbBr; NCs,
is shifted to the higher energy relative to that for the bulk CsPbBr;
crystal (E = 2.32 eV°°), which is due to the spatial confinement effect
in the NCs.

The contraction of the perovskite crystal cell leads to increas-
ing interaction between the lead and bromine orbitals resulting in a
blueshift in the luminescence spectrum.’! It should be noted that the
luminescence band of colloidal CsPbBr3 NCs (Emax = 2.42 V) shifts
after the Cd** exchange to Emax = 2.74 eV, which corresponds to the
energy shift of 0.32 eV.?! For CsPbBrs; NCs of the same size in the
glass matrix, the PL band maximum shifts by about 0.26 eV after the
Cd** exchange. The transmission spectrum edge shifts from 2.6 eV
for the pure CsPbBr; NCs to 2.77 eV for the Cd** content 3/10 [see
the inset in Fig. 5(a)].

The transmission spectra for the samples with a large concen-
tration of Cd*" (the Cd/Pb content ratio is 5/10 and 6/10) shift to
the opposite direction. Similar behavior is also observed for the PL
bands of these samples. This behavior of optical spectra points out
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that the Cd concentration in NCs decreases, rather than increases,
when the initial Cd/Pb content ratio in the glass becomes too large.
We assume that the non-luminescent CsCdBr; NCs are formed at
such content ratio. This assumption is supported by the XRD date
shown in Fig. 3. The Cd ions are spent mainly on the formation of
such NCs and only a small fraction of Cd ions is incorporated in the
perovskite CsPbi_xCdxBr3 NCs. This process causes the reduction of
the PL QY observed for the glass samples with large content ratios of
5/10 and 6/10.

The real Cd ions concentration x in the perovskite NCs can be
evaluated from the energies of the PL and absorption bands. The
left inset in Fig. 5(a) shows the dependence of the exciton energy
on the concentration x. It is obtained using XRD data for three
samples (see Fig. 3). The dependence is linear within the exper-
imental errors. It can be used to find the Cd ions concentration
from optical spectra of other samples, which are not characterized by
XRD. We should note that the XRD characterization is problematic
when the fraction of the perovskite NCs becomes small, in partic-
ular for the glass samples with the initial Cd/Pb ratios of 5/10 and
6/10. The Cd ions concentrations obtained by this way are shown
in Fig. 5(a).

The experimental data shown in Fig. 5(b) allow one to eval-
uate the fraction K of perovskite NCs in the samples with high
Cd/Pb ratios. We suppose that in the glass samples with initial Cd/Pb
ratio up to 3/10, all the NCs (100%) are formed in the perovskite
phase and the decrease in the PL yield (QY(O)) is caused by the
defects induced by Cd ions. The dependence QY'”)(x) is well approx-
imated by a phenomenological function shown in Fig. 5(b). Further
decrease in the PL yield (QY) for the glass samples with larger Cd/Pb
ratio (see the bottom experimental points x = 0.33 and x = 0.08) is
due a decrease in fraction K of the perovskite NCs. Therefore, we
suppose that K = QY/QY"?). Using the data shown in Fig. 5(b), we
obtain: K = 0.44 for the glass with the Cd/Pb ratio of 5/10 (x = 0.33)
and K = 0.074 for the ratio of 6/10 (x = 0.08).

The observed effect of cadmium ions on the luminescence
characteristics of NCs should be compared to previously reported

data.”***? The authors of Ref. 21 state that after the cadmium
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FIG. 5. (a) PL spectra of glass doped with CsPbBrs and CsPb;_,CdxBrs NCs. The left inset shows a relation between the Cd** concentration in the NCs and the energy of
the PL peak. The right inset shows the transmission spectra for these samples. (b) Dependence of quantum yield on the Cd?* concentration in the NCs. The dashed curve
is the approximation by function, y = a exp(-x/b) + d, with a = 77%, b = 0.12, and d = 4%.
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ions introduction, the quantum yield decreases insignificantly from
90% to 50%. In Ref. 42, a PL shift to 2.64 eV was observed for
CsPbg7Cdo3Brs NCs in a borosilicate glass. It was found that the
fluorescence intensity of Cd** doped CsPbBr; NCs in borosilicate
glass significantly increases after doping with a low concentration of
Cd?*", reaches a maximum at the ratio lead/cadmium of 3, and then
decreases. The authors have concluded that the fluorescence inten-
sity of CsPbBrs NCs can be really enhanced by the Cd** doping.*
However, the absence of a spectral shift of the PL band in the range
of Cd/Pb concentrations from 0 to 0.3/0.7 in Ref. 42 indicates the
formation of NCs containing no cadmium ions. Accordingly, the PL
QY change is caused, most probably, with an improvement in the
structure of CsPbBr3 NCs.

In Ref. 52, it was shown that the stability and PL QY of colloidal
CsPbX3 NCs can be enhanced by the CdX, post-treatment. The reac-
tion mechanism during the post-treatment of CdX, was studied by
means of PL spectra, XRD patterns, and XPS spectra. It was found
that the benefits of the CdX;, post-treatment are not only that the
halide ions are beneficial to improve the properties of NCs but also
the presence of Cd** helps to reduce the number of surface defects
and improves the optical stability of the samples.

The results obtained in our work contradict those reported
in the papers cited above. We have found that the incorporation
of cadmium ions into NCs leads to a decrease in PL QY at room
temperature. If the calibration of the Cd/Pb compositions is cor-
rect, the introduction of even relatively small Cd concentration
reduces the PL QY from 80% for pure CsPbBr; down to 21% for
CsPbgg1Cdog 19Br3 [Fig. 5(b)].

In Ref. 32, it was noted that replacing Pb** with other metal
ions may bring new deep defect states, destroying the defect
tolerance nature of the host CsPbBr;. These new defect states
may act as traps and scattering centers hampering the optoelec-
tronic performance. It is known that the occurrence of trapped
states should lead to a decrease in the quantum yield. In our
work, the PL spectra at low temperatures were studied to under-
stand the reasons for the strong decrease in the PL QY at room
temperature.

D. Low temperature PL

We measured the low-temperature PL spectra for all the sam-
ples under study. Figure 6 shows the PL spectra measured at tem-
perature T = 11 K for samples with the CsPbBr3; NCs and with
the CsPb(;_x)CdxBrs NCs containing different Cd content, Cd/Pb
= 1/10, 2/10, and 3/10. It is shown in Fig. 6 that all the PL spectra
contain the main exciton peak (the X band) at the energy of about
2.4 eV for the CsPbBr; NCs, which shifts to higher energies with
increasing of the Cd** content. In addition, an additional wide PL
band (the A band) appears in the energy range of 1.6-2.5 eV when
the Cd** ions are incorporated in the NCs. The intensity of this band
rises with increasing the Cd** concentration. This behavior is oppo-
site to that of the intensity of the exciton peak, which decreases with
increasing Cd concentration. Obviously, this broad band is associ-

ated with the occurrence of trapped states located in the bandgap of

these materials.

The presence of trapped states can be verified by studying the
PL spectra at different excitation powers. Figure 7 shows exam-
ples of the PL spectra measured for the sample CsPb;_CdxBr3 with
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FIG. 7. Power dependence of the PL spectra of samples CsPb;_CdyBrs with
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red line is the linear fit, and the blue curve is the fit by Eq. (1) with parameter
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x = 0.45. The inset in this figure demonstrates the power dependence
of the integral intensities of the X and A bands. As can be seen, the
intensity of the exciton band depends approximately linearly on the
power in the power range used in these experiments. At the same
time, the integral intensity of the A band tends to saturate at a suf-
ficiently high power. Such behavior point out to the limited number
of traps localized within each NC. These traps can be populated by
excited carriers that block further increase in the PL of the A band.
A simple analysis of a rate equation shows (see, e.g., Ref. 57) that
the integral intensity of the PL band can be approximated by the
expression,

p
IA(P)=A7P+PO. 6]
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FIG. 8. PL (blue curve) and transmission (red curve) spectra of the sample
CSPb0A550d0.45Br3.

Here, A is a scaling factor and Py is a characteristic power. It is
determined by the density of traps, N, and the lifetime of the pho-
tocreated carrier, T, captured by the traps: Py = N¢/1c. As shown in
the inset of Fig. 7, Eq. (1) fits the power dependence of the trap PL
measured experimentally reasonably well.

The trapping states can be located either near the conduction
band (donors) or near the valence band (acceptors). To separate
these cases, we measured the PL and transmission spectra of the
samples with different Cd concentrations. The spectra measured at
room temperature are shown in Fig. 5(a). The spectra measured for
the sample with the CsPbgs5Cdo45Brs NCs at T = 11 K are shown
in Fig. 8. It is seen that the transmission edge coincides with the
exciton PL band. If the trapped states were located in the bandgap
near the bottom of the conduction band (donors), the absorption
corresponding to optical transitions from the valence band to these
states would appear in the spectral range of the wide PL band (traps).
However, as shown in Fig. 5(a), no noticeable absorption is observed
below the x band for all the samples studied.

We should stress that the transmission spectra are measured for
the thick enough samples (d = 0.2 cm) using a Lambda 650 Perkin
Elmer spectrophotometer that allows one to detect weak absorption
down to pad = 0.02. Correspondingly, the absorption coefficient p,
<0.001 cm™" that is in many orders of magnitude smaller than that
in the range of the interband transitions. This result point out to the
negligible concentration of donor centers in the NCs under study.
Therefore, we can conclude that the trapped states observed in PL
spectra are acceptors.

The PL spectra, as well as the PL QY, are strongly dependent
on the sample temperature. Figure 9 shows, as an example, the PL
spectra for the sample CsPby 55Cdg 45Br3 at different temperatures in
the range 10-300 K. As seen, the intensity of both the exciton peak
and the wide band drop with temperature. In addition, the maxi-
mum of A band strongly shifts to the low-energy region, by about
300 meV at T = 120 K. Such a shift cannot be explained by the pop-
ulation of the trap states by the electrons thermally excited from the
lower-lying states because their thermal energy kT ~ 10 meV that is
much smaller than the observed energy shift. The origin of this shift
requires further study.
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FIG. 9. Temperature dependence of PL spectra of the CsPbgs5Cdg45Br; sam-
ple. The inset shows the integral intensity of the PL as a function of temperature
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The integral intensity of the full PL shown in the inset of Fig. 9
can be approximated by an Arrhenius-like function,”

Ar(0) 5
L+ aye SBIGD) | o =8B/ (D) @

Ar(T) =

with two activation energies for quenching processes, AE; = 1.5 meV
and AE, = 52 meV. The physical origin of these processes requires a
separate study.

The integral intensity of the wide band, I, decreases with tem-
perature faster than that of the PL band, Ix. Figure 10 shows the
ratio of the integral intensities, R(T) = Ix/Ia. It can be analyzed in
the framework of a simple model schematically shown in Fig. 10.
We consider a simplified energy structure of an NC consisting of
an initial (vacuum) state, “V,” two exciton states, “X” and “D,” and
a wide band, “A,” of trapping states (acceptors). Two exciton states
are important for the model because one of them (X) is characterized
by a relatively short radiative time txy."*”” We call it the bright (or
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FIG. 10. Temperature dependence of the ratio of integral PL intensity of the wide
band and the exciton peak. The solid curve is the fit by Eq. (4). The inset illustrates
the model describing this dependence.
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free) exciton state. Another one, the dark (or localized) exciton state
(D) radiatively decays very slowly, Tpv > 1 ps, in the CsPbBr; NCs.*
This large difference in the relaxation times results in an interest-
ing effect of anti-Stokes PL in CsPbBr; NCs,””*” which is observed
at increased temperatures. The physical reason for that is the tem-
perature activated transfer of the dark excitons to the bright states,
followed by their rapid relaxation via channel X-V. We use this
process to explain the temperature-induced decrease in the ratio of
intensities in the CsPb;_xCdxBr; NCs.

We consider several processes in the model. After the optical
pumping creating P free excitons per second, the excitons can either
radiatively recombine with the rate yxv = 1/txv or relax to the dark
state with the rate yex. The dark excitons can relax to the trapping
states “A,” thus creating the wide PL band. At elevated tempera-
tures, the dark excitons can also be excited to the bright state with
the rate yex(T) = yex - exp[-AE/(kT)], where the activation energy
AE is the energy gap between the bright and dark states. For sim-
plicity, we neglect small variation of yex due to the Bose-stimulated
emission of phonons resonant to transition between the bright and
dark exciton states. This process is described by factor (1 + n), where
n is the population of phonons with energy Aiw = AE. This factor
changes yex only by about 1.5 times at room temperature that is neg-
ligible compared to the change of yex(T). We ignore the slow process
D — V characterized by very long relaxation time tpv (>1 ps).
We also ignore another slow process, X — A. This process can be
included in the model; however, the modeling of the ratio R(T)
shows that the characteristic time of this process, txa > 1 ps, and
it does not affect the ratio. The small rates of processes D — V and
X — A are probably explained by the strong localization of electron
wave functions of the D and A states.

The rate equations describing dynamic processes in the model
read

% =P — (yex + yxv)nx + yexe_AE/(kT)nD,
dnp _AE/(KT) 3
7 = YexX — (YDA + Yex€ )”D-

Here, nx and np are the populations of states X and D, respec-
tively. Under the steady state excitation conditions, the derivatives
in Eq. (3) are zero and the populations are easily obtained from two
algebraic equations. The PL intensities of the exciton and additional
bands are defined as Ix = yxv -nx and I = ypa - np. Correspond-
ingly, their ratio, using solution of Eq. (3), is described by the
Arrhenius function,

A

L+ ae 26T @

R(T) =
where A = yex/yxv and a = ye/ypa. Fit of the experimentally
obtained ratio by this function gives the values A = 5.9, a = 25, and
AE =22 meV. If one assumes that the fast component of the PL decay
observed in Ref. 48 is mainly determined by the relaxation rate yex,
that is, Tex = 1/yex = 300 ps, the free exciton radiative lifetime txv = A
-Tex ~ 1800 ps. The characteristic time of the dark exciton radiative
relaxation to the trapping states, Tpa = a- Tex & 7500 ps.

As shown in Fig. 10, the model describes the temperature
dependence of the ratio at T > 30 K reasonably well. The drop of the
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ratio at smaller temperatures, which is not described by the model,
is explained by the faster PL quenching of the X exciton state com-
pared to that of the D state. This effect is seen in the experiments
and it is responsible for the small value of the quenching activation
energy, AE; = 1.5 meV; see Fig. 9 and Eq. (2). At higher temper-
atures, the quenching channel becomes common for the X and D
states so we eliminate them from our consideration when dividing
two PL intensities that is calculating the ratio.

The obtained value of the energy gap between the X and
D states (AE = 22 meV) agrees well with that published in the
literature.”*””" The values of relaxation times obtained in the mod-
eling require separate discussion. The radiative lifetime of the X
exciton state, Txv ~ 1800 ps, is hardly possible to measure directly
because the radiative process competes with the nonradiative relax-
ation to the D state and with a quenching process. The radiative
lifetime of the D exciton state, Tpa ~ 7500 ps, can be, in princi-
ple, measured if the PL quenching processes are not too fast. At
present, there is no information about this relaxation time. From
a physical point of view, the obtained value of tpa is unexpect-
edly short compared to the recombination time of D exciton in the
undoped CsPbBrz NCs (tpa > 1 ps). In the latter case, the long
recombination time is caused by poor overlap of the wave func-
tion of the D electron localized near the NC surface with that of
the free hole distributed over the NC volume. Therefore, the rel-
atively small value of tps in CsPbi.xCdsBr3 points out to strong
overlap of wave functions of the D electron and trapping centers.
This is possible if the trapping centers are mainly localized near
the NC surface also.

Similar behavior of PL intensities is observed for the sam-
ples with NCs CSPbo}glcdo,lgBI} and CSPb0,67Cdo'33Br3 (]‘lg 1()).
From the fitting of the temperature dependencies by Eq. (4), the
values of model parameters are obtained. With increasing Cd con-
centration, the free exciton radiative lifetime txyv increases and
the characteristic time tpa of radiative relaxation of the dark
exciton to the trapping states decreases. The obtained values are:
Txv = 50, 350, and 1800 ps; Tpa = 15000, 13 000, and 7500 ps for the
samples with CdF,/PbF; ratio of 1/10, 2/10, and 3/10, respectively.
These results show that with the increase in cadmium concentration,
the intensity of the wide band increases, which is explained by an
increase in the relaxation rate from the donor center to the accep-
tor center. This is due to the Cd-induced increase inthe acceptor
concentration.

IV. CONCLUSION

In summary, we have carried out the systematic investiga-
tion of CsPb;_xCdxBrs perovskite nanocrystals (NCs) by chemical-
analytical, x-ray, and optical methods. The x-ray patterns show that
NCs with Cd** ions are successfully formed in the fluorophosphate
glass matrix that is confirmed by the shift of the diffraction peaks to
larger angles due to change in the lattice constant.

The low-temperature photoluminescence (PL) measurements
for the set of the samples with CsPb;_xCdxBrs NCs show the high-
energy shift of the exciton PL band with increasing the Cd** ions
concentration. In addition, the low temperature PL spectra contain
an additional wide band in the range of 1.6-2.2 eV. It is shown
that this band corresponds to optical transitions to the deep accep-
tor states. Partial substitution of the B-site (Pb*") cation by ions
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with smaller radius, in our case by the cadmium ions, leads to the
formation of new deep defect states destroying the defect toler-
ance property of the host CsPbBrs. These new defect states act as
traps and scattering centers, hampering the optoelectronic perfor-
mance and radically reducing the PL quantum yield (QY) down to
4%-5% at room temperature for high concentration of Cd** ions.
The decrease in the QY is accompanied by a shift of the absorp-
tion band toward higher energies of up to 2.64 eV, which makes
it possible to create blue glass phosphors with cadmium contain-
ing NCs. In particular, the PL QY of NCs CsPby.g1 Cdo.19Br3 is 21%
at the emission energy of 2.56 eV (wavelength 484 nm) that is
still larger than that for the case of anion exchange, namely, for
CsPb(Br,Cl); NCs, in which the QY is 13% at the same emission
energy.
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