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ABSTRACT
Energy transfer has been proven to be an effective method to optimize optoelectronic conversion efficiency by improving light absorption
and mitigating nonradiative losses. We prepared 2D/3D CsPbBr3 hybrid assemblies at different reaction temperatures using the hot injec-
tion method and found that the photoluminescence quantum yields (PLQYs) of these hybrids were greatly enhanced from 53.4% to 72.57%
compared with 3D nanocrystals (NCs). Femtosecond transient absorption measurements were used to study the PLQY enhancement mecha-
nisms, and it was found that the hot carrier lifetime improved from 0.36 to 1.88 ps for 2D/3D CsPbBr3 hybrid assemblies owing to the energy
transfer from 2D nanoplates to 3D NCs. The energy transfer benefits the excited carrier accumulation and prolonged hot carrier lifetime in
3D NCs in hybrid assemblies, as well as PLQY enhancement in materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0187699

I. INTRODUCTION

Designing a light-harvesting assembly that mimics natural
photosynthesis with a higher efficiency has attracted great inter-
est in the light–energy conversion area.1–3 In mimicking nat-
ural photosynthesis and biological systems, a variety of light
absorbers often work together, and regulating energy transfer
plays a pivotal role in efficient energy harvesting and optoelec-
tronic applications.4,5 Generally, energy transfer can be classified
as Dexter type with electron exchange or Förster resonance-based
energy transfer (FRET).6,7 In some semiconducting devices for
solar cells, light-emitting diodes (LEDs), bioimaging, and ampli-
fied spontaneous emission using FRET could enable a superior
performance by improving light absorption and mitigating non-
radiative losses.8,9 For instance, Huang et al. demonstrated a 38%
increase in power conversion efficiency through FRET-assisted effi-
cient harvesting of photogenerated excitons and long-range exci-
ton migration in polymer-based solar cells upon the inclusion
of squaraine.10 Lin et al. have successfully presented a stepwise
FRET strategy for a bright near-infrared system with remarkable
persistent luminescence (up to 0.2 s at 810 nm) for bioimaging
applications.11

Since 2014, metal halide perovskite nanocrystals (NCs) have
emerged as ideal semiconducting candidates in solar cells, LEDs,
lasers, photodetectors, and even photocatalysis because of their
excellent absorption coefficient, tunable bandgap, high photolumi-
nescence quantum yields (PLQYs), facile syntheses, and abundant
precursor materials.12–17 In addition, the composition and mor-
phology of perovskite NCs can be precisely controlled upon vary-
ing the ligands, reaction temperatures, and precursors, allowing
for comprehensive studies on exciton fine structure, level inver-
sion, polaron formation, and especially the energy- and electron-
transfer processes.18–20 For improving the energy transfer efficiency,
a directional energy flow based on FRET can be achieved by con-
trolling the perovskite size and morphology.21–23 This energy fun-
neling results in rapid charge-carrier localization and increased
carrier concentration in acceptors, which can enhance the bimolec-
ular recombination rate and facilitate the buildup of population
inversion.24

Over the years, efforts have been devoted to the energy
transfer between quasi-2D perovskites and 3D bulk perovskites,
or perovskite NCs between luminescent molecules. Huang et al.
demonstrated an enhanced amplified spontaneous emission in
quasi-2D perovskites through a more efficient FRET pathway.25
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DuBose and Kamat probed the excited-state interactions with an
energy transfer process occurring on the ∼200 ps time scale in
a CsPbBr3–Rhodamine B hybrid assembly.26 For 2D nanoplates
(NPLs), as the bandgap can be conveniently controlled upon adjust-
ing the layer number, which enables the careful assessment of
quantum-confinement effects in the NPLs,27 an energy transfer
from 2D NPLs to 3D NCs can be achieved by constructing 2D/3D
perovskite hybrids. This could provide an effective way to manip-
ulate the hot carriers in 3D NCs and influence the PL property of
perovskite NCs.

In this study, 2D/3D CsPbBr3 hybrid assemblies were pre-
pared at different reaction temperatures using the hot injection
method. Upon changing the reaction temperature from 160 to
80 ○C, pure 3D CsPbBr3 NCs, 2D/3D CsPbBr3 hybrid assemblies,
and 2D CsPbBr3 NPLs were prepared, respectively, which were
demonstrated using a transmission electron microscope (TEM) and
UV–Vis absorption spectra. We found that the sample prepared at
100 ○C had the highest PLQY of 72.57%, and the photoluminescence
(PL) enhancement was attributable to more efficient FRET pro-
cesses. Femtosecond transient absorption measurements were used
to examine the FRET process as well as the photoinduced carrier
dynamics during the FRET process in the 2D/3D CsPbBr3 hybrid
assemblies.

II. EXPERIMENTAL SECTION
A. Materials

Cesium carbonate (Cs2CO3, Aldrich, 99.9% metals basis),
lead(II) bromide (PbBr2, Meryer, 99%), oleic acid (OA, Meryer,
85%), oleylamine (OAm, Meryer, C18: 80%–90%), octadecene
(ODE, 90%, Aldrich), and hexane (C6H14, Sinopharm Chemical
Reagent Co., Ltd., ≥97.0%) were used. All the chemicals were used
without further treatment.

B. Synthesis of Cs-oleate precursor
The cesium oleate solution was prepared following the reported

approach by Protesescu et al. 0.412 g of Cs2CO3 and 1.25 ml of OA
were loaded into a 50 ml three-neck flask along with 20 ml ODE
and degassed under vacuum for 10 min followed by purging with
N2 for 10 min at 120 ○C by the Schlenk system with continuous
magnetic stirring. The process of alternate application of vacuum
and N2 was repeated three times to remove the moisture and O2
in the reaction mixture. Then, the temperature of the reaction mix-
ture was increased to 150 ○C under N2 until all Cs2CO3 reacted with
OA and turned to a yellowish stock of Cs-oleate precursor. Since the
Cs-oleate precipitates out of ODE at room temperature, it has to be
preheated to 100 ○C before injection.

C. Synthesis of 2D/3D CsPbBr3 hybrid assemblies
10 ml of ODE and 0.138 g of PbBr2 were loaded into a 50 ml

three-neck flask and dried under vacuum for 1 h at 120 ○C. Dried
OAm (1 ml) and dried OA (1 ml) were injected at 120 ○C under N2.
After complete solubilization of PbBr2, the temperature was changed
to 80, 100, 120, 140, and 160 ○C, and the hot (∼100 ○C) Cs-oleate
solution (0.8 ml in ODE, prepared as described above) was quickly
injected, and the reaction mixture was immediately cooled by the
ice-water bath. The crude solution was separated by centrifuging

at 10 000 rpm for 5 min, followed by dispersion of precipitation in
hexane for further characterization.

D. Characterization
Powder x-ray diffraction was performed using a Shimadzu

XRD-6100 diffractometer with Cu-Kα radiation (λ = 1.5406 Å). A
UV-2600 spectrophotometer (Shimadzu) was employed to exam-
ine the absorption spectra. The photoluminescence spectra were
recorded using an OmniFluo-960 spectrometer (Zolix). The time-
resolved PL spectra and PLQYs were recorded using a FLS920 spec-
trometer (Edinburgh). For the time-resolved PL spectra, a picosec-
ond pulsed LED (central wavelength: 375 nm and repetition rate:
10 MHz) was used as the excitation light source. For PLQYs, an
excitation light source (400 nm) was selected from the Xe lamp
spectrum. Transmitted electron microscopy (TEM) images and high
resolution TEM (HRTEM) images were acquired using a JEOL JEM-
2100 transmission electron microscope with an acceleration voltage
of 200 keV.

E. Femtosecond time-resolved transient absorption
Femtosecond time-resolved transient absorption (TA) mea-

surements were employed on a home-built setup with pump and
probe beams generated by a mode locked amplified Ti:sapphire
laser system (Coherent Legend, 800 nm, 100 fs, and 1 kHz rep-
etition rate). The 400 nm pump beam was operated at second
harmonic generation (SHG) of 800 nm beam. The probe beam,
white light continuum (WLC) ranging from 450 to 750 nm, was
produced by focusing the 800 nm pulses into a 1-mm-thick sap-
phire plate. A motorized delay stage was applied to control the delay
between the pump and probe pulses. The repetition rate of pump
beam was reduced to 500 Hz using a synchronized chopper. The
transmitted probe pulses from the samples were collected using a
fiber-coupled spectrometer. By comparing the transmitted probe
pulses with and without the pump pulse, TA spectra as a function
of delay time between the pump and probe pulses were obtained. In
the measurements, the samples were filled in 1 mm cuvettes, and the
temporal resolution and excitation density are 100 fs and 51 μJ/cm2,
respectively.

For a typical TA measurement, the TA signal intensity was
characterized using optical density expressed by Ax = log(I0/I),
where I is the transmitted probe light intensity and I0 is the incident
probe light intensity. The time-dependent light-induced absorption
change caused by the pump pulse could be evaluated by the dif-
ference between probe light intensity measured with (Ipump) and
without (Iunpump) the pump pulse, which was calculated using the
following formula:

ΔA(λ, t) = log(
I0

Ipump
) − log(

I0

Iumpump
)

= log(
Iumpump

Ipump
),

where t is the delay time between the pump and probe pulses and λ
is the wavelength of the probe light.
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III. RESULT AND DISCUSSION

The 2D/3D CsPbBr3 hybrid assemblies were prepared using
the conventional hot injection method at different reaction tem-
peratures, with detailed processes presented in the supplementary
material. The samples were prepared with the temperatures set at
160, 140, 120, 100, and 80 ○C. As shown using a TEM in Fig. 1(a), 3D
CsPbBr3 NCs without 2D NPLs as control samples with symmetrical
nanocubes of 13.3 nm were successfully prepared at 160 ○C. Fur-
thermore, the lattice fringes were measured using a high-resolution
transmission electron microscope (HRTEM) in Fig. 1(b), which
showed lattice spacings of 0.29, 0.41, and 0.59 nm. Combined with
x-ray powder diffraction (XRD) characterization [Fig. 1(c)], these
lattice spacings corresponded to the (200), (110), and (100) planes of

CsPbBr3 NCs. The inset in Fig. 1(a) indicates the green emission of
a sample excited using 365 nm light.

The TEM and HRTEM micrographs of the products prepared
at 140, 120, 100, and 80 ○C are shown in Figs. 2(a)–2(h), respec-
tively. As shown in Fig. S1, with decreasing temperature, the size
of NCs decreased from 13.3 nm at 160 ○C to 9.7 nm at 140 ○C
and further to 7.2 nm at 120 ○C. Moreover, NPLs were formed
at a lower reaction temperature, which is similar to the related
literature, and their proportion in the products increased as the
reaction temperature decreased (as shown in Fig. 2).27–30 It can
be seen from the TEM results that most of the NPLs are stand-
ing owing to their orient assemblies, making the determination
of the formation of nanoplates difficult. Notably, there are also
some lying NPLs, which were marked by red dotted frames in

FIG. 1. TEM (a) and HRTEM (b) micrographs for 3D CsPbBr3 NCs. (c) XRD spectra of samples synthesized at 160, 140, 120, 100, and 80 ○C.

FIG. 2. TEM micrographs of products prepared at 140 ○C (a), 120 ○C (b), 100 ○C (c), and 80 ○C (d); HRTEM micrographs of products prepared at 140 ○C (e), 120 ○C (f),
100 ○C (g), and 80 ○C (h).
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the TEM micrographs and could be the evidence of NPLs. Under
365 nm excitation, the products could emit bright jade green,
cyan, turquoise, and blue light at a lower reaction temperature,
which was attributable to the formation of smaller NCs and thinner
NPLs. The smaller NCs and thinner NPLs enhanced the perovskite
quantum confinement and led to PL blueshift. The XRD charac-
terization was used to examine the crystal structure further. Upon
comparing with the database, the sample XRD results were in
good agreement with the standard XRD patterns, corresponding to
the PDF cards of 00–018–0364 for CsPbBr3 NCs prepared at 140
and 120 ○C. To differentiate CsPbBr3 NCs, small-angle diffraction
peaks at 120, 100, and 80 ○C were used, which were attributable
to 2D CsPbBr3 NPLs. Furthermore, the sample lattice fringes pre-
pared at different temperatures were measured and are shown in
Figs. 2(e)–2(h). Consistent with NCs prepared at 160 ○C, the lat-
tice spacings of 2D/3D CsPbBr3 hybrid assemblies were 0.41 and
0.59 nm, which corresponded to the (110) and (100) planes of
CsPbBr3.

The UV–vis absorption and PL spectra of 2D/3D CsPbBr3
hybrid assemblies were measured and are shown in Figs. 3(a) and
3(b), respectively. It was clearly observed that the absorption edge of

3D CsPbBr3 NCs blueshifted from 510 nm (at a preparation temper-
ature of 160 ○C) to 499 nm (at a preparation temperature of 100 ○C)
gradually, which could result from the increasing quantum con-
finement caused by smaller NCs. Moreover, sharp absorption peaks
appeared at preparation temperatures of 120, 100, and 80 ○C. These
sharp peaks are attributable to exciton absorption within specific lay-
ers of 2D NPLs. The absorption peak at 484 nm is attributable to
the exciton absorption of five-layer NPLs (n = 5) at a preparation
temperature of 120 ○C. At a preparation temperature of 100 ○C, two
absorption peaks at 473 and 484 nm were observed, which corre-
sponded to the exciton absorption of four- and five-layer NPLs (n
= 4 and 5). An absorption peak at 410 nm was found at a prepa-
ration temperature of 80 ○C and was attributable to the exciton
absorption of monolayer NPLs (n = 1). However, no monolayer
but thicker 2D NPLs were observed in TEM, which might be due
to monolayer instability and continuous growth into thicker NPLs.
Furthermore, although it was observed using TEM, there was no
exciton absorption peak for products prepared at 140 ○C, and this
was attributable to the low proportion of 2D NPLs. The corre-
sponding products prepared at different temperatures are shown in
Table S1.

FIG. 3. UV–vis absorption (a) and PL (b) spectra of products at different reaction temperatures; (c) TRPL spectra results of products at different reaction temperatures; and
(d) PLQYs of products at different reaction temperatures.

J. Chem. Phys. 160, 034704 (2024); doi: 10.1063/5.0187699 160, 034704-4
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FIG. 4. Transient absorption spectra at selected delay times prepared at 140 ○C (a), 120 ○C (b), 100 ○C (c), and 80 ○C (d).

In order to characterize the PL properties, sample PL spectra
were obtained at a 400 nm excitation and are shown in Fig. 3(c). As
the proportion of 2D NPLs increases, the emission peaks blueshift
from 518 nm (at a preparation temperature of 160 ○C) to 488 nm
(at a preparation temperature of 80 ○C). In addition, the PL spec-
tra broadened because of an increase in the 2D NPL content. The
time-resolved photoluminescence (TRPL) spectra were character-
ized to obtain photogenerated carrier dynamics. Based on Fig. 3(c),
it was seen that the PL lifetime (the fitted lifetime parameters
are shown in Table S2) of the products decreased from 10.1 ns
(at a preparation temperature of 160 ○C) to 4.8 ns (at a prepara-
tion temperature of 80 ○C) with an increasing proportion of 2D
NPLs. With the size (from 13.3 to 7.2 nm) and dimensionality
(from 3D to 2D) reduction of perovskite NCs, the exciton bind-
ing energy would be enhanced and result in the expediting of
photogenerated carrier recombination rate.31–33 Hence, the PL life-
time would be reduced with the preparation temperature decreasing
from 160 to 80 ○C.

To attain the optical conversion performance of the products,
an integrating sphere was used to measure the PLQYs [400 nm
excitation, filtered from a xenon lamp, Fig. 3(d)]. The PLQY of
the sample prepared at 160 ○C was 53.4%, which was consistent
with the value of 3D CsPbBr3 NCs in previous reports.12 For

pure 2D NPLs prepared at 80 ○C, the PLQY was 61.58%, while
the PLQYs were significantly increased to 68.58% and 72.57%
for the 2D/3D CsPbBr3 hybrid assemblies prepared at 120 and
100 ○C, respectively. Charge transfer refers to the electron and/or
hole transfer from excited semiconductor nanocrystals to another
semiconductor nanocrystals or molecular relay present near the
interface.34 Energy transfer often occurs between two materials, of
which one is an energy donor and the other is an energy accep-
tor. The energy transfer occurs due to the charge–charge inter-
action between oscillating donor and acceptor dipoles in close
proximity (1–10 nm).7 For the 2D/3D CsPbBr3 hybrid assemblies
prepared in this work, combining with TEM and UV–vis absorp-
tion characterization results, the NPLs’ emission spectra could
overlap with the NCs’ absorption, and the distance (1–10 nm)
between NPLs and NCs was suitable for energy transfer. Hence,
we concluded that the improved PLQYs for 2D/3D CsPbBr3 hybrid
assemblies resulted from an effective energy transfer from NPLs
to NCs.

In order to clarify the internal energy transfer mechanism of
2D/3D CsPbBr3 hybrid assemblies, the synthesized samples were
characterized using femtosecond transient absorption (TA) mea-
surements. Femtosecond TA was widely used to investigate the
relaxation and transfer processes of photogenerated carriers in
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FIG. 5. Rising (a) and relaxation (b) times for the GSB signal of 3D CsPbBr3 NCs (510, 506, 502, and 499 nm) at different reaction temperatures; the rising (c) and relaxation
(d) times for the GSB signal of 2D CsPbBr3 NPLs at 484 nm (n = 5) at different reaction temperatures. TR: temporal resolution; τR: rising time; and τD: decay relaxation time.

semiconductors.35–37 When the CsPbBr3 NCs were excited, carriers
in the valence band (VB) were excited to the conduction band (CB),
causing the filling of CB and bleaching of ground state absorption
(GSB). The positive peak, namely, photoinduced absorption (PIA),
at the blueshift region of the GSB signal, was originated from the
absorption arising from the excited state carriers.38–40 Upon com-
paring the rising and relaxation times of GSB of different samples,
the energy transfer process was obtained.33 The 2D pseudo-color
TA spectra for 2D/3D CsPbBr3 hybrid assemblies are shown in
Fig. S2, from which the TA spectra at selected delay times were
extracted and are shown in Fig. 4. The negative absorption at 510
and 506 nm was attributable to the GSB effect for 3D CsPbBr3 NCs
prepared at 160 ○C (Fig. S3) and 140 ○C [Fig. 4(a)], corresponding
to the absorption edge of 3D CsPbBr3 NCs, respectively. With a
decrease in preparation temperature, 2D NPLs formed in the prod-
ucts, and the corresponding bleaching signals from the 2D NPL
absorption were observed in the TA spectra. The dips at 484 nm
in Figs. 4(b)–4(d) corresponded to the bleaching of five-layer NPL
absorption, while those at 473 nm in Figs. 4(c) and 4(d) corre-
sponded to the bleaching of four-layer NPL absorption. The dip at
457 nm in Fig. 4(d) corresponded to the bleaching of three-layer
NPL absorption. In addition, the GSB signal of 3D CsPbBr3 NCs

absorption blueshifted with decreasing preparation temperature,
which resulted from the decreased NC size and increased quantum
confinement effect.

The kinetic curves (Fig. 5) for the GSB signal of 3D CsPbBr3
NCs were extracted to study the development and relaxation dynam-
ics for ultrafast carriers in 2D/3D CsPbBr3 hybrid assemblies. The
rising time for the GSB signal of 3D CsPbBr3 NCs (499, 502, 506,
and 510 nm) and 2D CsPbBr3 NPLs (n = 5; 484 nm) with differ-
ent proportions of 2D NPLs was analyzed. From Fig. 5(a), it was
observed that the rising time of the GSB signal increased with an
increase in 2D NPLs. The rise in the GSB signal for 3D CsPbBr3
NCs prepared at 160 ○C was fitted using a single-exponential func-
tion [as shown in Fig. 5(a)], and a fitted rising time of 0.36 ps was
attributable to the relaxation of the excited state hot carrier.39,40

The rise in the GSB signal for 3D CsPbBr3 NCs prepared at 140,
120, and 100 ○C was fitted using dual-exponential functions, and
averaged rising times of 0.82, 1.36, and 1.88 ps were obtained (as
shown in Table S3), indicating a longer lifetime for the excited state
hot carriers compared with pure 3D NCs. The rise of the GSB sig-
nal in 2D/3D CsPbBr3 hybrid assemblies includes two processes:
the fast process (τ1) in 2D/3D CsPbBr3 hybrid assemblies could
correspond to the hot carrier relaxation time in 3D NCs being

J. Chem. Phys. 160, 034704 (2024); doi: 10.1063/5.0187699 160, 034704-6
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FIG. 6. Schematic of the hot carrier relaxation of 3D CsPbBr3 NCs and (b) energy
transfer of 2D/3D CsPbBr3 hybrid assemblies. CB: conduction band and VB:
valence band.

consistent with the rising time for pure CsPbBr3 NCs, while the
slow process (τ2) was attributed to the energy transfer from the
2D CsPbBr3 NPLs to the 3D CsPbBr3 NCs. Moreover, as shown in
Table S3, with the increase ratio of 2D CsPbBr3 NPLs, the energy
transfer time (τ2) increases from 1.6 ps (140 ○C) to 2.9 ps (100 ○C),
resulting in more carriers accumulated into the 3D CsPbBr3 NCs
with longer hot carrier lifetime for the samples prepared at 100 ○C.
The energy transfer could not only cause an increase in the rising
time of the GSB signal but also prolong the photogenerated carrier
lifetime. Figure 5(b) shows the carrier relaxation processes in dif-
ferent samples from the picosecond to the nanosecond region. We
found that the effective energy transfer improved the excited state
carrier lifetime from 374.7 to 1205.1 ps for 3D CsPbBr3 NCs pre-
pared at 160–100 ○C (the fitted lifetime parameters are shown in
Table S4).

In addition to the energy transfer from 2D NPLs to 3D NCs, an
energy transfer from thinner (n = 2, 3, and 4) to thicker (n = 5) 2D
CsPbBr3 NPLs also took place. The rising kinetics at 484 nm [n = 5,
Fig. 5(c)] were extracted from the TA spectra, and the rising time
increased from 0.26 to 1.0 ps (as shown in Table S5) when the reac-
tion temperature changed from 120 to 80 ○C. The prolonged rising
time of the GSB signal for 2D NPLs indicated that an energy trans-
fer from n = 2, 3, and 4 to n = 5 for 2D CsPbBr3 NPLs occurred in
the hybrids. The relaxation dynamics of 484 nm also showed that
the energy transfer effectively increased the excited state carrier life-
time, from 153.3 to 701.7 ps, for samples prepared at 120–80 ○C
[as shown in Fig. 5(d), and the fitted lifetime parameters are shown
in Table S6].

A model was presented to illustrate these energy transfer pro-
cesses in the 2D/3D CsPbBr3 hybrid assemblies, as shown in the
diagram of Fig. 6. The hot carrier relaxation process of 3D CsPbBr3
NCs is shown in Fig. 6(a), which corresponded to a 0.36 ps lifetime.
Moreover, as shown in Fig. 6(b), both 2D CsPbBr3 NPLs and 3D
CsPbBr3 NCs were excited at 400 nm. Due to the overlap of the emis-
sion spectrum of 2D CsPbBr3 NPLs and the absorption spectrum of
3D CsPbBr3 NCs, an orderly energy transfer could occur in 2D/3D
CsPbBr3 hybrid assemblies, and carriers accumulated gradually, and
the hot carrier lifetime improved to 1.86 ps in 3D CsPbBr3 NCs,

effectively improving the energy utilization efficiency and PLQYs.
In our experiments, a higher proportion of 2D CsPbBr3 NPLs were
at lower reaction temperatures, and the energy transfer from 2D
CsPbBr3 NPLs to 3D CsPbBr3 NCs was more effective, which not
only made the carriers collect at the NCs but also increased the hot
carrier lifetime. The photogenerated carrier radiation recombina-
tion of 3D CsPbBr3 NCs increased, thus effectively improving the
PLQYs.

IV. CONCLUSIONS
In summary, 2D/3D CsPbBr3 hybrid assemblies were pre-

pared by changing the reaction temperature, and the sample
PLQYs improved from 53.4% to 72.57%. The improved PLQY
was attributable to energy transfer from 2D NPLs to 3D CsPbBr3
NCs. The energy transfer mechanism was clarified using femtosec-
ond resolved TA measurements. Upon comparing the rising and
decay times for the GSB signal of 3D NCs, an energy transfer from
2D NPLs to 3D NCs was demonstrated. Photogenerated carriers
accumulated continuously at the narrow bandgap of 3D CsPbBr3
NCs, which prolonged the carrier lifetime and further improved
the energy utilization efficiency. We believe that this study will pro-
vide insights into the energy transfer mechanisms in semiconductor
materials.

SUPPLEMENTARY MATERIAL

The supplementary material contains the size distribution of
samples prepared at 160, 140, and 120 ○C (Fig. S1). The 2D pseudo-
color TA spectra for all samples (Fig. S2), TA spectra at selected delay
time prepared at 160 ○C (Fig. S3), the table of composition of sam-
ples prepared at different temperatures, fitting parameters for PL
decays, and TA rising and relaxation processes (Tables S1–S6) are
also included in the supplementary material.
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