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Abstract: In this study, the ultrafast photo-induced carrier dynamics of red-emitting PQDs
during structural degradation was investigated using time-resolved transient absorption spec-
troscopy. The spectroscopic analysis revealed how the carrier dynamics varied when PQDs were
exposed to a polar solvent. Three decay modes (carrier trapping, radiative carrier recombination
and trap-assisted non-radiative recombination) were proposed to analyze the carrier dynamics
of PQDs. The light-emitting property of PQDs is primarily influenced by radiative carrier
recombination. This study demonstrates that structural degradation induced halide migration
within PQDs and the formation of defects within the crystal lattice, leading to a proliferation
of carrier trapping states. The increased trap states led to a reduction in carriers undergoing
radiative carrier recombination. Additionally, PQDs degradation accelerated radiative carrier
recombination, indicating a faster escape of carriers from excited states. Consequently, these
factors hinder carriers remaining in excited states, leading to a decline in the light-emitting
property of PQDs. Nevertheless, increasing an excitation fluence could reduce the carrier
trapping mode and increase the radiative carrier recombination mode, suggesting a diminishment
of the impact of carrier trapping. These findings offer a more comprehensive understanding
of structural degradation of PQDs and can contribute to the development of PQDs with high
structural stability.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Quantum dots (QDs) have garnered considerable interest in the field of opto-electronics and
wide range of applications [1,2]. Among the various types of QDs, halide perovskite quantum
dots (PQDs) have emerged as promising materials in diverse fields, thanks to their exceptional
optical characteristics, such as a high photoluminescence quantum yields (PLQYSs), a narrow
photoluminescence (PL) bandwidth, and easily tunable PL emission [3,4]. Due to these
characteristics, PQDs exhibit impressive brightness and color purity, making them highly suitable
for utilization in light-emitting diodes (LEDs) for next-generation display applications [5,6] and
bio-imaging applications [7]. However, despite their excellent opto-electronic properties, PQDs
face a significant challenge in terms of their poor structural stabilities because they are readily
degraded and decomposed by the effect of environmental factors, such as moisture and oxygen
[8-10].

In the case of red-emitting PQDs, a mixed halide composition of bromine (Br) and iodine (I)
is required, as illustrated in Fig. S1a. Numerous studies have reported on the degradation arising
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from the instability of I- ions in mixed halide perovskites designed for red-emitting materials
[11-13]. Particularly, due to easy migration of I” ions within the perovskite crystal lattice (Fig.
S1b), the defect formation occurs easily, leading to poor structural stabilities [ 14,15]. The presence
of defects within the perovskite crystal lattice leads to the proliferation of trap states that capture
the photo-induced charge carriers, consequently degrading the optical properties of PQDs [16].
For this reason, numerous researchers have investigated the structural degradation in red-emitting
CsPb(Br;_xIx)3 QDs [17-19]. However, the underlying structural degradation mechanism has
remained poorly understood, because previous studies about structural degradation of PQDs
have mainly relied on macroscopic and steady-state analyses. Conversely, there have been
extensive researches on ultrafast and time-resolved analyses of photo-induced carrier dynamics in
perovskite materials using transient absorption (TA) spectroscopy [20-25]. Nevertheless, these
TA spectroscopy studies did not show clear relationship between the structural stability and the
carrier dynamics during degradation of PQDs.

Motivated by these considerations, this study deeply investigated the photo-induced charge
carrier dynamics of red-emitting core-shell CsPb(Brg 251p75)3 @SiO, QDs during structural
degradation, to reveal the effect of defects within perovskite lattice and to gain insights into
the structural degradation process of PQDs at the ultrafast timescale and carrier-level. To
maintain a controlled environment for structural degradation, the PQDs solution was mixed with
a moderately polar solvent, butanol (BuOH). BuOH is not the common choice, because most of
studies have predominantly used H,O as polar solvent for inducing structural degradation of PQD.
However, we intended to utilize various experimental methods including photoluminescence
(PL), transmission electron microscopy (TEM), X-ray diffraction (XRD), and TA spectroscopy to
analyze the structural degradation of PQDs. Therefore, it was necessary to maintain a condition
that would have a minimal impact during a series of measurements to ensure reproducibility. The
use of H>O as the polar solvent for structural degradation of PQDs would have led to significant
variation in the results of measurements due to the time required for each measurement or time
intervals between measurements. For this reason, BuOH, with lower polarity compared to
H,O, was chosen to slow down the structural degradation of PQDs. Furthermore, an additional
advantage of BuOH is its miscibility with toluene, the dispersion solvent for PQDs used in this
study, while H,O does not mix well with toluene. This ensures the homogeneous degradation of
PQDs even in solution, which was essential for maintaining consistent observations regardless of
measurement positions. Subsequently, TA measurements were conducted on the PQDs solution
with gradually increasing the exposure time to BuOH in order to progressively increase the effect
of structural degradation. Consequently, the optical characteristics of the red-emitting PQDs
were elucidated based on the ultrafast spectroscopic analysis about the photo-induced charge
carrier dynamics varying with increasing BuOH exposure time.

2. Experimental methods
2.1.  Preparation of core-shell CsPb(Bry s ly.75); @SiO, QDs

PQDs were synthesized using a modified hot-injection method [19]. The schematic diagram of
the modified hot-injection process is illustrated in Fig. S2. Cs-Oleate was prepared by adding
0.6 mmol of Cs,CO3 (99%, Sigma-Aldrich), 0.7 mL of oleic acid (OA, 90%, Sigma-Aldrich),
and 8 mL of 1-octadecene (ODE, 90%, Sigma-Aldrich) into a 25 mL two-neck flask. The Pb-pot
was prepared by adding 0.08 mmol of PbBr, (98%, Sigma-Aldrich) and 0.24 mmol of Pbl,
(99.999%, Sigma-Aldrich) into another 100 mL two-neck flask containing 15 mL of ODE. The
flasks were then degassed under vacuum at 100 °C for 30 minutes. After degassing, the gas lines
were connected to N,. Next, 1.5 mL of OA, 0.4 mL of oleylamine (OAm, 70%, Sigma-Aldrich),
and 1.2 mL of 3-aminopropyltriethoxysilane (APTES, 98%, Sigma-Aldrich) were added to the
Pb-pot to dissolve the Pb precursor. The temperature of the Pb-pot was then raised to 165 °C,
and the prepared Cs-Oleate (preheated at 150 °C) was quickly injected. The crude solution



Research Article Vol. 31, No. 24/20 Nov 2023/ Optics Express 40354 |
Optics EXPRESS A N \

was quenched in an ice bath after ~ 20 seconds of reaction. To collect the purified core-shell
CsPb(Bry2519.75)3 @SiO, QDs, the supernatant solution was first centrifuged with acetone at
8000 rpm for 3 minutes. Then, the precipitates were centrifuged with methyl acetate at 15000 rpm
for 5 minutes. Finally, the precipitates were dispersed in toluene. The concentration of PQDs in
the solution was measured to be ~ 8.75 mg/ml.

2.2. Transient absorption spectroscopy (TAS)

Ultrafast photo-induced charge carrier dynamics of CsPb(Brg2519.75)3 @SiO, QDs was investi-
gated using time-resolved TA spectroscopy with a pump-probe setup based on a femtosecond
laser system. Schematic diagram of the ultrafast TA spectroscopy system is presented in Fig.
S3. The TA spectroscopy system was based on seed pulses from a Ti:Sapphire laser (MaiTai,
Spectra-Physics) and a femtosecond Ti:Sapphire laser amplifier system (Spitfire Ace PA, Spectra-
Physics). Two Q-switched lasers (Empower, Spectra-Physics) were employed for pumping the
output pulses. The generated fundamental pulse exhibited a full width at half maximum of ~ 36
fs in temporal profile and ~ 26 nm in spectral profile centered at 805 nm with a repetition rate
of 1 kHz. The fundamental beam was divided into two paths: a pump beam and a probe beam.
The pump beam underwent frequency doubling through second harmonic generation. The probe
beam was used for supercontinuum generation to obtain a broadband wavelength range from
visible to near-infrared (450 ~ 1000 nm). The polarization angle between the pump and probe
beams was adjusted to the magic-angle (54.7°). The PQDs solution was filled in a quartz cuvette
with 1 mm optical pathlength, and the cuvette was placed in a cuvette holder where the focused
pump and probe beams overlapped at room temperature (293 K).

2.3. Photoluminescence (PL)

Photoluminescence (PL) spectra of the PQDs solution were measured using two monochromator
systems (SP-2150i and SP-2300i, Acton) equipped with a photomultiplier tube (PMT, Acton
PD471) and a Xenon lamp as an excitation light source. The photoluminescence quantum yields
(PLQYSs) of PQDs were calculated relative to Rhodamine 101 with a PQLY of ~ 97% in ethanol.

2.4. Transmission electron microscopy (TEM) and energy dispersive X-ray spec-
troscopy (EDS)

Average particle sizes and selected area diffractions of PQDs were observed using transmission
electron microscopy (Tecnai G2 F30 S-Twin 300kV). Compositional analysis was performed
using the Octane in Elite EDS system.

2.5. X-ray diffraction (XRD)

The phase, crystal structure indexing, and d-spacing of PQDs were determined from X-ray
diffraction patterns obtained using a Rigaku D/max-2500 diffractometer with Cu Ka radiation
(A=1.5418 A) operating at 40kV and 100 mA.

3. Results and discussion

3.1. Steady-state spectroscopy of CsPb(Brysly1s)s @SiO, QDs degraded by BuOH
exposure

10 vol% of BuOH was added to CsPb(Br( 251y 75)3 @SiO, QDs solution for structural degradation.
Photoluminescence (PL) spectra of the red-emitting PQDs with increasing BuOH exposure time
are presented in Fig. 1(a). The photoluminescence quantum yields (PLQYs) and the maximum
PL emission peaks as a function of BuOH exposure time are displayed in Fig. 1(b). In addition to
the PL spectra, UV-vis absorption spectra are also presented in Fig. S4. As the BuOH exposure
time increased, the PLQY's decreased from ~ 60% to ~ 23%. The decrease in PLQY s indicates
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that the addition of BuOH induced structural degradation in the CsPb(Bry2510.75)3 @SiO, QDs.
In addition to the decrease in PLQYSs, blue-shifts in the PL spectra and the UV-vis absorption
spectra indicate an increase in the bandgap, which results from a band-edge transition induced by
the structural degradation of PQDs. The change in the bandgap can be explained by the quantum
confinement effect [26]. The quantum confinement effect suggests that the bandgap is influenced
by a particle size. Therefore, the blue-shifted UV absorption and PL emission of PQDs can be
attributed to a reduction in particle size during the process of structural degradation.
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Fig. 1. (a) Photoluminescence (PL) spectra, and (b) photoluminescence quantum yields
(PLQYs) and maximum PL emission peaks of CsPb(Brg »5175)3 @SiO; QDs as a function
of BuOH exposure time.

In order to investigate the change in particle size of CsPb(Brg251p75)3@SiO; QDs, the
transmission electron microscopy (TEM) experiments were conducted and the TEM images with
different BuOH exposure times are displayed in Fig. 2(a) ~ e. The average particle sizes of PQDs
corresponding to different BuOH exposures are presented in the insets. The average particle size
of CsPb(Bry2510.75)3 @SiO, QDs was observed to decrease as BuOH exposure time increased.
In the absence of BuOH exposure (designated as 0h), the average particle size of PQDs was
measured to be ~ 20.89 nm. After 7 days (7 d) of BuOH exposure, the average particle size was
reduced to ~ 14.99 nm. This observation indicates a gradual decrease in particle size (depicted in
Fig. 2(f)). Additionally, the fast Fourier transform (FFT) patterns obtained from high-resolution
TEM images, as presented in Fig. 3, suggest a reduction in lattice d-spacing without any change
in the crystal structure (all remained orthorhombic).

The X-ray diffraction (XRD) patterns for analyzing the crystal structure of PQDs are presented
in Fig. 4(a). When compared to the orthorhombic CsPbBrj (reference number 98-009-7851 in
ICSD; Inorganic Crystal Structure Database), the XRD patterns exhibited peak shifts, indicating
a change in lattice parameters. Nevertheless, the overall shape of the patterns remained similar to
that of the orthorhombic CsPbBr; reference, suggesting that PQDs maintains an orthorhombic
crystal structure throughout all exposure times. Additionally, it was observed that the XRD peaks
around 30 degrees (depicted in Fig. 4(b)) exhibited a gradual high-angle shift with increasing
BuOH exposure time. The peaks correspond to the (004) and (220) planes of PQDs. By applying
Bragg’s law, a decrease in d-spacing was found, as shown in Fig. 4(c). The results from the XRD
patterns align with the TEM results shown in Figs. 2 and 3. Therefore, these findings demonstrate
that the structural degradation process is associated with the decrease in both d-spacing and
particle size of PQDs.

Energy Dispersive X-ray Spectroscopy (TEM-EDS) analysis was conducted to quantify the
halide composition of PQDs with different BuOH exposure times. The atomic fractions of
bromine (Br) and iodine (I) as a function of BuOH exposure time are presented in Fig. 5. In
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Fig. 2. Transmission electron microscopy (TEM) images of CsPb(Brg251j75)3 @SiOy
QDs with different BuOH exposure times: (a) Oh, (b) 4h, (¢c) 1d, (d) 3 d, and (e) 7 d.
The particle size distributions are shown in insets. (f) The change in particle size of the
CsPb(Br 251p.75)3 @SiO, QDs as a function of BuOH exposure time.

Fig. 3. High magnification TEM images of CsPb(Brg 251 75)3 @SiO, QDs with different
BuOH exposure times: (a) Oh, (b) 4h, (c) 1d, (d) 3d, and (e) 7 d. The insets show the fast
Fourier transform (FFT) patterns obtained from the respective images.
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Fig. 4. (a) X-ray diffraction (XRD) patterns of CsPb(Br( 251y 75)3 @SiO, QDs with different
BuOH exposure times. (b) Magnified view focused on the (004) and (220) peak region. (c)
The d-spacing calculated from the 2theta values of the (004) and (220) peaks.

PQDs without BuOH exposure (0 h), the atomic fraction of Br was ~ 45%, while the atomic
fraction of I was ~ 55%. However, with an increase of BuOH exposure time, the atomic fraction
of I gradually decreased, and the atomic fraction of Br showed a continuous increase. After 7
days, the atomic fraction of Br reached ~ 72%, while the atomic fraction of I decreased to ~
28%. Considering no additional halide supplement from an external source, this phenomenon
is expected to arise due to the relatively rapid decrease in the concentration of I compared to
Br. It indicates I™ migration within the crystal lattice [19]. The decrease in both particle size
(Fig. 2) and d-spacing (Figs. 3 and 4) can be attributed to the I migration induced by BuOH
exposure. Since iodine has a larger ionic radius (220 pm) compared to Br (196 pm), the decrease
in both particle size and d-spacing occurs with increasing BuOH exposure time. Previous studies
have explored bandgap engineering through the adjustment of PQDs’ halide composition [27,28].
Therefore, the change in PQDs’ bandgap could be induced by the I™ migration, leading to the
blue-shift in the absorption edge and the PL peak (Figs. S4 and 1). Moreover, the I” migration
within PQDs forms vacancies within the perovskite crystal lattice, leading to the proliferation
of defects and an accompanying increase in trap state densities [14—16]. This phenomenon
ultimately results in the decrease in PLQYs of PQDs (Fig. 1).
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Fig. 5. Atomic fractions between bromine (Br) and iodine (I) of CsPb(Brg 251 75)3 @SiOy
QDs as a function of BuOH exposure time, determined from TEM-EDS analysis.

3.2. Time-resolved spectroscopy of CsPb(Bry2sly.15): @SiO, QDs degraded by BuOH
exposure

After discovering that the proliferation of trap states by I” migrations is the primary cause of
structural degradation of PQDs, the ultrafast photo-induced charge carrier dynamics of core-shell
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CsPb(Bry251p.75)3 @SiO, QDs was investigated by using a TA spectroscopy system, because
the formation of trap states would be expected to influence charge carrier behaviors. The
differential absorption (AA) spectra of PQDs with different BuOH exposure times were obtained
by exciting the CsPb(Brg251p75)3 @SiO, QDs solution with a 400 nm excitation pump. The
differential absorption (AA) measurements were performed with applying a delay time between
the pump and probe, because the pump-probe delay at which the TA signals reach their maximum
amplitude can vary with factors such as TA rising time [25,29] and hot-carrier relaxation [30,31].
In the differential absorption spectra shown in Fig. 6(a), the red-emitting PQDs exhibit two
distinct curves at all BuOH exposure times. The negatively-signed curve is observed below
700 nm, while the positive curve is observed above 700 nm. The negative curve corresponds to
photo-induced transient ground-state bleaching (GSB) of the band-edge. The positive absorption
region indicates the additional excitation of carriers in excited states to higher unoccupied states,
known as excited-state absorption (ESA). Similar to the PL spectra (Fig. 1), it was observed
that the area of the GSB region undergoes a reduction, and the peak shifted towards shorter
wavelengths (blue-shifted) as BuOH exposure time increased. The reduction of the GSB area
corresponds to the drop in PLQY's caused by structural degradation of PQDs, and the blue-shift
in the wavelength spectrum is attributed to the change in the bandgap (Fig. 1 and Fig. S4).
To enhance the clarity of the blue-shift in the GSB peaks with increasing BuOH exposure
time, normalized TA (AA/A) spectra of PQDs are presented in Fig. 6(b). However, conducting
a comparative analysis solely based on differential absorption spectra and TA spectra is not
sufficient for the characterization of PQDs with different BuOH exposure times. Therefore, it
is necessary to investigate the kinetic traces at each GSB peak of TA spectra in order to gain a
deeper understanding of the carrier dynamics of PQDs during structural degradation.
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Fig. 6. (a) Differential absorption (AA) and (b) transient absorption (AA/A) spectra
of CsPb(Brg »5175)3@SiO; QDs at pump-probe delay time of 21.6 ps using a 400 nm
excitation pump with a fluence of 25 uJ/cmZ.

TA kinetic traces were obtained by measuring TA signals at the wavelengths corresponding to
their GSB peaks in the TA spectra and with a series of pump-probe time delays. Each TA kinetic
trace represents the average of at least 3 up to 8 measurements, and these traces are presented in
Fig. S5. For a spectroscopic analysis, the TA kinetic traces were normalized and bi-exponential
decay fits were applied using Eq. (1),

-1 -1

y)=Aie T +Are T +yy, (1<m). (D

where y represents the TA kinetic signal at a pump—probe delay of ¢. The normalized TA decay
kinetic traces of PQDs excited with pump fluences of 10 and 20 uJ/cm? are presented in Fig. 7(a)
and (b), respectively. The fitting parameters of the TA kinetic traces with excitation fluences of
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10 and 20 pJ/cm? are summarized in Table 1 and Table 2, respectively. The arrows in Fig. 7(a)
and (b) indicate the direction of increasing BuOH exposure time, and the solid lines represent
the bi-exponential decay fit lines for the TA kinetic traces (the plots featuring only the fit lines
are depicted in Fig. S6). At first glance, the decay of the TA signal appears to be simply
accelerated with increasing BuOH exposure time, meaning that the TA kinetic traces follow a
mono-exponential decay. However, the actual trend of the change in TA kinetic traces is more
complex, because the kinetic traces consist of two decay terms and a constant term. Therefore, it
is necessary to consider not only the decay lifetimes (7; and 75), but also the coefficients (A1,
Aj, and yg). To separately analyse the two decay terms, the TA kinetic traces are divided into
two parts: the early-time regime (0 ~ 50 ps) for distinguishing the fast decay mode (A, 71), and
the late-time regime (50 ~ 1100 ps) for the slow decay mode (A;, 72). The early-time regime
in the TA kinetic traces is particularly illustrated in the inset of Fig. 7(a) and (b). Based on the
fitting parameters presented in Table 1 and Table 2, it was confirmed that the exposure to BuOH
leads to an increase in the fraction of the fast decay mode (A increases) and a decrease in the
lifetime of the fast decay mode (71 decreases) in the early-time regime. In the late-time regime,
the fraction of the slow decay mode decreases (A, decreases) while the decay lifetime decreases
(12 decreases) with increasing BuOH exposure time.

Table 1. Fitting parameters of bi-exponential decay fits for TA kinetic traces of
CsPb(Brg 25l9.75)3@SiO, QDs. TA spectroscopy was conducted using a 400 nm excitation pump with
a fluence of 10 pJ/cm? and different BuOH exposure times.

BuOH exposure time (h) Ay 71 (ps) Ay 72 (ps) 70 (ps) Yo

0 0.439 53.2 0.378 350 7.11 0.175
5 0.501 46.5 0.341 307 6.46 0.156
24 0.542 41.6 0.359 297 4.77 0.123
46 0.568 35.0 0.329 285 4.21 0.102
163 0.591 335 0.255 271 3.17 0.105

Table 2. Fitting parameters of bi-exponential decay fits for TA kinetic traces of
CsPb(Brg 25l9.75)3@SiO, QDs. TA spectroscopy was conducted using a 400 nm excitation pump with
a fluence of 20 pJ/cm? and different BUOH exposure times.

BuOH exposure time (h) Aj 71 (ps) Ar T2 (ps) 70 (ps) Y0

0 0.429 51.6 0.401 332 10.3 0.161
5 0.485 40.7 0.387 287 9.69 0.131
24 0.519 38.0 0.372 273 7.55 0.114
46 0.528 35.7 0.372 249 5.48 0.119
163 0.550 28.4 0.368 234 5.70 0.0934

In order to clarify the decay processes in the carrier dynamics, a schematic diagram illustrating
the phenomena occurring at the carrier-level within PQDs is presented in Fig. 7(c). For
simplicity, only three essential carrier decay processes are considered. The first is carrier trapping,
represented by a blue solid line box in Fig. 7(c). It indicates that carriers are captured by trap
states within the crystal lattice of PQDs [32,33]. The second is radiative carrier recombination,
depicted by a green dashed line box. Radiative carrier recombination is a type of bi-molecular
(second-order) recombination, and indicates that excited electrons in the CB recombine with
holes in the VB, emitting photons with energy corresponding to the PQDs’ bandgap [34,35]. The
third is trap-assisted non-radiative recombination, illustrated by a yellow dotted line box. This
recombination is a type of mono-molecular (first-order) recombination such as geminate [36,37]
or Shockley-Read-Hall (SRH) recombination [38—40]. In particular, SRH recombination indicates
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Fig. 7. Normalized TA kinetic traces of CsPb(Br »51.75)3 @SiO, QDs probed at the GSB
peaks using a 400 nm excitation pump with fluences of 10 wl/cm? (a) and 20 pJ/cm2 (b).
Normalized TA kinetic traces obtained from the data in Fig. S5. The solid lines represent
the bi-exponential fitting lines. The insets show magnified views of the early-time regime in
the TA kinetic traces. (c) Simplified schematic diagram illustrating the carrier dynamics at

the carrier-level within PQDs.
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that carriers undergo non-radiative recombination through intermediate states. These three
decay processes (carrier trapping, carrier radiative combination, and trap-assisted non-radiative
recombination) significantly affect the optical properties of PQDs. Consequently, the fast decay
mode (A1, T1) corresponds to carrier trapping, while the slow decay mode (A;, 77) corresponds
to radiative carrier recombination. The last constant term yj is expected to be associated with
trap-assisted non-radiative recombination. In that case, yo should be originally represented as
(A3, T3). Previous studies have reported that trap-assisted non-radiative recombination generally
exhibits a recombination lifetime exceeding 10 ns [39,40]. However, in our experiments, the yg
term show no significant decay since the entire measurement range is limited to at most 1.1 ns. So,
it is challenging to accurately determine the kinetics of trap-assisted non-radiative recombination.
For this reason, the yy parameter was calculated instead of (A3, 73) and was solely used for
comparing the fraction of the trap-assisted non-radiative recombination mode in the TA kinetic
traces.

To validate the proposed model in Fig. 7(c), a comparative analysis of TA kinetic traces at
different excitation pump fluences was conducted. It is because that the TA kinetic traces are
expected to change with different pump fluences, considering that the density of photo-induced
carriers depends on the excitation fluence, while the number of trap states remains constant at
a specific point of BuOH exposure time. Initially, comparisons of the TA kinetic traces with
different excitation fluences were conducted to confirm that increasing the excitation fluence leads
to an actual increase in the density of photo-induced carriers. Fig. S7a shows the comparison
of the TA kinetic traces of PQDs (exposed to BuOH for 0 hours) excited with fluences of 10
and 20 uJ/cm?, and Fig. S7b shows the result for PQDs exposed for 46 hours. The excitation
pump fluence of 10 uJ/cm? was chosen because it was the minimum fluence that allows for
measurements without significant interference from background noise. On the other hand, the
pump fluence of 20 uJ/cm? was selected because the saturation of the TA signal is observed at
fluences exceeding 20 uJ/cm?. In addition, the data of PQDs exposed for 46 hours was selected
instead of PQDs with the longest BuOH exposure time (163 hours), because the excessive noise in
the TA signal was observed. PQDs exposed to BuOH for 46 hours exhibited sufficient structural
degradation and provided a more reliable dataset for our analysis. Based on the results presented
in Fig. S7, the TA kinetic traces at each BuOH exposure time exhibit a slight increase when a
higher excitation fluence is used, indicating an increase in the photo-induced carrier density.

After discovering that the density of photo-induced carriers increases with an increase of
excitation fluence, comparisons of normalized TA kinetic traces with different pump fluences
were conducted and shown in Fig. 8. To distinguish two decay modes in the carrier dynamics,
the normalized TA kinetic traces were split into two regimes (the early-time regime dominated
by carrier trapping and the late-time regime dominated by radiative carrier recombination) and
rearranged after breaks in x-axis. The decay lifetimes and coefficient fractions of both decay
modes in the TA kinetic traces were also presented in the plots. When the TA kinetic traces were
divided into two regimes, it was readily observed that two decay modes in TA kinetics vary in
opposite directions as the excitation fluence increases.

In the early-time regime, a decrease in the coefficient A| was observed with increasing the
excitation fluence. This phenomenon is known as ‘trap state filling’ [41], which indicates that the
traps become nearly filled with increased carrier density at high fluence. This can be attributed
to both the limited number of trap states and the increased number of photo-induced carriers
due to the high excitation fluence. In other words, it is suggested that the carrier trapping effect
could be reduced at high pump fluence. Furthermore, it is observed that the magnitude of the
decrease in the A coefficient between two excitation fluences increases as BuOH exposure time
increases. Specifically, the decrease in A| between two excitation fluences is only ~ 1%P at O
hours of BuOH exposure time, but it increases to ~ 4%P at 46 hours. This observation suggests
proliferation of trap states by structural degradation during BuOH exposure. Interestingly, the
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Fig. 8. Normalized TA kinetic trace of CsPb(Br »5175)3 @SiO, QDs exposed to BuOH
for O hours (a) and 46 hours (b), probed at the GSB peaks using a 400 nm excitation pump
with fluences of 10 pJ/cm? and 20 wl/cm?. The bi-exponential fitting lines and arrows
indicating the direction of increasing pump fluence are displayed in plots. The TA kinetic
traces are rearranged after x-axis breaks to enhance the clarity of the late-time regime in the
pump fluence-dependent TA kinetic traces.

decay lifetime 7 is rarely affected by excitation fluence. The decay lifetime 7 remains relatively
constant at ~ 50 ps at 0 hours of BuOH exposure, and ~ 35 ps at 46 hours of BuOH exposure,
regardless of the increase in pump fluence. The pump fluence-independence of the decay lifetime
of carrier trapping has been reported in a previous study [42].

On the contrast, in the late-time regime, an acceleration in radiative carrier recombination
was observed with increasing the excitation fluence. The lifetime 7, decreases from ~ 350 to ~
332 ps with increasing the excitation fluence at 0 hours of BuOH exposure, and from ~ 285 to
~ 249 ps at 46 hours of BuOH exposure. The pump fluence-dependence of the decay lifetime
is one of the most notable characteristics of radiative carrier recombination [43]. Additionally,
an increase in the coefficient A, was also observed with increasing the excitation fluence. This
could be attributed to trap state filling, suggesting that the increased fraction of radiative carrier
recombination is expected as a simultaneous result of the decreased fraction in carrier trapping.
In other words, increasing the excitation fluence could induce an increase in the fraction of
carriers undergoing radiative carrier recombination. Therefore, it was confirmed that the fast
and slow decay modes in TA kinetics traces correspond to carrier trapping and radiative carrier
recombination, respectively.

Based on the data provided in Table 1 and Table 2, the changes in decay lifetimes (7| and 77)
and coeflicients (A1, Ay and yp) under two different excitation pump fluences (10 and 20 pJ/cmz)
are presented in Fig. 9(a) and (b), respectively. The black solid lines and the red dashed lines
in Fig. 9 represent the variations in lifetimes and coefficients under excitation pump fluences
of 10 uJ/cm? and 20 uJ/cm?, respectively. The results suggest that BuOH exposure leads to
both the increase in the fraction of carrier trapping (A increases) and the acceleration in carrier
trapping (7 decreases). Additionally, the fraction of radiative carrier recombination decreases
(A, decreases), and carrier recombination is accelerated (7, decreases) with increasing BuOH
exposure time. The decrease in the fraction of trap-assisted non-radiative recombination (yq
decreases) was also observed with increasing BuOH exposure time. The observed decreases in
A and yg are expected to be induced by the extremely enhanced carrier trapping effects during
structural degradation of PQDs. The light-emitting property of PQDs is mainly affected by the
carrier density and lifetime of radiative carrier recombination. Our findings clearly demonstrate
that BuOH exposure results in I” migration and the formation of carrier trapping states due to
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defects within the crystal lattice. As a result, the structural degradation processes of PQDs lead
to the reduction in carriers undergoing radiative carrier recombination. Additionally, BuOH
exposure also accelerates radiative carrier recombination, indicating a faster escape of carriers
from excited states. These factors decrease the number of carriers remaining in excited states and
diminish the superior optical characteristics of PQDs, leading to a decline in their light-emitting
properties. Nevertheless, we were able to verify that increasing the excitation fluence can reduce
the fraction of the carrier trapping mode and increase the radiative carrier recombination mode,
indicating a diminishment of the impact of carrier trapping.

@ 0, (®)
® 1, A T1,_Excitation 10 pJiem’ ;\370 m A A A, & y,_Excitation 10 lJJ/L‘Z
o 3 ,_ Excitation 20 pJ/em? L e A, v A, 4 y,_Excittion 20 uJc
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Fig. 9. (a) Decay lifetimes and (b) coefficients of bi-exponential decay fits for
CsPb(Brg 2510.75)3 @SiO, QDs as a function of BuOH exposure time. The black solid
lines and the red dashed lines represent the variations in lifetimes and coefficients under an
excitation pump fluences of 10 pJ/cm? and 20 pJ/cm?, respectively.

4. Conclusion

In this study, the changes in the photo-induced carrier dynamics of red-emitting core-shell PQDs
during structural degradation caused by exposure to BuOH is investigated using ultrafast TA
spectroscopy. When PQDs degraded by exposure to BuOH, I~ migration within PQDs was
induced, resulting in the formation of trap states due to defects within the perovskite crystal
lattice. The increased trap states induced the increase in the number of carriers being trapped,
consequently leading to the reduction in carriers undergoing radiative carrier recombination. In
addition, BuOH exposure accelerated the decay modes of both carrier trapping and radiative
carrier recombination. Consequently, the structural degradation of PQDs led to both the
substantial decrease in carrier density undergoing radiative carrier recombination and the rapid
departure of carriers from the excited states. These factors hindered the retention of carriers in
excited states, resulting in the reduction in the light-emitting properties of PQDs. Nevertheless, it
was verified that increasing the excitation fluence can weaken the impact of carrier trapping. At
high excitation fluence, the fraction of the carrier trapping mode decreased, and the fraction of
the radiative carrier recombination mode increased, because the trap states become occupied
by the increased carrier density. These findings contribute a comprehensive understanding of
the structural degradation process of PQDs and can aid in the development of PQDs with high
structural stability.
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