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Evidence of carrier diffusion between emission
states in CdSe/ZnS core—shell quantum dots: a
comprehensive investigation combining
fluorescence lifetime correlation spectroscopy
(FLCS) and single dot photoluminescence studiest
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Investigation of carrier dynamics in CdSe/ZnS core-shell quantum dots (QDs) is performed using fluor-
escence-lifetime-correlation-spectroscopy (FLCS) and single-dot PL blinking studies. The origin of an
emitted photon from a QD in an FLCS study is assigned to either an exciton state or trap state based on
its excited state lifetime (zq). Subsequently, two intrastate autocorrelation functions (ACFs) representing
the exciton and trap states and one cross-correlation function (CCF) coupling these two states are con-
structed. Interestingly, the timescales of carrier diffusion (zg) show striking similarities across all three cor-
relation functions, which further correlate with z of the conventional FCS. However, ACFs notably deviate
from the CCF in their ps progression patterns, with the latter showing growth, whereas the former ones
display decay. This implies inter-state carrier diffusions leading to the QD blinking. Further study of single
particle PL blinking on a surface-immobilized QD indicates shallow trap states near the band edge cause
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the blinking at low excitation power, while trion recombination becomes an additional contributing factor
at higher pump power. Overall, the results highlight not only an excellent correlation between these two
techniques but also the potential of our approach for achieving an accurate and comprehensive under-

rsc.li/nanoscale standing of carrier dynamics in CdSe/ZnS QDs.

cations, including cell imaging, light-emitting diodes (LEDs),
photovoltaics, and quantum dot-based displays.”>'"** All

Introduction

The CdSe/ZnS core-shell quantum dot (QD) stands out as a
pivotal member of the semiconductor nanocrystal family,
extensively employed across diverse domains.” These QDs
comprise a cadmium selenide (CdSe) core for efficient light
absorption and emission and a zinc sulfide (ZnS) shell for
enhancing PL efficiency by mitigating surface defects. The
core-shell configuration not only boosts the optical character-
istics of QDs but also acts as a protective barrier against oxi-
dation and photodegradation, thereby extending the excited
state lifespan of the QDs.”'® Like other quantum-confined
semiconductor materials, CdSe/ZnS QDs have diverse appli-
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these applications benefit from their tuneable emission wave-
lengths, high photoluminescence quantum yields (PLQYs),
and remarkable photostability.

Despite having several promising optoelectrical and
material properties, QDs encounter challenges due to trap
induced PL blinking, hindering their practical deployment in
display and related applications.’**® Several approaches, such
as surface treatments, modifications in synthesis pathways,
heteroatom doping, and interface engineering, have demon-
strated a significant reduction in trap states.'”’®">*> However,
these methods have not yet succeeded in producing completely
defect-free QDs, since they still experience shallow traps near
the band edge. These states facilitate efficient non-radiative
band-edge carrier (NBC) recombination well before forming a
second exciton. NBC blinking is common in QDs.'?'*?32°
Deep trap states within QDs result in the prolonged entrap-
ment of carriers, subsequently leading to the charging of QDs.
Upon subsequent photoexcitation, the charged QDs convert
into trions, which relax either through radiative recombination
or through fast non-radiative Auger recombination, with the
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former occurring at a rate constant (2k,) twice faster than the
radiative recombination rate (k) of neutral exciton.!3124726
Blinking caused by trion recombination is referred to as “AC
blinking”. Previous studies demonstrated that QDs could
experience both NBC and AC blinking simultaneously.'*?>*?”
Further studies, particularly involving the excitation of QDs
with energies surpassing the band-gap threshold, reveal a new
phenomenon called non-radiative hot carrier (HC) recombina-
tion that may occur alongside NBC and AC recombinations
within the same QD.>>*”*® These findings represent a signifi-
cant advancement in understanding of different types of blink-
ing phenomena observed in QDs, however, they all share a
commonality in being linked to trap states. Thus, achieving a
comprehensive understanding of the mechanisms of trap-
state-induced carrier recombination in QDs is essential for
expanding their applications in photovoltaics and
optoelectronics.

In this study, we employed several non-invasive single mole-
cule-based techniques to investigate the recombination mecha-
nisms occurring in CdSe/ZnS QDs, which are responsible for
the blinking at various timescales. Two widely accepted single-
particle PL techniques are actively being considered for study-
ing QDs: (i) single-particle blinking study of surface-immobi-
lized QD, and (ii) FCS study of QD in the solution phase.
Although the latter technique represents measurements from
a small ensemble of particles (~nM concentrations), it can still
offer evidence of sample heterogeneity and distribution of
characteristic time constant.>*° Single-particle blinking
studies are conventionally performed by embedding individual
QDs in a polymer matrix with only a limited scope of retaining
their surface state integrity because of the inevitable influ-
ences of QD-surface interactions.”® This would definitely
hinder the realization of the intrinsic PL properties of QDs.
Single particle blinking study of surface-immobilized QD also
suffers from low throughput data collection. To this front, FCS
is considered to be more advantageous because it is a solution
phase study and compatible with high throughput data collec-
tion. Despite the numerous advantages of FCS, there have
been only a limited number of studies on QD blinking using
this technique.?*"' Other than high throughput and absence
of unwanted interactions, FCS also offers better temporal
resolution (<0.1 ps) compared to one (~10 ms) in a single dot
blinking study on a surface-immobilized QD. The temporal
resolution of later is limited by the binning time (>1 ms) of
the PL intensity trajectory.>>*®*! All these factors render FCS a
promising technique for studying carrier dynamics.

FCS analyzes intensity fluctuations within an extremely
small (<1 femtoliter) excitation volume, enabling the detection
of timescales associated with the processes accountable for PL
fluctuations.*>** While conventional FCS is capable of captur-
ing timescales related to a number of phenomena such as
diffusion, structural changes, triplet kinetics and molecular
recognitions, it lacks the ability to determine the number of
emission centers contributing to an FCS curve, even if they
possess different lifetimes and thereby unable to provide
several crucial information related to the interstate carrier
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dynamics.*> On the other hand, FLCS offers the capability to
distinguish between two or more emission centers within a
QD that have different PL lifetimes (zg), even if their PL peak
positions are similar.*>**"° This ultimately offers a thorough
understanding of the blinking behaviors of individual emis-
sion centers related to the exciton (long zp) and trap states
(short z) through the analyses of their ACFs.*' Additionally,
FLCS allows for the simultaneous detection of the trajectory of
carrier dynamics involving multiple emission states by analyz-
ing interstate CCF.>" The present study reveals that the growth
feature (anti-correlation) in CCF between exciton and trap
states serves as direct evidence of carrier diffusion between the
respective states, leading to the quenching of one state at the
cost of gaining PL intensity of the other state. Conventional
FCS studies can’t provide such a distinct evidence of carrier
migration from one state to another. Additional investigation
into the blinking behavior of surface-immobilized QD reveals
that shallow trap states near the band edge cause blinking at
low excitation power, whereas, at higher pump intensity, trion
recombination emerges as an additional contributing factor.

Results and discussion

CdSe/ZnS core-shell QDs with a diameter of approximately
8 nm (as depicted in the TEM image in Fig. 1a) and a photo-
luminescence quantum yield (PLQY) of approximately 60%
were obtained from Merck (product number 748056). The QD
sample was dispersed in octadecene (ODE) through mild soni-
cation. The absorption spectrum displays the first excitonic
peak at ~532 nm, while the PL peak is observed at ~537 nm
(Fig. 1b). Additional characterizations using X-ray diffraction
spectroscopy (XRD), dynamic light scattering (DLS), and
Fourier-transform infrared spectroscopy (FTIR), are available
in the ESI [Fig. S1-S31]. The findings of the above studies
align well with prior studies.®®>">?

In conventional FCS, only the macroscopic arrival times (z,
with ns precision) of each recorded photons with respect to
the start pulse are registered. Conventional FCS provides valu-
able insights into diffusion, triplet kinetics, molecular inter-
actions, carrier dynamics, or other processes causing PL fluc-
tuations at ps-to-ms timescale.*>*> However, FLCS expands on
this by additionally recording the microscopic delay times (t,
with ps precision) of the recorded photons with respect to the
previous sub-ns excitation pulse.**° Since the FCS curves are
plotted as a function of = (macroscopic arrival time), hence-
forth, we would recognize this timescale as the FCS scale.
Conversely, the microscopic delay times (¢) utilized for con-
structing the TCSPC histogram vary among different emission
centers and are recorded on a lifetime scale. The ACF and CCF
are calculated from various arrival timescales (¢ and t) of
detected photons. If a nanocrystal contains two emission
states, both contributing to the PL, the resultant FCS curve is
not a linear combination but instead a complicated superposi-
tion of both. Separation of FCS contributions first involves the
determination of statistical origins of the detected photons,
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Fig. 1 (a) HRTEM image of CdSe/ZnS QDs, inset shows the particle size distribution. (b) Absorption (dashed line) and PL (solid line, 1ex ~450 nm)
spectra of CdSe/ZnS QDs dispersed in octadecene (ODE). (c) The excited state PL lifetime profile (grey curve, simultaneously recorded during FLCS)
of CdSe/ZnS QDs is resolved into two decay profiles representing trap state (blue) and exciton state (green). The inset shows intrastate autocorrela-
tion functions (ACFs) of the exciton (long zq, green) and trap (short 7y, blue) states along with the interstate cross-correlation function (CCF) between
the exciton and trap states (blue-green line). FLCS utilizes TCSPC to separate FCS contributions of trap and exciton states based on the lifetimes of
the detected photons. The core of this technique lies in the statistical isolation of distinct intensity contributions carried out at the single photon

level. FLCS serves as a lifetime analogy to multicolor FCS, offering numerous additional benefits.

followed by the formulation of statistical filters that lead to the
separation of intensity contributions. Once separated, the for-
mations of ACFs and CCF are straightforward. Further details
on the FLCS, construction of the CCF and ACF can be found
elsewhere.**

Fig. 1c illustrates resolving the conventional FCS curve of
QDs into two intrastate ACFs related to the exciton and trap
states and one interstate CCF coupling these two states. The
key to this entire separation process in FLCS lies in different
lifetimes of the exciton (~8.9 ns) and trap (~1.9 ns) states,
respectively. The statistical distribution of microscopic arrival
times of detected photons at low excitation power (~0.02 kW
em™?) fits nicely to a bi-exponential decay function, with
characteristic timescales of ~8.9 ns (exciton) and ~1.9 ns
(trap), respectively. As the pump power increases from
~0.02 kW cm™ to ~0.2 kW cm™2, the contribution of the trap
state lifetime (~1.9 ns) rises from ~49% to ~57%, implying
efficient trapping of charge carriers at an elevated pump inten-
sity. ACFs and CCF display similarities, including their dyna-
mical timescales of carrier diffusion (zz) and translational
diffusion of QDs (rp), with the exception of their correlation
patterns at ps time regime. ACFs demonstrate a decay pattern,

and interstate CCF. These analyses additionally offer substan-
tiation for carrier migration at the ps timescale as the under-
lying mechanism of QD blinking.

PL lifetime profiles at both the excitation powers fit satisfac-
torily to a bi-exponential decay function with characteristic time-
scales of ~1.9 ns and 8.9 ns, respectively (Fig. 1c). A larger contri-
bution of exciton state (~8.9 ns) is observed at lower pump inten-
sity (~0.02 kW cm™). Correlating with previous studies, we
assigned the faster component (~1.9 ns) to trion or trap state-
mediated recombination, whereas the longer component to radia-
tive recombination of exciton.>"*® The ACFs of the trap state with
~1.9 ns lifetime component [G(7); ox1.9] and the exciton state with
~8.9 ns component [G(z)g oxs.0), as well as the CCF between trap
and exciton state [G(7);.oxg0], at low (~0.02 kW cm™>) and high
(~0.2 kW cm™?) excitation powers are illustrated in Fig. 2c and d.
These ACFs and CCF fit nicely to the following analytical fitting
function (eqn (1)), which combines two blinking phenomena.
The initial part [G(z)] accounts for the blinking stemming from
carrier trapping (rate constant k;) and de-trapping (rate constant
k) at characteristic timescale of i [=1/(k; + k)], whereas the latter
part [Gp(7)] represents the blinking as a result of translational
diffusion of the QDs across the excitation volume.*!

G1.0x1.0(7)[for ACF trap], or Gg.oxg.o(7)[for ACF exciton], or Gy .9xg.¢(7)[for CCF] = A~ x Gg(7) x Gp(7) (1)
where,
Gr(7) = 1+ {g1.9x1.9[for ACF trap], or gg oxs.¢[for ACF exciton], or g1 oxs.o[for CCF}}exp’(’/’R)ﬁ (2)

whereas CCF exhibits growth or anti-correlation (Fig. 1c). The
growth feature in CCF unequivocally confirms the strong coup-
ling between the exciton and the trap states, where the popu-
lation (or PL intensity) increases in one state at the cost of
sacrificing the PL intensity of the other state (Fig. 2a and b).
Thus, our FLCS study allows direct tracking of the carrier
diffusion in QDs through the examinations of intrastate ACFs
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and

Go(1) = (1+7/20) " (1 + 2/k%ep) /2 (3)
where A in eqn (1) is the average number of QDs in the exci-

tation volume.’® In eqn (2), while g.0x1.0 (and gs.oxs.0) = kalky
(and ky/k,), g1.9x8.0 = —1. 7 [F1/(ky + k;)] represents the charac-
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Fig. 2 (a) Schematics of PL intensity traces of exciton (long 7, green) and trap (short g, blue) states of a QD. Over time, if the PL fluctuation pat-
terns of the two emission centers (exciton and trap) correlate in a reverse manner, an anti-correlation or growth feature would be observed in CCF.
(b) Schematics of ACFs of exciton (green) and trap (blue) states, along with inter-state CCF (blue-green line) with growth feature, correlating with PL
blinking depicted in (a). Since both emission centers belong to the same QD, later time decay (ms regime) of all three correlation functions follows
similar timescales (rp) decided by QD diffusion. Also, the ps evolution timescale of all three correlation curves would match since this timescale (zg)
is decided by trapping (k;) and de-trapping (k) rates of charge carrier; g = (ky + k»)"*. (a and b) are schematic representations, not showing any real
data. (c and d) ACFs and CCF of CdSe/ZnS QDs at low (c) and high (d) excitation power (real data). The inset shows the CCF of the main figure to
realize the growth feature by zooming the y-axis.

teristic timescale of blinking induced by carrier trapping/de-
trapping, where the stretching exponent $ (0 < f < 1) accounts
for the energy distribution of the trap states.*">*>* g shows a
distinctive shift to a lower value at high pump intensity, point-
ing toward the dispersive nature of the trap states, presumably
due to the participation of trion recombination at a high exci-
tation power (Table 1).>"** In eqn (3), 7p represents the charac-
teristic timescale of translational diffusion of QDs across the
excitation volume, whose aspect ratio is described by & (~4). k
represents the ratio of the longitudinal radius (w,) to the trans-
verse radius (w,,) of the excitation volume.*® The above fitting

model has previously been employed to fit FCS curves of metal
chalcogenides  and, very recently, in  perovskite
nanocrystals.>">* Also, Hof and colleagues utilized the same
model to fit the ACFs and CCFs of their FLCS study of DNA
condensation.*®> Excitation volume was calibrated through an
FCS study of an organic dye molecule (rhodamine 6g) whose
diffusion constant is known.’® In our study with CdSe/ZnS
QDs, we noted that the decay pattern is evident in the initial
correlation (us regime) of ACFs. However, in the case of CCF, a
consistent growth feature is observed regardless of the pump
intensity (Fig. 2c and d). Furthermore, the timescale of carrier

Table 1 Optimal FCS parameters derived from fitting correlation functions with eqn (1), at low (~0.02 kW cm™2) and high (~0.2 kW cm™2) excitation
powers. Conventional FCS curves were fitted with the same fitting function used for the fitting of exciton ACF [i.e., Ggoxs.9(7)]. The reported values
are the averages of three consecutive measurements, with the sample replaced with a fresh one between each measurement. Deviations in the FCS
parameters were less than 10% from their respective means in any measurement

Fraction of time spent in

7p (ms) 7, (1) S [low/high ¢ [low/high trap state [ky/(k; + k)]
Correlations [low/high power] [low/high power] power] power] [low/high power]
Conventional FCS 3.0/3.9 150/100 0.20/0.11 0.5/2.5 0.33/0.71
FLCS-ACF (8.9 x 8.9 ns) 3.0/4.0 150/100 0.29/0.18 0.5/2.5 0.33/0.71
FLCS-ACF (1.9 x 1.9 ns) 3.2/3.8 150/90 0.13/0.50 2.0/0.4 0.33/0.71
FLCS-CCF (8.9 x 1.9 ns) 3.2/4.0 150/90 0.08/0.06 -1/-1
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dynamics (zg) observed in any of the ACFs aligns well with that
of the other ACF, and both the timescales correlate further
with the 7z of CCF under the same excitation power (Fig. 2¢
and d, Table 1). These observations provide direct evidence of
carrier diffusion from one state to another, causing the PL
blinking in QD, wherein the carrier diffusion timescale is rep-
resented by zx. The 7z becomes faster from 150 ps to <100 ps
as the pump power increases from ~0.02 kW cm™? to ~0.2 kW
cm > due to the involvement of an additional recombination
channel, presumably trion mediated (Fig. 2c and d, Table 1).
Also, the stretching exponent (f), which accounts for the distri-
bution of 7R, reduces as the excitation power increases
(Table 1). This observation is evident in both the ACFs and
CCF, which is attributed to the charge carrier trapping by dis-
persive trap states with distributed energies.’"** Analysis of
correlation functions at long delay time renders diffusion time-
scale (zp) of QDs, traversing across the excitation profile.
Table 1 collected the 7ps from the fitting of correlation func-
tions (ACFs and CCF) by eqn (1). We noted similar zps from all
three correlation functions (ACFs and CCF) of FLCS, which is
indeed due to the presence of both the states (trap and
exciton) within the same QD. The diffusion timescales of both
states, as reflected in their ACFs, are controlled by the
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diffusion of QD, where these states originate. It is pertinent to
mention here that 7z and 7 of conventional FCS match with
those of the ACFs and CCF (Table 1). One might raise doubts
regarding the practical utility of FLCS in our investigation, con-
sidering that classical FCS can also furnish timescales of
carrier dynamics and particle diffusion. However, here we
argue that FLCS offers valuable insights into the trapping
mechanism, enriching our understanding beyond what FCS
can provide. FLCS offers advantages over FCS by not only dis-
tinguishing between emissive centers with different lifetimes
but also by determining the relative patterns of their emissions
(whether it’s correlative, anti-correlative, or non-correlative).
The observed growth feature in the CCF indeed validates the
anti-correlative nature of the emissions from exciton and trap
states. This phenomenon suggests that an increase in PL
intensity in one state occurs at the expense of a decrease in
intensity in the other state (Fig. 2a).

Next, we investigated the PL intensity trajectories of individ-
ual QDs embedded in a PMMA matrix (Fig. 3). Through dot-to-
dot analysis, we were able to elucidate the distinct character-
istics of carrier dynamics by mitigating the influence of
ensemble averaging. Single-dot measurements were conducted
using confocal microscopy. Our single-dot blinking investi-
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Fig. 3 The figures at the left (a, d and g) and right (c, f and i) panels depict the PL intensity trajectories of three individual QDs under low (2 W
cm~2) and high (20 W cm™2) pump powers. The statistical distributions of intensity states are depicted along the right y-axis of the figures on the left
and right panels, showing a larger OFF state fraction at elevated pump intensity. Individual figures in the left and right panels are marked with a
number identifying the particle in the lifetime scan image (e) whose PL trajectory data has been shown. (b and h) Second-order cross-correlation
functions [g?(:)] recorded in pulse mode demonstrate that the emitted photons from individual dots in (e) exhibit sub-Poissonian statistics. This indi-
cates that each dot observed in the lifetime scan image corresponds to a single QD.
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gation has provided insights into the origin of trap states and
the associated carrier dynamics. Furthermore, the results of
the single-dot study qualitatively correlate with FLCS study.
The first step of the single dot blinking investigation involves
spin-coating an extensively diluted QD sample onto a coverslip.
This diluted sample was prepared by dispersing QDs in a solu-
tion containing toluene and 1% (w/v) poly(methyl methacry-
late) (PMMA). Fig. 3e illustrates the fluorescence lifetime
imaging (FLIM) recorded on a small portion of the coverslip,
displaying diffraction-limited spots (or dots) separated by con-
siderable distances from each other. To confirm that each dot
in the scan image represents a single QD rather than a cluster
of multiple QDs, we performed a second-order photon anti-
bunching study on the individual dots, which revealed sub-
Poissonian photon statistics (Fig. 3b and h). Photon anti-
bunching or sub-Poissonian photon statistics can be observed
when photons are emitted one after another from a single
emission source. Indeed, our anti-bunching study can be uti-
lized to corroborate individual dots in scan image comprising
a single QD (Fig. 3e). A pulse laser emitting at ~422 nm with a
repetition rate of ~10 MHz was used to excite the individual
dots, and PL intensity trajectories were recorded for a
sufficiently long time (60 seconds) (Fig. 3 left and right
panels). Simultaneously, arrival times of photons relative to
the excitation pulse were recorded using TCSPC for statistical
analysis of the excited state lifetime. Single-dot measurements
were replicated across 70-80 dots to provide a more accurate
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analysis of the observed phenomenon without any biases
stemming from analyzing a randomly selected QD. Fig. 3
depicts the data of a few randomly selected representatives of
PL intensity traces along with the statistical distribution of
intensity states at different excitation powers. Intensity histo-
grams reveal a bimodal distribution comprising high-intensity
ON states and weakly intense OFF states. The OFF-state frac-
tion was found to increase with increasing pump intensity.
This observation is attributed to trion recombination at high
pump intensity, as evidenced by the nearly twofold increase in
the radiative recombination rate (2k,) of the OFF state at high
pump intensity compared to the recombination rate (k,) of the
ON state. This will be discussed in more detail in the sub-
sequent paragraphs.

The OFF states in the PL trajectory that cause blinking pre-
dominantly stem from -carrier trapping. Although several
mechanisms are reported for QD blinking contingent upon
the materials involved and the pump intensity, they all share a
commonality in being linked to trap states. Thus, we examined
the statistical distribution of OFF and ON states with varying
durations for individual QDs, represented by p(zos) and p(zon),
respectively (Fig. 4). To delineate the ON and OFF events in a
PL intensity trace, a threshold line was positioned between the
average ON and OFF intensities. Intensity states above the
threshold are considered to be ON events, whereas those
below the threshold are considered to be OFF states. The prob-
ability distribution of OFF-time durations [p(z.¢)] follows a
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Fig. 4 (a and c) The probability distribution plots of ON time durations of a QD at low (~2 W cm™2, c) and high (~20 W cm™2, a) excitation powers.
(d and f) Similar plots for OFF time durations at low (~2 W cm™2, f) and high (~20 W cm™2, d) excitation powers. (b) Probability histograms of the ON
time power law exponents (m,,,) recorded over 60-70 particles at low and high powers. (e) Same plots for mq at two different powers. The mean
values are mentioned above each distribution. As the pump intensity increases relative charge trapping rate (m,,,) rate increases (b), whereas the rela-
tive charge de-trapping rate (mq¢) decreases (e), implying more efficient charge trapping at high power.
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power-law kinetics, p(zo5) o 7, whereas the probability dis-
tribution of ON-time durations [p(z,,)] follows a truncated
power-law kinetics, p(zon) oc z~™me %, The power-law expo-
nents mqg and m,, here indicate the relative rates of charge
de-trapping and trapping in a single QD."” The exponential
cut-off time (z¢) in the ON time distribution [p(z,n)] is crucial
as it provides information on the photoionization probability
[pion] Of the QD, given that pj,, is proportional to 1/z¢.>
Certainly, we did observe this truncation behavior of p(zon)
plot, a signature of photo charging (Fig. S4+).

Fig. 4b and e show the probability histograms of m,, and
Mg, which are based on measurements from 60-70 individual
QDs. As the pump intensity increases, the relative trapping
rate (m,,) speeds up, whereas the relative de-trapping rate
(mogr) slows down. This observation indicates that charge car-
riers are effectively trapped at high excitation power. A similar
observation was also noted in the FCS study, as discussed pre-
viously. Possible models elucidating the power-dependent PL
blinking of QD include (i) fluctuation of tunneling barrier with
time in the pathway of carrier diffusion, where trapping occurs
through tunneling of the carrier from the QD core to the exter-
nal trap states.”® Excitation power here changes the PL blink-
ing by changing the time-dependent accessibility of trap states
by modulating the barrier height. Model (ii) relies on photo-
charging of QDs leading to trion states where efficient Auger
recombination causes the OFF state.>® The duration of the OFF
state is decided by the lifetime of the carrier in the trap state.
These models explain the power-law distribution of OFF-dur-

(a) 900 {=Counts/zo ms o~ 2 WIcm?] (b)

(T TS
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w o
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c
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>
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Fig. 5 (a and d) PL intensity and lifetime trajectories, recorded on the
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ations considering a distribution of relative distances of trap
states from the core.”® Other existing models propose the
involvement of hot carrier trapping and NBC recombination in
the blinking process, as previously discussed. In most cases,
with increasing excitation power, a greater number of recombi-
nation phenomena participate in the blinking. As a result, the
cause of blinking in our QD remains uncertain, whether it can
be due to the fluctuation of the tunneling barrier, the activat-
ing and deactivating of trap states, or the distribution of the
density of static trap states.”®>> However, analyzing the power
dependency on pj,, (al/z.) reveals a super-linear dependence
on excitation power, implying Auger ionization plays a crucial
role in the blinking of our QDs (Fig. S41). We observed that 1/
7. is superlinear in excitation power (i.e., pion  Ip'?), implying
nonlinear (Auger ionization) and linear processes may contrib-
ute to the photo charging of our QDs (Fig. $4t).>>%¢78

To illuminate the underlying mechanism of blinking in our
QDs, conducting a correlation study between PL intensity and
lifetime utilizing time-tagged TCSPC study at the single-par-
ticle level is essential. This study reveals a strong interdepen-
dence between these two quantities, which is more prominent
in a fluorescence-lifetime-intensity-distribution (FLID) map
(Fig. 5).">'%2>%! In the FLID map, the likelihood of the dot
occupying a specific state in the “Ipp — 7p; Space” is rep-
resented by a color gradient, with red indicating higher prob-
ability and shifting to blue as the probability decreases. The
FLID trajectory, connecting various probability states, provides
valuable insights into the underlying mechanism of QD

() 1

= 2l I~ 2 W/ecm?
lp~ 2 Wicm > 3
2 Ton~15.6ns
]
£
B 0.1
N
®
£
£
o
z
0.01
20 30 0
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same QD at low (a) and high (d) excitation powers. A clear correlation

between lifetime and intensity trajectories was observed, implying trion and/or NBC recombination. (c and f) Excited state lifetime profiles of the
OFF (blue) and ON (green) states were obtained by analyzing the emissions with intensities indicated by the blue (OFF) and green (ON) slabs in the

upper panels of (a) (for (c)) and (d) (for (f)). (b and e) Fluorescence lifetim
high (e) excitation powers, obtained from analyzing intensity and lifetime

e intensity distribution (FLID) maps presented in false color at low (b) and
trajectories in (a) (low power) and (d) (high power), respectively. The shift

from blue to red indicates a rising probability of a specific state occurring within the Ip. — 7p_ space. See Fig. S5t for similar plots from other

particles.
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blinking."*** FLID mappings are carried out at two different
powers on a set of 30-35 particles to prevent any biases that
may arise from analyzing a randomly chosen QD.
Subsequently, the blinking data of a particle showing the
highest resemblances with other particles recorded at the
same excitation power are examined further, and used for the
FLID plot (Fig. 5 and S51). The ON and OFF intensity states in
a PL intensity trajectory arise from carrier recombination at
the exciton state and trap state (Fig. 5a and d). These two
states are clearly visible in the low-power FLID map (Fig. 5b
and S6-S8t). While the ON state involves the radiative recombi-
nation of a single exciton, the OFF state encompasses several
non-radiative ~ recombination = pathways along  with
radiative.'*?>*

Since no vertical broadening is evident in none of the FLID
plots, hot carrier trapping is ruled out (Fig. 5b and e).*’
Vertical broadening is generally caused by the trapping of
above band-edge carriers to trap states nearby before relaxing
to the band-edge state. In such a scenario, PL intensity
reduces drastically without affecting the lifetime. This vertical
blinking phenomenon is often referred to as B-type blinking,
as illustrated by the middle figures in Scheme 1.*° To shed
light on the darker species in FLID, we applied the lifetime-
intensity scaling method, widely reported in the
literature.'*"'®2>*! As mentioned earlier, considering that the
brightest state in FLID is persuasive solely to the radiative
recombination of the single exciton, we can deduce the ratio of
radiative rates (k;on/k:on) between the dark (OFF) and bright
(ON) states.”® This deduction would be made under the
assumption that the intensities (I) of the corresponding states

Intensity
Intensity

Lifetime

Lifetime

View Article Online
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in the blinking trajectory are proportional to their PL quantum
yields (PLQYs). Hence, the radiative recombination rate (k)
would be proportional to PLQY/z (or I/z). When this relation-
ship is applied to both ON (green slab) and OFF (blue slab)
intensity states of blinking trajectory, one can obtain the rela-
tive radiative rates of ON (k. on) and OFF (ko) states (Fig. 5a
and d). The scaling factor 7, representing the ratio of radiative
recombination rates of OFF and ON states (k. ot/kr,on), provides
valuable insights into the darker species. This understanding
aids in distinguishing the nature of the OFF states, determin-
ing whether they are charged species prone to efficient Auger
recombination or quenched neutral species (eqn (4)).

ke oft _ Tonloff (4)
kr,on Toftlon

In the above equation, I,, (or I) represents ON (or OFF)
state intensity which is determined by averaging the emission
intensity within the green (or blue) vertical slab in the PL
intensity trajectory (Fig. 5a and d)."* Likewise, 7on (OF Zof)
denotes the lifetime of the ON (or OFF) state’s PL, which is
determined by fitting the PL decay profile of the ON state to an
exponential decay function (as illustrated in Fig. 5¢ and f). The
decay profile of the ON (or OFF) state is derived from the
photons collected from the green (or blue) vertical slabs of the
PL intensity trajectory, as depicted in Fig. 5a and d. Scaling
factor # with value unity implies that the OFF state is a neutral
species caused by the NBC recombination. This form of recom-
bination arises from the short-lived shallow trap states located
near the band edge, a phenomenon commonly seen in QDs
and various other semiconductor materials.*®*%*%%° NBC

Intensity
. <
°
D
. ’

Lifetime

Scheme 1 Various possible PL blinking mechanisms in a QD (upper panel), along with their corresponding appearance patterns on the FLID map
(vertical figures in the lower panel). Nonradiative processes are denoted by red arrows, while radiative processes are depicted with green arrows.
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blinking involves an interplay between constant radiative
recombination rate and fluctuating nonradiative recombina-
tion rate, leading to a linear relationship between intensity
and lifetime, shown by a white dotted line in the FLID map
(Fig. 5b and e). In our case, the blinking phenomenon
observed in QDs under low excitation power is solely induced
by band-edge carrier trapping and de-trapping, which is
referred to as NBC or C-type blinking (Fig. 5a). The pathway of
charge trapping in NBC recombination and its manifestation in
FLID map is illustrated by the vertical figures on the right side of
Scheme 1."> As mentioned earlier, NBC blinking is caused by the
shallow trap states near the band-edge and can be confirmed by
calculating #. This value can be derived by analyzing the low-
power PL blinking trajectory using eqn (4) (Fig. 5a). We derived
the intensities of ON (I, ~701/20 ms) and OFF (I ~84/20 ms)
states after subtracting the background intensity (~8/20 ms) from
the apparent ON and OFF state intensities of PL intensity trajec-
tory at low excitation power (Fig. 5a). The lifetimes of ON (zop
~15.6 ns) and OFF (¢ ~2.2 ns) states are also derived from the
same blinking trajectory (Fig. 5a), analyzing the emissions from
the highest (green slab) and lowest (blue slab) intensity regimes.
PL intensity decay curves are depicted in Fig. 5c. Plugging all
these values into eqn (4) results in # ~ 0.85, which is close to
unity, as expected for NBC or C-type blinking, and is further con-
firmed by the linear trajectory observed in the FLID map
(Fig. 5b).

However, a similar calculation of # for the high-power blink-
ing trajectory reveals the involvement of an additional recom-
bination channel, predominantly trion-mediated Auger recom-
bination (Fig. 5d-f). For trion recombination, n would be 2,
and the corresponding blinking is recognized as type-A blink-
ing (Scheme 1). The curved trajectory of the FLID map indi-
cates type-A blinking (Fig. 5e). In contrast to the single expo-
nential lifetime profile observed for the OFF-state at low exci-
tation power, the OFF-state lifetime at high excitation power
comprises two components (73 ~ 0.6 ns and ¥ ~ 2.1 ns)
(Fig. 5f). n was calculated separately for these two components,
with Lo, (~1200/20 ms), Iog (~130/20 ms), Ipackground (~8/
20 ms), and 7,y (~14 ns) being common parameters. With the
faster lifetime component (~0.6 ns) of the OFF state, our calcu-
lated value of n (~2.5) lies close to 2, suggesting trion recombi-
nation.”® A slightly higher value of 5 than the expected one is
likely due to the use of an overestimated I, which includes con-
tributions from another lifetime component (~2.1 ns) that is
difficult to separate. On the other hand, the longer lifetime com-
ponent (~2.1 ns) of the OFF state yields # ~ 0.72, which is close
to unity, implying NBC or C-type recombination. Thus, it is
evident that at low excitation power, only type-C or NBC blinking
is present in our QDs. However, at an elevated pump intensity,
trion-mediated type-A blinking participates alongside type-C
blinking. This assertion can be further supported by examining
the trajectory of the FLID maps depicted in Fig. 5b and e. At low
power, FLID trajectory shows a linear diagonal relationship
(dotted white line), while at high power, an additional curved tra-
jectory (solid white line) emerges alongside the linear one as a
result of trion recombination (Fig. 5b and e). In none of the exci-
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tation powers, the PL intensity trajectory demonstrates hot carrier
recombination or B-type blinking.

Our subsequent efforts to investigate the relationship
between QD blinking and defect state density enabled us to
analyze the FLID patterns of QDs while varying the number of
defect states.”>*>7® This study was performed by enhancing
defect states through the gradual photodegradation of QDs via
UV irradiation. The colloidal suspension of QDs in hexane was
exposed to intense UV light for an extended period (~5 h),
leading to partial photodegradation, as evidenced by a gradual
decline in PLQY (Fig. S61). UV irradiation causes long-lived
deep trap states in QDs, where photoexcited charge carriers
become easily trapped for long time, leading to photocharging
of QDs.*® Upon excitation to these charged QDs, they trans-
form into trions, where carriers efficiently recombine through
Auger processes.>**>7° Fig. $7-S91 displays the FLID maps of
QDs subjected to varying durations of UV exposure. The FLID
pattern of QDs not exposed to UV follows a linear relationship
between intensity and lifetime, represented by a diagonal
trajectory.”**>’® In contrast, UV-exposed QDs show an
additional FLID pattern with a curved trajectory, indicative of
trion recombination, which becomes more pronounced with
increased UV exposure.”>*® Therefore, we conclude that a
higher density of defect states leads to the dominance of trion
blinking over NBC blinking.

Conclusions

In summary, a thorough examination of carrier dynamics in a
model QD system by FLCS and single particle blinking reveals
several striking observations. (i) FLCS study provided evidence
of carrier diffusion contributing to QD blinking. The anti-cor-
relation feature in the ps regime of CCF is indeed a remarkable
finding, suggesting a decrease in PL of exciton state at the
expense of an increase in PL of the trap state, and vice versa.
Thus, our FLCS study demonstrates a direct evidence of carrier
diffusion, such an observation is relatively uncommon in the
existing literature. Our FLCS study established further a
reduced stretching exponent () and faster timescale of carrier
dynamics (zg) at an elevated pump intensity, implying efficient
carrier trapping by dispersive trap states with distributed ener-
gies at high pump intensity. Unfortunately, our FLCS study
was unable to clarify the true nature of the trap states and
their mechanistic involvements in blinking at different exci-
tation powers. Analysis of our single dot PL data confirms that
the origin of faster 7z and dispersive trap states at high power
is indeed linked to an additional relaxation channel caused by
the trion recombination. At a low excitation power, only the
short-lived band edge trap states participate in the blinking,
which is less dispersive in nature, and also, the associated
timescale of blinking here is relatively slower since it involves
recombination between two oppositely charged species.
However, for trion recombination at high pump intensity, one
hole can recombine either of the two electrons (negative trion)
or one electron with two holes (positive trion) with a much

This journal is © The Royal Society of Chemistry 2024
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faster timescale because of the higher recombination prob-
ability. Also, unlike NBC recombination, trion recombination
involves long-lived deep trap states that are highly dispersive
in nature and stem from the internal structural defect of
QDs.”® Thus, the single dot PL blinking analyses nicely
explain the origins of reduced f and faster 7z, observed in the
FCS study of QDs at higher excitation power. Moving forward,
our future plans include conducting a more in-depth analysis
of charge carrier dynamics. We aim to utilize ultrafast time-
resolved techniques to provide a comprehensive understand-
ing of carrier dynamics across all timescales.®*™">
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bunching curves, PL intensity trajectory, distributions of ON
and OFF times, FLIDs and subsequent fittings were performed
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