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For the first time the temperature dependence of the photoluminescence of the semiconductor CsPbBr3 perov-
skite nanocrystals with sizes of 6.0-9.0 nm in fluorophosphate glass were investigated in the temperature range
from 300 K to 423 K. It was shown that temperature dependence of the photoluminescence intensity and the
band gap shift coefficient change at 350 K corresponding to the isostructural phase transition. The photo-
luminescence intensity decreased radically above this temperature. The temperature energy gap coefficients of
the CsPbBr3 nanocrystals depending on the size and temperature range were found.

1. Introduction

The prospects of using Colloidal CsPbX3; nanocrystals (NCs) are
associated with a high quantum yield and high color purity of the
luminescence [1,2], which makes these materials promising media for
light-emitting devices, such as low-threshold lasers [3,4], light-emitting
diodes (LEDs) [5-12] and semitransparent luminescent solar concen-
trators [13]. However, retention of these useful properties at high
temperatures is one of the challenges when using such NCs in many
optoelectronic technologies. It turned out that in real devices, the sta-
bility of optical characteristics at temperatures often exceeding 100 °C is
required since these devices heat up during long-term operation. One of
the possible approaches to the isolation of nanocrystals from the influ-
ence of the environment is their formation in a glassy matrix [14-18].

It was indicated that perovskite NCs in the glasses could be attractive
luminescent materials for many applications due to their strong light
absorption and high quantum yield (QY), which is close to QY magni-
tude of colloidal nanocrystals. However, there is practically no work on
the analysis of the temperature influence on the NCs photoluminescence
(PL) in glass. Only in Ref. [19] the PL properties of CsPbBr3 perovskite
quantum dots (QDs) with sizes of 6.6, 8.4 and 9.6 nm embedded in
phosphate glasses were investigated in the temperature range of 40-240
K. PL integral intensities, band gap energies of CsPbBrs QDs showed a
complicated dependences on temperature and sizes. The complex
dependence, apparently, was associated with isostructural

order-disorder phase transitions in the range of 160-180 K [20], which
was not taken into account. Changes occurring with an increase of
temperature above room temperature for NCs in glasses have not been
previously considered. However, there are works in which the high
temperature luminescence of bulk and colloidal nanocrystals is dis-
cussed [21-27]. The temperature changes of the absorption and PL
spectra of CsPbBr3 bulk crystals were studied in Ref. [21]. Analysis of the
results showed that the value of temperature band gap shift coefficient
dEg/dT was ~ —0.8 x 10~* eV K™! up to 380 K and increased to —3.41
x 107* eV K 'at higher temperatures. The temperature of 380 K cor-
responds to the transition from the orthorhombic to the tetragonal
phase, which is fixed by the X-ray diffraction (XRD). The sign of the
temperature coefficient did not change during phase transitions. Thus,
the changes in the crystal phase, recorded by XRD, exactly coincided
with the change in the slope of the temperature band gap shift.

The changes of the band gap in colloidal CsPbX3 (X = Cl, Br, I) NCs
with an increasing temperature from 4 to 300 K were studied in Refs.
[22-24]. In Ref. [25], changes in the band gap positions and PL loss
pathways were reported with increasing temperature from 80 to 550 K.
A constant temperature shift coefficient was observed over the entire
temperature range, which indicates that the phase of colloidal NCs is
unchanged up to 550 K, which is quite differ from bulk crystals [21]. In
Ref. [25] were shown that i) PL loss pathways are mainly due to a
thermally-assisted trapping, most likely to halogen vacancy traps; (ii)
exciton separation is not, by itself, an explanation for decreased PL with
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increasing temperature; (iii) reversible PL loss mechanisms (up to 450 K)
are independent on the NCs size over the range 7-11 nm.

However, it was shown perovskite CsPbBrs NCs undergo a reversible,
photoinduced phase transition as a result of high-power exposure [26].
CsPbBr3 NCs was studied from 298 to 373 K [27] and it was found that
the optical bandgap was independent on the temperature in this range.
In Ref. [28] the PL spectrum excited by two-photon absorption showed a
linear blue-shift (3.2 10~* eV K1) below the temperature of 220 K. For
higher temperatures, the PL peak approaches a roughly constant value
up to 380 K.

In our work, CsPbBr3 perovskite NCs were formed in a new low-
melting fluorophosphate glass (FP). The possibility of introducing of
the high halides content in the FP glasses was a reason for choosing this
type of glass matrix. Our previous research has shown the versatility of a
FP glasses to create optical materials with unique properties due to
developed synthesis technique that allowed us to keep controlled active
components content in the glass. Lead and cadmium sulfoselenide QDs
were synthesized in the FP glasses [29-32]. High luminescent and
nonlinear optical characteristics were achieved due to higher QDs con-
tent than in the other glass host. In Ref. [33] we showed the features of
the CsPbX3 (X = Cl, Br, I) NCs formation in these glasses.

In the present study, we examine the optical properties of CsPbBr3
NCs in FP glass in the high temperature range of 300-423 K using PL
measurements.
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2. Experimental procedures
2.1. Glassceramics preparation

Samples of FP glass with composition of 40P,05-35BaO-5NaF
10AlF3-10Ga03 (mol. %) - doped with Cs0O, PbF, and BaBr, were
synthesized using melt-quench technique.

The glass synthesis was performed in closed glassy carbon crucible at
temperature T = 1000 °C. About 50 g of the batch was melted in a
crucible for 30 min, then the glass melt was cast on a glassy carbon plate
and pressed to form a plate with thickness ~2 mm. Samples with a
diameter of 7-8 cm were annealed at a temperature of 50 °C below glass
transition temperature (T = 400 °C).

CsPbBrs perovskite NCs were precipitated by the glass self-
crystallization during melt-quenching and additional heat treatment at
400 °C. The initial glass doped with ~6 nm NCs was obtained by con-
trolling of the residual concentration of bromine, and the cooling rate of
the melt without heat treatment. The glasses doped with ~7.5 and ~9
nm NCs were obtained after heat treatment of the initial glass at 400 °C
during 30 and 60 min, correspondingly.

2.2. Glass characterization

Differential scanning calorimeter STA 449F1 Jupiter Nietzsche was
used for measurement of the glass transition temperature (Ty).

The precipitation of CsPbBrs NCs in FP glass was identified by X-ray
diffraction. Cu-g, irradiation (A = 1.5406 A) with a scanning rate of 2°/
min was used for the measurement with resolution of 0.02° using a
Rigaku X-ray diffractometer.
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Fig. 1. (a) XRD spectra of the glass doped with NCs with size 11 nm (JCPDS No. 01-072- 7929): (b) PL and (c) quantum yield of FP glass containing CsPbBr; NCs with
three different sizes (~6.0, 7.5, 9.0 nm) at room temperature.
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The luminescence properties at room temperature were character-
ized using MPF-44A (PerkinElmer) spectrofluorimeter and Absolute PL
Quantum Yield Measurement System (Hamamatsu). Temperature-
dependent PL measurements were carried out in a Specac cryostat in
the temperature range of 295-423 K with step of 10 K.

The absorption spectra of FP glass samples at room temperature were
recorded in the 200-800 nm spectral region using Lambda 650 Perki-
nElmer spectrophotometer.

3. Results and discussion

Fig. 1a shows an XRD pattern of the FP glasses doped with CsPbBr3
NCs confirming the formation nanocrystalline perovskite CsPbBrs. The
low concentration of NCs does not make it possible to accurately
determine the perovskite phase because of intense peaks of the high and
low temperature phases coincide. A decrease in NCs symmetry is real-
ized in the appearance of additional low-intensity peaks and double
main peaks. In Fig. 1a, the designations of the peaks are given for the
orthorhombic phase (JCPDS No. 01-072- 7929).

A specific property of CsPbBrs bulk crystals and colloidal nano-
crystals, which differs them from other semiconductors, is an unusual
temperature dependence of the band gap. In most semiconductors, the
band gap energy increases with decreasing temperature, however,
CsPbBr3 semiconductors show the opposite behavior, namely, the band
gap energy increases with increasing temperature [21,24,25].

To analyze the temperature dependence of the PL and the band gap
changes, we considered three glass samples doped with CsPbBr3 NCs of
different sizes. PL bands with maxima at 2.49, 2.46 and 2.4 eV at room
temperature were recorded (Fig. 1b). Such changes in the emission
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corresponded to a change in size from ~6 to 9 nm [19,33]. It should be
noted that the PL maxima of the QDs formed in these samples actually
coincided, judging by the positions of the PL bands, with those studied in
phosphate glasses in Ref. [19]. Fig. 1c shows the Quantum Yield of FP
glass containing CsPbBr3 NCs with three different sizes (~6.0, 7.5, 9.0
nm) at room temperature.

Note that the Bohr exciton radius determining the range of size
confinement for the CsPbBr3 is ~7.0 nm. Therefore, the 2R/aB ratio of
the QDs studied in the present work was 0.85 —1.5 and NCs corresponds
to the regime of so-called “medium quantum confinement” when the
QDs size is near Bohr exciton radius of the bulk crystal.

In Figs. 2-4 are presented the results for three studied samples with
different sizes 6, 7.5 and 9 nm. The PL spectra (a) and the inverse
temperature dependences of the integral PL intensity (b) are presented
with increasing temperature from 300 to 423 K. The inverse temperature
dependences of the integrated intensity can be approximated by two
straight lines with different slopes. An increase of the slope is observed
at a temperature of ~350 K (1/T = 0.285 K™). This temperature is close
to the temperature of the first-order isostructural transition within the
P,1/m space group of single crystals [20]. In Ref. [25] the mechanism of
PL loss in CsPbX3 NCs was identified as thermal electron occupation of
halogen vacancy centers. The excellent luminescent properties of
CsPbBr3 NCs has been linked to halide vacancy tolerance arising from
the shallow nature of halide vacancy states [34,35]. Nonetheless, these
vacancies may be responsible for PL losses at higher temperatures [25].
An increase of the slope above 350 K might indicate a change in the
luminescence quenching mechanism. We can to suggest that in addition
to traditional temperature quenching, due to the growth of absorbing
traps [25], an intensity decrease is triggered due to the transition of
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Fig. 2. PL spectra at different temperatures (a) and the dependence of PL integral intensity in logarithmic scale on the inverse temperature (b); and the inverse
temperature dependence of PL FWHM (c) for NCs with an average size of 9 nm in FP glass during heating from 300 to 423 K.
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Fig. 3. PL spectra at different temperatures (a) and the dependence of PL integral intensity in logarithmic scale on the inverse temperature (b); and the inverse
temperature dependence of PL. FWHM (c) for NCs with an average size of 7.5 nm in FP glass during heating from 300 to 423 K.

500
(a) Temperature

295K
— — 303K
——= 313K
------- 323K

333K

343K
—--— 353K
——-- 363K

373K
— — 383K

393K
——-- 403K
------- 413K
423 K

400 -

Intensity
W
g
T

[

=3

S
T

BEw

40 -
2 20 -
z
% 10 -
=
‘?‘“ -
$—
on
Q
= Q,
=

] —
L oI L | L | ' | ' | s |
0.0024 0.0026 0.0028 0.003 0.0032 0.0034

T, K

Fig. 4. PL spectra at different temperatures (a) and the dependence of PL integral intensity in logarithmic scale on the inverse temperature (b); for NCs with an

average size of 6 nm in FP glass during heating from 300 to 423 K.

nanocrystals to more symmetric state [20].

Figs. 2 and 3(c) shows the inverse temperature dependence of the
full-width-half-maxima (FWHM) of the PL band for the samples with
NCs size 7.5 and 9 nm. The width of the PL band increase with the
temperature rises for the samples with NCs size 7.5 and 9 nm. The
FWHM for the sample with NCs size of 6 nm the remains virtually un-
changed over the entire temperature range. It is known thermal
broadening of PL increases linearly on acoustic phonon-exciton
coupling and nonlinearly based on longitudinal optical (LO) pho-
non-exciton coupling [25]. The nonlinear increase in the PL linewidth

with elevated temperature is evidence for the contribution of both
acoustic and optical phonons in the thermal broadening.

To prove the validity of the explanation of the PL intensity
decreasing above 350 K, it is necessary to analyze the changing of the
coefficient of the temperature band gap shift. According to the [21]
when the crystal structure changes from orthorhombic to tetragonal
phase, there is a sharp increase in the coefficient from 8 x 107> to 34 x
107° eV K.™!

Fig. 5 shows the temperature dependences of the energy position of
PL maxima for three samples under study. It was shown [21] that results
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Fig. 5. The temperature dependences of the PL peak energies for CsPbBrz NCs with sizes 9.0 nm (a), 7.5 nm (b) and 6.0 nm (c).

of the temperature coefficient bandgap energy shift of CsPbBrs NCs
obtained by Tauk fitting of absorption spectra and by energy shift of PL
maximum were identical. Linear approximation of the experimental
data allows us to make some conclusions. For NCs with sizes ~9 nm at
temperatures up to 350 K the shift is small (dEg/dT = —0.5 x 107 ev
K1). As the temperature rises, the shift occurs according to a linear law
with dEg/dT = —1.72 x 10~* eV K~ (350 423 K) (Fig. 5a). For 7.5 nm
sized NCs, the temperature dependence changes at ~350 K and can be
described by two straight lines with coefficients dEg/dT = —1.2 x 107
eV K1 (295340 K) and —1.65 x 10* eV K~! (350 423 K) (Fig. 5b). A
similar dependence is observed for NCs with a size of 6.0 nm. The shift
value changes also at 340-350 K and can be described by two straight
lines with coefficients dE,/dT = —0.8 x 10™* eV K™! (295-340 K) and
—1.4 x 10~* eV K1 (350 423 K) (Fig. 5¢).

Thereby the coefficient dE¢/dT of the NCs with sizes near the Bohr
exciton radius has two different slopes at temperature region 295-423 K.
In the range of 295-350 K (Fig. 5) the temperature coefficients changes
from —0.5 to —1.2 x 10~* eV K™! for the samples under study. This
result is close to the one obtained for orthorhombic CsPbBr3 bulk crys-
tals [21]. When the temperature increases, the slope increases, which
also agrees with the data of [21]. However, our data showed values of
temperature coefficients changes from —1.4 x 10" to —1.7 x 10™* eV
K ! in the temperature range of 350-423 K, which is approximately two
times smaller than the previously obtained values for bulk crystals in the
same temperature range 350-425 K (3.4 x 107*eVK™1). Sucha change
from the bulk value with decreasing NCs size is characteristic of quan-
tum confinement [36]. The decreasing of the PL intensity could be
explained by the transition of nanocrystals to more symmetric phase. It
should be noted that our experiment is implemented within the limits of
the existence of a monoclinic high-temperature phase [20], the

transition to the cubic phase occurs at 403 K [20].

Thus, we can draw conclusions by comparing the data from Figs. 2-4
and 5. The insignificant inflection in the temperature dependencies of
NCs with sizes of 9.0 nm in Fig. 5a is in good agreement with a very
insignificant inflection in Fig. 2b. Comparison of the integral intensity
and shift coefficient dependences (Figs. 3b and 5b) shows the presence
of a weak inflection at 340-350 K for NCs with size 7.5 nm. The in-
flection in the dependences of the glass with NCs of sizes 6 nm, also
coincides (350 K), and the changes in the slope are sharper. Thus, the
inflection temperatures coincide on the dependences of three sizes of
NGCs.

The results are the follows:

(i) the coefficient dEg/dT depends on the size of the NCs. The coef-
ficient value is close to the results obtained for CsPbBr3 bulk
crystals up to 350 K and reduced more than 2 times compared to
the value of the bulk crystals [21] at higher temperature;

(ii) the acceleration of the decreasing in PL intensity at 350 K in-
dicates the transition of nanocrystals to higher symmetric phase.

Table 1 lists the temperature coefficient of bandgap energy shift for
bulk, colloidal NCs and for CsPbBr3 NCs formed in fluorophosphate
glasses.

4. Summary

The changes in the CsPbBrg NCs characteristics (the temperature
coefficient of the band gap shift and the decrease of the luminescence
intensity) occur at 350 K, which corresponds to a first-order isostructural
phase transition in the monoclinic high-temperature phase. The
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Table 1
Temperature coefficient of bandgap energy shift for CsPbBr; semiconductors.
300-(350-380) K (380-435 K) References
CsPbBr3 bulk —0.7+0.1x107* —3.41 £ 0.1 x [21]
eVK! 107%evK?!
CsPbBr; colloidal NCs —0.73 x 10~ eV —~0.73 x 1074 eV [25]
with size 11 nm K! K!
CsPbBr; NCs in glass, —0.5 x 107 eV ~1.72 x 107% eV This work
size 9 nm K! K1
CsPbBr3 NCs in glass -1.2x10%eV —~1.65 x 10 * eV This work
size 7.5 nm K K!
CsPbBr3 NCs in glass ~0.8 x 107% eV ~1.4 x 10~% eV This work
size 6 nm K! K

coefficient dEg/dT depends on the size of the NCs and reduces more than
2 times compared to the values of the bulk crystals. The transition of
CsPbBr3 nanocrystals to the more symmetric phase above 350 K de-
creases luminescence intensity.
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