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The peak shift and evolution of upconversion
luminescence from CsPbBrz nanocrystals under
femtosecond laser excitation

Qiuju Han, €22 Wenzhi Wu, (2 ¢ Weilong Liu 2@ and Yangiang Yang

The luminescent characteristics of CsPbBrs nanocrystals in n-hexane are investigated by the use of steady-
state/time-resolved photoluminescence and transient absorption spectroscopy. Compared with normal
luminescence, a redshift of the upconversion luminescence (UCL) spectrum under 800 nm femtosecond
laser excitation is observed. Time-resolved PL and TA spectroscopy under near-infrared femtosecond
laser excitation demonstrate that the full width at half maximum and peak position are changed at
various delay times, suggesting the existence of more than a single excited state. It is found that UCL is
composed of a photoinduced surface-trapping and a band-edge excitonic state, causing the observed
biexponential dynamics. We conclude that the redshift of the emission peak is caused by the relative
change in luminescent intensity between excitonic and trapping states.

1. Introduction

Halide perovskite nanocrystals (NCs) have attracted intensive
attention due to their strikingly high light-harvesting efficiency
in solar energy applications and their function as light-
absorbing direct-bandgap semiconductor materials in the last
several years.' Furthermore, these new NCs are also found to
be excellent light-emitting materials, manifesting unique
performance in electrically driven light-emitting diodes (LEDs),
optically pumped lasers and quantum dot displays.*” Halide
perovskite semiconductor NCs have recently been synthesized
to further promote their optoelectronic performance with the
aid of the quantum confinement effect, which ensures superior
photoluminescence quantum yield (PLQY) stabilized by
ligands.® Stable excitons or hole-electron pairs are created in
cesium-based perovskite NCs at room temperature even under
low-intensity light excitation, and they present high PLQY of up
to 90% without any further surface treatments.® Upconversion
luminescence (UCL) is a well-known phenomenon that refers to
nonlinear optical processes based on the sequential absorption
of two or more photons through virtual or real intermediate
energy states, leading to emission of higher energy photons
than the excitation photons. This is in contrast to normal
photoluminescence (PL), where the emission wavelength has
lower energy than the excitation wavelength.” The peak shift of
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PL spectra between normal luminescence and UCL is observed
in most of II-VI NCs' and is explained by a two-state intensity-
dependent model."* The UCL of NCs is mostly attributed to sub-
band gap surface, metastable, or intermediate states;"
furthermore, in order to achieve high PLQY, the concentration
of the trap/defect states should be low to minimize nonradiative
recombination. Two-photon excitation technique, a promising
optical method, can be used to investigate the luminescent
property of halide perovskite NCs, which are responsible for
UCL under strong laser excitation. Amplified spontaneous
emission from cesium-based perovskite NC films on substrate
is observed under two-photon laser excitation.>*** Due to the
highly ionic nature and good stoichiometry of halide perovskite
NCs, point defects are not likely to reside within the volume of
perovskite NCs.** However, the capping agent (e.g. octadecyl-
amine, ODA) is likely to replace the organic or inorganic cation
in the perovskite NCs, causing lattice disorder and surface-
related trapping states at the surface region.”'® In the elec-
tronic structure calculation of cesium lead halide perovskite
NCs, shallow surface trapping state would arise from a lead-rich
surface.’”*® Compared with normal luminescence, a redshift of
UCL peak position in CsPbBr; NC solution or film can be easily
observed.>**" There are scarce reports on the origin of emission
peak shift between normal luminescence and UCL of CsPbBr;
NCs. The nature of the trapping state needs to be systematically
explored and further understood.

In this study, UCL of CsPbBr; NCs in n-hexane is investigated
comparatively by the use of steady-state/time-resolved PL and
transient absorption (TA) spectroscopy under femtosecond
laser excitation. The change in spectra and lifetimes of transi-
tion components are observed and discussed. Time- and
spectral-resolved data can give more information to illuminate
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the mechanism of peak shift between normal luminescence and
UCL in CsPbBr; NCs. Based on these experimental results, we
intend to use an intensity-dependent energy level model to
interpret the shift of the UCL emission peak in CsPbBr; NCs.

2. Experimental

2.1. Synthesis and preparation

CsPbBr; NCs are synthesized with a hot-injection approach.
Oleylamine and oleic acid are injected at 120 °C under N,
condition. PbBr, and octadecene are loaded into a 50 mL 3-
necked flask and degassed at 120 °C for 30 min. After complete
solubilisation of PbBr, salt, the temperature is raised to 160 °C.
Cs-oleate solution is obtained by dissolving CsCO; in octade-
cene and oleic acid at 150 °C, which is then quickly injected into
the mixture. After 5 seconds, the reaction mixture is cooled
using an ice-water bath, and CsPbBr; NCs in n-hexane are
readily obtained. The PLQY of the CsPbBr; NCs is higher than
80%. High-resolution transmission electron microscope (TEM)
measurement is performed on a Tecnai G220 S-Twin micro-
scope operating at a high voltage of 200 kV. We collected the
ground-state absorption spectrum of CsPbBr; NCs on a Persee
TU-190 vis/NIR spectrometer.

2.2. Experimental sections

A femtosecond Ti: sapphire regenerative amplifier (Coherent,
Legend) produces ~120 fs pulses at 1.55 eV (800 nm) and 1 kHz.
A second harmonic B-barium borate (BBO) crystal is used to
double the photon energy of the laser pulse to 3.10 eV (400 nm),
after which a band-pass filter is used to block the residual laser
beam at 1.55 eV.

2.2.1. Steady-state PL spectrum. The emission and scat-
tered light of the sample in the vertical direction of the laser is
collected by a spectrometer (iHR550, Horiba) and detected by
a charge-coupled device (CCD). Power variations are adjusted
using an energy attenuator and measured with a power meter.
Laser pulses are focused on the sample to a spot size of 3.02
mm, which is measured by the scanning knife-edge technique.
The intensity of the 400 nm pump pulse energy is varied from
7.14 x 107% to 4.29 x 10" mJ cm >, Temperature-dependent
steady-state PL measurements are performed via a vacuum
liquid-nitrogen cryostat (Orient, KOJI) with a temperature
controller (TC202, East Changing).

2.2.2. Nanosecond time-resolved PL spectroscopy. Time-
resolved luminescence spectra are measured on a spectrom-
eter (PI instruments, SP-2500) with an intensified CCD detector
(PI instruments). Instrument response time is 2.0 ns when
scattering light pulses are measured. Due to the average PL
lifetime (~10 ns) of CsPbBr; NCs and the limitation of instru-
ment response time for ICCD, time-correlated single-photon
counting (TCSPC, Boston Electronics) can also provide
detailed information about the dynamics with the time reso-
lution of 60 ps scale in real time. The system consists of
a monochromator (SSM101, Zolix) equipped with a detector
(id100-50, ID Quantique) and a single-photon counting elec-
tronics module (SPC-130, Becker & Hickl GmbH) accounting for
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data acquisition. A supercontinuum picosecond laser (Surperk
Extreme EXB-4, NKT Photonics) is employed as the excitation
source; the optical wavelengths of 400 nm or 800 nm are used to
excite the samples, respectively.

2.2.3. TA spectroscopy. A pump beam at 400 nm or 800 nm
was used in all the TA measurements in this study. Laser pulses
at 800 nm are focused onto a sapphire window with a thickness
of 2 mm to produce white continuum light (WCL) extending
from 380 to 800 nm, which is divided into the probe beam and
the reference beam. The intensity of 800 nm laser pulse is
adjusted by an iris and a neutral density filter to obtain a stable
WLC probe beam. The probe beam is focused onto the quartz
cuvette (optical path of 1 mm) containing CsPbBr; NC solution
with a spot size of 1 mm, and the pump beam spot is ~2 mm in
diameter. Pump and probe beams are overlapped spatially at
the sample position. Detection of the probe pulses was done
with and without pump using a 500 Hz mechanical chopper.
Two highly sensitive spectrometers (Avantes-950F) are used to
collect the probe and reference beams for recording and
calculating the TA dynamic traces. The relative delay between
the pump and probe pulse is controlled with the help of
a stepper motor-driven optical delay line (Zolix, TSA-200). A
series of experiments have been performed with the pump flu-
ence changed using an energy attenuator. The sample is placed
in a quartz cuvette (1 mm) in order to reduce ground-state
absorption processes.

3. Results and discussion

3.1. Optical and structural characterization

The CsPbBr; NCs in n-hexane have their first absorption peaks
at 506 nm, which corresponds to the band-edge excitonic
absorption, as shown in Fig. 1(a). The peaks are blue shifted
from the energy gap of bulk CsPbBr; material at 551 nm.*
Electronic transitions in the centers of CsPbBr; NCs couple to
vibrations, which result in a broadening of absorption and
emission bands as well as a Stokes shift (15 nm).>* A bath-
ochromic effect is shown in the luminescence spectra. The
redshift of the emission peaks is about 13 meV (3 nm) between
the 800 nm and 400 nm femtosecond laser excitation. The
location of the emission peak does not change with various
laser intensities, but a redshift is observed at various excitation
wavelengths for CsPbBr; NCs in close-packed films® and
toluene.” A shift of the emission peak is observed. Some
researchers think the slight redshift of two-photon excitation
can be ascribed to the reabsorption effect and the size distri-
bution for traditional II-VI NCs** and carbon quantum dots.
The following mechanism of reabsorption is demonstrated: an
incoming photon with energy of fv, is absorbed by a smaller NC
in the solution, and after a delay, this excited NC emits a second
photon with a smaller energy of zv, due to the Stokes shift. This
photon is then absorbed by a larger NC in the solution; after
a similar delay, this NC emits a third photon with an even
smaller energy of Av,, and this photon will escape from the
solution and contribute to the measured PL. The frequent
occurrence of photon reabsorption results in a decrease in the
emission of the smaller NCs and an increase in the emission of
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Fig. 1 (a) Absorption and PL spectra of CsPbBrz NCs in n-hexane. (b)

Typical TEM images of perovskite CsPbBrs NCs. (c) High-resolution
TEM photograph of the individual particle, inset is the size distribution
of perovskite CsPbBrs NCs.

the larger ones.” In other words, the emission peak wavelength
in time-resolved PL spectroscopy should have a redshift with
a longer delay time. Transmission electronic microscopy (TEM)
images of the perovskite QDs are presented in Fig. 1(b). Fig. 1(c)
shows the TEM image of an individual perovskite CsPbBr; NC
with the lattice fringe of 4.3 A. Because of their deviation from
cubic shape, the sizes of CsPbBr; NCs measured along their
edges are 12.0 nm, which is consistent with the curve calculated
using effective mass approximation.® The band gap of the
sample is 2.45 eV at room temperature. Meanwhile, full widths
at half maximum (FWHMs) of the PL spectra are ~20 nm.**?*
The variation in the UCL spectra of CsPbBr; NC films is
examined the under excitation wavelength of 800 nm at various
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Fig. 2 (a) Temperature-dependent UCL spectra of CsPbBrs NC films
at 80-240 K. Inset is the PL intensity of CsPbBrz NC films as a function
of temperature. (b) Peak position and linewidths of CsPbBrs NC films as
a function of temperature.

temperatures in the range 80-240 K, as shown in Fig. 2(a). The
NC films exhibit a decrease in the PL intensity with increasing
temperature. Besides, the peak energies of these NC films shift
to the higher energy side, and the PL emission linewidths
significantly increase with increasing temperature. The UCL
intensity gradually decreases with increasing the temperature to
300 K, indicating thermal quenching of UCL emission. The
intensities of UCL and normal luminescence as a function of
temperature are fitted as shown in Fig. 2(b) by using the
Arrhenius equation,®®*” I(T) = Io/(1 + A exp(Ep/kgT)), in which I,
is the intensity at 80 K, A is a constant related to the ratio
between the radiative and nonradiative lifetimes, E}, is the
thermal quenching energy, and kg is the Boltzmann constant.
The obtained thermal quenching energy of UCL is 39.1 meV,
which is bigger than that of normal luminescence at 23.4 meV.
The thermal quenching energy can be considered to be the
exciton binding energy if no other nonradiative decay channel is
in the exciton recombination process in the all-inorganic
perovskite NCs.”® The temperature-dependent PL linewidth is
fitted using the independent Boson model as*

I(T) = Ty + Top/(e" ™" — 1) (1)
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where I'y is the inhomogeneous broadening contribution, I'y, is
the exciton-optical phonon contribution to the linewidth
broadening, and #w,, is the longitudinal optical-phonon
energy. The first term dominates in eqn (1) at relatively low
temperature, and a nearly constant broadening is expected.
hwgp, is determined to be 40.6 and 44.1 meV for 400 and 800 nm
femtosecond laser excitation, respectively. The UCL and normal
luminescence peak, as well as the FWHM of CsPbBr; NC films at
various temperatures, are shown in Fig. 2(b). With further
increase of the temperature above 230 K, the FWHM of UCL
becomes smaller than that of normal luminescence. Moreover,
the wavelengths of the emission peak between normal lumi-
nescence and UCL become different with the temperature
increase. These changes may be related to the trapping states
appearing at higher temperatures, which may indicate that
there are two decay channels (excitons and trapping carriers) at
high temperature.®® More recently, the photoactivation of
CsPbBr; NCs and blinking of single dots have revealed the
existence of defects or trapping states in the NCs.*

3.2. Power dependence of steady-state PL under
femtosecond laser excitation

Strong UCL of CsPbBr; NCs in n-hexane is observed when
800 nm femtosecond laser pulses pass through the NC solution,
as shown in the inset of Fig. 3. At the same experimental
conditions, we can see strong absorption and scattering lumi-
nescence under 400 nm femtosecond laser excitation. The UCL
intensity has a slope of 1.80 at 800 nm excitation, while the
normal luminescence intensity has a slope of 0.89, as shown in
Fig. 3. The results indicate that normal luminescence intensity
is linearly dependent on excitation power, whereas UCL inten-
sity varies quadratically with pump power. It is therefore
concluded that UCL is attributed to two-photon excitation.

3.3. Nanosecond luminescence dynamics

Time-resolved nanosecond luminescence dynamics has been
widely applied to the investigation of the nanocrystalline
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Fig. 3 Dependence of the luminescent intensity in CsPbBrs NCs on
the pump power. The inset shows the photographs of CsPbBrs NCs in
n-hexane under 400 and 800 nm femtosecond laser excitation.
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structure and excited-state photophysics. In order to study the
luminescent mechanism of CsPbBr; NCs and determine the
cause for the peak of PL spectra, we examined the luminescence
dynamics of CsPbBr; NCs in solution under 400 nm and 800 nm
laser excitation. The luminescence dynamics was measured
using TCSPC at the wavelength of 520 nm with a band-pass
filter. The average lifetimes of normal luminescence and UCL
are 9.3 and 12.7 ns, respectively. Decay data show that the
dynamic process consists of a fast component and a slow
component attributed to the excitonic state and the charge
trapping state, respectively.’>** The fast component, with life-
times much shorter than those of conventional CH;NH;PbBr;
NCs, indicates that there is one band-edge exciton recombina-
tion process.’ The slow component can be attributed to the
intrinsic trap-free charge recombination, which is sensitive to
temperature and detection wavelength. Time-resolved UCL
decays of the CsPbBr; NCs show longer average lifetime of 12.7
ns than that of normal PL, which was measured at 9.3 ns. Two
different timescales are assigned to the excitonic state emission
together with trapping state emission, fitted with a fast lifetime
of 3.6 ns at ratio of 39% and a slow lifetime of 18.4 ns at the ratio
of 61%. It is interesting to note that the trapping components of
UCL have a bit longer lifetimes than those of normal lumines-
cence, as shown in Fig. 4(a). Time-resolved normal lumines-
cence and UCL spectra are also measured with ICCD under
400 nm and 800 nm laser excitation, respectively. If the redshift
of emission spectra from normal luminescence to UCL is
dominated by reabsorption, the emission peak wavelength of
time-resolved PL spectroscopy should have a redshift with the
longer delay time. However, an opposite tendency on spectral
shift exists for CsPbBr; NCs. A peak shift of ~2 nm between
0 and 6.5 ns can be observed for normal luminescence, as
shown in Fig. 4(b); time-resolved UCL spectra indicate that the
obvious blue shift of emission peaks of about 3 nm is observed
at 0 and 6.5 ns, as shown in Fig. 4(b). With delay time
increasing, FHWMs of UCL spectra are changed from 19.5 to
18.5 nm; however, FWHMs of normal luminescence are
changed from 16.5 to 15.5 nm, as shown in Fig. 4(c). The change
in peak positions at various delay times indicates the involve-
ment of more than a single excited state. The peak shifts are
attributed to the changes in emission intensity ratio of the
surface trapping and excitonic state on the conduction band
edge at various temporal evolutions. Furthermore, the trapping
and excitonic emission peaks are close to each other, so we
cannot distinguish one from the other by their profiles and line
shapes.’** The faster component is easily observed, even
though much lower laser fluence (0.06 J cm™~?) was used. This
confirms our assignment of this component as arising from
excitonic emission rather than through an Auger-assisted
recombination process.**

The percentage of trapping luminescence changes when the
wavelength of laser excitation is changed from 400 to 800 nm.
According to our assumption, the redshift of UCL is produced
by the change in the relative intensity of excitonic and trapping
states at one- or two-photon excitation. We describe this
behaviour with the aid of the schematics in Scheme 1. There,
the thickness of the solid lines represents the luminescence

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Time-resolved PL curves of CsPbBrs in n-hexane with laser

excitation at 400 and 800 nm, respectively. (b) Nanosecond time-
resolved normal luminescence (color lines) and UCL (black solid lines)
spectra from bottom to top, fort =0, 0.5, 1.0, 1.5,2.0,2.5,4.0 and 6.5
ns. There is a 2 and 3 nm shift (vertical lines) to higher energy over time
for the 400 and 800 nm laser excitation, respectively. (c) FWHMs of PL
spectra are calculated at various time points.

intensity. When the sample is photoexcited with the photon
energy of hv, two recombination pathways emerge for photo-
induced electrons due to the existence of trapping and excitonic
states. The two excited states have various dependences on the
wavelength of laser excitation, so the change in the relative
intensity can cause a redshift of the emission peak of UCL.

3.4. Carrier dynamics by TA

TA and optical Kerr shutter measurement can provide further
information on excitation dynamics at the subpicosecond
timescale.*® In order to understand trapping states and the UCL
mechanism of CsPbBr; NCs, TA measurement in CsPbBr; NCs
is performed under 400 nm and 800 nm femtosecond laser

This journal is © The Royal Society of Chemistry 2017
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excitation, respectively. Qualitatively different TA dynamics can
be found when the excitation density is much more than one
exciton per NC, which is calculated in terms of absorption cross
section and Poisson distribution.** Pump photon fluxes are
controlled to generate the same number of excitons per particle
at a low excitation level, which corresponds to mean excitation
numbers per NCs (N), as estimated based on the absorption
cross-section (o) recorded at special wavelength and pulse flu-
ence (j, photons per cm?): (N) = gj. Here, the excitation energy
of the laser pulse is adjusted to ensure the mean excitation
numbers per NC solution (N) remains from 0.2 to 3.0, which is
comparable with the excitation laser power for time-resolved PL
measurement. An approximately symmetric spectral shape of
UCL can be obtained under 800 nm femtosecond laser excita-
tion. Here, pump power under 800 nm laser excitation is ten
times that of 400 nm laser excitation to get the same lumines-
cent intensity, which is used in time-resolved PL measurement.
However, the spatial evolution of TA for CsPbBr; NCs is asym-
metrical and complicated. Fig. 5(a) and (b) show time-resolved
AA/A spectra of CsPbBr; NCs under 400 nm and 800 nm laser
excitation, respectively.’” The delay time ranges from —3.0 ps to
602.0 ps, and the arrows indicate the evolution of the delay
time. We can see that the spectral response of CsPbBr; NCs
shows three components with various time scales, including
a long photoinduced transient bleach at ~510 nm, a quick
excited state absorption (EAS) in the range of 470-490 nm and
an additional TA signal at ~525 nm. The negative transient
bleach signal at ~510 nm is assigned to ground-state depopu-
lation, as its peak matches with the first excitonic absorption
peak, which is due to the filling of band-edge states. Photoin-
duced luminescence, which is difficult to completely rule out,
has a weak influence on this negative bleach signal.*® The
positive TA signal at 470-490 nm and 520 nm is assigned to
photoinduced absorption of excited states, which show
a similar monotonic decay behaviour and relaxation time.*
Consistent with the proposed theory, the charge carrier
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spectra contour of CsPbBrz NCs with the spectral range of 480-540 nm
under 400 and 800 nm laser excitation at (N) = 3.0.
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recombination process is inevitably influenced by trapping
states due to the trap-filling effect.*® The early time TA spectra
exhibit the typical signature of redshift for band-edge transition
and observed spectral feature with photoinduced absorption at
lower energies, and bleaching at higher. At longer times, as
charges accumulate in the lowest energy states, the photoin-
duced absorption signal decays are replaced quickly by strong
band-edge bleaching due to state filling.**

Through controlling the pump power intensity, the same AA/
A intensity of CsPbBr; NCs can be collected under 400 nm and
800 nm laser excitation, respectively. Under 400 nm and 800 nm
femtosecond laser excitation, the broad bleaching signal at
510 nm shows a redshift with delay time, suggesting that there
are multiple relaxation pathways from the band-edge excited
state after pump-laser excitation.*” The TA spectra captured at
various delay times show ~5 nm change in peak position,
suggesting the involvement of more than a single excited state.*®
The “hot” exciton is injected into a NC, and the energy required
to introduce the second exciton into the NC is reduced
compared to the single-exciton state by exciton-exciton inter-
action.*' This is a biexciton effect manifested by a redshift of
band-edge transition. With increasing (N), the data show the
faster component emerging due to the hot exciton relaxation,*
as shown in Fig. 5(c) and (d). An increase in fluence leads to the
appearance of fast component assigned to hot exciton relaxa-
tion (~tens of picosecond). It is found that the rate of hot
exciton relaxation under 800 nm femtosecond laser excitation is
faster than that of the 400 nm. Comparative investigation on
ultrafast charge dynamics of organic-inorganic hybrid perov-
skite material under 400 nm and 800 nm laser excitation are
discussed;*” the presence of trapping states in the recombina-
tion process is confirmed due to the fluence-dependent charge
decays. TA spectra contour of CsPbBr; NCs with the spectral
range of 480-540 nm under 400 and 800 nm laser excitation at
(N) = 3.0 are shown in Fig. 5(e) and (f).

Another exciton state with lower energy is proposed to
explain the redshift of band-edge transition with increasing
delay time.*“** The time- and spectral-resolved TA data indicate
that the trapping states in these CsPbBr; NCs are shallow near
the excitonic states. These results provide deeper insights into
the UCL and trapping states in CsPbBr; NCs. It indeed requires
further study to clarify the influence of trapping states near the
band-edge energy level for all-inorganic perovskite NCs.

4. Conclusions

In conclusion, upconversion luminescence in all-inorganic
halide perovskite CsPbBr; NCs is studied by the use of time-
resolved PL and TA spectroscopy. The redshift of peak posi-
tion of upconversion luminescence is 3 nm with longer delay
time. Time-resolved PL and TA spectroscopy under near-
infrared femtosecond laser excitation demonstrate that
FWHM and peak position are changed at various delay times,
suggesting the existence of more than a single excited state. It
can be found that UCL is composed of a photoinduced surface-
trapping and a band-edge excitonic state and causes the
observed biexponential dynamics. We conclude that the

This journal is © The Royal Society of Chemistry 2017
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redshift of the emission peak is caused by the relative change in
luminescent intensity between excitonic and trapping states.
These results provide more understanding of the underlying
photophysics in CsPbBr; NC materials and are necessary for the
optimization of LEDs in the future.
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