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ABSTRACT: Trap states can strongly affect semiconductor nanocrystals, by
quenching, delaying, and spectrally shifting the photoluminescence (PL). Trap
states have proven elusive and difficult to study in detail at the ensemble level, let
alone in the single-trap regime. CdSe nanoplatelets (NPLs) exhibit significant
fractions of long-lived “delayed emission” and near-infrared “trap emission”. We
use these two spectroscopic handles to study trap states at the ensemble and the
single-particle level. We find that reversible hole trapping leads to both delayed
and trap PL, involving the same trap states. At the single-particle level, reversible
trapping induces exponential delayed PL and trap PL, with lifetimes ranging from

40 to 1300 ns. In contrast with exciton PL, single-trap PL is broad and shows
spectral diffusion and strictly single-photon emission. Our results highlight the large inhomogeneity of trap states, even at the

single-particle level.

KEYWORDS: CdSe nanoplatelets, single-particle spectroscopy, transient absorption, trap states, spectral diffusion

P 1 uch research effort has been dedicated to preventing
charge-carrier traps in fluorescent semiconductor
nanocrystals (NCs),'~ which has yielded NCs with

improved properties, such as near-unity photoluminescence
(PL) quantum yields (QYs)." Nevertheless, traps, often caused
by structural imperfections and undercoordinated (surface)
atoms, continue to affect NC properties. For example, they
decrease the carrier mobility”” and delay’ and spectrally
shift®™ the emission. Trap states can also play a positive role,
lowering the gain threshold'® and possibly lengthening carrier
lifetimes, which can be useful for photocatalysis.

The wide range of time scales involved in trap-related
phenomena such as spectral diffusion (ns—s),””"'™"* delayed
emission (ns—ms),"~"” or blinking (us—s),"*”*" the broadly
distributed electrochemical response,” and the existence of an
entirely nonemissive (i, “dark”) fraction of NCs**™>° all
suggest a strong heterogeneity in trap properties. Measure-
ments on single traps would be able to uncover these
properties without ensemble averaging. Such measurements
are however difficult, because traps often quench the PL of
NCs and trap-related PL is difficult to distinguish from
“regular” emission. This is however not the case for CdSe
nanoplatelets (NPLs), and hence these are especially suitable
for single-trap experiments. Wet-chemical synthesis procedures
can yield ensembles of atomically flat CdSe NPLs with exactly
4.5 monolayers thickness, which produce green exciton PL
with a narrow spectrum.””*® Although the radiative exciton
lifetime in NPLs is thought to be a few nanoseconds,””*° the
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presence of traps causes approximately half of the emitted
photons to be “delayed”, i.e., emitted after temporary storage of
a charge carrier in a trap state, but with the same narrow green
spectrum as the exciton PL.’ In addition, radiative recombi-
nation of trapped charges results in a second (weak) band in
NPL emission spectra,”””*’ spectrally well-separated from the
excitonic peak. Trap-related emission from CdSe NPLs—trap-
state emission and delayed exciton emission—are thus clearly
distinguishable from direct exciton emission, based on the
energy of the emitted photons and/or the emission lifetime.
This makes CdSe NPLs an ideal platform to study and
understand the influence of traps, potentially even at the
single-particle level.

Recent works have found that NC-surface passivation by
ligands greatly influences the QY.””*'~** In the case of CdSe
NCs, especially trapping of the photogenerated hole appears to
play a role in PL quenching.”>~** However, many properties of
trap states remain poorly understood. For example, it is unclear
if the heterogeneities in trap-state properties observed on the
ensemble scale are due to a distribution of traps in each
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Figure 1. (a) PL spectra as a function of delay time fitted to a combination of two Gaussians. (Black) Steady-state PL spectrum, measured
using a standard spectrometer, (cyan—red) time-resolved PL spectra, showing a relative increase in trap PL intensity, and red shift of trap PL
with time, measured using a custom-built setup (Supporting Information). The time-resolved spectra are broadened due to the limited
resolution of our custom setup. (b) Integrated intensities of the (blue) exciton and (red) trap PL peaks, as a function of delay time; the inset
shows a zoom-in of the first 100 ns. (c) The same data as in (b), but displayed on double-logarithmic axes. Solid lines in (c) are fits to power-
law decay I  t %, with I the PL intensity, t the delay time, and « the power-law slope, fitted on the interval [100, 3000] ns. (d) Three-state
model explaining delayed and trap emission in CdSe nanoplatelets: after photoexcitation, one charge carrier can localize at a (surface) trap.
Direct radiative recombination of the trapped charge carrier is possible, yielding trap PL, or the charge carrier may detrap. The black dashed
lines indicate nonradiative transitions. (e) (Solid lines) Transient absorption spectra of an ensemble of CdSe nanoplatelets dispersed in
hexane, normalized to the HH bleach feature, recorded at delay times of (black) 0.0, (blue) 11.3, (green) 119, and (red) 215 ns; (pink area)
steady-state absorption spectrum of the same sample. The HH and LH absorption features are indicated. (f) HH bleach —AA as a function of
delay time, for CdSe nanoplatelets dispersed in hexane with (black) no additives and (green) added p-BQ. (g) Time dependence of the
(blue) exciton and (red) trap PL intensity, (black solid symbols) the HH bleach —AA, and (black open circles) the time derivative of the HH
bleach, dAA/dt, of CdSe NPLs dispersed in hexane.

individual NC, variations between different NCs, or temporal specific rate constants is active at any one moment in time.
fluctuations in trap properties. Moreover, even advanced Over time scales of seconds to minutes, the rates of trapping
synthesis methods yield samples with QYs that rarely reach and detrapping of this single trap state fluctuate and/or
unity, indicating that a few trap states remain that act as different traps in the NPL become dominant in the emission
nonradiative recombination centers. Samples with the highest process. Overall, the charge-carrier detrapping rates are widely
QYs still exhibit delayed emission,” indicating the involvement distributed. A NPL emits primarily exciton PL when a trap
of trap states that do not directly quench the PL, but may affect state with a fast detrapping rate is active, or primarily trap PL
the saturation behavior of the NCs.> when a trap with slow detrapping is active. These results

Here, we use 4.5-monolayer-thick CdSe NPLs as a model highlight the surprising heterogeneity of trap states at the
system to study trap-related emission on the single-NC level single-particle level and how these can strongly influence the
and understand the relation to the broad heterogeneity of trap optical properties of semiconductor NCs.

properties on the ensemble scale. On the ensemble scale, our

NPLs show narrow-band exciton PL in the green and a weaker RESULTS AND DISCUSSION
broader trap PL band in the red. Comparing PL decay and We investigate CdSe NPLs with a thickness of 4.5 monolayers

nanosecond transient absorption (TA) data reveals that the and a lateral size of ~235 nm?® (Figure S1). These NPLs are
same distribution of trap states causes delayed exciton PL and truly monodisperse in thickness, resulting in exciton emission
trap PL. At the single-NPL scale, trap states introduce a wide as narrow as 46 meV full-width-at-halfmaximum (fwhm;
variety of effects, but only one radiative trap state appears to be Figure la). Time-resolved emission spectroscopy reveals a
active at any particular time. Single NPLs sometimes switch second peak in the near-infrared, which increases in relative
between emitting trap PL and exciton PL but rarely show the intensity with increasing delay time (Figure 1a). In CdSe NCs,
two types of emission simultaneously. While emitting green such a broad PL feature is often attributed to “trap emission”,
exciton PL, the lifetime of the slow delayed emission PL from radiative decay of a trap state.**”* Although the
component fluctuates on the time scale of seconds. While narrow exciton PL spectrum is characteristic of a monodisperse
emitting trap PL, the NPL is a single-photon emitter with a NPL ensemble without inhomogeneous broadening, the decay
broad PL spectrum and an extremely long, well-defined curves of both exciton and trap PL, obtained by fitting the
lifetime over seconds-long periods. Whereas exciton PL does time-resolved emission spectra, reveal strong heterogeneities,
not exhibit spectral diffusion, trap PL does. All these properties as evidenced by their multiexponential shape (Figure 1b). This
can be well understood in the framework of reversible trapping points to widely distributed excited-state kinetics, as has been
and detrapping, wherein only a single surface trap state with noted before.” When displayed on double-logarithmic axes
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Figure 2. Results of measurements on a single CdSe NPL from the untreated “A” microscopy sample: (a) PL spectra and (b) intensity as a
function of time; (c) PL spectra and (d) PL decay curves, constructed from the four colored regions indicated in panels (a) and (b). (e) The
same data as depicted in panel (d), but displayed on shorter time scales. Lines are fits to (c) two Gaussian peaks and (d, e) biexponential
decay. The fitted (c) full-width at half-maxima and (d) long-component and (e) short-component PL lifetimes 7 are indicated. The PL
intensities plotted in panel (b) are the sum of the exciton and trap peak integrals, which were determined by fitting each emission spectrum

to two Gaussian peaks.

(Figure 1c), the decay curves approach a straight line for delay
times longer than ~200 ns. In our NPLs, the fitted power-law
slopes of the exciton (1.97) and trap PL (0.99) differ by
approximately 1 (Figure 1lc). This difference could be
interpreted as a signature of two different populations of trap
states, one population responsible for delayed emission, the
other for trap emission, yielding two different power-law
slopes. However, a single population of trap states responsible
for both delayed and trap emission (Figure 1d),” from which
detrapping and radiative recombination are in direct
competition, in fact exactly predicts this difference of 1 in
the power-law slopes. The difference arises because the trap PL
intensity is proportional to the trap population S, and, on
intermediate time scales between the exciton radiative lifetime
and the trap radiative lifetime, the exciton PL intensity is
proportional to the time derivative of the trap population, dS/
dt (Supporting Information, Section S2).

TA spectra of an ensemble of CdSe NPLs (excitation
wavelength 355 nm, pulse duration 650 ps), measured up to
microseconds after excitation, show a bleach of the heavy-hole
(HH) and light-hole (LH) features, as well as induced
absorption features, red-shifted with respect to the steady-
state spectrum (Figure le). These bleach features were
previously attributed to state filling,** while the induced-
absorption features are likely due to favorable exciton—exciton
or trion interactions. The shape of the TA spectrum is virtually
independent of delay time (Figure le), indicating that a single
spectroscopic species dominates the spectrum. The long
lifetime suggests that this species corresponds to a state in
which one charge carrier is trapped. The bleach of the HH
feature must be due to the remaining delocalized charge
carrier. Since both a delocalized electron and/or hole could in
principle induce a bleach of the HH feature, these experiments
do not reveal which charge carrier remains localized and which
one is trapped. Therefore, we performed additional TA
experiments, in which the NPLs are exposed to hole and
electron scavengers, revealing which charge carrier remains
delocalized and which one is trapped. We find that the addition
of the hole quencher ethanol® influences the bleach recovery
only little (Figure S2), whereas electron extraction by p-
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benzoquinone (p-BQ)*® leads to a substantial decrease in the
initial bleach amplitude and very rapid bleach recovery (Figure
1f). We conclude that, in the absence of p-BQ, photogenerated
electrons that occupy the conduction band cause the HH
bleach. The trapped charge carrier is thus the photogenerated
hole.

In Figure 1g we show the TA bleach recovery together with
the exciton and trap PL decay. Here, we use the magnitude of
the HH bleach feature as an indicator for the total excited-state
population, constituting a population X of NPLs with a free
exciton and a population S of NPLs in which the hole is
trapped. We find that, for t > 50 ns, the TA bleach recovery
dynamics matches the trap PL decay, which indicates that at
these time scales almost all holes are stored in a trap state (i.e.,
—A  S). The time derivative of the TA bleach dynamics, on
the other hand, matches with the delayed exciton PL decay, in
line with the model in which the exciton PL scales with the
derivative of the trap population dS/dt (Supporting
Information, Section S2). Hence, these TA measurements
confirm that delayed and trap PL are due to the same
distribution of trap states.

It is unclear how the distribution of trap states and
corresponding widely distributed rate constants affect individ-
ual NPLs. We performed single-NPL measurements on two
batches of NPLs, similar in size, shape, and spectral properties
(Supporting Information). NPL batch I was used for
measurement series “A”, in which the NPLs were not treated;
batch II was used for series “B”, in which the microscope
sample was rinsed with butylamine after NPL deposition,
thereby removing surface ligands and inducing a larger fraction
of trap PL." In Figure 2 we present results from a measurement
on a single NPL that showcases our diverse single-particle
observations (see Extended Data for all single-particle results;
the NPL of Figure 2 is “CdSe NPL 5”). The NPL exhibits both
exciton and trap PL (Figure 2a). Both types of PL fluctuate in
intensity (Figure 2b), indicating the transient presence of
quenching pathways. We have selected four time periods
(colored regions in Figure 2a,b) to highlight the fluctuations in
the PL spectrum and lifetime. During the yellow and green
periods, the NPL emitted only exciton PL, narrowly peaked
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Figure 3. (a—c) Three (de)trapping regimes that CdSe NPLs may experience: (a) no trapping, (b) fast trapping—detrapping cycling, and (c)
irreversible trapping. (d) Calculated lifetime of the slow delay component 7y, normalized to the trap recombination lifetime 71, and (e)
fractional trap PL I1/I,,, as a function of trapping probability P, and detrapping probability Py. The dotted lines in (d) and (e) are contours
of the calculated average number of trapping events N prior to recombination. (f) Configuration—coordinate diagram, illustrating exciton
and trap emission. (g) Zoom-in of the diagram displayed in panel (f), indicating the energy barriers for trapping AEﬁap and detrapping

AE]

etrap*

As the single-NPL trap-PL fwhm appears to be independent of the peak energy (Figure S3; Extended Data), the difference in the

equilibrium Q among trap states is negligible; that is, the trap states are spaced vertically, not horizontally, in the coordinate diagram.

around 2.41 eV throughout the experiment (Figure 2a,c).
Although both time periods exhibit virtually identical PL
intensities and spectra, they display markedly different PL
decay. During the yellow period, the decay is dominated by a
component with a lifetime of 39 ns, whereas the lifetime is 102
ns during the green period (Figure 2d). Both decay curves
appear biexponential, with a short lifetime component on the
order of a few nanoseconds (Figure 2e). These observations
agree well with the reversible-trapping model depicted in
Figure 1d, which predicts biexponential exciton decay for a
single NPL (Supporting Information, Section S2). On the
other hand, these observations contradict diffusion-based
models,*”** which predict power-law single-particle decay. In
the framework of reversible trapping, the fast decay component
is due to prompt exciton PL immediately following excitation,
occurring before any hole-trapping event, thus competing with
trapping. The slow decay component is due to detrapping and
subsequent delayed emission. The observation of exponential
decay of the slow component with a fluctuating decay rate
indicates that (i) a single detrapping process with a specific
rate is active at any moment in time but (ii) the detrapping
rate fluctuates on a time scale of seconds. This must mean that
the energetic position of the trap state with respect to the edge
of the valence band fluctuates on this time scale, suggesting a
connection between the chemical nature of the trap state and
its depth.”” These fluctuations in the detrapping rate result in a
single-NPL decay curve containing many different exponential
components, yielding the apparent power-law decay observed
in the ensemble.

During the red and blue periods, indicated in Figure 2a,b,
the NPL emits predominantly trap PL. The trap PL spectrum
is much broader than the excitonic PL and exhibits spectral
diffusion: compared to the spectrum of the blue period, the
spectrum of the red period has shifted to lower energies by 121
meV (Figure 2c). Apart from such distinct spectral jumps, we

7219

also observe more continuous changes in the trap peak
position for some NPLs (Extended Data). Whereas we observe
no trap PL during the yellow and green periods, we do observe
a small excitonic peak in the spectrum of both the red and the
blue period (Figure 2c). During the blue and red periods, the
decay is extremely slow, with lifetimes on the order of 1 us
(Figure 2d). In addition, the decay curves of both periods
exhibit a fast sub-nanosecond component (Figure 2e). This
behavior is also in agreement with reversible trapping from the
band edge: the fast component is due to prompt exciton PL
that competes with hole trapping, while the slow component is
likely dominated by radiative trap decay.

The variety of the emission behaviors that we observe in our
single NPL must be due to fluctuations in the competition
between charge carrier trapping, detrapping, and recombina-
tion. To understand this, we consider three scenarios: (i) no or
relatively inefficient trapping, resulting in predominantly
prompt exciton PL and a small fraction of delayed exciton
PL (Figure 3a); (ii) fast trapping—detrapping cycles, yielding
both prompt and delayed exciton PL, as well as trap PL
(Figure 3b); and (iii) irreversible trapping, yielding prompt
exciton PL and trap PL (Figure 3c). We parametrize the
scenarios in terms of the probability of trapping from the
exciton state P, (determined by the rates of trapping and
radiative exciton recombination) and the probability of
detrapping from the trapped state Py (determined by the
rates of detrapping and radiative trap recombination). Figure
3d shows the calculated lifetime of the slow decay component
Tgow and the average number of trapping—detrapping cycles N
that precede eventual radiative recombination, as a function of
P, and Py (Supporting Information, Section S2). Long
lifetimes occur when the NPL spends a significant amount of
time in the trapped state. This happens in both scenario ii
(rapid trapping—detrapping cycles; P, is large and Py, is large;
N is large) and scenario iii (irreversible trapping; small Py; N is
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Figure 4. (a) Cross-correlation function g(z) of a CdSe NPL emitting predominantly exciton PL, for gate times of (blue, top) 0 (i.e., no time-
gating), (cyan, middle) 1.00, and (green, bottom) 4.00 ns. (b) Cross-correlation function g(z) of a CdSe NPL emitting predominantly trap
PL. (c) PL spectra and (d) PL decay curves of three different NPLs. Symbols are data points, solid lines are fits to (c) two Gaussian peaks
and (d) biexponential decay. The fitted (c) fwhm and (d) lifetimes are indicated. The PL decay curves were collected without spectral
selectivity, so they include dominant trap PL and any weak exciton PL. (e) Two-dimensional histogram showing the correlation of fitted
peak energy p and average photon arrival time (z) of a trap-emitting NPL that exhibited spectral diffusion. (f, g) Cartoons illustrating the
(lack of) electron—hole pair polarizability. The cartoons depict a cross-cut of a NPL, with the x,y axes corresponding to the lateral directions,
and F the external electric field. Hypothetical hole localization (f) inside the NPL or (g) at the NPL surface results in qualitatively different
polarizabilities. The NPL of panel (a) belonged to the untreated “A” microscopy sample; the NPLs of panels (b)—(e) to the butylamine-

treated “B” sample.

small). In Figure 3e we show the fraction of trap PL compared
to total PL I/I, neglecting nonradiative recombination
(Supporting Information, Section S2). As one might expect,
trap PL constitutes the largest portion of the total PL when P,
is large, while this fraction decreases for increasing Py.

For all four highlighted periods in Figure 2, the slow decay
component is dominant, indicating that trapping is highly
probable. It is difficult to estimate whether trapping is
reversible or irreversible during the red and blue periods, as
both small and large detrapping probabilities are possible
(Figure 3e). The green and yellow periods exhibit no trap PL,
suggesting that P4, approaches unity. Our observations are thus
evidence that multiple trapping—detrapping cycles (N > 1,
Figure 3d) preceded radiative recombination during the green
and yellow periods.

The trap PL spectra are as broad as 290 meV fwhm on the
single-NPL level. This indicates strong phonon coupling,
which, along with the PL lifetimes as slow as ~1 pus, is
consistent with the radiative recombination of a localized
charge carrier.”® Exciton PL, in contrast, shows significantly
less phonon coupling, resulting in line widths of 42 meV. This
difference between exciton and trap PL is illustrated in a
configuration—coordinate diagram, which depicts the energies
of exciton and trap states along with the geometrical
distortions (Figure 3f). We attribute the widely distributed
(de)trapping rates to a distribution of possible trap-state
energies (Figure 3fg). In this model, the trapping and the
detrapping rate are determined by the corresponding activation
energies and thus depend on the energy of the trapped state
(Figure 3g). As we will discuss below, spectral diffusion of trap
PL—and not of exciton PL—also agrees with trap PL
involving a surface-localized charge carrier.

We confirmed that our microscopy experiments were done
on single NPLs using cross-correlation measurements. NPLs
emitting predominantly exciton PL exhibit a significant zero-
delay peak in their cross-correlation curves. This peak
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decreases in magnitude, relative to the side peaks, when a
time-gating analysis is performed (Figure 4a), indicating that it
is caused by biexciton emission.”” This trend was observed
before in CdSe NPLs and attributed to a high biexciton
QY.’”" In contrast, we consistently observe perfect anti-
bunching from NPLs that emit predominantly trap PL (Figure
4b). This means that rapid Auger recombination quenches any
two-photon emission from doubly excited NPLs. As Auger
recombination of delocalized charge carriers in NPLs is
relatively inefficient,’”" the trapped hole likely acts as a
strong Auger acceptor, as was previously suggested for trapped
electrons in CdSe/CdS/ZnS core/shell/shell NCs.”> Anti-
bunched trap PL is not proof of a single active trap in a NPL,
as a double-excited state with two trapped holes and two
delocalized electrons could also be quenched by Auger
recombination. The conclusion that one radiative trap state
available at any one time follows from the PL decay curves
(Figure 4d): an exponential long component of the trap PL
decay (rather than multiexponential slow decay) is a signature
of a single active trap state at any moment. The nature of the
trap state in different NPLs differs, as reflected by the different
lifetimes of the long components.

Individual NPLs with nearly identical trap PL spectra
(Figure 4c) exhibit biexponential PL decay with slightly
different lifetimes (Figure 4d). This indicates that the lifetime
is not determined exclusively by the activation energy for
detrapping (AEfetraP in Figure 3g). Additional (slow)
recombination pathways or different pre-exponential factors
in the Arrhenius equation may explain the different kinetics.
The fast lifetime component of the trap-emitting NPLs (Figure
4d) may be due to fast exciton PL in competition with hole
trapping. Alternatively, it may be due to flickering of trap PL:>
blinking of trap PL on time scales faster than the spectral
integration time, with a fast decay component due to
competition with fast nonradiative recombination.
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Trap PL shows spectral diffusion with a consistently negative
correlation between trap PL peak position and lifetime; that is,
the PL energy increases as the lifetime decreases, and vice versa
(Figure 4e). Such spectral diffusion has been observed in
spherical QDs as well, where it was attributed to the quantum-
confined Stark effect.*” In this effect transient electric fields—
likely generated by charges on the nanocrystal surface—>"
interact with the exciton,’ inducing a negative correlation
between peak energy and lifetime. Dielectric confinement of
the exciton to the quasi-2D NPL volume facilitates a strong
electron—hole interaction, resulting in a very low polarizability
and, consequently, a weak response to electric fields. This
explains why the exciton PL does not show spectral diffusion
and the ensemble exciton PL peak is as narrow as 46 meV
fwhm.

In the case of trap PL, dielectric-confinement-enhanced
Coulomb attraction between the delocalized electron and the
trapped hole would depend on where the hole localizes. Hole
localization inside the NPL would lead to Coulomb
interactions similarly strong to those for the free exciton,
preventing polarization (Figure 4f). However, for hole
localization on the NPL surface, the electron—hole interaction
would be weaker, resulting in a larger polarizability (Figure
4g). We can model this effect in a simplified fashion by
approximating the electron—hole pair as a 2D hydrogen atom
(Supporting Information, Section S3). This yields polar-
izabilities of 20, 40, and 3 X 10® A? for an electron bound to
a hole trapped inside the NPL, for a free exciton, and for an
electron bound to a hole trapped on the NPL surface,
respectively. In comparison, excitons in CdSe QDs can have
much larger polarizabilities up to 10° A* depending on the QD
size. For fields of 130 MV/m (corresponding roughly to two
opposite charges spaced by 3 nm), a polarizability of 3 X 10°
A® would yield a red shift of ~50 meV, similar in magnitude to
the shifts observed experimentally (Figure 2a,c; Figure 4e). In
comparison, the shift expected for an exciton in a NPL is
negligible, only 0.5 meV. The occurrence of spectral diffusion
thus shows that the trapped state consists of a surface-localized
hole and a delocalized electron.

CONCLUSIONS

In conclusion, we have shown how individual trap states
determine the luminescence properties of individual CdSe
NPLs. The exciton PL decay of single NPLs is approximately
biexponential over periods of seconds, indicating the
involvement of a trap with fixed charge-carrier trapping and
detrapping rates. Nonetheless, the lifetimes of the two
components fluctuate in time, consistent with spontaneous
fluctuations of these rates on time scales of seconds. This
indicates that either the one active trap in a NPL changes its
properties or a NPL contains multiple trap states that are active
in turns, alternating on macroscopic time scales. A model
incorporating reversible trapping from the band edge explains
the single-NPL and ensemble dynamics of prompt, delayed,
and trap PL well. NPLs sometimes switch from predominantly
emitting exciton PL to predominantly emitting trap PL, or vice
versa, indicating a spontaneous structural change that affects
the availability of traps and/or the associated (de)trapping
rates. In contrast with exciton PL, trap PL is antibunched,
broad, slow, and susceptible to spectral diffusion. The latter
three properties point to the involvement of a surface-localized
charge carrier, which TA measurements have shown to be the
photogenerated hole. Our observations show that, due to
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reversible trapping, the large radiative decay rate of CdSe NPLs
is virtually irrelevant for many applications: the decay
dynamics are dominated by trapping—detrapping kinetics.
These results highlight the importance of trap-state passivation
in the use of semiconductor NCs as spectrally narrow and fast-
emitting fluorophores. Future studies, employing computa-
tional methods™ or sub-nanosecond structural character-
ization,”*” may shed more light on the chemical identity of
trap states in semiconductor NCs.

EXPERIMENTAL SECTION

Chemicals. 1-Butanol (BuOH, anhydrous, 99.8%), cadmium
acetate (Cd(OAc),, 99.995%), cadmium nitrate tetrahydrate (Cd-
(NO;),-4H,0, 98%), cadmium acetate dihydrate (Cd(OAc),-2H,0,
98%), n-hexane (anhydrous, 95%), methanol (MeOH, anhydrous
99.8%), 1-octadecene (ODE, 90%), oleic acid (OA, 90%), butylamine
(99.5%), p-benzoquinone (p-BQ, >98%), and sodium myristate
(NaMyr, 99%) were purchased from Sigma-Aldrich. Methanol
(MeOH, GPR Recatpur 99.5%), Se (200 mesh), and sodium acetate
(Na(OAc)) were purchased from VWR, Strem Chemicals, and
Merck, respectively. All chemicals were used as received, without
additional purification, unless noted otherwise.

Synthesis of Cadmium Myristate. Cd(NO;),-4H,0 (1.23 g,
3.99 mmol) was dissolved in MeOH (40 mL). In a separate beaker,
NaMyr (3.13 g, 12.5 mmol) was dissolved in MeOH (250 mL). After
complete dissolution of both salts, the Cd-containing solution was
added slowly to the NaMyr solution. The mixture was filtered using a
Biichner funnel, and the white, solid product was thoroughly washed
with MeOH and dried overnight.

Synthesis of CdSe Nanoplatelets. The 4.5-monolayer-thick
CdSe nanoplatelets were prepared in a N,-filled glovebox following
the procedure of Bertrand et al,*® with minor modifications. ODE (15
mL), Cd(Myr), (0.170 g), and Se (0.012 g) were placed in a S0 mL
round-bottom flask. The mixture was heated to 240 °C. The acetate
mixture (see below) was added swiftly upon reaching 195 °C. The
particles were grown at 240 °C for S min, after which the reaction was
quenched by addition of hexane (14 mL) and removal of the heating
mantle. Once the mixture had cooled to 95 °C, OA (1 mL) was
added, and the mixture was allowed to cool to room temperature. The
NPLs were precipitated by addition of BtOH/MeOH (2:1, v/v) and
centrifugation at 3000 rpm and subsequently redispersed in n-hexane.
The 4.5-monolayer-thick NPLs were separated from the byproducts
(quantum dots and NPLs of different thickness) by size-selective
precipitation using a BuOH/MeOH (2:1, v/v) mixture.

Acetate Mixtures Used in CdSe Nanoplatelet Synthesis.
Three different batches of CdSe NPLs have been used in this work
(see below). For batch I, solely anhydrous Cd(OAc), (0.0854 g) was
used. For batches II and III, a mixture of Cd(OAc), (0.0403 g) and
Cd(OAc),2H,0 (0.0466 g) was used.

NPL Batches Used in Experiments. The CdSe NPLs used in the
experiments were not colloidally stable over extended periods of time
(months). Therefore, different batches of NPLs were used for the
different experiments, as summarized in Table S2. Although different
batches were used, the NPL properties (shape, size, and absorption
spectrum) are comparable (Figure S1). Two series of single-NPL
experiments were performed: “A”, with as-synthesized NPLs; “B”,
with NPLs that were treated with butylamine, to decrease the ligand
coverage. The former NPLs exhibit predominantly exciton PL (see
Table S3), whereas the latter NPLs showed predominantly trap PL
(see Table S3 and the Extended Data, provided in the Supporting
Information).

Transmission Electron Microscopy. Samples were prepared for
electron microscopy by drop-casting a NPL dispersion onto carbon-
coated polymer film, attached to a copper TEM grid. Samples were
imaged using a FEI Talos F200X electron microscope, operated at
200 kV.

Steady-State Ensemble-Scale Spectroscopy. For ensemble-
scale steady-state spectroscopy, NPLs were diluted in n-hexane and
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placed in airtight 10 X 10 mm? quartz cuvettes. Absorption spectra
were recorded using an absorption spectrometer (PerkinElmer
Lambda 950 UV/vis). Emission spectra were recorded on a home-
built setup, in which the sample was excited by a 405 nm laser diode,
and a lens pair projected the luminescence onto a fiber that guided the
light to a spectrometer (Ocean Optics HR4000).

Sample Preparation for Single-Particle Measurements. The
NPL dispersion was diluted 10°—10°X with anhydrous n-hexane.
Under ambient atmosphere, the NPLs were spin-coated onto a #1.5
glass coverslip, which was subsequently attached to a glass microscope
slide using double-sided tape. For the single-NPL “B” experiments,
the coverslips were rinsed with butylamine after NPL deposition, to
remove a fraction of the surface ligands and induce a larger portion of
trap PL.*®

Fluorescence Microscopy Experiments. Single-NPL measure-
ments were performed on a home-built microscopy setup. This setup
consisted of a Nikon Ti—U inverted microscope, on which the sample
was placed. The excitation light source was a 405 nm ps-pulsed diode
laser (Picoquant D-C-40S), operated at a repetition rate of 1 MHz.
The excitation light was guided into an oil-immersion objective
(Nikon CFI Plan Apochromat Lambda 100X, NA 1.45) by a dichroic
long-pass mirror. Before entering the microscope, the excitation beam
was guided through an iris with a diameter of 2.0 mm. This
underfilling of the objective back-aperture reduces the effective NA
for excitation. We thus obtain a slightly larger diffraction-limited
excitation spot, which makes the measurements less sensitive to drift.
We estimate that the used excitation power resulted in, on average,
0.1 and 0.9 excitations per pulse, for the “A” and “B” experiments,
respectively (see Supporting Information, Section S2). PL was
collected by the same objective and filtered by suitable long-pass
filters to remove reflected excitation light. The PL signal was then
directed to one of two detection setups: (i) two avalanche
photodiodes (APDs; Micro Photon Devices PDM) in Hanbury
Brown—Twiss configuration or (ii) a setup in which a nonpolarizing
beamsplitter directed half of the PL into a spectrograph (Andor
Kymera 193i), equipped with an electron-multiplying charge-coupled
device detector (EMCCD; Andor iXon Ultra 888), and the other half
onto an APD. The wavelength-dependent detection efficiency of the
spectrograph—EMCCD pair was corrected for using a broadband
calibration light source (Ocean Optics, HL-3plus-CAL). The
EMCCD detector, APDs, and laser driver (Picoquant PDL 800-D)
were connected to a time-to-digital converter (qutools quTAG),
which communicated the spectrum-recording, laser-pulse, and
photon-detection events to a computer. Live time-correlated single-
photon data visualization and storage was performed using home-
written software.>

Fluorescence Microscopy Data Processing and Analysis.
Custom Python scripts were used to process and analyze the single-
NPL data. The raw data obtained from the time-to-digital converter
contains a list of time tags for each signal received from our
instruments: the APDs, the EMCCD camera, and the laser driver. The
event lists from the laser driver and APD signals are compared to
calculate the delay time for each photon detected. For each APD
separately, a constant delay-time correction is then determined from
the temporal position of the decay curve maximum. This correction
time accounts for, among other factors, a time lag between the signals
from laser driver and APD due to different cable lengths and light
travel time. The negative delay times ¢ that this produces are shifted
by a laser pulse period T via t — t + T. Such photons, which were
detected close to the rise in the decay curve (originating from the
instrument response function), were ignored in the further data
analysis. Our APDs exhibit so-called afterpulsing: after a valid photon
detection event, there is a probability that the APD reports a false
photon detection event. We removed such after-pulsing events in
postprocessing by using only the first photon detection event per laser
pulse and per detector for further analysis and discarding any other
events. We confirmed that we measured emission from an individual
NPL, instead of multiple NPLs, by measuring the cross-correlation
g(z)(r) between two detectors in Hanbury Brown—Twiss config-
uration. A relatively low correlation at lag time 7 = 0, compared to the
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side-peaks at + the laser pulse period (1000 ns), confirms that we
detect emission from an individual (nearly) single-photon emitter. We
additionally performed a time-gating analysis on the correlation data
(see Figure 4a, as well as the Extended Data), to confirm that we were
studying a single NPL when there was a zero-delay peak present. The
event list of the EMCCD channel contains the times at which the
camera started integrating individual spectra. With the data from this
channel and known camera integration time, the start and end time of
each spectral recording were calculated. These start and end times, in
turn, were used to link each detected photon on the APD to a
corresponding spectrum. The spectral integration time was 18 and 50
ms during the single-NPL “A” and “B” measurements, respectively. To
improve the signal/noise ratio in the data analysis PL spectra were
combined to obtain an effective integration time of 200 ms for both
experiments.

Time-Resolved Emission Spectroscopy. Time-resolved emis-
sion spectroscopy (TRES) was performed using the same microscope
as used in the single-particle measurements. However, TRES
measurements were performed on an ensemble of CdSe NPLs,
dispersed in anhydrous n-hexane. The sample was held in a custom-
made airtight glass sample holder, which was filled inside a N,-filled
glovebox. The sample holder was fixed to the sample stage and
imaged using a custom objective (f = 30 mm, magnification = 6.67),
based on an aspherized achromatic lens (Edmund Optics, #49-662).
The sample was stirred throughout the measurements. A 150 pm
pinhole was placed in an intermediate image plane (magnification =
6.67), to limit spectral broadening due to collection of out-of-focus
PL. Half of the PL was guided to an APD, and the other half was
guided to a galvomirror (Thorlabs GVS011/M). The galvomirror
reflected the light onto a transmission grating (Edmund Optics #46-
068, 70 lines/mm), and the first diffraction order was Fourier imaged
onto the active area (diameter = 20 ym) of an APD by an f = 20 mm
aspherized achromatic lens (Edmund Optics #49-569). The
galvomirror was rotated over a set range of angles at a frequency of
2 Hz using a function generator (Agilent), thereby scanning the PL
spectrum over the APD active area. For each detected photon we
calculated the photon arrival time t* relative to the start of the
corresponding galvomirror scan. These t* values were converted to
wavelengths using the output of a white-light laser source (NKT
SuperK EXTREME, equipped with an LLTF-Contrast wavelength
selector) as calibration reference (Figure S4). The sample was excited
using a 405 nm ps-pulsed laser (PicoQuant D-C-405), operated at a
repetition rate of 250 kHz and a power of approximately 121 nW.
Before entering the microscope, the excitation beam was guided
through a 7.0 mm diameter iris, resulting in an effective excitation
numerical aperture (NA) of 0.12.

Transient Absorption Spectroscopy. Transient absorption
spectroscopy was performed using an EOS multichannel pump—
probe transition absorption spectrometer (UltraFast Systems LLC).
Inside a N,-filled glovebox, samples were placed in 1 mm path length
quartz cuvettes. These cuvettes were sealed and placed in the
measurement setup. The samples were stirred using ~0.5 cm metal
wires cut from paperclips. A collimated 355 nm pump beam was
guided through a 1.8 mm diameter iris before it excited the sample
and was obtained from subsequent second-harmonic and sum-
frequency generation of a 1064 nm (pulse duration 650 ps fwhm)
Nd:YAG laser (STANDA), operated at 1 kHz. The change in
absorbance was obtained by measuring the transmission of the white-
light spectrum (200—2400 nm, 200 mW, pulse duration <1 ns,
repetition rate 2 kHz) obtained from a supercontinuum light source
(LEUKOS), which was focused on the sample. Spectra were
measured using a fiber-coupled multichannel spectrometer with a
CMOS detector (spectral resolution of 1.5 nm). The white light was
split into a probe beam and a reference beam; the latter was used to
correct for fluctuations in the probe intensity.
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