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a b s t r a c t

As one of the most promising optoelectronic materials in recent years, colloidal all-inorganic lead halide
perovskite nanocrystals (NCs) have become a research focus. An in-depth understanding of electron
behavior in the material is essential for advanced device application. Here, temperature-dependent
photoluminescence (PL) spectroscopy is employed to study the optical properties of CsPbBr3 NCs film.
It is found that the PL intensity decreased with temperature below 200 K, while reverse trend has been
observed with temperature above 200 K. The mechanism of the PL unusual quenching phenomenon is
attributed to surface states of NCs, which leads to non-radiative recombination of electrons at low
temperatures. Above the critical temperature, electrons will escape from the defect level and participate
in radiative recombination, which give rise to the enhanced emission. The model is further verified by
comparison with nanoplatelets, surface passivation, as well as temperature-dependent PL decay
experiments.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

As an emerging material, perovskite has shown an amazing
development speed in just the past decade. The efficiency of
perovskite solar cells has jumped rapidly from 3.8% [1] to 25.2% [2],
which is now comparable to polysilicon solar cells [3]. At the same
time, perovskite materials also possess broad prospects in opto-
electronic applications, such as bioimaging [4], photodetector [5],
and light-emitting devices (LEDs) [6,7], lasing [8], thermoelectric
field [9], etc. Among the major classes of perovskite structures,
organic-inorganic hybrid perovskite solar cells have achieved
recorded performance because of their unique properties [10e12].
Unfortunately, their poor environmental stability prevents the
practical applications [13]. Compared to the hybrid perovskites, the
all-inorganic lead-halide perovskite has attracted more intensive
research attention because of its better stability [14], which is
considered to be more suitable for industrialization. However, the
inorganic lead-halide perovskite bulk crystals manifest very poor
ing), chenr@sustech.edu.cn
optical properties due to the small exciton binding energy. When
the size of crystals reduces to the nanometer level, the situation
becomes completely different. The reduced dimensionality results
in the increase of material's exciton binding energy [15,16].
Meanwhile, the electron-phonon coupling in perovskite is impor-
tant for photovoltaic applications. The strong inhomogeneous
emission line broadening [17] inherited from bulk samples ob-
scures the spectral features of phonons, which hinders the basic
research as well as the application of these materials. Thus, the
inorganic perovskite nanocrystals (NCs) have been considered as a
particularly attractive material for next-generation lighting and
display technology. Compared with the traditional low-
dimensional semiconductors such as CdSe [18], CsPbX3 (X ¼ Cl,
Br, I) NCs are recognized as a better candidate for light sources in
the blue, green, and red spectral region. Lots of researches on the
carrier kinetics of these perovskites have been carried out [19e21].
However, the understanding of their optical properties, especially
the photoluminescence (PL) evolutionwith temperature is far from
enough. Such information is very important for the application of
the materials operated at different temperatures. Therefore, it is
necessary to study the photophysical properties of these CsPbX3
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NCs to fully realize their potential, and further provide new
breakthroughs for basic research and commercial applications.

It is widely accepted that the temperature-dependent PL spec-
troscopy is an effective technique to study the nonradiative relax-
ation processes and exciton-phonon coupling in semiconductors
[22e24]. Generally speaking, the integrated PL intensities of
traditional semiconductors decrease with increasing temperature,
which is known as the thermal quenching of PL. The thermal
quenching behavior is usually related to carrier trapping by large
amount of non-radiative states/traps or thermal dissociation of
excitons assisted by the scattering with multiple longitudinal op-
tical (LO) phonons. Many reports on the temperature-dependent PL
spectra of CsPbBr3 NCs have shown that the thermal quenching
exists at temperature up to 200 K [25e27]. However, little attention
has been paid to the abnormal phenomenon that occurs above
200 K, that is, the PL intensity increase with temperature. Although
it could be found in some reports [28,29], the physical mechanism
of this phenomenon has not been thoroughly explored and
explained.

In this study, in order to investigate the origin of the unusual
quenching of PL, colloidal CsPbBr3 NCs film was prepared. By
comparing the temperature-dependent PL spectra of all-inorganic
lead-halide perovskite materials under different excitation den-
sities and surface passivation experiment, it is noted that the un-
usual quenching behavior of PL is related to the defects on the
surface of this material. In addition, the corresponding in-
vestigations carried out on CsPbBr3 nanoplatelets (NPLs) with more
surface defects have also further confirmed our conclusions. Our
experimental results provide new insight into the photophysical
mechanism of excitons in all-inorganic perovskite nanocrystals,
which helps to clarify their potential for high-performance opto-
electronic devices.

2. Materials and methods

2.1. Sample preparation

Colloidal CsPbBr3 NCs were synthesized by a hot-injection
approach. First, PbBr2 and octadecene were loaded into a 50 mL
3-neck flask, degassed at 120 �C for 30 min. Oleylamine and oleic
acid were injected at 120 �C under N2. After complete solubilisation
of a PbBr2 salt, the temperature was heated to 160 �C and Cs-oleate
solution obtained by dissolving CsCO3 in octadecene and oleic acid
at 150 �C was quickly injected. After 5 s, the reaction mixture was
cooled by the ice-water bath. The films for temperature-dependent
PL measurements and passivation experiments were fabricated via
dropping colloidal NCs solution on quartz substrates. For compar-
ison, polydimethylsiloxane (PDMS) was used to passivate the
CsPbBr3 film.

2.2. Morphology characterization

Transmission electron microscope (TEM) samples were pre-
pared through dropping colloidal NCs solution with relatively
dilute concentration on carbon-coated 200mesh copper TEM grids.
And the conventional TEM image was acquired by a Talos F200X
microscope equipped with a thermionic gun with an acceleration
voltage of 200 kV. The current of the 1 nm electron beam at this
voltage is 1.5 nA, and the resolution is 0.12 nm.

2.3. Optical measurement

Measurements of the linear absorption and absolute photo-
luminescence quantum yields (PLQY) were performed by a
UVeviseNIR spectrophotometer (Lambda 950, PerkinElmer, Inc.)
and a spectrometer (Zolix, SENS-9000), respectively. CsPbBr3 NCs
film was placed inside a closed-cycle helium cryostat with quartz
windows for PL measurements. The PL spectra were recorded using
a charge coupled device (CCD). A 325 nm continuous wave (CW)
HeeCd gas laser was used as the excitation source. The temperature
during the PL measurement is well-controlled from 50 to 295 K.
Time-resolved photoluminescence (TRPL) experiments were car-
ried out at room temperature. The excitation source was a pulsed
ultraviolet picosecond diode laser operating at 375 nm. The pulse
width and repetition rate of the laser were 40 ps and 20 MHz,
respectively. The signal was dispersed by a 320 mm mono-
chromator (iHR320 from Horiba, Ltd.) combined with suitable fil-
ters and detected based on the time-correlated single photon
counting (TCSPC) technique.

3. Results and discussion

The TEM image of the perovskite NCs is shown in Fig. 1(a),
which indicates that the NCs possess nearly cubic shape with size
about 15 nm. The excellent dispersibility can be attributed to the
ligands on the surface of the CsPbBr3 NCs. Fig. 1(b) shows the
normalized absorption and PL spectra of the perovskite CsPbBr3
NCs film. It can be observed that the absorption band was very
broad at room temperature, which should be induced by the
inhomogeneous size distribution [30]. Strong PL emission can be
observed at 519 nm with a full width at half maximum (FWHM)
of 17.3 nm. The emission peak is slightly red-shifted to the ab-
sorption peak. The PL spectral properties of the NCs are similar to
those reported recently in literatures [31,32]. Furthermore, the
Stokes shift is around 12 nm, which indicates that the PL emis-
sion of NCs may originate from the radiative recombination of
free excitons or bound excitons at room temperature [33,34]. The
emission decay is illustrated in the inset of Fig. 1(b), and the
average PL lifetime of all-inorganic perovskite CsPbBr3 NCs is 4.02
ns. The value is orders of magnitude faster than other optoelec-
tronic materials with a typical decay time longer than 100 ns,
such as CdSe [35]. This implies that perovskite NCs are more
suitable for application in LEDs, lasers, photodetectors and other
optoelectronic devices.

Fig. 2(a) shows the 2D pseudo-color plot of the temperature-
dependent PL spectrum. Obviously, the PL peaks show the ten-
dency of the blueshift with temperature increases from 50 to 295 K
with a total shift of 5.3 nm, while the FWHM significantly increases
within the same temperature range. Similar phenomenon has been
reported inmany literatures for Pb-based perovskites and other Pb-
based semiconductors, such as PbSe [36,37]. It is worth noting that
the PL intensities of CsPbBr3 NCs film exhibit a decrease from 50 to
200 K.While for the temperature range between 200 and 295 K, the
PL intensity increases with temperature, which is very different
from the previous literatures [38,39].

A detailed analysis of the PL spectra within the two tempera-
ture ranges was discussed in order to explore the unusual char-
acteristics. The photon energy, FWHM and the integrated PL
intensity of CsPbBr3 NCs film at temperature ranging from 50 to
295 K are shown in Fig. 2(b)e(d). Under constant pressure, the
temperature-dependence of the bandgap can be generally
described by the following expression under a quasi-harmonic
approximation [40],

vEg
vT

¼ vEg
vV

vV
vT

þ
X
j; q!

 
vEg

vn
j; q!

!�
n
j; q!þ1

2

�
(1)

where n
j; q! is the number of phonons at j branch with wave vector
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Fig. 1. (a) The TEM image of perovskite CsPbBr3 NCs film. (b) Absorption (red line) and photoluminescence (black line) spectra at room temperature. The inset is the TRPL of CsPbBr3
NCs film at room temperature. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. (a) The normalized PL spectra of a 2D pseudo-color plot of the NCs film at temperature ranging from 50 to 295 K. (b) The photon energy as a function of temperature
extracted out from (a); black dots: experimental data and the red line: the fitting curve. The green dashed and the bule dashed-dotted lines show the individual contributions of TE
and EP interaction. (c) The FWHM as a function of temperature; black dots: experimental data and red line: the fitting curve. (d) The integrated PL intensity as a function of
temperature; black dots: experimental data and red line: the fitting curve.
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whereu
j; q! is the angular frequency of the phonon mode. The first

part of Equation (1) on the right describes the contribution of the
thermal expansion (TE) of the lattice. The coefficient vEg=vV de-
pends weakly on temperature and thus can be regarded as a con-
stant. Its value can be either positive or negative, depending on the
specifics of the bonding parameters as well as the detailed struc-
ture of the bandgap. The band structure calculation of CsPbBr3
displays that the valence band maximum is determined by the
hybridization between the p orbit of Br and s orbit of Pb [32]. With
the increase of temperature, TE of the lattice will decrease the
interaction between these two orbits, resulting in a decrease of the
valance bandwidth and an increase of the bandgap. So here, the
value of vEg=vV is positive. The second part of Equation (1) is
attributed to the exciton-phonon (EP) interaction. Combined with
TE, Equation (1) can be simplified to the following expression by
assuming a linear relationship between lattice constant and tem-
perature [41],



X.Y. Zhang et al. / Materials Today Physics 15 (2020) 1002594
EðTÞ¼ E0 þATET þ AEP

�
2

expðE =k TÞ � 1
þ1
�

(3)
Fig. 3. The integrated PL intensity as a function of temperature under different power
conditions.
avo B

where E0 is the unrenormalized bandgap, ATE and AEP are theweight
of the TE and EP interaction, respectively, and Eavo is the average
optical phonon energy. Due to the quantum factor in the phonon
distribution function, there is an energy correction of the bandgap
even at zero temperature, namely EgðT ¼ 0Þ ¼ E0þ AEP.

Fig. 2(b) shows the fitted results of photon energy and the pa-
rameters extracted are E0 ¼ 2.43 eV, ATE ¼ 92.4 meV K�1,
AEP ¼ 35.2 meV and Eavo ¼ 55.6 meV. To highlight the contribution
of the TE and the EP interaction, both are added to the renormalized
bandgap (Eg (T ¼ 0)). It clearly shows that the linear-increased PL
peak can be derived from the domination of TE (the green dashed
line) at low temperature, while EP interaction (blue dashed-dotted
line) is negligible due to the unsubstantially populated optical
phonon modes. However, for higher temperatures, the optical
phonon modes are appreciably populated, which leads to a signif-
icant negative contribution. This is why the trend of the increase of
photon energy is slowing down.

As shown in Fig. 2(c), the FWHM broadens monotonously with
increasing temperature. The analysis of temperature-dependent
emission broadening has long been used to evaluate the mecha-
nism of exciton-phonon coupling in a large number of inorganic
semiconductors. The emission broadening can be expressed as [42],

GðTÞ¼G0 þ gLO
1

eELO=kBT � 1
(4)

where G0 is the term of a temperature-independent inhomoge-
neous broadening, which results from the disorder and imperfec-
tion scattering. The second term is the homogeneous broadening,
which arises from LO phonon-carrier scattering. gLO and ELO are EP
coupling strength and the LO phonon energy, respectively. The
fitting result of the temperature-dependent PL line-width with
temperature using Equation (4) was plotted in Fig. 2(c), yielding the
coupling strength gLO ¼ 37.0 meV and an average phonon energy of
ELO ¼ 14.9 meV.

Fig. 2(d) shows the integrated PL intensity of CsPbBr3 NCs film.
The emission intensity from most of semiconductors is normally
observed to decrease monotonically with temperature, which is
called PL thermal quenching. The basic mechanism of PL quenching
is attributed to the increase of the nonradiative recombination
probability of electrons and holes with increasing temperature.
However, for CsPbBr3 NCs film, it can be seen that at higher tem-
perature range (200e295 K), the PL intensity increases with tem-
perature. The integrated PL intensity of thermal quenching can be
fitted by the well-known expression [43,44],

IðTÞ¼ I0
1þ CT expð � Ea=kBTÞ

(5)

where I0 is the PL intensity at low-temperature limit, Ea is activation
energy, kB is the Boltzmann constant, and C is constant. However,
for CsPbBr3 NCs film, the PL intensity shows an unusual quenching
of PL at higher temperature, which has been observed in many
semiconductors and may be attributed to either delocalization of
carriers [45,46] or quenching of the nonradiative defects [47]. It can
be described by a modified expression [48,49],
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where E
0
q describes the activation energies for processes that in-

creases the PL intensity with increasing temperature. The fitting
result shown in Fig. 2(d) gives E1 ¼118.3 meV for CsPbBr3 NCs film,
which is well consistent with the exciton binding energy, and
E

0
q ¼ 15.5 meV.
In order to explore the unusual quenching phenomenon,

temperature-dependent PL measurements under different excita-
tion densities were conducted. The integrated PL intensity extrac-
ted from the temperature-dependent PL spectrum under three
different excitation powers, namely 0.05, 0.50 and 5.00 mW,
respectively, can be found in the Supporting Information (Fig. S2).
Detail experimental data can be found in Fig. S3. In Fig. 3, the PL
intensity at 50 K was normalized for easier comparison. It is noted
that there is a big difference of integrated PL intensity with tem-
perature under different excitation conditions. Under low excita-
tion power (0.05 mW), the integrated PL intensity decreases all the
way with temperature. For moderate excitation power (0.50 mW),
the integrated PL intensity decreases first below 200 K and then
rises after the temperature above 200 K (region II). For high exci-
tation power (5.00 mW), the integrated PL intensity increases
within a very narrow temperature range from 180 to 200 K (region
I), and then decreasing with further increase of temperature.

The schematic diagram of defects level near the conduction
band (CB) is proposed to explain the differences, as shown in Fig. 4.
It is known that the PL intensity depends on both the radiative
recombination efficiency and the relaxation of the hot carriers. In
that sense, the whole electronic structure may influent the PL
signature. For CsPbBr3 nanocrystals, the phase transition occurs
between 361 and 403 K [50]. There is no phase transition during the
temperature-dependent measurement and the electronic structure
of CsPbbr3 NCs film remains the same. The defects level is about
15 meV lower than CB, which is almost the same as the average
phonon energy (ELO ¼ 14.9 meV) of CsPbBr3 NCs, so that electrons
can be more easily captured by defects by coupling with the
phonon. With the increase of temperature, bound electrons will
escape from the defect level and participate in radiative recombi-
nation, which give rise to the enhanced PL intensity. Beside thermal
energy, collision between electrons under high excitation power is
needed to be taken into consideration.

For low excitation power (0.05 mW), the laser thermal effect
and collision between electrons are negligible. Due to the limited



Fig. 4. Schematic model of unusual quenching in CsPbBr3 NCs film.
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number of electrons released from the defects and the existence of
thermal quenching, there is no apparent increase of emission in-
tensity at high temperature. Therefore, the integrated PL intensity
decreases all the way. For moderate excitation power (0.50 mW),
more electrons will release from the defect level under high tem-
perature. Those electrons compete with thermal quenching and
contribute to the emission, which leads to an increase in integrated
PL intensity above 200 K. For high excitation power (5.00 mW), due
to the high density of electrons generated and limited defect state
density, the escaped electrons contribute relatively weak to the
emission, which results in a small incensement compared to the
moderate excitation. Moreover, laser thermal effect and collision
between electrons will be more serious which lead to non-radiative
recombination. This is why the integrated PL intensity decreases
with further increase of temperature above 200 K as shown in
Fig. 3.

In order to confirm the correctness of the proposed model,
surface passivation experiment and the temperature-dependent PL
characterization of the treated CsPbBr3 NCs filmwas employed. The
comparison of the temperature-dependent PL spectra of CsPbBr3
NCs film before and after passivation is shown in Fig. 5(a), and the
integrated PL intensity were normalized according to the data point
of 50 K. It is obvious that the treated CsPbBr3 NCs film showed the
thermal quenching behavior. The integrated PL intensity of treated
sample is basically higher than CsPbBr3 NCs film because of the
reduction of defects. Therefore, the trap state is considered to be the
defects on the material's surface. In addition, we also performed
passivation experiment and temperature-dependent PL spectra of
Fig. 5. (a) Comparison of the integrated PL intensity as a function of temperature of the trea
temperature of the treated NPLs film and NPLs film.
quasi-2D CsPbBr3 NPLs film, which possess more surface defects
than NCs due to the larger surface-to-volume ratio [51]. The results
were shown in Fig. 5(b), and it can be clearly seen that NPLs have a
more pronounced unusual quenching with the change of temper-
ature. At the same time, there is still a slight unusual quenching
behavior of PL in the passivated NPLs film during the change of
temperature, which further confirms the correctness of the model
proposed.

Finally, to reconfirm the above model, temperature-dependent
PL lifetime measurement has been performed. In general, the PL
lifetimes for most of colloidal quantum dots such as CdSe and PbS,
decrease with increasing temperature due to dominant emission
from exciton recombination [52,53]. However, the lengthening of
the average PL lifetimes has also been observed in the colloidal
CdSe quantum dots recently, which was explained by introducing
the charge carrier trapping at surface states or localized states as
relaxation pathway and using a classical charge transfer theory
[35,54]. It can be seen that the PL lifetime increases monotonically
from low to high temperature and shows a maximum (4.02 ns) at
~300 K, as shown in Fig. 6, which implies the existence of surface
states or localized states in the CsPbBr3 NCs. The interaction of
excitons with surface states under high temperature may results in
an increase of PL lifetime of NCs.
ted NCs film and NCs film. (b) Comparison of the integrated PL intensity as a function of

Fig. 6. Temperature-dependent PL decay excited by a 375 nm laser beam.
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4. Conclusion

In summary, we studied the PL emission characteristics of all-
inorganic perovskite CsPbBr3 NCs using temperature-dependent
PL spectroscopy. The photon energy and FWHM of CsPbBr3 NCs
film is basically consistent with those reported in other literatures,
and PL emission is ascribed to the excitonic recombination. It is
interesting to observe that the integrated PL intensity of CsPbBr3
NCs film increases with temperature above 200 K. Through
temperature-dependent PL measurement under different excita-
tion powers and passivation experiments, the PL unusual quench-
ing behavior is confirmed to be related to the surface defects of
CsPbBr3 NCs. At low temperature, surface defects will capture
electrons which results in non-radiative recombination. With the
increase of temperature, the trapped electrons will gain energy
from collision or surrounding environment, then overcome the
barrier and contribute to the emission, which leads to an increase of
PL intensity. It is found that higher power will increase the release
rate of electrons remarkably. Moreover, corresponding experiments
were also performed on CsPbBr3 NPLs film, and the results are in
line with the model proposed. Finally, the temperature-dependent
PL lifetimemeasurement further confirmed the existence of surface
states in the samples. Our experimental results show that the
reasonable use of surface states will boost the application of all-
inorganic CsPbBr3 NCs.
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