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Bandgap-engineered inorganic and hybrid halide perovskite (HP)
films, nanocrystals, and quantum dots (PQDs) are promising for
solar cells. Fluctuations of photoinduced electron transfer (PET)
rates affect the interfacial charge separation efficiencies of such
solar cells. Electron donor- or acceptor-doped perovskite samples
help analyze PET and harvest photogenerated charge carriers
efficiently. Therefore, PET in perovskite-based donor—acceptor
(D—A) systems has received considerable attention. We analyzed
the fluctuations of interfacial PET from MAPbBr; or CsPbBr; PQDs
to classical electron acceptors such as 7,7,8,8-tetracyanoquinodi-
methane (TCNQ) and 1,2,4,5-tetracyanobenzene (TCNB) at single-
particle and ensemble levels. The significantly negative Gibbs free
energy changes (AG,, = —0.16to — 1.16 eV) of PET estimated from
the donor—acceptor redox potentials, the donor—acceptor sizes,
and the solvent dielectric properties help us clarify the PET in the
above D—A systems. The dynamic nature of PET is apparent from
the decrease in photoluminescence (PL) lifetimes and PL photo-
counts of PQDs with an increase in the acceptor concentrations.
Also, the acceptor radical anion spectrum helps us characterize
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the charge-separated states. Furthermore, the PL blinking time and
PET rate fluctuations (108 to 10”7 s™%) provide us with single-mole-
cule level information about interfacial PET in perovskites.

The large absorption coefficients in the solar spectral range,
excellent defect tolerance, wide and tunable photo-
luminescence (PL) color, high PL quantum yields, and long-
range charge carrier diffusion of halide perovskite quantum
dots (PQDs) make them attractive for photonic and solar cell
technologies.'™® The efficient extraction of photogenerated
charge carriers from PQDs helps optimize perovskite solar
cells (PSCs). This is accomplished using different charge trans-
port materials.’® Photoinduced interfacial electron transfer
(PET) and subsequent charge separation in perovskite-based
donor-acceptor (D-A) systems require further attention to opti-
mize charge separation and improve the power conversion
efficiency (PCE). Historically, PET in photovoltaics occurs with
various electron acceptors, including TiO,, SnO,, 7,7,8,8-tetra-
cyanoquinodimethane (TCNQ) and 1,2,4,5-tetracyanobenzene
(TCNB), and fullerene (Cs) derivatives like [6,6]-phenyl Ce1/74
butyric acid methyl ester (PCBM-Cgy,54)."” >° Particularly,
TCNQ and TCNB are promising and cost-effective strong and
multiple electron acceptors,>®*” which are less explored for
PSCs. Thermodynamic and kinetic parameters of electron
transfer for acceptors on PQDs can be promising during
designing next-generation solar cells.

TCNQ- or TCNB-based D-A systems receive considerable
attention because of their high electron affinities. For example,
Jeong et al. used TCNQ as an electron scavenger in photoelec-
trochemical studies and reported ultrafast PET from the elec-
trode to TCNQ.?® PET was studied based on in situ spectro-
electrochemical and ex situ morphology characterization tech-
niques. Also, Hsu et al. prepared sandwiched multilayer gra-
phene/TCNQ electrodes for organic photovoltaics, where
TCNQ molecules were tethered between two graphene layers.>®
The strong electron affinity of TCNQ helped achieve high PCE.
In a similar study, Nonoguchi et al. successfully measured PET
from CdTe nanocrystals to TCNB using time-resolved and
steady-state spectroscopic methods.*® For CdTe QDs, they
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observed PL quenching by static electron transfer to TCNB.
The above research subjects explain the importance of TCNQ
or TCNB as an electron acceptor in PQD solar cells. However,
PET efficiency is known to vary from QD to QD due to different
interfacial electronic coupling.®® Therefore, single-particle
studies focusing on PQD-TCNB/TCNQ systems can provide
further insights into interfacial charge separation in PSCs.

The PL properties of PQD-based D-A interfaces have been
studied at the single particle level to correlate the fluctuations
of interfacial electron transfer rates with PL blinking. Ultrafast
nonradiative relaxation during the PL OFF state inhibits the
efficient capturing of photogenerated carriers from ionized
PQDs.*? PL blinking denotes the bright (ON-state) and dark
(OFF-state) states in a PQD PL intensity trajectory. The current
understanding of PL blinking correlates the ON and OFF pro-
cesses with nonradiative Auger recombination (the charging-
discharging model, type-A)** and trap- or phonon-assisted acti-
vation-deactivation (the trapping-de-trapping model, type-B).>*
The relaxation of a photo-excited ionized QD is dominated by
nonradiative Auger recombination via energy transfer to a suc-
cessively generated exciton.”> In type-B blinking, shallow
defects or multiple recombination centers randomly activated
or reactivated in a QD constantly change the nonradiative
relaxation rate and cause band-edge blinking. An electron
trapped in a surface trap state can be transferred to an accep-
tor by channeling the PQD neutralization through the electron
acceptor, resulting in blinking suppression.*®

We investigated the interfacial electron transfer dynamics
of molecularly (TCNB or TCNQ)-doped single PQDs. We
selected these acceptors based on the feasibility of PET, pre-
dicted from the Gibbs free energy changes
(AG,, = —0.16to — 1.16€eV) of PET, which were calculated
from the ionization potentials of PQDs, the reduction potential
of TCNB/TCNQ, the donor-acceptor distances, and the solvent
dielectric constants. The negative AG,, values prompted us to
test the PET and charge separation (CS) at the ensemble solu-
tion-phase and single-particle levels by steady-state and time-
resolved PL (TRPL) measurements. In a PQD sample, PL
quenching by PET was dynamic, obviously from the continu-
ous decrease in the PL intensity and lifetime values with the
increase in the TCNQ/TCNB concentration. Also, the CS state
of a PQD-TCNQ sample was rationalized from the radical
anion spectrum of the acceptor, as detected by UV-vis absorp-
tion spectroscopy. Next, we examined the PET in single par-
ticles by recording the PL ON/OFF kinetics and probability dis-
tributions with and without TCNQ/TCNB. We analyzed the
ON/OFF-time distributions for ca. 400 single PQDs without or
with TCNQ/TCNB. The ON/OFF probability curves showed
increased blinking OFF-time, consistent with the PET rates
and the stable CS state.

We synthesized colloidal CsPbBr; PQDs (C-PQDs) by a hot-
injection technique and MAPbBr; PQDs (L-PQDs) by a ligand-
assisted reprecipitation (LARP) technique. In contrast,
MAPDBr; PQDs directly synthesized on glass coverslips by a
modified spray technique were without any ligands (W-PQDs).
The spray method was performed under ambient conditions,
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for which the details are given in the Experimental section.
Sprayed microdroplets of a MAPbBr; HP precursor solution,
without ligands, provided W-PQDs by fast nucleation and
growth in the droplet. Moreover, the spray method helped
directly deposit well-isolated W-PQDs on glass substrates for
single-particle PET studies. The details of PQD preparation,
isolation, and characterization are presented in the
Experimental section. The PQD structures and schemes of
PQDs with/without the quenchers are shown in Fig. 1A. TEM
images helped us understand the structural characteristics of
the as-synthesized PQDs. The TEM images of both L-PQDs and
C-PQDs showed the cubic phase, where the PQD edge lengths
were ca. 10 nm for C-PQDs (Fig. 1B) and ca. 10.3 nm for
L-PQDs (Fig. 1C). Also, the PQDs showed narrow size distri-
bution. Conversely, the modified spray method gave smaller
W-PQDs with an average size of 6.5 nm (Fig. 1D). The particle
sizes were estimated by analyzing the TEM images using the
Image] software. Fig. 1E and F show the UV-vis absorption and
PL spectra of PQDs. A scheme of the W-PQD preparation is
shown in Fig. 1G. The absorption maxima of the C-PQDs,
L-PQDs, and W-PQDs are at 510 nm, 518 nm, and 535 nm,
respectively. The PL intensity maxima of C-PQDs, L-PQDs, and
W-PQDs are at 517 nm, 523 nm, and 543 nm, respectively.
Also, we detected narrow PL spectral full widths at half
maxima (fwhm) for C-PQDs (19 nm), L-PQDs (23 nm), and
W-PQDs (16 nm), which are consistent with the smaller PQD
sizes.””

The Gibbs reaction-free energy (AG) helps predict the
electron transfer feasibility.*® We estimated the free energy
change (AG,,) of electron transfer from the Rehm-Weller
equation.

AG; = on — ERED — E()o + C7 (1)

where Ey, is the optical bandgap [C-PQDs (2.43 eV) or L-PQDs
(2.39 eV)], Eox is the oxidation potential of PQDs, and Eggp
corresponds to the TCNQ/TCNB reduction potential. The AG,,
value can be precisely estimated using the Marcus equation.

o e /1 1 2 1 1
AG, =Eox —Eggp —Epp +— | —+——— || ———
2 \ra ™ Rcc/ \ér é€rer

eZ

5
ererRcc

(2)

where r, is the effective radius of L-PQD (5.15 nm) or C-PQD
(5 nm), and rp, is the effective radius of TCNB (0.348 nm) or
TCNQ (0.398 nm). We estimated the r,, rp, and Rqc (the
donor-acceptor distance in the CS state) from Image] analyses
of STEM images and the energy-minimized molecular struc-
tures. The Rq¢ values are taken as the close-contact distance
considering that the acceptors are doped on the donor surface.
er is the solvent dielectric constant, where the PET is evalu-
ated, and eggrp is the dielectric constant of the solvent where
Eox and Exgp were estimated by DPV measurements. We used
the same solvent in the electrochemical and electron transfer
experiments. Therefore, the second part of eqn (2) is ignored.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Structures and optical properties of PQDs. (A) Schemes of PQDs with or without electron acceptors (quenchers, Q = TCNQ/TCNB). (B-D)
TEM images of (B) C-PQDs, (C) L-PQDs, and (D) W-PQDs. Absorption and PL spectra of (E) C-PQDs and (F) L-PQDs and W-PQDs (insets: photo-
graphs of C/L-PQD solutions taken under room or UV light). The PL spectra were recorded under 400 nm excitation. (G) A scheme of the spray syn-

thesis method.

From the DPV curves (Fig. S1}), the Eox values for C-PQDs and
L-PQDs are 0.74 and 0.58 eV, and the Eggp values for TCNQ
and TCNB are —0.204 and —1.13 eV, respectively. We used
tetrahydrofuran (THF; eggr = 7.6) in the DPV experiments.
From the above parameters, the calculated AG;, values are as
follows: —1.15 eV for L-PQDs/TCNQ, —0.16 eV for L-PQDs/
TCNB, —1.16 eV for C-PQDs/TCNQ, and —0.17 eV for C-PQDs/
TCNB. These negative AG,, values predict PET from L-PQDs/
C-PQDs to TCNQ/TCNB.

Based on the above negative AG,, values, we examined PET-
induced PL quenching of PQDs by TCNB/TCNQ, by recording
the PL spectra and lifetimes of PQD solutions supplemented
by different concentrations of TCNQ/TCNB. First, we recorded
the PL spectra of L-PQDs or C-PQDs (0.1 mg mL™" in toluene).
Then, we added equal amounts (1 mM solutions in toluene) of
TCNQ or TCNB to the PQD solution and systematically
increased the quencher concentrations. The PL spectra and
decays of these solutions were recorded. As shown in Fig. 24,
C, and S2A, C,T the PL intensities of the PQD solutions were
decreased continuously as the TCNQ/TCNB concentration was
increased from 0 to 45 uM, showing PET-induced PL quench-

This journal is © The Royal Society of Chemistry 2023

ing. Furthermore, the PL lifetimes of the PQDs were decreased
with increases in the TCNQ/TCNB concentration (Table S1,f
Fig. 2B, D, and Fig. S2B, D). The PL decay profiles were fitted
using the third-order exponential equation. Table S11 shows
the individual amplitudes and the lifetime values. The hydro-
phobic ligands on L-PQD will likely hinder the interaction
between PQDs and the polar quenchers. Conversely, the
ligand-free PQDs (W-PQDs) allow for efficient and close inter-
action between the two. The PL lifetime decreases (Fig. 2B, D,
S2B, and S2Df) indicate dynamic interactions between PQD
and TCNB/TCNQ. In contrast, during static PL quenching of
PQD films by Cep,>"® the number of photons emitted
decreased with the increase in the Cg, concentration, with the
PL lifetime remaining unchanged. Plots of PL intensities/life-
times vs. TCNQ/TCNB concentration (Stern-Volmer plots) were
constructed to understand the PL quenching mechanism
further. The fitted Stern-Volmer plots for L-PQDs-TCNB/TCNQ
and C-PQDs-TCNB/TCNQ systems are shown in Fig. S3 and
S4,t and the fitting parameters are listed in Table 1. From the
fitting parameters, we understand similar quenching rate con-
stants (kqs) for TCNB-PQD and TCNQ-PQD systems (Table 1).

Nanoscale, 2023,15, 7695-7702 | 7697
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Fig. 2 PL spectral and decay profiles of L-PQDs in the presence of electron acceptors. (A and C) PL spectra of L-PQD solutions supplemented with
(A) TCNB and (C) TCNQ (4ex: 400 nm). (B and D) PL decay profiles of PQD solutions supplemented with (B) TCNB and (D) TCNQ (Aex: 400 nm), where
the black and green traces indicate the decays with 0 uM and 20 pM TCNB or TCNQ. The spectra from top to bottom in A and C represent the

increase in the quencher concentration from 0 to 45 pM at 5 pM intervals

Table 1 Stern—Volmer constants and the corresponding quenching
constants for L-PQDs and C-PQDs without or with TCNB/TCNQ

Stern-Volmer Quenching rate

System constant Kgy (M™") parameter kg (M~' s™")
L-PQDs-TCNB 2.08 x 10” 0.67 x 10*°
L-PQDs-TCNQ 2.34 x 10> 0.78 x 10*°
C-PQDs-TCNB 1.46 x 10” 1.29 x 10*°
C-PQDs-TCNQ 5.30 x 10” 5.35 x 10*°

The Stern-Volmer plot clearly shows the non-linear quenching
behavior in both systems (Fig. S3 and S4t), indicating com-
bined dynamic and static interactions that govern the PQD PL
quenching by TCNQ/TCNB, even at low quencher concen-
trations. Furthermore, TCNQ and TCNB show similar Stern—
Volmer constants and quenching rate constants, indicating
their comparable electron acceptor efficiencies.

TCNQ and TCNB are well-studied electron acceptors, and
these molecules generate radical anions in the presence of
electron donors. To understand the formation of TCNQ'™, we
recorded the steady-state absorption spectra (Fig. S5f) for
L-PQDs without or with TCNQ. The absorption maximum of
the as-synthesized L-PQD was at 518 nm. After adding TCNQ
to a PQD solution, we detected three absorption maxima at
393, 755, and 845 nm. The absorption band at 393 nm corres-

7698 | Nanoscale, 2023,15, 7695-7702

ponds to the TCNQ S, — S; transition. The unpaired electron
in the TCNQ'™ renders it the doublet state electronic structure.
TCNQ™™ has the main absorption bands in the 600-900 nm
range, with the 755 and 848 nm bands as the characteristic
features. These features correspond to the D, - D; and D, —
D, transitions.>**® However, TCNB'~ was not observed in the
steady-state absorption spectra because of its low electron
affinity compared to TCNQ, which is also apparent from the
lower electron transfer rate for TCNB than that for TCNQ
(Table 1). The lack of the characteristic TCNB'~ absorption
band in the steady-state spectrum can also be due to the rela-
tively short lifetime of TCNB'™ than that of TCNQ™™.

To further understand the PQD to TCNQ/TCNB interfacial
electron transfer, we examined the roles of TCNQ/TCNB in the
PL intensity and ON/OFF times of single PQDs. Generally, PET
from a PQD to an acceptor can increase the OFF time by
detouring the neutralization of the ionized PQD through a
back electron transfer (BET). At first, we investigated the blink-
ing behavior of pristine PQDs using a single-molecule fluo-
rescence imaging system with an EMCCD camera and a
spectrometer. The samples were prepared on glass substrates
by placing a subnanomolar PQD solution and dragging using
a lens-cleaning paper (see the Experimental section). This
drop-drag method helped us to control the density of single
PQDs at 15-20 per 50 x 50 um?”, as shown in Fig. S6A.f For
single W-PQD sample preparation, we followed a spray

This journal is © The Royal Society of Chemistry 2023
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method,"® where perovskite precursor solutions with con-
trolled concentrations were sprayed on glass coverslips at
specific distances between the sprayer and the sample sub-
strate (see the Experimental section). This method helped us
to set the single W-PQD density at 20-30 per 50 X 50 pm®
(Fig. 3A). Typical PL blinking plots for the as-prepared W-PQDs
and C-PQDs are given in Fig. 3B(i, ii) and S6B(i, ii),} respect-
ively. The PL blinking ON- and OFF-time distributions varied
from particle to particle, with some PQDs showing short ON/
OFF durations to some showing long-living ON or OFF events.
We set the excitation laser intensity far below the biexciton
threshold estimated from the particle size and laser intensity.
As reported in the literature, pristine MAPbBr; and CsPbBr;
blink by a combination of charging-discharging and trapping—
de-trapping processes.”

To realize the role of electron transfer in PL blinking of
PQDs, we recorded the single W-PQD PL intensity trajectories
before, during, and after PQD samples were supplemented
with TCNQ/TCNB solutions. The intensity trajectory of a pris-
tine W-PQD immersed in 1-hexadecene for 60 s is shown in

View Article Online

Communication

Fig. 3C(i). A TCNB solution in toluene was introduced to the
PQD at 65 s. Generally, PET from the surface trap to an elec-
tron acceptor increases the OFF time by redirecting the charge
neutralization in a PQD through BET. After treating the PQD
with a TCNB solution, the PL trajectory showed long-lived OFF-
states, indicating long-lived CS states. Nevertheless, intermit-
tent PL ON events were observable. The PL intensity trajec-
tories represent high-frequency forward and backward electron
transfer-mediated nonradiative relaxation processes, with
minimal radiative recombination and fluctuations of the PET
rates. Conversely, with the addition of the quencher, the short-
lived ON-OFF occurrences (Fig. 3C, from 0 to 62 s) of the
W-PQDs changed into blinking with prolonged OFF states. In
addition to the negative AG,, values for both the PQD-TCNQ
and PQD-TCNB systems, the oxidative PET is predictable from
the MAPDbBr; conduction band and the acceptor LUMO
levels.*? Nevertheless, the PET efficiency and rate fluctuations
are affected by many factors, such as the PQD-quencher inter-
face and their electronic coupling.** Therefore, the different
blinking ON-OFF times, temporally for a given particle and

Bli)

ii)

PL Intensity (a.u.)

10 20 30 40 50 60
Time (s)

—— W-PQD after TCNB ——»

Normalized PL Intensity

>

W-PQD after TCNQ ———»

0 20 30 40 S0 60 70 80 90

100 110 120

Time(s)

Fig. 3 PET-induced blinking of single-PQDs. (A) A PL image of W-PQDs on a cover glass substrate and photoexcited at 404 nm (585 W cm™2). (B)
PL intensity trajectories of two pristine W-PQDs. (C) Real-time PL intensity trajectories of single W-PQD immersed in 1-hexadecene (from 0 to 62 s)
before and (from 65 to 120 s) after the addition of (i) TCNB (1 mM in toluene) or (ii) TCNQ (1 mM in toluene). The bin size is 33 ms.

This journal is © The Royal Society of Chemistry 2023
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spatially for different particles, can be attributed to fluctu-
ations of the interfacial electronic coupling element originat-
ing from the heterogeneity of the interface, changes to the
molecular orientation, and fluctuations in the donor-acceptor
distance.**

To verify the PET-induced blinking change, we collected PL
intensity trajectories of more than 400 W-PQDs/C-PQDs before
and after treatment with TCNB/TCNQ. We statically analyzed
the ON/OFF probability distributions that helped rationalize
the blinking when PET is operative. The probability is well-
fitted by the truncated power law in eqn (3).

P(z) = Agz e~/

(3)

View Article Online
Nanoscale
where A, is a constant, and 7. and « are the truncation time

and coefficient, respectively. We calculated the probability dis-
tribution using eqn (4).

2Ni
(tis1 +7) — (7 + 7i21)

P(r) = (4)

where 7 represents the time and Ni the /™ time occurrence.
The ON/OFF statistics (Fig. 4A, B, S7A, and S7Bt) of pristine
W-PQDs (z.on = 1.75 8, and z.opr = 0.39 s) or C-PQDs (zcon =
0.97 s, and 7.opr = 0.20 s) reveal the blinking probability and
the photoionization behavior, which means charging-dischar-
ging- or type A blinking. This behavior is evident from the
exponential truncation cut-off of the probabilities at short
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Fig. 4 Blinking time distributions for >400 single PQDs. Probability distributions of (A, C) ON- and (B, D) OFF-times for W-PQDs (A, B) without or
(C, D) with TCNB. (E and F) W-PQD's PL decays with or without (E) TCNB and (F) TCNQ. The quencher concentration is 10 M in both cases.
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time scales. The ON-7.; and OFF-z.; for W-PQDs and C-PQDs
show a higher ionization probability in the latter case. The
OFF events in single-particle PL blinking are attributable to
nonradiative Auger recombination in charged PQDs. After a
hole or an electron localizes in a defect, nonradiative Auger
recombination dominates the relaxation of a charged exciton
generated by photoexcitation within the carrier de-trapping
time. The OFF times of pristine PQDs come from carrier trap-
ping-de-trapping cycles or the stability of the trapped state.
However, in the presence of the acceptor, the z.on value for
W-PQDs was decreased from 1.75 s to 0.66 s and the 7.opp
value was increased from 0.39 s to 0.81 s.

Similarly, in the presence of the acceptor, the 7.on value for
C-PQD was decreased from 0.97 s to 0.49 s and the 7.opr value
was increased from 0.20 s to 0.31 s. The ON-time
(shorter than that of pristine PQDs) and OFF-time (longer than
that of pristine PQDs) for W-PQDs or C-PQDs treated with the
quencher, as shown in Fig. 4C, D, S7C, and S7D,f suggest a
PET-induced additional nonradiative recombination pathway.
Conversely, the shorter 7z.ony denotes the probability of
charging by PET, and the longer z.opr suggests repeated
PET-BET cycles with a low probability of radiative recombina-
tion. Also, a long-living CS state can contribute to the long
OFF-time.

Although the dynamic nature of PET is apparent from the
ensemble PL intensity and lifetime decrease, we
correlate the single-PQD PL ON-/OFF-time with the PL life-
times to further understand the origin of the dynamic nature.
Fig. 4E and F show PL decays of single PQDs with or without
TCNQ or TCNB. The PL lifetime was decreased (from 9.7 to
6.3 ns) for a pristine W-PQD after TCNQ treatment, showing
the PET rates at 5.56 x 10’ s™' and 1.3 x 10® s~ for TCNB.
These rates are comparable to the ensemble PET rates
(Table 1). However, the single PQD PL lifetimes fluctuated
occasionally, like single-particle PL intensity fluctuations. The
intensity and lifetime fluctuations suggest fluctuations in the
interfacial PET efficiency or the dynamic nature of D-A
interactions.

In summary, we reveal the PET rate and dynamics for PQD-
based D-A systems at the ensemble and single-particle
levels. The negative Gibbs free energy changes of PET
suggested PET feasibility. Furthermore, PET from PQDs to
TCNQ or TCNB was evident from the PL intensity and lifetime
decrease. The Stern-Volmer plots helped us identify the
dynamic nature of PET even at low acceptor concentrations.
The highest PET rate was ca. 8 x 10" s~" at the ensemble level
and ca. 1 x 10® s™* for single PQDs. The TCNQ radical anion
further helped us identify the charge-separated state.
Consistent with the PET-induced PL intensity/lifetime decrease
at the ensemble and single-particle levels, statistical analysis
of the PL intensity trajectories of single PQD-acceptor systems
showed an early-time ON-time cut-off and a significant OFF-
time increase. This study highlights the fluctuations of inter-
facial electron transfer rates in PQD-acceptor systems, under-
scoring the significance of suppressing such fluctuations for
high-efficiency perovskite solar cells.

This journal is © The Royal Society of Chemistry 2023
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