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Abstract Cesium lead halide perovskite (CsPbX;, X =
Cl, Br, I) quantum dots (QDs) and their partly Mn?*-
substituted QDs (CsPb; ,Mn,X3) attract considerable
attention owing to their unique photoluminescence (PL)
efficiencies. The two types of QDs, having different PL
decay dynamics, needed to be further investigated in a
form of aggregates to understand their solid-state-induced
exciton dynamics in conjunction with their behaviors upon
degradation to achieve practical applications of those
promising QDs. However, thus far, these QDs have not
been sufficiently investigated to obtain deep insights
related to the long-term stability of their PL properties as
aggregated solid-states. Therefore, in this study, we
comparatively examined CsPbX3- and CsPb;_Mn X;-
type QDs stocked for > 50 d under dark ambient condi-
tions by using excitation wavelength-dependent PL
quantum yield and time-resolved PL spectroscopy. These
investigations were performed with powder samples in
addition to solutions to determine the influence of the inter-
QD interaction of the aged QD aggregates on their
radiative decays. It turns out that the Mn*"-substituted
QDs exhibited long-lasting PL quantum efficiencies, while
the unsubstituted CsPbX;-type QDs exhibited a drastic
reduction of their PL efficiencies. And the obtained PL
traces were clearly sensitive to the sample status. This is
discussed with the possible interaction depending on the
size and distance of the QD aggregates.
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1 Introduction

Owing to the success of organic—inorganic hybrid
perovskite materials as active photon absorbers in solar
cells, perovskite materials have become one of the most
important topics of study in various scientific communities
[1-3]. Novel quantum dots (QDs) inspired by these
perovskite structures have been synthesized. Some initial
hybrid perovskite QDs exhibit moderate photolumines-
cence (PL) quantum yields (QYs) but with narrow full
width at half maximum (FWHM) emission bands [4—6],
which encourage further chemical tailoring of these
perovskite QDs to improve their PL QYs and resolve
their stability issues.

One of the most effective ways to design novel
perovskite QDs is substitution of the organic components
with a proper metal such as cesium. CsPbX; (X = CI, Br, I)
QDs exhibited improved stability [7-10] and an impressive
PL efficiency with the use of, for example, CsPbBr; [11-
13]. With the improved PL QY of CsPbX; QDs, various
groups have demonstrated their potential in light-emitting
diodes [14-17], as well as lasing applications [18].
Furthermore, the optoelectronic properties of the QDs
have been investigated for solar cells [19], photoelectric
detectors [20], and specific metal-ion detection [21,22].
Those impressive results motivated further efforts for
synthesis variations. For instance, Liu et al. showed that
CsPbX;-type QDs can be synthesized efficiently via a
microwave irradiation method as a single-step reaction
[23]. One of the QDs fabricated using this method
exhibited a PL QY of >90%. They also showed that the
amount of toxic lead can be reduced while retaining the
promising characteristics via replacement of lead with
manganese. Some Mn?**-substituted CsPbXs-type QDs
exhibit a high PL QY of approximately 50% but with a
long spectroscopic lifetime [24]. It is noteworthy that there
were studies to replace lead with other metals like bismuth
or tin, but their PL QYs seem to be lower than that of
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manganese case [25,26].

In most of the aforementioned studies, abundant
information was obtained regarding the PL features, i.c.,
the PL emission spectra and PL QYs. In some studies,
further spectroscopic results for those QDs were obtained
by using the time-resolved PL and transient absorptions
often in conjunction with their synthetic descriptions.
Additional spectroscopic studies have been performed; for
example, the temperature-dependent PL of QDs was
measured to determine the PL characteristics of these
promising materials [27,28]. PL studies have also been
performed to investigate the stability issues by using the
timely evolution of the PL properties for long time periods,
as shown by Chen et al. [10]. However, more information
must be gathered to understand in depth what exact exciton
dynamics related to radiative decay occur within aged QD
aggregates, particularly after long-term stocking under
dark ambient conditions. Such information is crucial for
precisely controlling these QDs to make them useful
components for practical applications. Because it is
advantageous to use the QDs in their solid-state form for
most practical applications, the detailed radiative decay
behaviors of the excitons within their solid phases, i.e.,
aggregates of QDs, compared with their corresponding
liquid phases are essential. These behaviors also have
scientific importance for depicting the complex exciton
dynamics within disordered random QD solids governed
by various energetic relaxation processes.

Therefore, we studied typical CsPbX;-type QDs having
a PL lifetime in the nanosecond range with a PL QY of
approximately 90% before aging. For comparison, we also
examined partly Mn**-substituted CsPb; Mn,X;5-type
QDs having a significantly longer PL lifetime with a PL
QY of approximately 50% before aging. The former and
latter perovskite type QDs are denoted as perovskite QD1
(PQD1) and perovskite QD2 (PQD?2), respectively. PQD1
and PQD?2 were investigated using excitation wavelength-
dependent steady-state PL QY and time-resolved PL
spectroscopy. These spectroscopic investigations were
performed with powder samples (PD) in addition to
diluted (DS) and concentrated solutions (CS) to determine
the influence of the sample phase, for example, the distance
between QD aggregates and/or average QD aggregate size,
on the exciton decay kinetics. The obtained results are
presented with the following convention: the powder
sample of PQDI1 is denoted as PQD1-PD, for example.

After a stocking period longer than ~50 d under dark
ambient conditions, for all sample phases, PQD1 exhibited
a drastic reduction of the PL QY, whereas for PQD2, the
PL QY was hardly reduced. Obviously, clear kinetic
differences between the sample phases are confirmed, in
addition to the dramatic steady-state PL QY difference
between the two PQDs. These are discussed according to
the distance between aggregates and the aggregate size for
the QDs, which are important parameters for their solid-
state application.

2 Experimental

PQD1 and PQD2 having experimentally estimated chemi-
cal compositions of CsPbBr,; and CsPbg73Mng,7Cls
were synthesized at temperatures of 150°C and 170°C,
respectively [23,24]. Their synthesis methods, including
the feed ratios, and the characterization methods for
verifying their compositions estimated via energy-disper-
sive X-ray spectroscopy and inductively coupled plasma
spectroscopy are presented in detail in the aforementioned
studies. The two PQDs were dispersed into a toluene
solvent with concentrations of 4.3 x 107> wt-% (DS) and
4.3 x 10" wt-% (CS), respectively. In addition to those
solutions, PQD powder samples — PQD1-PD and PQD2-
PD —were measured using glass cells having an inner
space length of approximately 0.3 mm.

Conventional steady-state ultraviolet-visible (UV-vis)
absorption spectra were measured using a commercial two-
beam spectrometer (NEOSYS-2000, Sinco, Korea). In
addition, light integrating sphere-assisted steady-state
UV-vis, PL, and PL excitation (PLE) spectra were
measured by using a spectrometer (Quantaurus, Hama-
matsu, Japan). The obtained data were used to estimate the
PL QY as a function of the excitation wavelength. The
spectrally resolved and time-resolved PL was recorded
using a streak camera system (C13410, Hamamatsu,
Japan) excited with an ultrashort-pulse laser system
(Libra, Coherent, USA) followed by an optical parametric
amplifier (TOPAS-C, Coherent, USA) to select a proper
excitation wavelength. The excitation pulses were approxi-
mately 150 fs in length, and the pulse repetition rate was 1
kHz. The samples were mostly excited with a weak
excitation intensity of approximately 0.3 uW/cm? to avoid
the photon flux-dependent exciton—exciton interaction,
which can shorten the native PL decay kinetics.

3 Results and discussion

In Fig. 1, three-dimensionally combined maps of the PL
and PLE spectra for various samples of both PQD1 and
PQD2 are shown. The combined PL and PLE spectra were
measured using a light integrating sphere-equipped
spectrometer in order to reduce the QD aggregate-induced
scattering effects. As shown in Figs. 1(a) and 1(d), PQD1-
DS has a PL band centered at 521 nm, while PQD2-DS has
two bands centered at 408 and 600 nm, although the band
centered at 404 nm is significantly shallower and weaker
than that at 600 nm. The FWHM is ~100 meV for the band
at 404 nm, ~300 meV for the other band at 600 nm, and
~90 meV for PQD1-DS. The band centered at 404 nm can
be the mutual emission band of the CsPbXs-type QDs
without Mn*" substitution, as previously reported [24].
The disappearance of the band at 404 nm of PQD2-PD as
shown in Fig. 1(f) in conjunction with the weakening of the
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same band as shown in Figs. 1(d) and 1(e) will be further
analysed with corresponding kinetic results at the end of
the discussion part.
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Fig. 1 Three-dimensional mappings of the combined PL and
PLE spectra of (a) DS, (b) CS, and (c) PD of PQD1 and of (d) DS,
(e) CS, and (f) PD of PQD2.

Table 1 Steady-state PL results

Compared with the previously reported PL peak position
of PQDI1 (517 nm with an FWHM of ~80 eV), all the aged
PQD1 samples exhibited only a marginal redshift, but their
FWHMs were significantly broadened [23]. The PL QY of
the fresh PQD1 sample was 90%, and that of the aged
sample was reduced by almost an order of magnitude.
Most of the aged PQD2 samples had two PL bands, in
accordance with the fresh samples. However, their peak
values were significantly redshifted after aging, from 390
and 579 nm to ~404 and 600 nm, respectively, in all sample
conditions, whereas the shifts of PQD1 were only marginal
[24]. A unique result of aged PQD2-PD was that their PL
QY values were virtually identical to that of the
corresponding fresh sample with the value of 54%. All
the important steady-state PL parameters estimated in this
study are presented in Table 1.

With the change of the solution concentration, the
central positions of the PL bands for PQD1 were only
marginally redshifted, from 521 nm for PQDI1-DS in
Fig. 1(a) to 526 nm for PQD1-CS in Fig. 1(b). However,
the PL band for PQD1 appeared to be split into two bands
when the samples were solidified to PQD1-PD from
PQD1-DS and PQDI1-CS. The bands were centered at 499
and 529 nm, and the difference between the split bands was
approximately 130 meV. Interestingly, the PQD2 samples
centered at ~600 nm did not exhibit any significant spectral
shifts between PQD2-DS, PQD2-CS, and PQD2-PD, as
shown in Figs. 1(d-f), respectively. However, the bands
centered near 400 nm were clearly reduced by increasing
the concentration of the solutions and almost disappeared
when the PQD2 was measured in the form of powder.

The PLE trends for PQD?2 appeared to be affected by the
concentration and the phase change of the samples. This
strongly indicates that the exciton dynamics were mostly
governed by the energetic relaxation, which depended on
the interaction between QDs controlled by their distances
and sizes. For that, schematics of the three investigated
sample phases are shown in Fig. 2. In the DS samples, the
QD aggregates with typical sizes on the order of 10 nm can
be well-dispersed even with relatively small aggregate
sizes, as shown in Fig. 2(a), while in the CS samples, the
aggregate sizes may increase, and the average distances

QD Sample phase 15 Amax [FWHM] @ 2N e [FWHM] Ahmaxi2 © PL QY ¢ aged /% PL QY fresh /%
PQD! DS 521 [100] (494) ® [130] (130) 9.1 90 (cf. [23])
CS 526 [90] (493) [130] (130) 3.0
PD 529 [150] 499 [150] 130 6.3
PQD2 DS 600 [300] 404 [110] 990 22.6
CS 600 [300] 408 [120] 960 28.1 54 (cf. [24])
PD 600 [300] - - 493

a) The values of FWHM are listed with rectangular brackets in meV; b) The values in round brackets are used to indicate relatively high uncertainty due to weak signals;
¢) The Alpaxi 2 stands for the difference between “1% A, and «2nd) . of PL bands in meV; d) The values of PL QY are taken at 450 nm for PQD1 and 380 nm for
PQD2; All Ayax values are listed in nanometer and FWHM values are listed in meV.
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between aggregates must be smaller, as shown in Fig. 2(b).
Therefore, transitional behaviors can be observed with
the CS positioned between well-dispersed QDs in the
DS, showing the pronounced native properties of the PL
and the aggregation-dominant PD being governed by
pronounced diffusive exciton dynamics, as depicted in
Fig. 2(c).
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Fig. 2 Schematics of the (a) DS, (b) CS, and (c) PD QD samples.

As mentioned previously, native QDs with nanoscale
sizes and their aggregates with even larger sizes may have
serious scattering effects, which can cause overestimation
compared with their mutual photon absorption facility
under a measurement condition without light integrating
equipment. For example, the UV-vis absorption spectrum
of PQD1-DS measured using a conventional two-beam
spectrometer is shown in Fig. 3(a). The spectrum is
compared with a fitting curve based on a 1/A* functionality
(A = wavelength) because the intensity of Rayleigh
scattering is proportional to the 1/A* term. As expected,
the fitting curve exhibits the same trend as the experimen-
tally estimated UV-vis spectrum without a light integrating
sphere, because the scattered light amount is regarded as
the absorbed light amount in such a situation.

The absorption spectra of the DSs shown in Fig. 3(b)
were measured using a light integrating sphere; hence, they
exhibit a reduced scattering feature compared with the
conventional spectrum shown in Fig. 3(a), especially in the
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Fig. 3 UV-vis absorption spectra of (a) a PQDI dilute solution
measured with a two-beam spectrometer, as well as (b) solutions
and (c) powders measured with an integrating sphere.

short-wavelength range. Similarly, the spectra of the PDs
in Fig. 3(c), which were also measured using a light
integrating sphere, exhibit a significantly reduced scatter-
ing effect. It must be noticed that the absorption term used
in this study including Fig. 3 is not for the conventional
absorbance but for the absorption expressed in fraction
numbers to keep consistency with PL QY convention.
Surprisingly, the PQD2-PD spectrum indicates significant
absorption in the long-wavelength range starting from
420 nm, while the PQD2-DS spectrum indicates no
significant absorption in the same spectral range, as
shown in Fig. 3(b). However, the PQD2-CS spectrum
contains an absorption feature in this spectral range, as
shown in Fig. 3(b) (straight-lined spectrum multiplied by a
factor of 2 for better readability). The PQD2-DS has a
similar absorption feature in the spectral range, but the
magnitude is too low to observe this clearly in the linear
scale plot, as shown in Fig. 3(b). The absorption feature
appears sudden and non-linear owing to the solidification
due to the intrinsic optical property of PQD2, regardless of
the aggregation degree. This is attributed to the incomplete
substitution of Mn** with Pb**, and the weak absorption in
the long-wavelength range is attributed to the Pb**-rich
domains. The reason why these weakly absorbing parts are
more pronounced in aged solid samples might be related to
the phase separation between Mn** and Pb**, resulting in
Mn**- and Pb**-rich domains after long-term aging. It is
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plausible that the Mn**-rich domains undergo serious
structural change compared with the Pb*"-rich domains.
This scenario is supported by the notion that excessive
substitution of Mn>* can cause severe changes in the
perovskite structure [24].

The absorption values for the PD samples (PQD maxima
of ~0.05 and ~0.1 for PQD1 and PQD2, respectively) were
significantly smaller than those for the DS samples (~0.5
and ~0.7, respectively). The reason for the low absorption
values of the PD samples was that a small amount of the
PD samples was used for the measurement in order to
avoid complications due to the multiple stacking of QDs,
e.g., saturation and/or self-reabsorption caused by the
formation of excessively thick aggregates or QD layers.

As shown in Figs. 4(a—c), PQDI1 exhibited clear
aggregation degree-dependent features, in addition to an
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Fig. 4 Excitation wavelength-dependent PL spectra of various
PQD samples. The legend in (a) also applies to (b) and (c), and that
in (f) also applies to (d) and (e).

aging effect indicated by a redshift, the broadening of the
FWHM, and the enhancement of the secondary PL band.
The important values extracted from Fig. 4 are presented in
Table 1. The excitation wavelength-dependent PL spectra
of PQD1-DS remained virtually unchanged, while those of
PQD1-CS exhibited a moderate redshift of the PL. maxima,
from 521 to 526 nm. The increase of the secondary PL
band near 493 nm, which was energetically higher than the
mutual PL. band, became more pronounced with the
decrease of the excitation wavelength. As expected, the
secondary QD aggregation-induced PL bands were more
pronounced for the PD sample than those of DS and CS
samples. These secondary PL bands of PQDI1-PD
increased and simultaneously were broadened with the
decrease of the excitation wavelength, which can indicate
pronounced disorder caused by the aging of the QD
aggregates. The pronounced secondary peak of PQD1-PD
is very close to the PL peak value of fresh PQD1, which
was previously reported as 508 nm [23].

The FWHM of the PL band for PQDI1-DS was
approximately 100 meV, and that for PQD1-CS was
approximately 90 meV. However, the FWHMs in both the
primary and secondary PQD1-PD cases appeared to be
significantly extended to approximately 150 meV, indicat-
ing an enhanced disorder effect. An additional unique
feature related to the FWHMSs is that PQD2 had a
significantly broad FWHM of PL bands centered at
600 nm, with a value of approximately 300 meV. The
major PL bands of the PQD2 samples were the same
regardless of whether the samples were dispersed in a
liquid solution or solidified as powder, indicating that the
emission is a native QD property unaffected by aggrega-
tion. However, the small PL bands near 400 nm, which
appear only in the solution steady-state PL spectra, have
FWHMs of 110-120 meV, similar to the primary PL bands
for the PQD1 solutions. This is evidence that the origin of
the small bands was non-substituted PQDs, although their
peak intensity was dramatically reduced after aging
compared with the corresponding fresh samples. However,
the small PL bands near 400 nm for PQD2 did not
significantly change in intensity, spectral maximum peak
position, or FWHM with the change of the excitation
wavelength.

The PL bands in conjunction with the corresponding
UV-vis absorption spectra shown in Fig. 3 reveal the
following. For PQDI, the PL bands centered between 493
and 529 nm are mostly covered by the UV-vis spectral
range, because the edge of the UV-vis absorption is
approximately 540 nm after aging, in accordance with a
previous report [10]. This must enhance the self-reabsorp-
tion of the PL emission, which is an additional reason why
PQDI1 had a lower PL QY than fresh PQD1 after aging.
However, the PQD2 samples were less affected by the
aging because PQD2 had enough distance between the
absorption and emission bands to avoid serious self-
reabsorption. The pronounced redshift of the absorption



192 Front. Chem. Sci. Eng. 2021, 15(1): 187-197

edge and hence the intense overlapping between the PL
and UV-vis spectra are correlated with the generation of
energetically lower bands after aging. These new aging-
induced bands must be correlated with the newly generated
defect sites (DeS), in addition to the enlargement of the
aggregates, accompanied by the redshift trend with the
increase of the QD concentration of the samples.

Although the energetically lower band of PQD?2 exhibits
no pronounced overlapping between the absorption and
emission bands, the small PL bands of PQD2 centered near
400 nm have a strong adjacent absorption band centered
around 390 nm, which can cause effective overlapping, as
in the case of PQDI. This allows highly effective energy
and/or electron transfer from the secondary band to DeSs
generated during aging, as in the PQDI1 systems. The
maximum peak heights of the secondary small bands of
PQD2-DS are approximately 13% relative to the primary
bands, while those for PQD2-CS are only approximately
5%, and the values are significantly smaller than those of
the fresh samples. This is strong evidence of pronounced
DeS-induced dissipation during the exciton relaxation
within the density of states (DOS) of PQD2-PD. Notably,
the aggregation of PD does not cause the serious redshift
typical for molecular organic semiconducting materials,
which might be an additional advantage of these QD
materials.

According to the obtained UV—vis absorption spectra
and the corresponding PLE spectra, the spectrally resolved
PL QY values were estimated, as shown in Fig. 5. All the
PQD samples exhibit a well-established plateau region in
the PL QY spectra. The PL QY spectra have homo-
genously scalable dependences; therefore, with multi-
plication by the proper scaling factors, the PL QY plots
overlap each other without any significant deviations. This
scalability indicates that the frameworks of the exciton
decays for the various samples are consistent within the
parametric adjustability. The scalability also indicates the

PQD1 PQD2
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CS -o- --o-

i3 PD

PL QY
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Fig. 5 PL QY spectra of PQD1 and PQD2 samples based on
PLE spectra with 20 nm interval between excitation wavelengths.

acceptable reproducibility of the PL QY estimation method
used in this study. However, the slight increasing trend
with the decrease of the wavelength regardless of the
sample conditions may indicate that there are inadvertent
external influences on the estimation of the PL QY spectra.
One of the most interesting observations from the PL QY
after long-term aging is that all the PQD2 samples have
significantly higher PL QY's than the PQD1 samples. The
PL QYs of PQDI1 estimated with fresh samples are
significantly higher than those of the PQD2 samples,
because the PL QY of PQD?2 is almost constant, while that
of PQD1 decreases dramatically after long-term aging
from ~90% to ~10% levels. The PL QY of PQD2-DS was
reduced by approximately 50% compared with the fresh
sample, but the solid PQD2-PD retained the PL QY of the
fresh sample. This implies that the closely packed
aggregates had ways to re-populate toward the main
emission band.

PQD1-DS shows the highest PL QY values among the
various PQD1 samples; they are more than two times
higher than those of PQDI1-CS and approximately 50%
higher than those of PQD1-PD when compared at the
plateau levels. Interestingly, the PL QYs of PQD2-DS are
the lowest among all the PQD2 samples. The PL QY values
of PQD2-CS are slightly higher than those of PQD2-DS,
and PQD2-PD has PL QYs almost two times higher than
those of PQD2-DS. The results indicate that PQD2 has
more pronounced PL emission efficiency with increasing
inter-QD interaction than PQDI1, even after aging. The
reduction of the PL QYs from DS to CS and the
transformation of the solution to a solid are common
features related to the PL, except for some aggregation-
induced emission-facilitated materials [29]. This is evi-
dence that the behaviors of excitons within these QD
materials are complex and their decay pathways need to be
explored using time-resolved spectroscopy as follows.

Figure 6 shows the time-resolved PL spectra of PQD1-
CS and PQD1-PD samples. The excitation wavelengths for
all the time-resolved PL measurements in this study were
kept at 350 nm for comparison between the kinetics of the
PQDI1 and PQD2 samples, as PQD2 has a pronounced
absorption band located significantly below 400 nm, as
shown in Fig. 3. Obviously, PQD1-PD exhibited a more
enhanced spectral relaxation feature than PQD1-CS. This
implies that the excitons generated within the solid phase
of PQD1-PD had improved energetic downhill migration
within the lifetime window compared with their solution
samples of PQD1. The transient spectrum of PQD1-DS is
not shown, because it is practically the same as that of
PQDI1-CS, despite the lower QD concentration.

As shown in Fig. 6, the lifetime of PQDI1-CS appears
shorter than that of PQD1-PD. However, the emission
band of PQDI1-PD appears to be slightly blue-shifted
compared with that of PQD1-CS, as shown in Fig. 4. The
blue-shift of a PL band is often correlated with the
shortening of the lifetime caused by the increase of defect
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Fig. 6 Time-resolved PL spectra of (a) PQD1-CS and (b) PQD1-
PD with excitation wavelength of 350 nm.

or trap states generated during aging, which can accelerate
the depopulation of excitons before they can relax toward
energetically lower sites within the DOS for subsequent
radiative recombination which can be observed in
randomly disordered polymeric solid systems [30]. In
Fig. 7, time-dependent slices of the PL band for PQD1-PD
taken from Fig. 6(b) are shown for clear quantitative
evaluation of the spectral relaxation feature with the
PQD1-PD solid system with the plot of peak positions as a
function of time in the inset of Fig. 7 also. The
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Fig. 7 Time-resolved slices of the PL band for PQD1-PD shown
in Fig. 6(b). A plot of the peak positions in eV scale of the PL slices
as a function of time is shown in the inset.

spectroscopic lifetime of PQDI1-PD appears to be sig-
nificantly longer than that of PQDI1-CS, although the
higher-energy part of the PQD1-PD PL band is signifi-
cantly blue-shifted, while the lower-energy part appears to
be marginally redshifted. This is indicated by the extended
FWHM with the splitting of the steady-state PL band
feature, as shown in Fig. 4. Nevertheless, the extended PL
lifetime of PQDI1-PD provides a consistent result in
accordance with the steady-state PL. QY: the PQD1-PD
solid has a higher PL QY than the PQD1-CS, as shown in
Fig. 5. Interestingly, this increase of the PL QY with the
formation of aggregates appears to be similar to that for the
PQD2 system at least partly.

Figure 8 shows the time-resolved PL kinetics of PQDI1
samples extracted near the PL band maxima. Most of the
PL kinetic traces for the aged PQD1 samples have two
distinctive regions: a rapidly decaying prompt part and a
slowly decaying longer tail part. As an exception, the PL
bands of PQD2 at ~600 nm have extremely long mono-
exponentially decaying lifetimes of ~0.55 ms. Figures
ESM-1 and ESM-2 in the Electronic Supplementary
Materials show the time-resolved PL spectra of PQD2-
CS and PQD2-PD, respectively. The obtained kinetics of
PQD2 were possibly affected by the accumulation effect at
a pulse repetition rate of 1 kHz, which is equivalent to a
laser pulse-to-pulse interval time of 1 ms, although the
excitation intensity was kept as low as possible. All the
kinetic parameters extracted as biexponential decay
functions are presented in Table 2, except for the main
PL band kinetics for PQD2. Actually, a mono-exponential
decay pattern is typical for a DS of a molecular compound
because no significant exciton migration and/or electron
transfer are expected; hence, the PL decay is governed by a
mono-exponential functionality when there is only a sort of
optically active functional group being dispersed with
enough separation between them preventing a strong

Exp. Fit.

—— PQDI-DS
R - - - PQDI-CS
N A PQDI1-PD

[
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=
T

Normalized PL intensity (arb. Units)
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Fig. 8 Time-resolved PL decay kinetics of (a) PQD1-DS, (b)
PQDI-CS, and (c) PQD1-PD.
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interaction. Nevertheless, PQD1-DS shows a biexponen-
tial decay pattern with significantly weaker initial rapid
decay than the higher-QD concentration solution. This
means that the aggregation of aged PQD1 stimulates the
efficient depopulation of primary excitons, reducing the PL
QY.

Although most of the kinetic traces in Fig. 8 were
satisfactorily fitted with biexponential functions, as
indicated by the fitting lines in Fig. 8, the decay patterns
of PQD1-CS and PQDI1-PD exhibit also slight deviation
from a biexponential pattern. This deviation can be
compared with a stretched exponential pattern based on
the spectral relaxation feature as shown in Fig. 7, while the
deviation with PQD1-DS is negligible. And this indicates
that the diffusion-controlled spectral relaxation plays a role
in the decay of excited species within those disordered QD
aggregates of PQD1-CS and PQD1-PD. Thus, it could be
suggested that PQD1-DS has mainly one dominant PL
active site in a less disordered QD aggregate, at least
during a single-pulse process. However, a larger QD
aggregate can undergo DeS-induced quenching or electron
transfer to dissipate non-radiatively with a higher prob-
ability than well-dispersed individual QD aggregates. Of
course, this feature becomes more important when the
average inter-QD distances decrease from DS to CS or PD.
This consideration may explain why the promptly decay-
ing lifetime, t1, becomes shorter in the case of PQDI
changing from DS to CS or PD. However, an efficient re-
population channel can be established by gathering more
QD aggregates during solidification; therefore, the lifetime
of the powder samples can be extended slightly. This
hypothetical suggestion might be a plausible reason why
the PL QYs of the PQD1 samples decrease in the order of
PQD1-DS > PQD1-PD > PQDI1-CS. This initial sugges-
tion for the complicated behavior of PQD1 samples will be
sumarized after the consideration about the PQD2 system
with a schematic of the radiative decay paths as shown in
Fig. 9 again.

In a previous study [24], fresh PQD1 samples without
Mn?* substitution exhibited a lifetime of about 10 ns,
which is significantly longer than the lifetime of <4 ns
measured at the prompt parts of the aged samples. The
reduction of the decay lifetime at the initial stage after
aging indicates that the fresh samples had less DeSs and
hence a significantly higher PL QY than the long-term
aged samples. Chen et al. reported the effects of aging on

Table 2 Time-resolved PL fitting results

PE

“p————
|

Des —-+ —
¥
[T]

- DeS

GS

PQDI  PQDI  PQDI PQD2  PQD2
-DS CS -PD -DS -CS -PD

Fig. 9 Schematic of the radiative decay paths.

the PL properties of CsPbBr; and found that the PL peak of
a fresh sample centered at ~503 nm was significantly
redshifted to ~517 nm after aging under illumination for
6 d [10]. In addition, they reported that the PL intensities
were drastically reduced after aging under illumination,
accompanied by a clear redshift, whereas the aging effect
without illumination was observable but significantly
slower than that under illumination. Chen et al. extracted
the lifetimes for the initial decay of approximately 4.2 ns
and a longer decay of approximately 43.5 ns, which are
comparable to the values obtained in this study, as shown
in Table 2.

The kinetic behaviors of PQD2 appear to be drastically
different from those of PQD1 because the lifetime of the
band at ~400 nm is one order of magnitude shorter than
that for PQD1, while the lifetime of the band at ~600 nm is
more than one order of magnitude longer than that for
PQD1. Therefore, the band at ~600 nm was assigned as the
triplet emission band in a previous study [24]. Interest-
ingly, all the PL bands of PQD2 have no significant
spectral relaxation regardless of the sample states, as there
are no spectral shift features in their steady-state PL results,
as shown in Fig. 4. Liu et al. reported that Mn>"-substituted
PQD?2 exhibited a short lifetime of 13.4 ns for the higher
small band and a longer lifetime of approximately 1.6 ms
for the lower main band with a fresh sample [24]. The short
lifetimes for the higher bands of the aged PQD2 samples
were shortened by approximately two orders of magni-
tudes, while the long lifetimes of the aged PQD2 samples
were shortened to only approximately 1/3 after aging
compared with the native lifetime estimated with a fresh
sample. As a consequence, a weak PL peak at ~400 nm of

QD Phase Tl T2 Al A2
PQD1 DS 4.0 19 0.70 0.33
CS 1.5 12 0.88 0.15
PD 1.8 15 0.80 0.20
PQD2 DS 0.082 0.55 0.85 0.15
CS 0.12 1.0 0.86 0.14
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PQD2-PD sample could be detected only with fast time-
resolved PL measurement, which was not detectable in the
steady-state PL spectra as shown in Fig. 1 and Fig. 4.
However, the PL decay of this band was too fast to extract
the reliable spectroscopic lifetime with the measurement
setup used in this study. This means that the initial decay
being accelerated by aging-caused species must be
significantly enhanced compared with those of the solution
samples; thus, the extremely short lifetime of PQD2-PD
could not be presented in Table 2. Despite the drastic
change of the PL kinetics in particular regarding the small
band at ~400 nm, the PL QY of a solid PQD2-PD sample
was not seriously reduced from the value of a fresh sample.
This let us assum that there is a kind of repopulation
pathway toward strong emissive band at 600 nm after
pronounced depopulation which compete with the emis-
sion of small band at ~400 nm.

In Fig. 9, the decay paths and assignments for relevant
excited species are schematically presented. The DeS
generated during the aging process can be responsible for
the efficient non-radiative depopulation of the PEs of both
PQD1 and PQD2, as discussed in relation to the shortening
of the initial lifetimes (71 in Table 2). However, for PQDI1,
there are only few states below the energy level of DeS that
can stimulate the repopulation of such trapped excitons
toward radiative species, whereas for PQD2, there are
triplet levels having a high population probability below
the DeS that can still effectively undergo phosphorescence
or delayed fluorescence. Therefore, the aging-induced DeS
plays the role of a quencher for PQD1, whereas it does not
for PQD2. Furthermore, the extremely efficient migration
to the DeS might be beneficial to the subsequent
population toward the triplet states; thus, the PL QY
order of PQD2-DS < PQD2-CSKPQD2-PD for PQD2
samples can be explained by the above postulate.

Comparing of the PQD1 and PQD?2 systems by means of
their schematic decay pathways as shown in Fig. 9 can give
an answer for the question regarding the lifetimes of the
solid systems being longer than those of the solution
systems, followed by short initial decaying lifetimes of the
PQD1 system. The aforementioned postulate may support
the notion that the strongly interacting PD system has
additional ways to re-populate toward a mutual emitting
state—probably primary excitons via one or more
transitional states, such as triplet, charge transfer states
[31], or even free charge carrier states. Both PQD1 and
PQD2 have very effective PE migration after DeS
generation during aging processes but with different
consequences owing to the different mechanisms after
the first depopulation of PE. For instance, PQD2 has a
significantly longer emission regardless of the aging or
sample conditions, indicating its high intrinsic inter-system
crossing probability due to Mn?* substitution. This makes
the PL QY changes upon aging completely different
between the two systems —PQD1 and PQD?2. In addition

to the effect of this intrinsic difference, the disordered
aggregation degree-dependent effect plays an important
role in determining the excitonic fates. The changing of the
fluorescence lifetime is triggered by not only the reduction
of the inter-QD distances due to the higher concentration
but also the formation of larger QD aggregates, as triplet
transfer must be governed by a short-range interaction such
as Dexter transfer and cannot easily occur via a Forster-
type mechanism. Another hypothetical scenario is as
follows: plenty of long-living triplet excitons within a
solid of larger QD aggregates can extend the probability of
triplet-triplet annihilation-induced delayed fluorescence
[32] which need to be further studied.

4 Conclusions

Aged cesium lead halide perovskite QDs and their Mn?"-
substituted QD counterparts (CsPbBr, 7 and CsPby 73Mng »7Cls,
which are denoted as PQD1 and PQD?2, respectively) were
investigated via excitation wavelength-dependent PL QY
and time-resolved PL spectroscopy. The measurements
were performed using DS, CS and PD QD samples kept
under ambient conditions for a long-term period of
approximately two months.

After long-term stocking-induced aging, PQD1 exhib-
ited a drastically reduced PL QY, whereas the PL QY of
PQD2 was almost unchanged. The aging-induced defects
of PQD1 were extremely effective for enhancing the
relaxation via non-radiative decay pathways. The PL QY
of PQD2 was not affected by the aging-induced defects,
although PQD2 had a comparable effect due to aging-
induced defects, as indicated by the energetically higher
PL band. A comparison of the phase situations of the
different samples revealed clearly different exciton inter-
actions.

As expected, the non-radiative decay of PQDI1 was
enhanced by the reduction of the distances between QD
aggregates from CS to DS and PD, whereas that of PQD2
was prohibited by the reduction of the distances between
QD aggregates. Notably, the distance between the QD
aggregates is an important parameter determining the
solid-state application of the material. Obviously, the
differences between PQD1 and PQD2 with regard to the
position of DeSs in their decay path schema and the
exciton diffusion caused by close packing in the solid-state
sample give PQD?2 a significantly longer-lasting PL, which
is crucial for light-emitting applications under extreme
environmental conditions.
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