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ABSTRACT For luminescent materials, negative thermal
quenching (NTQ), characterized by an increase in the lumi-
nescent intensity with temperature, has a large potential in
lighting and display technologies. However, leveraging NTQ in
metal halide perovskites is challenging, and the mechanism is
not well understood. Herein, by utilizing low-temperature
photoluminescence, persistent luminescence and thermo-
luminescence, the origins of NTQ in CsPbBr; microspheres
are systematically studied, which pertain to the liberation of
carriers from shallow trap states. Experimental and theoretical
investigations reveal that the energy of these shallow defect
states is approximately 0.135 eV beneath the conduction band.
A rapid thermal treatment increases the density of these
shallow traps and amplifies the NTQ effect, resulting in an
enhancement of room-temperature photoluminescence by
more than 60% compared to that at 150 K. The process also
reduces the threshold for amplified spontaneous emission to
about 45 W/cm’. Our findings not only provide a deeper un-
derstanding of the NTQ phenomenon in CsPbBr; micro-
spheres but also open new avenues for enhancing the
performance of perovskite optoelectronic devices through
energy state regulation.

Keywords: negative thermal quenching, photoluminescence,
CsPbBr; microsphere, amplified spontaneous emission, low
threshold.

INTRODUCTION

In recent years, metal halide perovskites have emerged as pro-
mising materials in optoelectronics due to their high photo-
luminescence quantum vyields (PLQYs), broad visible light
absorption, and long carrier lifetimes, which endow them with
significant potential in high-performance photoelectronic devi-
ces [1-3]. However, compared to traditional fluorescent mate-
rials, metal halide perovskites face a severe drop in luminescence
intensity with increasing temperature (so-called luminescence
thermal quenching, TQ), which significantly limits their wide-
spread application in high-power devices and displays [4-6]. For
instance, most metal halide perovskite micro- and nanolasers
based on continuous-wave optical pumping can only operate at

low temperatures due to TQ, as their high defect state density
and strong electron-phonon coupling produce larger non-
radiative recombination losses at higher temperatures [6].
Therefore, exploring efficient strategies to reduce non-radiative
recombination paths and suppress TQ in metal halide per-
ovskites is crucial for their practical applications in photoelec-
tronic devices.

The most common approach to reduce non-radiative recom-
bination paths is to passivate defects on the surface and in the
bulk of the materials, thereby reducing trap state recombination
and surface recombination [7-10]. Another effective method
involves doping with rare-earth elements to create energy
transfer pathways between energy levels to decrease thermal
quenching [11-15]. For example, Xia et al. [12] have employed
heterovalent substitution of Cr’" ions for Mg®* in MgO trans-
lucent ceramics to generate a significant number of magnesium
vacancies. This alteration activates the phonon-assisted energy
transfer between various excited-state levels of different Cr’*
ions, yielding an impressive thermal stability of 87.5% at 423 K.
To date, some breakthroughs have been made to suppress severe
TQ in perovskite nanocrystals (NCs) [16-18]. For instance, Zou
et al. [16] have reported a strategy using Mn>" substitution to
increase the formation energy of CsPbX; (X = CI, Br or I) NCs
for anti-thermal quenching. Liu et al. [18] have demonstrated a
fluoride post-synthesis treatment that effectively suppresses
emission thermal quenching and enhances the structural ther-
mal stability of CsPbBr; NCs for temperature-independent light
emission up to a temperature of 373 K. Despite these advances,
major challenges remain in realizing negative thermal quenching
(NTQ) in metal halide perovskites. These challenges are largely
attributed to the presence of defects, ion migration, thermal
instability, strong exciton-phonon coupling, and complex
recombination dynamics. Addressing these issues demands
precise control over synthesis and post-treatment techniques, as
well as a comprehensive understanding of carrier behavior at
different temperatures.

It has been shown that intrinsic defects in perovskites, such as
bromine vacancies, iodine vacancies, and lead vacancies, can
interact with other chemicals or undergo internal reorganization
to form weaker defect states. These defect states typically reside
at shallow energy levels [19-21]. Although these shallow defect
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states can capture carriers, these carriers can acquire enough
energy at room temperature to escape from the shallow defect
states back to the conduction or valence band. The presence of
shallow defects undoubtedly weakens the electron-phonon
coupling effect and reduces the probability of energy loss
through phonons. In this respect, shallow defect levels can serve
as transit stations for carriers to reduce recombination losses
during carrier transport. However, there has been little research
on the impact of shallow defects on non-radiative recombination
and TQ, but a solid understanding of the photophysical
mechanisms is crucial to optimizing the properties of CsPbX; for
optoelectronic applications.

In this work, temperature-dependent PL, persistent lumines-
cence (PersL) and thermoluminescence (TL) measurements
were carried out to systematically identify the release process,
elucidate the underlying mechanism of carriers moving from
shallow trap states, and identify the origins of NTQ in CsPbBr;
microspheres. Shallow defect states are approximately 0.135 eV
beneath the conduction band (CB). Moreover, the rapid thermal
treatment significantly boosts the shallow trap density, thereby
enhancing the NTQ effect. This leads to over a 60% increase in
room-temperature PL intensity compared to that at 150 K, while
simultaneously reducing the threshold for amplified sponta-
neous emission (ASE) in CsPbBr; microspheres.

RESULTS AND DISCUSSION

Optically pumped PL spectroscopy was performed on the
CsPbBr; microspheres. Fig. la presents the two-dimensional
(2D) pseudo-color maps of the temperature-dependent PL
spectra of the microspheres, revealing consistent blue-shifting as
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the temperature increases from 10 to 300 K in addition to sig-
nificant broadening of the full-width at half-maximum (FWHM)
of the PL peaks. The PL intensity decreases sharply from 10 to
250 K due to thermal quenching. However, an anomalous NTQ
effect is observed as the temperature continues to rise from 250
to 300 K, as shown in Fig. la, b. This NTQ behavior contrasts
with conventional thermal quenching in semiconducting lumi-
nescent materials, which is typically attributed to phonon-
assisted nonradiative recombination [22,23]. Furthermore, the
NTQ effect is more pronounced in the CsPbBr; microspheres
after rapid thermal annealing, as shown in Fig. 1c, d. Specifically,
the PL intensity increases by more than 60% when the tem-
perature rises from 150 to 300 K. The PL intensity variation with
temperature stems from two competing processes: (1) reduction
of the PL intensity due to thermal dissociation of electron-hole
pairs and subsequent decrease in exciton population and
(2) NTQ effect arising from thermal excitation of electrons from
the intermediate states to the initial state of the PL transition.
Both thermal quenching and NTQ can be described by a multi-
level model [24]:
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where T is the temperature, I(0) is the PL intensity at 10 K, kj is
Boltzmann’s constant, and C; and D, are the respective weight
factors. The exponential term in the numerator is associated
with the NTQ process, and E, represents the activation energy
for the process that increases the PL intensity with temperature.
Conversely, the exponential term in the denominator describes
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Figure 1 2D pseudo-color maps of the PL spectra as a function of temperatures from 10 to 300 K: (a) pristine CsPbBr; microspheres and (c) CsPbBr;
microspheres annealed at 205°C with a ramping rate of 100°C/min. Integrated PL intensity as a function of temperature: (b) pristine CsPbBr; microspheres and
(d) CsPbBr; microspheres annealed at 205°C with a ramping rate of 100°C/min.
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the normal thermal quenching process, with E; representing the
activation energy of the process that reduces the PL intensity
with temperature. The experimental data can be fitted well by
this model, as shown in Fig. 2, showing E; = 169 meV, which
aligns with the exciton binding energy of CsPbBr; [25], as well as
E, = 12 meV, temporarily attributed to the thermal quenching of
trapped excitons. Moreover, E;" = 135 meV suggests the pre-
sence of intermediate states approximately 135 meV below CB.
These states are often associated with defects, such as vacancies,
interstitials, or antisite defects, where multi-carrier trapping-
detrapping is expected to contribute to the NTQ of the PL
intensity.

To elucidate the role of the intermediate states in NTQ, the
PersL characteristics of the CsPbBr; microspheres were investi-
gated. The samples were irradiated with a 340-nm Xenon lamp
for 2 min before the measurement. After turning off the exci-
tation source, the PersL signal remains detectable at a low
temperature, as shown in Fig. 3a, indicating the intermediate
states are trapping states. It is hypothesized that as the tem-
perature increases, electrons are detrapped thermally from these
states into CB, subsequently undergoing radiative recombination
with holes to produce the PersL. At 10K, the PersL spectra
exhibit a bimodal structure with peaks at approximately 513 and
540 nm. Fig. 3b illustrates the evolution of the PersL spectra for
different decay times at 10 K. Despite the rapid decrease in the
PersL intensity, the spectral features are largely unchanged. The
513-nm peak coinciding with the PL peak can be attributed to
the recombination of bound excitons [26]. Conversely, the 540-
nm peak disappears as the temperature increases to 40 K
(Fig. 3a), indicating that this peak results from the radiative
recombination of trapped excitons in shallow traps [27]. The
540-nm PersL peak suggests that the trapped excitons are
located at energies approximately 12 meV below CB, which
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Figure 2 (a) Temperature-dependent PL intensity of CsPbBr; micro-
spheres annealed at 205°C with a ramping rate of 100°C/min; (b) PL intensity
versus the inverse of temperature (1/T). The fitted curve (red) indicates the
contribution of different activation energies to the PL intensities. The fitting
parameters are E;' = 134.6 meV, E; = 168.6 meV, and E, = 12.2 meV, with an
R* of 0.98. These energies correspond to different processes in thermal
quenching and NTQ.
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Figure 3 (a) PersL spectra of CsPbBr; microspheres annealed at 205°C with

a ramping rate of 100°C/min acquired at different low temperatures after
irradiation by a 340-nm xenon lamp for 2 min. (b) PersL spectra acquired at
different decay times at 10 K.
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Figure 4 PersL decay curves monitored at 513-nm emission from pristine
CsPbBr; microspheres and CsPbBr; microspheres annealed at 205°C with a
ramping rate of 100°C/min measured at 10 K after irradiation with a 340-nm
xenon lamp for 2 min. The inset shows the decay curves at 200 K under the
same condition.

aligns with the E, value shown in the fitting in Fig. 2. This
supports the hypothesis that E, represents the activation energy
of thermal quenching of trapped excitons in the CsPbBr;
microspheres.

Fig. 4 presents the PersL decay curves of the pristine and
annealed CsPbBr; microspheres at 513 nm, and 10 K and 200 K,
respectively. Both samples were irradiated with a 340-nm Xenon
lamp for 2 min prior to the measurement. The PersL intensity of
both samples decreases rapidly in the first 100 s, followed by a
slower decay. The initial PersL intensity of the annealed sample
is significantly higher, nearly an order of magnitude greater than
that of the pristine sample. Even 400 s after turning off the 340-
nm excitation source, the PersL intensity of the annealed sample
is three times higher than that of the pristine sample. These
findings suggest that rapid thermal annealing increases the
density of trapping states in the CsPbBr; microspheres.

To gain further insights into the trapping states, low-tem-
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perature TL experiments were conducted. As shown in Fig. 5a,
the low-temperature TL monitored at 513 nm of the pristine
sample exhibits a broad band from 150 to 290 K, indicating that
the trapping states are near the CB edges. Based on the TL band,
the trap depths estimated based on the initial rise are about
140 meV, as shown in Fig. S1 (Supplementary information).
This is consistent with the fitting parameter E,’ in Fig. 2, further
supporting that the intermediate states are the trapping states
that contribute to NTQ. In addition to the broad TL band, the
low-temperature TL from the annealed samples shows a narrow
band with a peak at 25 K, suggesting that these trapping states
are very close to the CB edges and have a narrow distribution.
Consequently, it is reasonable that the 513-nm PersL cannot be
detected at room temperature. Fig. 5a shows that the broad band
intensifies significantly after rapid annealing, reflecting more
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trapping states in the annealed sample. In particular, the sample
annealed with a heating rate of 100 K/s exhibits the highest
density of states. The inset in Fig. 5 displays the PL spectra of
samples treated at different heating rates and measured at room
temperature. The sample annealed with a heating rate of 100 K/s
shows the highest PL intensity. Additionally, the variation trend
of the PL intensity with heating rates at room temperature aligns
with that of the TL intensity. This consistency implies that the
variations in the PL intensity are closely related to the density of
the shallow trapping states. In other words, the higher the
density of shallow trap states, the more pronounced the room-
temperature PL intensity. According to the multi-level model
and TL spectra, it is believed that photoexcited carriers partially
relax into shallow trapping states near 135 meV below CB. These
carriers later escape to the CB bottom after they have gained

Negative
thermal
quenching

Figure 5 (a) TL curves monitored at 513-nm emission for the pristine CsPbBr; microspheres and CsPbBr; microspheres annealed at 205°C with different
ramping rates: 50°C/min (red), 100°C/min (blue), and 150°C/min (green) after initial excitation by 340-nm light for 60 s. The inset displays the PL spectra of
the corresponding samples measured at room temperature. (b) Schematic energy band diagram illustrating the amplification of NTQ by rapid thermal

treatment.
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Figure 6 PL spectra for different pump powers for CsPbBr; microspheres: (a) pristine, (b) annealed at 205°C with a ramping rate of 50°C/min, and

(c) annealed at 205°C with a ramping rate of 100°C/min.
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Figure 7 (a) Dependence of the PL intensity and FWHM on the excitation power density observed for the CsPbBr; microspheres annealed at 205°C with a
ramping rate of 100°C. (b) Integrated PL intensity of Peak I (blue squares) and Peak II (orange circles) as a function of pump power for the CsPbBr;
microspheres. The inset shows the separation of Peak I and Peak II in the PL spectrum measured at a pump power of 86.46 pW and a temperature of 200 K.
The integrated PL intensity of Peak I follows a linear dependence on the pump power with an exponent kpe, ; = 1.07, indicating typical exciton emission. In

contrast, the integrated PL intensity of Peak II exhibits a superlinear dependence with an exponent kpe, i1 = 2.08 suggestive of biexciton emission.

sufficient energy and undergo radiative band-to-band recombi-
nation, as schematically illustrated in Fig. 5b. These shallow trap
states are crucial to the emission by transferring some photo-
generated carriers, in contrast with the conventional role of traps
as centers of non-radiative recombination. Therefore, a larger
density of trapping states produces a higher PL intensity at room
temperature.

To gain a deeper understanding of the characteristics of trap-
modulated PL, we examined the impact of the excitation power
on the PL properties of samples with different trap densities at
low temperatures (Fig. 6). The pristine sample exhibits no
change in the peak position even when the pump power density
goes up to 86 W at 200 K (Fig. 6a), because it is dominated by
typical exciton emission (Peak I). Conversely, the sample
annealed with a heating rate of 100 K/s shows a new emission
band (Peak II) with a FWHM of 9 nm and red-shifting by 13 nm
compared to Peak I, appearing on the low-energy side as the
pump power density goes up to 45 W/cm? (Fig. 6¢). In Fig. 7a, as
the pump power density increases to 45 W/cm?, a noticeable
spectral narrowing (FWHM reduced to approximately 9-11 nm)
is observed, along with a superlinear rise in PL intensity. These
features clearly signify the transition from SE to ASE [28].
Fig. 7b illustrates the integrated PL intensity of Peak I and Peak
IT as a function of pump power density, respectively. The linear
and quadratic dependencies of the PL intensities of these two
bands on the pump power intensity confirm exciton emission
and biexciton emission, respectively [29,30]. Therefore, it is
considered that ASE originates from bi-excitonic recombination
[31]. Fig. 6b shows that a large pump power density of more
than 36 W is required to obtain the ASE signal from the sample
annealed with a heating rate of 50 K/s. By correlating these
findings with the trapping state density of the samples (Fig. 4), it
is evident that a higher trap state density reduces the ASE
threshold and achieves ASE. At elevated temperatures (above
250 K), no ASE is observed, likely because the enhanced thermal
excitation effects at elevated temperatures make it difficult for
biexcitons to remain stable [32]. Furthermore, the interaction
between phonons and excitons intensifies at higher tempera-
tures, resulting in increased exciton scattering and hindering the

January 2025 | Vol.68 No.1

© The Author(s) 2024. This article is published with open access at link.springer.com.

al —@— S, Peakll ?
Zsf
£
54| ¢
R ; P &
I -
- 2t ﬁj g \%\J‘&J@/

)
0

i L 1 L
0 100 200 300

Temperature (K)

Figure 8 Temperature-dependent PL lifetime of Peak II from CsPbBr;
microspheres annealed at 205°C with a ramping rate of 100°C/min.

formation of stable biexcitons [33]. Nevertheless, we observed a
gradual increase in PL with rising temperature (see Fig. 1d), sug-
gesting that the enhancement in PL at higher temperatures origi-
nates from single excitons rather than biexcitons. The PL lifetime
increases with temperature (above 250 K) (Fig. 8), suggesting that
the emission arises from electrons transitioning from deeper
trapping states, which require more thermal energy to return to CB.
However, higher thermal excitation energy inevitably enhances
thermal effects, complicates the stability of biexcitons, and impedes
ASE. In contrast, electrons in shallow trapping states can acquire
sufficient energy to transition to CB at lower temperatures. The
smaller thermal excitation energy required for these transitions
mitigates the thermal excitation effects and facilitates biexciton
formation to enable ASE. All in all, these shallow trapping states
play crucial roles in not only amplifying the NTQ effect, but
reducing the threshold of ASE as well.
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CONCLUSIONS

The mechanisms of NTQ in CsPbBr; microspheres are explored,
and the effect is amplified by reducing the threshold of amplified
spontaneous emission. By performing low-temperature PL and
TL, it is determined that NTQ in the microspheres is driven by
the release of carriers from shallow trapping states approxi-
mately 0.135eV below CB. The rapid thermal treatment sig-
nificantly increases the density of the shallow traps, resulting in a
substantial enhancement of the PL intensity by over 60% at
room temperature and reducing the threshold of amplified
spontaneous emission to about 45 W/cm®. Our findings reveal
that shallow trapping states play a critical role in modulating the
luminescence properties of CsPbBr; microspheres, in contrast to
their conventional role as centers for non-radiative recombina-
tion. These new results not only provide a deeper understanding
of NTQ, but also reveal new avenues to develop low-threshold
metal halide perovskite micro-lasers for the advancement of
perovskite materials in optoelectronics.
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Experimental Section/Methods

Fabrication of CsPbBr3; microspheres

The CsPbBr; microspheres were fabricated on SiO,/Si substrates by chemical vapor
deposition (CVD) under normal pressure with cesium bromide (1 mmol, CsBr,
Aladdin, 99.9%) and lead bromide (2 mmol, PbBr,, Macklin, 99.9%) as precursors.
The precursor mixture was placed at the center of a quartz furnace at 630°C, while the
Si0,/Si substrates were positioned downstream from the furnace center. The tube
furnace was evacuated to a pressure of 5 Pa, and argon was introduced at a flow rate
of 100 sccm. The temperature of the tube furnace was then increased to 630 °C within
30 minutes and maintained for 30 minutes to form the CsPbBr; microspheres before
natural cooling to room temperature. Throughout the growth, the argon flow rate was
kept at 100 sccm. More details about the procedures can be found in Ref. [1]. The
pristine sample was annealed at 205°C at different heating rates in a nitrogen
atmosphere for 5 minutes, while the other samples annealed at heating rates of
50 °C/min, 100 °C/min, and 150 °C/min were designated Sso, Sjg0, and Siso,

respectively.

Characterization of CsPbBr3; microspheres

The morphology and composition of the CsPbBr3; microspheres were characterized by
scanning electron microscopy (SEM) (Hitachi SU5000), and energy-dispersive X-ray
spectroscopy (EDS) (Bruker EDS QUANTAX), as shown in Figure S2 (Supporting
information). The PL spectra were obtained on a Raman spectrometer (Horiba

LabRAM HR Evolution) equipped with a 325 nm He-Cd laser (Kimmon), with the



samples mounted on a thermal stage (Linkam FTIR-600). The temperature-dependent
PL spectra, TL curves, PersL decay curves, and time-resolved PL spectra were
acquired on the PL spectrometer (FLS1000, Edinburgh Instrument) equipped with a
372 nm picosecond laser pulses of 20 MHz at a low pump power of 10 uW with the

samples mounted on an optical cryostat (Oxford OptistatDry BLV).
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Figure S1 The initial rise method was used to estimate the depths of electron traps. The

-E
experimental data was fitted by the equation |(T)=Cx exp(ﬁ) , where | is the TL intensity,
b

T is the temperature, K, is Boltzmann constant, and C is the fitting constant [2]. By plotting In(TL

intensity) verse 1/T, the trap depth was estimated from the slope of the fitted dashed straight line.
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Figure S2 (a) EDS mapping of Cs, Pb, and Br for a CsPbBr; microsphere. (b) Raman

spectrum of pristine CsPbBr; microspheres. The inset shows the crystal structure of CsPbBrs;.

The elemental mapping of Cs, Pb, and Br for a typical CsPbBr; microsphere based on
energy dispersive spectrocopy (EDS) is presented in Figure S2 a. It indicates uniform spatial
distributions for each element. In order to characterize the local atomic environment and
bonding configuration of CsPbBr; microspheres, we also examined the Raman spectrum of
CsPbBr; microspheres, as shown in the Figure S2 b. The three Raman modes with small wave
numbers revealed in the Raman spectrum (a strong mode at 71 cm ™' and two weak modes at

126 and 313 cm™") are assigned to the vibrational modes of the CsPbBr; sublattice /.
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