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Perovskite quantum dots (QDs) are of great interest due to their outstanding optoelectronic properties and tre-
mendous application potential. Improving photoluminescence (PL) spectra in all-inorganic perovskite QDs is of
great importance for performance enhancement. In this work, the PL quantum yield of the CsPbBr; perovskite
QD:s is enhanced from 70% to 95% with increasing radiation pressure. Such enhancement is attributed to the
increased binding energy of self-trapped excitons (STEs) upon radiation pressure, which is consistent with its

blue-shifted PL and other characterization results. Furthermore, we study ultrafast absorption spectroscopy
and find that the dynamics of relaxation from free excitons to STEs in radiation pressure CsPbBr; QD' is ascribed
to stronger electron—phonon coupling in the contracted octahedral structure. It is further demonstrated that
radiation pressure can boost the PL efficiency and explore effectively the relationship between the structure

and optical properties. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000837

1. INTRODUCTION

As is known, radiation pressure is the pressure exerted upon any
surface due to the exchange of momentum between the object
and the electromagnetic field. This includes the momentum of
light or electromagnetic radiation of any wavelength that is
absorbed, reflected, or otherwise emitted (e.g., black body
radiation) by matter on any scale [1-3]. Radiation pressure
is applied to the surface of the object, causing mechanical stress
on the object. Radiation pressure was proposed by Maxwell in
1864 and confirmed by Lebedev in 1901. The forces generated
by radiation pressure are important in some physical processes
and can find their appealing applications in many areas related
to the interaction between light and matter, which was con-
firmed by some research work in recent years [4-11]. It is a
meaningful thing to continue to seck and explore new physical
applications of radiation pressure.

Recently, inorganic perovskite materials have received exten-
sive attention for their excellent optical properties, good stabil-
ity, and low cost [12-21]. They have extensive applications in
photovoltaic perovskite solar cells [22,23], light-emitting di-
odes [24-26], high-energy detectors [27-30], lasers [31-34],
and other fields [35]. However, there are still some shortcom-
ings that significantly influence their optical and optoelectronic
properties and consequently, the device performance [36,37].
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Improving photoluminescence (PL) spectra in all-inorganic
perovskite quantum dots (QDs) is of great importance for
high-performance perovskite devices. To enhance PL quantum
yield (PLQY), a series of methods has been proposed recently,
such as a solution-based hot-casting technique and an atomic
substitution doping technique [38-43]. Among different
mechanisms that improve the performance of inorganic perov-
skite, pressure-induced enhancement provides another attrac-
tive solution. Researchers Yasutaka e @l discovered that
luminescence properties and stability of the perovskite could
be improved by mechanical pressure, which induces regulation
on the degree of octahedron distortion of the halogen perov-
skite [44—46]. Now that the radiation pressure is one kind
of pressure, a similar positive phenomenon may also happen
when interacting with perovskite. However, the effect of radi-
ation pressure on the performance of inorganic perovskite QDs
is less investigated. So the difference between the effects of ra-
diation and mechanical pressure on the optical properties of
matter is an interesting topic.

In this study, radiation pressure is exploited to enhance the
performance of all-inorganic perovskite CsPbBr; QDs for the
first time, as far as we know. All-inorganic perovskite CsPbBr;
QDs were irradiated by the 400 nm femtosecond laser under
different radiation pressures, and their optical performance to
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radiation pressure was studied by in sizu PL, time-resolved PL
(TR-PL) decay, and femtosecond transient absorption spectros-
copy (fs-TAS). It is found that the PLQYs of all-inorganic per-
ovskite CsPbBry QDs are apparently improved after radiation
pressure by a 400 nm fs laser. The experiment confirms that
radiation pressure is similar to mechanical pressure and can also
improve the luminescence performance of the perovskite QDs.
What is more, operating means of radiation pressure is more
convenient than that of mechanical pressure. So, radiation
pressure is proved to be useful in the improvement of optical
performance of inorganic perovskite.

2. RESULTS AND DISCUSSION

The CsPbBr; QD mentioned here was synthesized following a
recipe reported by Protesescu er al. with slight modification
[47]. The CsPbBry QD solution was dropped on a quartz sub-
strate and spin-coated to obtain QD films and dried naturally
in the ambient condition. The detailed fabrication process can
be found in Sec. 3. The molecular structural model of CsPbBr;
QD:s is illustrated in the inset in Fig. 1(a) (left); it can be seen
that the CsPbBr; QD has a cubic structure. Figure 1(a) shows
the UV—vis absorption and PL spectra of the QDs we prepared.
The PL peak was centered at 504 nm, with a bandwidth (full
width at half maximum, FWHM) of 20 nm. As revealed by
transmission electron microscopy (TEM), CsPbBr; QDs show
cubic morphologies highly uniform with an average side length
of 13+ 1 nm and exhibit a well-defined morphology with
good monodispersity [Fig. 1(b)]. The high-resolution TEM
(HRTEM) images [top right insets in Fig. 1(b)] reveal that
the original CsPbBr; QDs are highly crystalline and display

lattice fringes with a spacing distance of 0.57 nm. In addition,
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the uniform distribution of the large area of CsPbBr; QD thin
film was also confirmed by scanning electron microscopy
(SEM)-energy dispersive spectrometer (EDS) elemental map-
ping (see Fig. 6 in Appendix A.2).

To study the effect of radiation pressure on the property of
perovskite QDs, we conducted laser excitation experiments.
The CsPbBr; QDs film was irradiated by a fs pulse laser of
400 nm with different power intensities; the repetition fre-
quency was 1 kHz, pulse-width 35 fs, and laser focal spot diam-
eter about 1 mm, and the intensity distribution of the laser
beam was a non-uniform Gaussian distribution. According to
calculation, in such a non-uniform Gaussian light field, the
radiation pressure in the peak of pump is higher than mechani-
cal pressure. The scale of force is proportional to the intensity
gradient of the light, which is called the dipole gradient force or
the induced radiation pressure, and its specific calculation pro-
cess is shown in Appendix A.1 and Table 4 of Appendix A.I.
As shown in Fig. 2(a), the emission peak was blue shifted by
7 nm from 504 nm to 497 nm at different radiation powers
from 0.1 to 3 W, which correspond to peak radiation pressure
from 0.06 GPa to 0.38 GPa. In the figure, we also find that the
PL intensity gradually increases with the increasing radiation
power; however, it does not necessarily mean that the increasing
radiation pressure results in PL intensity enhancement. In order
to testifyto the influence of radiation pressure on PL intensity,
as shown in Fig. 1(d), under the same radiation power, the very
moment of the beginning and the time of several minutes are
compared, which shows an obvious luminescence enhancement
in the radiation-pressure-processed sample. Those interesting
phenomena are consistent with the trend under small pressure
in the literature [44]. We study the effect of radiation pressure
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(a) UV-vis absorption and PL emission spectra of CsPbBr; QDs. The inset shows the cubic perovskite structure of CsPbBrj (left) and

schematic of perovskite CsPbBry QDs after irradiation pressure (right). (b) TEM images of CsPbBrs. The inset is the HRTEM image. (c) Changes in
the PL spactra of CsPbBr; QDs under different radiation pressures of the laser. The inset shows the beam quality of non-uniform Gaussian
distribution. (d) PL spectra of the original and radiation pressure-processed CsPbBr; QDs.
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Fig. 2. XPS profiles corresponding to (a) Cs 3d, (b) Pb 4f, and (c) Br 3d of original and radiation pressure CsPbBry QDs. (d) XRD patterns of
perovskite CsPbBr; QDs with and without radiation pressure. The black line represents original QDs, and the red line represents radiation pressure
QDs. The corresponding Miller indices are labeled at the top of the diffraction peaks. (e) Optical absorption of CsPbBry QDs with increasing

radiation pressure.

on the luminescence properties of perovskite QDs from two
aspects: emission wavelength shift and luminescence intensity
change.

A. Effect of Radiation Pressure on the Emission
Wavelength Shift
In order to study the surface state situation, X-ray photoelec-
tron spectroscopy (XPS) was conducted on CsPbBr; QDs
under radiation pressure in comparison to that of original
CsPbBr; QDs. Figure 2 shows XPS peaks of Cs, Pb, and Br
on original and radiation pressure CsPbBry QDs thin film.
The high-resolution Cs 3d, Pb 4f, and Br 3d chemical states,
which agree well with CsPbBry QDs thin film, are shown in
Figs. 2(a)-2(c), respectively. After radiation pressure, no change
is found for Cs 3d peaks, indicating the low bonding inter-
actions of Cs with Br ions in the crystal lattice [Fig. 2(a)].
Furthermore, the high-resolution XPS profiles [Fig. 2(b)] re-
vealed that the binding energy of Pb** 4f5/, and Pb**
4f;/, in radiation pressure CsPbBr; QDs decreased in com-
parison to that of original CsPbBr; QDs, and the binding
energy of Br 3d in radiation pressure CsPbBr; QDs increased
in comparison to that of original CsPbBr; QDs, which are as-
cribed to the lattice contraction due to radiation pressure.
The X-ray diffraction (XRD) patterns of as synthesized
CsPbBr; QDs [Fig. 2(d)] further show that both the original
and radiation pressure CsPbBr; QDs possess cubic crystalline
structure, indicating that the radiation pressure does not change
the basic crystalline forms of QDs. However, as compared to
the original QDs, a slight shift of the diffraction peak at (200)
toward a higher angle was observed for the radiation pressure
QD:s [right panel of Fig. 2(d)], indicating the lattice contraction

due to radiation pressure. Furthermore, the optical properties of
the original and radiation pressure CsPbBr; QDs were revealed
by steady-state UV—vis absorption. From the UV—vis absorption
spectra [Fig. 2(e)], it can be clearly seen that the radiation pressure
CsPbBr; QDs induced a slight blue-shift of the characteristic
absorption edge of CsPbBr; QDs, because of the modulation
in the electronic structure of QDs induced by radiation pressure.
Moreover, the morphology and crystallinity of CsPbBr; QDs did
not exhibit a distinct change before or after radiation pressure,
which could be readily deduced from the TEM and HRTEM
images, as shown in Fig. 7 in Appendix A.3. This phenomenon
is quite similar to that in Ref. [45], and it leads to the blue-shift of
the emission wavelength. However, the results of XPS and XRD
show that the internal local structure of CsPbBr; QDs has been
contracted in radiation pressure.

B. Effect of Radiation Pressure on the Intensity
of PL
A self-trapped exciton (STE) represents a photo-induced
electron—hole pair (exciton) mediated by the interaction be-
tween the exciton and the corresponding lattice, and the in-
creased luminescence intensity may originate from an increase
of the STE in perovskite materials under pressure [48—51].
In cases of strong coupling of electrons or holes to the crystal
lattice, a carrier may be self-trapped as a small polaron in its
own lattice distortion field. A bound electron—hole pair involv-
ing such a carrier is generally described as an STE, and it may
dramatically influence luminescence, energy transport, and lat-
tice defect formation in the crystal.

To obtain an intuitive understanding of the proposed mecha-
nism, the corresponding dynamic processes in original (left) and
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Fig. 3. (a) TR-PL decays for perovskite films with radiation pressure CsPbBry QDs. (b) Schematic energy diagram of the EF and STE states in

original (left) and radiation pressure (right) perovskite QDs.

radiation pressure (right) CsPbBry QDs are schematically visu-
alized in Fig. 3(a) (red arrows). In original CsPbBr; QDs, elec-
trons transit from valence band to conduction band to form free
excitons, and the excited carriers are readily localized to form
bound excitons from the conduction band owing to strong quan-
tum confinement from the unique structure of QDs. The
formed bound excitons subsequently relax downward to the self-
trapped state (green arrows). Due to the weak electron—phonon
coupling under ambient conditions, the STE binding energy is
relatively small, and a large number of excitons spontaneously
change from self-trapping to the original bound excitons by ther-
mal movement (blue arrows). After radiation pressure induces
lattice contraction, the electron-phonon coupling is dramatically
enhanced, and the STE binding energy is increased, so that
more excited state carriers become stable STEs, and thereby
self-trapping exciton recombination is largely enhanced. The
radiation pressure effect regulates the interaction between the
exciton and the corresponding lattice of the all-inorganic per-
ovskite CsPbBrj free exciton, thereby improving the STE lumi-
nescence properties. It is found that radiation pressure can
successfully induce a dipole moment of free excitons accumulat-
ing and the lattice vibration of CsPbBr; QDs. Accordingly,
the fluorescence is gradually enhanced due to the formation
of STEs from lattice vibration and non-uniform light field of
radiation pressure:

A(r) = Ay exp(-t/7)) + Ay exp(-t/7,), (1)

where A; and A, are the relative amplitudes, and 7, and 7, are
the lifetimes for the fast and slow recombination, respectively
[52]. The TR-PL decays are attributed predominantly to exciton
radiative recombination. The bi-exponential decay result power-
fully demonstrates that two different particles take part in the
emission process, shown in Table 1. The PLQYs of original
and radiation pressure CsPbBr; QDs are 70% and 95%, re-
spectively, and from the different magnitudes of the radiation
pressure on the effect of the PLQY of CsPbBry QDs shown
in Table 5 in Appendix A.1, the PLQYs under the radiation pres-
sure CsPbBr; films are increased with larger radiation pressure.
This is because the increasing radiation pressure for CsPbBr;
QDs leads to more STEs and improves luminescence properties.
The steady-state ensemble PL lifetime measurements of the ra-
diation pressure CsPbBr; QDs showed long-lived charge carriers
with a slow PL decay curve. The measured long lifetime of

Table 1. Lifetime Fitting Results of CsPbBr; QDs Sample

Original QDs After Radiation Pressure
Value (ns) Relative (%)  Value (ns)  Relative (%)
7, 2.624 £ 0.096 91 3.771 £ 0.095 88
T, 11.45 4+ 0.145 9 20.1 £ 0.941 12
Tavg 3.42 5.75

~20 ns was almost double the lifedime of the original QDs
[Fig. 3(a) and Table 1] and also dramatically longer than that
of the original QDs. The results indicate that the short lifetime
of several nanoseconds can be explained by the originally gen-
erated excitons recombination upon light absorption, while the
long-lived component can be attributed to the excitons recom-
bination being connected with STE due to the stable excitons
at ambient conditions [53]. In addition to radiation-pressure-
induced surface reconstruction, the PL enhancement and longer
lifetime also explained the single-crystallinity phase with minimal
defects of the pressure-synthesized QDs that had a low proba-
bility of recombination with the photo-generated exciton [54].
Since the large lifetime of radiative recombination corresponds
to high PLQYs, the result shows that the proportion of excitons
participating in the radiation recombination is significantly more
than that of the original QDs, implying the radiation-pressure-
driven increase in STEs agrees well with the changes of PL
intensity.

The mechanism behind such an improvement is explained
and discussed as follows. Considering the higher quantum yield
of exciton luminescence in radiation pressure CsPbBr; QDs,
the octahedral structure vibrations of radiation pressure are
more likely to cause structural reorganization of the photo-
induced excited state. This leads to the enhanced intensity
of electron—phonon coupling under radiation pressure, which
increases the STEs’ binding energy, and the STEs cannot trans-
mit to bound excitons by thermal activation. Since the STEs are
usually formed by exciton and lattice vibration interaction, the
enhanced electron—phonon coupling here can effectively bind
the photoexcited electron—hole pairs and easily form STEs.
This will promote the concentration of STEs and boost the
possibility of radiative recombination of STEs. Such a dynamic
process illustrated here is similar to that in Refs. [50,55]. Thus,
lattice slight contraction results in a significant increase of
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electron—phonon coupling strength under radiation pressure,
and a persistent increase in PL intensity can be observed with
radiation pressure.

In addition, to elucidate the origins of radiation-pressure-
induced emission, fs time-resolved TAS was measured from the
comparative analysis of the exciton relaxation dynamics in
CsPbBr; QDs with and without radiation pressure. Figure 4
compares the transient absorption AA data obtained from
original and radiation pressure CsPbBry QDs under identical
experimental conditions including sample concentration and
pump intensity 8 pJ/cm? In the fs-TA measurements, we
adopted a pump—probe configuration featuring a UV pump
(400 nm), which is suited to induce an interband transition
for both samples.

In order to understand the carrier behavior of electron holes
in semiconductors more clearly, the characteristic dynamics and
transient spectroscopy from the graph are extracted. The left
graph in Fig. 4(a) gives the temporal evolution spectral behav-
ioral characteristics of the original sample at several represen-
tative probe delays ranging from 0.1 ps to 1 ns. We can clearly
see that its spectral behavior has two bands. For the high-energy
band, a light-induced bleaching negative signal quickly reaches
a negative maximum in 3 ps, and then slowly returns to positive
through the zero point, reaching the maximum value of the
light-induced excited state absorption, and then evolving after
a long decay time. According to Mondal and Samanta’s spectral
assignments in a comprehensive fs-TA study on the exciton
dynamics of CsPbBry QDs, we can safely attribute the two
negative probe bleach (PB) profiles, labeled PB1 and PB2, to
the ground-state bleach and the hot-exciton-induced bleach,
respectively [50].

For the low-energy band, the fast delay time of 1 ps reaches
the maximum positive signal of excited state absorbed, and then
decays at a long relaxation time and a complicated process.
Figure 4(b) shows TA spectra and kinetics of laser radiation
pressure CsPbBr; perovskite QDs at different delay times, and
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the double peak of the features is also exhibited. We attribute
the two positive photo-induced absorption (PA) profiles,
labeled PA1 and PA2, to the lowest excitonic state and
higher-lying excitonic states. What is more, the positive signals
of the excited state absorption are rapidly established and
maximized at the time of the high-energy or low-energy band.
Then their decay trend of spectral behavior is the same as the
original; we assign the positive signal of the low-energy band to
the signal of the excited state absorption in the conduction
band. The spectral changes of the PA peak near the high-energy
band from 0 ps to 3 ps are attributed to the relaxation from free
excitons (FEs) to STEs.

This fast exponential-decay component is expected to be
due to the stimulated emission from free excitons and nonther-
mal STEs, in which the binding energy of the STEs remains as
the kinetic energy of the lattice oscillation [57-59]. The decay
kinetics is due to the intra-chain vibrational relaxation from free
excitons to thermal STEs [57-59]. The transient absorbance
changes are time resolved in the wide spectral region extending
from 465 nm to 580 nm. The spectrum of the transient re-
sponse represents the coupling between excitons and vibration
of the lattice. Therefore, the transient absorption is shifted to a
higher energy. The absorption peak near the high-energy band
is assigned to the transitions from free exciton to STEs.

The resulting decay-associated spectra (DAS)-related charac-
teristic time constants are shown in Table 2: 7, = 1.768 ps £
310 fs, 7, = 13.65 ps £ 2.5 ps, and 73 = 121.9 ps & 20 ps
for the original sample, while 7, =644.0fs+0.0fs, 7, =
12.80 ps£2.4 ps, and 73 =140.1 ps 19 ps for the laser radi-
ation pressure one. The 7y, 7,, and 73 components are known
to account for the processes of intraband hot-exciton relaxation,
exciton trapping to the band gap trap states, and exciton recom-
bination, respectively [60], as schematically illustrated by the
three downward-pointing black arrows in Fig. 4(c). Clearly,
the former two processes get accelerated for the radiation pres-
sure sample as compared to the original one. This effect can be
understood as a result of the form of STE excited state [30]. As is
known, strong coupling between electronic excitations and lat-
tice vibrations is due to the form of STE, so radiation pressure
coupling with the lattice of CsPbBry QDs will cause increasing
density of the lowest excitonic state. Thus, the increasing density
of states would boost the coupling between the higher-lying ex-
citonic state and the lowest excitonic state (i.e., the 7; process)
and the coupling between the lowest excitonic state and the STE
excited states (i.e., the 7, process) [60]. The long-lived compo-
nent is considered to be induced by STE recombination with a
lifetime much longer than 100 ps (a few tens of microseconds)
(i.e., the 73 process) [61-63]. As the relative amplitude of radi-
ation pressure CsPbBr; QDs is larger compared to that of origi-
nal CsPbBr; QDs, population of STEs is greater in radiation

Table 2. Resulting DAS-Related Characteristic Time
Constants of Original and Radiation Pressure
CsPbBr; Samples

7, (ps) 7, (ps) 73 (ps)

1.768 £0.310 13.65£2.5 121.9 £20
12.80 £2.4 140.1 £19

Original QDs
After radiation pressure  0.644 £ 0
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pressure than original CsPbBry QDs, which is responsible for
the stronger PL. It suggests that more free excitons relax to
self-trapping state due to structural contraction caused by
radiation pressure. This leads to increased self-trapping state
excitons and higher PLQYs in radiation pressure CsPbBrj
QDs. This conclusion is consistent with the result of TR-PL
decays. Therefore, these results suggest that radiation pressure
induces contraction of the octahedral structure of perovskite,
thereby improving the composite luminescence of STEs in
CsPbBr; QDs.

To understand the impact of resistivity, carrier concentra-
tion, and mobility with laser radiation pressure, Hall effect mea-
surements were performed on original and radiation pressure
CsPbBr; samples in order to define any change in transport
properties. It can be observed in Table 3 that there is a strong
decrease in the resistivity from 210.2 Q.cm for original CsPbBr;
film to 61 Q-cm of radiation pressure. The laser radiation pres-
sure likely brings more free carriers resulting in the formation
of more electrons. This is supported from the Hall effect mea-
surement as the carrier density increases from 1.65 x 10'* cm™
free electron for the original sample to 1.08 x 101° cm™ free
electron under radiation pressure. The mobility of electrons
drastically increases for radiation pressure, resulting in a low
resistive original CsPbBr; film. Since the mobility increases,
the carrier concentration decreases, as shown in Table 3.

In addition, surface roughness of the films is an important
factor that affects their transport characteristics [64]. From the
atomic force microscope (AFM) images shown in Fig. 8 in
Appendix A.4, the surface roughness of the radiation pressure
CsPbBr; films increases compared to the original. The root
mean square roughness of the radiation pressure CsPbBr; films
is 14.63 nm, while that of the original CsPbBr; films is
6.515 nm. The radiation pressure CsPbBr; films have increased
surface roughness with higher free-carrier concentration corre-
sponding to lower p and higher u when compared to otherwise
identically prepared films without radiation pressure [64,65].

Recently, it has been widely recognized that perovskite
QDs appear as low-cost alternative materials to high-efficiency
wide-color-gamut display technology [47,66,67]. Generally
speaking, the key to wide-color-gamut backlight units for
liquid crystal displays (LCDs) is the high-performance and
high-efficiency green light generated by the perovskite quan-
tum dots film (PQDEF). In the present work, we focused on
green QD backlight film, which is supposed to be applied in
the display in combination with magenta LEDs (blue LEDs
with a red KSF phosphor), and it is demonstrated that radiation
pressure perovskite QDs have more promising luminescent
properties than the original.

The green QD backlight films are encapsulated in a green
perovskite QD layer sandwiched between fast-curing epoxy

Table 3. Transport Properties of Original and Radiation
Pressure CsPbBr; Samples

Resistivity Mobility Density

(Q-.cm) (cm2.vl.s) (cm™)
Original QDs 210.2 1.61 5.6 x 101
After radiation pressure 61.0 3.83 1.08 x 10"
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Fig. 5. (a) Schematic diagram of the configuration of the prototype
LED device. Normalized emission PL spectra at an applied current of
20 mA using green emissive (b) original and (c) radiation pressure
CsPbBr; QDs films. (d) Current efficiency of the devices as a func-
tion of current. (¢) Power efficiency of the devices as a function of
luminance.

adhesive films, as shown in Fig. 5(a). The thickness of the QD
layer itself is about 100 pm. The corresponding original and
radiation pressure CsPbBry QDs PL spectra under the same
condition are shown in Figs. 5(b) and 5(c), respectively. As
can be seen from the green peaks, the PL intensity of the ra-
diation pressure CsPbBr; QDs is significantly higher than that
of the original ones. Considering the high luminance with small
currents, the current efficiencies of radiation pressure CsPbBr;
LCD:s exhibit a larger peak value of 0.441 cd-A™', much higher
than that of original CsPbBr; [Fig. 5(d)]. These devices also
demonstrate higher power efficiency of 80.12 Im-W' than that
of the radiation pressure CsPbBr; QDs device (73.05 Im-W™)
[Fig. 5(e)]. It confirms that radiation pressure perovskite QDs
have excellent performance with respect to energy-saving as-
pects, which is thought being due to the very high quantum
efficiency of radiation pressure perovskite QDs.

3. EXPERIMENT

A. Preparation of CsPbBr; QDs and the Sample

of CsPbBr; QDs Films

In this study, the perovskite QDs were synthesized by a
chemical solution method and synthesized in an oxygen
and water-free environment. Most chemicals used in the
experiments, including Cs,COj3 (99.99%), octadecene (ODE,
>90%), oleic acid (OA), oleylamine (OLA, 80%-90%), and
PbBr, (99.999%), were purchased from Aladdin. Toluene
(>99.5%) was purchased from Lingfeng Chemical Reagent
Company (Shanghai, China). First, 0.0814 g cesium carbonate,
4 mL of octadecane, and 0.25 mL of OA were added into a
50 mL three-necked flask. Then they were heated under nitro-
gen to 120°C for 1 h undil all the cesium carbonate reacted
completely with OA to form Cs-oleate precursor. Then,
5 mL ODE, PbBr, (0.188 mmol), 0.5 mL of OLA, and
0.5 mL of OA were put into a 50 mL three-necked flask at
the same time and heated under vacuum at 50°C for 1 h,
and then heated under inert nitrogen gas to 120°C for 1 h.
The temperature continued to rise to 160°C under a nitrogen
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flow, and 0.4 mL Cs-oleate precursor solution preheated to
100°C was swiftly injected. After 5 s, the reaction mixture
was cooled down to room temperature with an ice-water bath.
The crude solution was centrifuged for 5 min at 11,000 r/min,
with the supernatant discarded, and the precipitate redispersed
in toluene to gain a stable CsPbBr; QDs solution. The precur-
sor solution (10 mg/mL) was spin coated onto 30 mm diameter
fused silica substrates at 1000 r/min for 60 s twice to obtain the
sample of CsPbBr; QDs films, followed by drying at ambient
conditions for 40 min.

B. Spectroscopy of the CsPbBr; QDs

The optical wavelength of 400 nm was generated by frequency
doubling of output pulse (wavelength: 800 nm, repetition rate:
1 kHz, pulse width: 35 fs) from a regenerative amplifier using
B-barium borate (BBO) crystal. The laser beam was focused
vertically onto the CsPbBr; thin film via a cylindrical lens with
focal length of 75 mm. The fluorescence spectra from the
sample were collected by a spectrometer (Avavtes AvaSpec-
3648-USB2-UA). UV-vis absorption spectra were recorded
on a Zolix Omni-DR600-SZU spectrophotometer. The pre-
pared samples in 30 mm quartz glasses were used to perform
all UV—vis absorption and emission measurements. All the
samples were measured at room temperature in air.

C. Structural and Chemical Characterization of the
CsPbBr; QDs

TEM images of non-irradiated and irradiated CsPbBr; QDs
were obtained on an FEI Tecnai G2 F30 transmission electron
microscope operating at an acceleration voltage of 300 kV. XRD
patterns of non-irradiated and irradiated CsPbBr; QDs were
obtained using a Bruker AXS GADDS MWPC diffractometer
equipped with Cu Ko X-ray radiation with a multi-wire propor-
tional counter. The operation voltage and current were 40 kV
and 25 mA, respectively. The 26 range was from 10° to 60° in
steps of 0.02°. SEM images and energy dispersive X-ray spec-
trometer (EDX) results were measured on Hitachi SU-70.
The root mean square roughness was recorded by AFM (Asylum
Research, MFP-3D Infinity, UK). The XPS measurement was
carried out on a PHI QUANTERA SXM instrument. The
X-ray spot size was 200 pm and X-ray power was 40 W. The
survey spectra were taken with a pass energy of 280 ¢V and step
size of 1 eV. The narrow spectra of each element were taken
with a pass-energy of 55 eV and step size of 0.1 eV.

D. Femtosecond Transient-Absorption Spectroscopy
and Time-Resolved Photoluminescence
Spectroscopy

The fs (0.1 ps—8 ns) TAS used in this study is based on a
regeneratively amplified Ti:sapphire laser system (Coherent,
Legend, 800 nm, 35 fs, 5 m]/pulse, and 1 kHz repetition
rate) and the Helios spectrometer (Ultrafast Systems LLC).
Pump pulse at 400 nm was generated by an optical parametric
amplifier (OPA) (Coherent, OperA Solo); the pump beam
diameter at the sample was 100 pm, corresponding to an exci-
tation density of 8 pJ/cm?. A white-light continuum (from
420 nm to 780 nm) was generated by attenuating and focusing
~10 pJ of the 800 nm pulse into a sapphire window. The probe
beam was focused with an Al parabolic reflector onto the sample
(with a beam diameter of 50 pm at the sample). The probe
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beams were focused into a fiber-optics-coupled multichannel
spectrometer with complementary metal-oxide-semiconductor
(CMOS) sensors and detected at a frequency of 1 kHz. The
delay between the pump and probe pulses was controlled by
a direct-drive delay stage. The pump pulses were chopped
by a synchronized chopper to 500 Hz, and the change in opti-
cal density at the sample resulting from the pump pulse was
calculated. The instrument limited response time was 60 fs.
Transient absorption data are calculated according to [68]

log(Zo/1ex),

where /., is the intensity of the probe light after the sample
when the excitation light was incident on the sample, and 7,
is the intensity of probe light after the sample when the excita-
tion light was blocked by an optical chopper. The samples were
pumped at wavelength of 405 nm in the TR-PL experiments
of the fluorescence lifetime spectrometer (PicoQuant Fluo
Time 300). A visible streak camera system (Olympus) was used
as a detector during the TR-PL experiments. The PLQYs of the
samples were also measured by a fluorescence lifetime spectrom-
eter (PicoQuant Fluo Time 300). The transport properties of
the samples were measured by Nanometrics HL5500 Hall
System. Current efficiency and power efficiency of the LCD
devices were collected by using auto-temperature LED opto-
electronic analyzer ATA-500 (the measurement equipment
was designed by Everfine Photo-E-Info Co., Ltd.).

4. CONCLUSION

In summary, in this work, we have found that, similar to
mechanical pressure, radiation pressure can also effectively en-
hance the PLQY of all-inorganic perovskite CsPbBry QDs, so
this work provides a more convenient method to improve the
PL performance of all-inorganic perovskite CsPbBr; QDs. The
increase of PLQY is due to the STE concentration caused by
contraction octahedra structure under radiation pressure. We
prove that radiation pressure does exist during this process,
and based on the ultra-fast spectral dynamics synergy to explore
the physical mechanism, it is confirmed that the radiation-
pressure-induced luminescence can be attributed to the en-
hancement of the optical activity of the STE and the increase
of the STEs” binding energy. The mechanisms underlying the
increasing of self-trapping state excitons after radiation pressure
were elucidated by studying the excited state dynamics proc-
esses. Furthermore, the liquid crystal display backlight film
fabricated by adopting the radiation pressure CsPbBr; QDs
showed more excellent performance with respect to energy-
saving aspects than original QDs. This finding is likely to pro-
vide insight into the microscopic physiochemical mechanism
and highly corroborate the strong correlations between struc-
tural contractions and the physical properties of QDs under
radiation pressure.

APPENDIX A

1. Calculation of Radiation Pressure

According to Maxwell’s theory of electromagnetism, an electro-
magnetic wave carries momentum, which will be transferred
to an opaque surface it strikes [69-71]. The energy flux
(irradiance) of a plane wave is calculated using the Poynting
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Table 4. Radiation Pressure on Perfect Reflector at
Normal Incidence (x¢ = 0)

Sample light intensity (W) 3 2 L5 1 0.5 0.1
Radiation pressure (GPa) ~ 0.38 0.30 0.25 0.18 0.12 0.06

Table 5. Different Magnitudes of Radiation Pressure
on the Effect of PLQY of CsPbBr; QDs

Radiation pressure (GPa) 0.38 0.30 0.25 0.18 0.12 0.06
PLQY (%) 95 91 87 85 84 80

vector § = E - H, whose magnitude we denote by S. § divided
by the speed of light is the density of the linear momentum per
unit area (pressure) of the electromagnetic field. That pressure
is experienced as radiation pressure on the surface: P = ]71,
where P is pressure (usually in Pascals), /; is the incident
irradiance intensity (usually in W/m?), and ¢ is the speed of
light in vacuum (usually in m/s) [72]. If the surface is planar
at an angle @ to the incident wave, the intensity across the sur-
face will be geometrically reduced by the cosine of that angle,
and the component of the radiation force against the surface
will also be reduced by the cosine of @, resulting in a pressure
Pincident = ]T[ cos” a.

The momentum from the incident wave is in the same di-
rection as that wave. But only the component of that momen-
tum normal to the surface contributes to the pressure on the
surface, as given above. The component of that force tangent to
the surface is not called pressure.

It reflects the photon momentum obtained by the object per
unit area per unit time. /;, laser intensity, reflects the laser
power P; per unit area.

. > .
For a Gaussian beam, /; = I, - exp(-%5), where 7, is the
0

peak intensity, and 7 is the focal spot radius:

" 2
PL=/[LdS=27r/0[0-exp(—r—2>-rdr=[0-7rr%.
0 7o

. . . . . . P
Peak light intensity at a certain location is 7y = —5.
0

The time envelope is a flat-top pulse envelope; laser energy is
E; = Py -7, where 7 is pulse width. Corresponding peak light
. R
intensity is /y = p

Corresponding light pressure is P = % (R=0) =
When the time envelope is Gaussian,

E;

¥l .
7[70-‘[-[

2

t
PLZPO-CXP(—T—Z>, EL:P()'\/;'T,

0

corresponding to the peak light pressure P = 170 = ﬁ
Based on the above formula, we calculate the magnitude of
the radiation pressure: the average pressure is small but the peak
radiation pressure is large. The theoretical calculation section,
as shown in Table 4, is the pressure on the surface of the
material under different radiation pressures. In this experiment,

we use normal incidence.

2. SEM Images of the Original CsPbBr; QDs Thin Films

WO- 8. 9mm

Fig. 6. () SEM image of CsPbBry; QDs thin film.
(b)—(d) Elemental mappings of Cs, Pb, and Br in CsPbBr; QDs.

3. TEM and High-Resolution TEM Images of
Radiation Pressure CsPbBr; QDs Thin Film

A i g Y

Fig. 7. TEM and high-resolution TEM images of radiation pressure
CsPbBr; QDs thin film.

(5

4. AFM Images of the Original and Radiation
Pressure CsPbBr; QDs Thin Film

(@

pm

Fig. 8. Comparison of AFM images of (a) the original and (b) radi-
ation pressure CsPbBr; films. The root mean square roughness is
6.615 nm and 14.63 nm, respectively.
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