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ABSTRACT: Progress to reduce nonradiative Auger decay in colloidal
nanocrystals has recently been made by growing thick shells. However,
the physics of Auger suppression is not yet fully understood. Here, we
examine the dynamics and spectral characteristics of single CdSe-dot-inCdS-rod nanocrystals. These exhibit blinking due to charging/
discharging, as well as trap-related blinking. We show that onedimensional electron delocalization into the rod-shaped shell can be as
eﬀective as a thick spherical shell at reducing Auger recombination of the
negative trion state.
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andom switching, or “blinking”, between bright and dark
states is a phenomenon generally observed in ﬂuorescent
colloidal nanocrystal quantum dots (QDs) when examined at
the single-emitter level.1,2 The presence of dark states
drastically reduces the eﬃciency of colloidal QDs, for example,
in LEDs, lasers, and solar cells, in bioimaging, or as reliable
single-photon sources. Blinking is commonly understood in
terms of the charging/discharging model.3 According to this
model a dark period is initiated if one charge carrier of a
photoexcited exciton is trapped at the QD surface or ejected
into the surrounding matrix. The remaining carrier quenches
photoemission of subsequent excitons by opening a nonradiative Auger recombination pathway, in which it accepts the
exciton recombination energy. Many recent experimental
ﬁndings have been explained in terms of the charging/
discharging model.4−12 However, there are experimental results
that pose a challenge to this model.13−15 Galland et al. have
proposed that in addition to charging/discharging, there may
be a second blinking mechanism related to surface traps.16
Recently, a potential solution to the problem of blinking was
presented with the introduction of colloidal QDs of CdSe with
a thick CdS shell.4,17 In this system, lower-intensity periods are
no longer completely dark but still have approximately 20−30%
brightness compared to high-intensity periods. The unusual
brightness of lower-intensity periods has been ascribed to
suppression of nonradiative Auger recombination in the trion
(charged exciton) state. In addition, relatively high biexciton
quantum eﬃciencies18,19 have been found in these core/shell
QDs, also ascribed to slow Auger rates. However, the physical
origin of Auger suppression has not yet been clearly
identiﬁed,20 mainly because in thick-shell QDs several
potentially important properties are combined: a smooth
carrier conﬁnement potential due to core/shell interface
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alloying,21−23 electron delocalization into the CdS shell, and
increased spatial separation between the emitting core and the
nanocrystal surface.12 The latter property combined with a
temperature-dependent band oﬀset has been invoked12 to
explain the observation of slow Auger rates at cryogenic
temperatures.6,12,24,25 Moreover, diﬀerent authors do not even
agree on the sign of the charge of the unusually bright trion
state.5−7,10,11,16,25 Clearly, blinking and Auger suppression are
not yet entirely understood.
Here, we investigate single CdSe/CdS dot-in-rod structures,
nanorods (NRs) of CdS with a spherical CdSe core. These NRs
are presently of high interest due to the easy synthesis
procedure, their high brightness, and photostability. Moreover,
they have recently been identiﬁed as promising single-photon
emitters,26 which can exhibit eﬃcient negative trion emission.27
They have a peculiar shape and band structure, such that holes
are tightly conﬁned to the core, while electrons can delocalize
along the long direction of the CdS rod.28−36 We show that
partial electron delocalization in the long direction of the CdS
rod can be as eﬀective as the more “conventional” thick
spherical CdS shell4,17 for the suppression of Auger decay.
We perform detailed studies on single NRs using a
combination of photoluminescence (PL) decay and timeresolved spectral measurements under ambient conditions. We
quantify the rate constants and binding energies of the diﬀerent
states of the NRs. From a comparison of the experimental
results with quantum-mechanical eﬀective-mass calculations, we
speciﬁcally identify lower-intensity periods with the negative
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Figure 1. (a) The intensity trace (top) and PL lifetime trace (bottom) of a single CdSe/CdS NR measured over 200 s using TCSPC and
corresponding histograms (right). We used a time binning of 10 ms. The background counts are less than 0.1 cts/10 ms. Inset: the absence of a zerodelay peak in the photon−photon correlation proves that we are looking at a single NR. (b) The ﬂuorescence-lifetime-intensity-distribution (FLID)
constructed from the data in panel a, indicating in logarithmic color scale the frequency of occurrence for a combination of emission intensity and PL
lifetime. The three distinct states A, B, and C are highlighted by dashed lines. (c) The intensity trace (top) and emission wavelength trace (bottom)
of the same single NR measured on the spectrometer, and corresponding histograms (right). Each spectral frame is obtained by integration over 20
ms. (d) The EWID constructed from the data in panel c, indicating in color scale the frequency of occurrence for a combination of integrated
intensity and emission wavelength. Again, states A, B, and C are highlighted by dashed lines.

trion state, in accordance with Tenne et al.27 Remarkably, we
ﬁnd that our NRs are comparable to the thick-shell (10−12
monolayers) QDs in terms of quantum eﬃciency of the trion
state, although the CdSe core is only covered by a very thin
shell of CdS (3 monolayers) in the short direction of the NR.
We conclude that electron delocalization in just one dimension
(i.e., along the length of the NR) is suﬃcient to achieve eﬃcient
suppression of nonradiative Auger recombination. More
precisely, we measure an average Auger lifetime of 11 ns over
18 single NRs, which is an order of magnitude longer than the
lifetime of the negative trion state in spherical thin-shell CdSe/
CdS QDs.37 Our observations illustrate that Auger losses in
colloidal nanocrystals can eﬀectively be reduced by wave
function engineering in speciﬁcally designed heterostructures.
This Letter is organized as follows: ﬁrst we describe in detail
how we quantify the dynamics and transition energies of the
states involved in the blinking of a single NR. Using simple
eﬀective-mass calculations we then identify that each NR shows
blinking between a neutral exciton and a negative trion state.
Next, we brieﬂy discuss the two types of blinking statistics
observed among the diﬀerent NRs (exponential and powerlaw), which indicate that in some NRs there is trap-related
blinking in addition to exciton-trion blinking. Finally, we
explain the relatively high quantum eﬃciency of the negative
trion state arguing that Auger recombination is suppressed by
the smooth Coulomb potential that binds the partially
delocalized electron to the core-conﬁned hole.
Characterization of Bright and Gray States. We
investigate single colloidal NRs with a CdSe dot core of 3.2
nm diameter and a CdS rod shell of 5.6 nm diameter and 21
nm length (with 10% size polydispersity; see also Figure 4a).

The characterization of a single NR consists of two parts (see
Methods for technical details). First, we do time-correlated
single-photon counting (TCSPC) for 200 s in a Hanbury
Brown-Twiss setup, allowing for the simultaneous acquisition
of an intensity trace over time scales of seconds to minutes, the
photon−photon correlation function g(2), and PL decay curves.
We divide the total measurement time into time bins of 10 ms.
For each time bin, we extract the number of photon counts, and
the PL lifetime by ﬁtting a single-exponential decay function to
the histogram (165 ps binning) of delay times between pump
pulse and arrival of a ﬂuorescence photon, using a maximumlikelihood routine.38 Subsequently, we ﬂip a mirror in the
detection arm of our setup and record a series of 2000 emission
spectra each with an integration time of 20 ms. We ﬁt each 20
ms emission frame to a single Gaussian and extract (1) the
integrated emission intensity, and (2) the peak emission
wavelength.
We have examined a total of 18 single NRs. Figure 1a shows
the results of TCSPC measurements on one of them: the
intensity and extracted PL lifetime traces, and the corresponding histograms. The vanishing photon−photon correlation at
zero time delay (inset) proves that we are examining a single
emitter, and that biexciton emission does not obscure our
measurements39 (see Supporting Information Discussion 1 for
details). We see that the NR exhibits both intensity blinking
and PL lifetime blinking, that is, random switching between
well-deﬁned values for these parameters. Nevertheless, the
emission intensity never approaches the background value of
0.1 cts/10 ms so the NR always remains emissive. Furthermore,
the blinking behavior does not change over the measurement
time of 200 s, hence the NR does not degrade. In the intensity
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ﬁtted to a series of phonon replicas with a ﬁxed spacing of 26
meV (see the Methods section for details). Table 1 summarizes
the best-ﬁt values for PL lifetime, PL decay amplitude, and
emission wavelength (i.e., zero-phonon peak energy E0), as well
as the photon count rates obtained from the ﬁt to the intensity
histogram (Figure 1a; see above).
Next, we wish to determine the quantum eﬃciency, η, of the
gray states, and quantify the competition between radiative and
nonradiative recombination that leads to the unusually high
brightness. To this end, we use our ﬁt results from Table 1, and
inspired by previous works7,10 we employ two diﬀerent
methods to estimate radiative and nonradiative contributions
to the total decay. In both methods, one assumes that the
quantum eﬃciency of the bright state ηA = 17,43−45 (we have
measured it to be at least 87%46) and that the excitation rate of
the emitter is the same in each state (see Supporting
Information Discussion 2 for comments). In the ﬁrst method,7
one retrieves the quantum eﬃciency of gray state i from the
photon count rate M: ηi/ηA = Mi/MA. In the second method,10
one obtains the radiative decay rate τ−1
r,i of state i from the PL
−1
decay amplitude: τ−1
r,i /τr,A = Ai/AA. Table 1 shows the estimates
of quantum eﬃciency and radiative and nonradiative decay
rates obtained using the two diﬀerent methods. Strikingly, the
quantum eﬃciencies of the gray states (B and C) for this NR
are very high, even comparable to those encountered in thickshell CdSe/CdS QDs.7,9
To test whether the results are reproducible we examined 17
more single NRs. The Supporting Information present a full
overview of the characteristics of each of the 18 NRs. All NRs
exhibit a clear gray state B similar to the NR discussed in detail
above. The characteristics of the lowest-intensity state,
however, are much less uniform. Four NRs do not show a
third state at all, but only two states A and B. In the other NRs,
the lowest-intensity states can be divided into two groups: ﬁve
NRs have one bright (A) and two gray states (B and C) as
encountered for the NR discussed above (Figure 1). On the
other hand, nine NRs show a bright (A) and a gray (B) state in
addition to a lowest-intensity state which is almost dark (<3
cts/10 ms). First, we will focus on characterization and
identiﬁcation of the omnipresent gray state B. Later, we
tentatively assign the diﬀerent lowest-intensity states observed.
Figure 3 summarizes the characteristics of gray state B of the
18 single NRs examined. Figure 3a presents the correlation
between the radiative lifetimes of states A and B, estimated
using method 1 (via the photon count rate; open circles) and
method 2 (via the PL decay amplitude; closed disks). We see
that the radiative lifetime is shorter in the gray state B than in
the bright state A by a factor of 1.51(±0.21) (mean ± standard
deviation). Figure 3b shows the emission energies of states A
and B. We see that the emission of the gray state B is
consistently lower in energy than the emission of the bright
state A by 10(±7) meV. In Figure 3c, we plot the radiative and
nonradiative lifetimes of state B [indicating the two methods
for parameter estimation with open circles (method 1) and
closed disks (method 2), as in Figure 3a]. We see that in all
NRs the radiative decay of state B is competitive with
nonradiative decay, resulting in quantum eﬃciencies as high
as 25(±10)%. Supporting Information Figure S1 shows that the
trends observed in Figure 3 are robust to more conservative
estimates of ηA = 0.75 and a 20% lower excitation rate of state B
compared to state A, rather than ηA = 1 and equal excitation
rates.

histogram (Figure 1a, top right) we distinguish three states: a
bright state with mean emission intensities of MA = 179 cts/10
ms that we label “A”, and two lower-intensity “gray” states (MB
= 63 cts/10 ms, MC = 41 cts/10 ms) that we label “B” and “C”.
The good correspondence to a Poissonian intensity distribution
(red line) for each of the three peaks in the histogram indicates
that three well-deﬁned states are involved. In order to examine
the correlation between intensity and PL lifetime we combine
the two traces and obtain the ﬂuorescence-lifetime-intensitydistribution (FLID)40 of the NR, as presented in Figure 1b.
The logarithmic color scale quantiﬁes the frequency of
occurrence for a combination of emission intensity and PL
lifetime. We notice from the FLID that the bright state A has a
long PL lifetime, while the two distinct gray states B and C have
shorter PL lifetimes.
Continuing, we focus on the spectral measurements
performed on the same NR and at the same laser power.
Figure 1c shows the integrated intensity and emission
wavelength traces and the corresponding histograms. Still, no
degradation of the NR occurs. Intensity and emission
wavelength blinking are clearly visible. Again, three peaks
appear in the intensity histogram (Figure 1c, top right). These
peaks have the same relative mean intensities and weights
(obtained from a ﬁt to three Gaussians; red line) as those in the
intensity histogram constructed from the TCSPC data (Figure
1a). Clearly, in the spectral measurements we resolve and
identify the same three states A, B, and C as in the TCSPC
measurements. Combination of the intensity and emission
wavelength traces yields the emission-wavelength-intensitydistribution (EWID; Figure 1d). We see that the emission
wavelengths of states B and C are very close. In fact, state B and
C are indistinguishable based on the wavelength histogram
alone (Figure 1c) due to ﬁt uncertainties and the fact that each
of the states may exhibit spectral diﬀusion41,42 comparable to
the separation between B and C. Still, the EWID (Figure 1d)
unambiguously shows the presence of two distinct states B and
C that diﬀer slightly in terms of emission wavelength.
In the following, we aim to identify the diﬀerent states from
their PL decay and spectral characteristics. Therefore, we assign
each time bin from the TCSPC series (Figure 1a) and each
spectral frame from the spectral series (Figure 1c) to state A, B,
or C, based on the clear deﬁnition of the three states in the
FLID (Figure 1b) and EWID (Figure 1d). We obtain the stateaveraged PL decay curves and emission spectra, as presented in
Figure 2. PL decay curves (Figure 2a) are excellently ﬁtted with
a single-exponential decay. The spectra (Figure 2b) are
asymmetrically broadened toward the low-energy side and are

Figure 2. (a) PL decay curves (semilog scale) of the states A (green),
B (red), and C (blue). Solid black lines are single exponential ﬁts. (b)
Emission spectra of the states A (green circles), B (red squares), and C
(blue triangles). Solid lines are ﬁts to a series of phonon replicas with a
ﬁxed spacing of 26 meV. See the Methods section for details of the
ﬁtting procedure.
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Table 1. Characteristics of the Three Distinct States A, B, and Ca
Fit Results
photon count rate M (cts/10 ms)
PL lifetime τ (ns)
PL decay amplitude A (cts/10 ms/165 ps)
emission energy E0 (meV)
Parameter Estimates
quantum eﬃciency
(1)
η (%)
(2)
radiative lifetime
(1)
τr (ns)
(2)
nonrad. lifetime
(1)
τnr (ns)
(2)
Assignment

state A

state B

state C

179.5 ± 0.9
46.4 ± 0.3
0.632 ± 0.003
1974 ± 3

62.6 ± 0.8
11.19 ± 0.08
0.939 ± 0.009
1961 ± 5

40.8 ± 0.9
7.04 ± 0.07
0.730 ± 0.010
1960 ± 11

100*
100*
46.4 ± 0.3
46.4 ± 0.3
∞
∞
X0

34.9 ± 0.5
35.9 ± 0.5
32.1 ± 0.5
31.2 ± 0.4
17.19 ± 0.23
17.45 ± 0.23
X−

22.7
17.5
31.0
40.1
9.11
8.54

±
±
±
±
±
±

0.5
0.3
0.8
0.6
0.13
0.11

Fit results were obtained from ﬁts to the experimental TCSPC and spectral data. Estimates of quantum eﬃciency, radiative, and nonradiative
lifetimes are made using two methods, which are described in the text and speciﬁed in parentheses in the ﬁrst column. Error margins represent 95%
conﬁdence intervals as obtained from the ﬁtting errors. Additional uncertainty of a few percent stems from the choice of thresholds for the
assignment of time slices to a state. For the parameter estimates, origins of error are discussed in the Supporting Information Discussion 2. * = by
assumption.
a

Figure 3. Overview of the characteristics of the bright state A and gray state B for 18 single NRs. Estimates obtained by method 1 (via the photon
count rate; see text for details) are given in open circles, those obtained by method 2 (via the PL decay amplitude; see text for details) in closed disks.
Solid lines connect symbols that belong to the same NR, i.e. the results of method 1 and 2. Error margins are typically <1% (see Table 1) and within
the size of the symbols. (a) The correlation between the radiative lifetimes of the bright state A (the neutral exciton X0) and the gray state B (the
negative trion X−). Radiative decay is faster in the gray state than in the bright state by a factor 1.51(±0.21) (mean ± standard deviation). (b) The
correlation between the emission energies of the bright and the gray state. Emission from the gray state is lower in energy by 10(±7) meV. (c) The
correlation between the radiative and nonradiative lifetimes of the gray state. The resulting quantum eﬃciency of the gray state is 25(±10)%.

sity]. The CdSe core is assumed to act as an inﬁnite potential
well for the hole.49 The electron, on the other hand, is free to
ﬁnd the optimal extent of (de)localization under the inﬂuence
of Coulomb attraction of the hole, a small conduction band
(CB) oﬀset, the diﬀerent eﬀective masses in CdS and CdSe,
and (for the case of the two electrons in X−) Coulomb
repulsion of the other electron.
Figure 4c,d presents the results of our eﬀective-mass
calculations: the transition energies (c) and the radiative
lifetimes (d) of the neutral exciton X0, the negative trion X− and
the positive trion X+. On the x-axis, we varied the CB oﬀset
between 050 and 300 meV51 (with the CdSe core having the
lower CB minimum), since its value is not well established in
literature and is assumed to depend for example on strain in the
nanocrystal.52 The sensitivity of the CB oﬀset may also partially
explain the widespread in radiative lifetimes that we ﬁnd in our
system experimentally and has been found for single thick-shell
CdSe/CdS QDs.10 The calculated binding energies of X− and
X+ are consistent with previous assignments of emission spectra
of ensembles of charged QDs,53,54 as well as single QDs at
cryogenic temperatures.6,24 The experimental transition energy
diﬀerence between state B and state A is 10 meV (Figure 3b),
in close agreement with the calculated 10−19 meV diﬀerence
(Figure 4c; depending on the value of the CB oﬀset) between

The increased radiative decay rate of the gray state compared
to the bright state (Figure 3a) is a strong indication in favor of
the charging/discharging model. Radiative decay rates increase
with the number of charge carriers in the system.10,16
Alternative models, which invoke the presence of trap-related
nonradiative decay channels during low-intensity periods,47,48
cannot account for an increase in radiative decay rate. Hence,
we conclude that bright periods (state A) correspond to the
neutral state of the emitter, where emission originates from the
uncharged exciton X0. During gray periods (state B) the emitter
is charged, and emission originates from a trion, that is, a
charged exciton.
The Eﬀect of Electron Delocalization. In previous
studies, there has been disagreement on the sign of the trion
charge associated with the observed gray states.5,7,10,11,16 Here,
by comparison of the experimental results to quantummechanical eﬀective-mass calculations we will show that the
gray state B in our NRs is the negative trion state. To this end,
we calculate radiative decay rates and transition energies of the
neutral exciton X0, negative trion X−, and positive trion X+.
Details of the calculation method can be found in the
Supporting Information Methods. Brieﬂy, we model the NR
as the three-dimensional system depicted in Figure 4a [the
actual NRs examined (Figure 4b) exhibit 10% size polydisper4887
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Figure 4. (a) The dimensions of the model NR used for the eﬀective-mass calculation. The spherical CdSe core of 3.2 nm diameter is embedded in a
cylindrical CdS rod of 5.6 nm diameter and 21 nm length, and positioned with its center at 5 nm from one end of the rod. (b) A transmission
electron micrograph of the nanorods. Scale bar is 40 nm. (c) The transition energy and (d) radiative lifetime of X−, X0, and X+, calculated for
diﬀerent values of CB oﬀset. The dashed line in (d) represents radiative decay which is exactly twice faster than in X0. (e) The normalized electron
wave functions |Ψ|2 in the diﬀerent states, showing the variable extent of electron localization (calculated for a CB oﬀset of 0 meV). The thick black
line represents the CB potential experienced by the electron (not including Coulomb interactions) with an inﬁnite potential outside the NR. (f) The
soft potential well experienced by the electron due to electron−hole Coulomb attraction. See the Supporting Information Methods for details of the
calculation method.

X− and X0 (see also Supporting Information Discussion 3).
Furthermore, the experimental ratio of radiative lifetimes τr,A/
τr,B is 1.51 (Figure 3a), in fair agreement with the calculated
ratio of τr,X0/τr,X− = 1.60−1.95 (Figure 4d). For the positive
trion X+, on the other hand, the calculations predict
characteristics that are totally inconsistent with gray state B:
approximately 60 meV higher transition energy, and a shorter
radiative lifetime by a factor 2.1−2.4 compared to X0.
Accordingly, we identify the bright state A and the gray state
B as the neutral exciton X0 and the negative trion X−,
respectively.
Remarkably, we ﬁnd, experimentally and theoretically, that
the negative trion has a slower radiative decay rate than
predicted by statistical scaling relations which are often used for
rate estimates.10,11,37 Scaling of the radiative rate with the
number of recombination pathways would lead to a radiative
rate of X− that is twice faster than for X0, since the hole has
twice as many electrons with which to recombine.10 However,
the electron−hole overlap integrals in X− and X0 are diﬀerent.
Figure 4d shows the electron wave functions in the X+, X0, and
X− states calculated for a CB oﬀset of 0 meV. Clearly, the extent
of electron localization varies signiﬁcantly between the states.
More precisely, electron−electron Coulomb repulsion enhances delocalization in X− compared to X0. Because of a smaller
electron−hole overlap integral, radiative recombination via
either pathway in X− is slower than in X0. As a result, the
radiative decay for X− is faster by a factor smaller than two (see
Figure 4d). Indeed, we have measured that τr,A/τr,B = 1.51,
which is 25% oﬀ the value of τr,X0/τr,X− = 2 that one would
expect from statistical scaling.10 The 25% deviation is a direct
manifestation of electron delocalization.
Analysis of the Lowest-Intensity States. Next, we focus
on the lowest-intensity states, which are intrinsically hard to
characterize due to the low signal. We can divide the 18 NRs
examined (Supporting Information) into two groups. Group 1
(containing NRs #1, 2, 4, 5, 6, 7, 10, 17, 18) shows only bright
↔ gray blinking, that is, the brightness does not fall below 20%
of the brightest state. In ﬁve of these (NRs #4, 5, 6, 10, 17)
there are two distinct gray states B and C (Figure 1), while the
other four appear to have only one gray state B. Group 2, on
the other hand, contains NRs (the other nine) showing bright

↔ gray blinking in addition to a “dark state” with emission
intensity <3 cts/10 ms. This dark state, that we label “D”, is
very diﬀerent from the gray states B and C as we will show
below. Figure 5a presents the intensity histograms of two NRs,
representative for group 1 (left) and group 2 (right). We have
labeled the diﬀerent states A, B, C, and D according to their
emission intensities. We clearly see that only the NR on the
right exhibits a dark state D with <3 cts/10 ms. Figure 5b shows
the blinking statistics of these two NRs (left and right). We plot
the bright/dim duration probability distributions55,56 using the
threshold intensities indicated by the dashed lines in Figure 5a.
The two NRs have qualitatively diﬀerent duration probability
distributions, which are representative for the other NRs of the
respective groups. NRs without a dark state (group 1; Figure 5
left) show exponential distributions, while those with a dark
state (group 2; Figure 5 right) show power-law distributions.
On the basis of the bright/dim statistics, and on the PL decay
and spectral properties, we will now make assignments, ﬁrst for
the gray state C (Figure 5a left) and then for the dark state D
(Figure 5a right).
The characteristics of gray state C (Table 1) diﬀer only
slightly from the X− state B: roughly 30% lower emission
intensity, 30% shorter PL lifetime, and equal emission energy.
Furthermore, the exponential statistics associated with a state C
(Figure 5 left) indicates that A ↔ C blinking involves an Augerassisted charging mechanism following the occasional creation
of a biexciton and with a well-deﬁned rate constant.57 In fact,
exponential statistics have been found for X0 ↔ X− blinking in
thick-shell CdSe/CdS QDs.10,16 We propose that gray state C is
a negative trion X− that diﬀers from the X− state B by the
location where the ejected hole resides.40 Indeed, the charging/
discharging model for blinking involves ejection of a charge
(here, the hole) that resides on the surface or in the
environment of the NR for some time before returning.
Because of the anisotropic shape of the NRs, there may be two
possible types of locations for the ejected hole to reside, giving
rise to two negative trion states X− with similar but slightly
diﬀerent characteristics.
We can model the eﬀect of the ejected hole by a single
positive point charge on the NR surface in our eﬀective-mass
model. We put a point charge at the tip or at the side (nearest
4888

dx.doi.org/10.1021/nl4027567 | Nano Lett. 2013, 13, 4884−4892

Nano Letters

Letter

the recent observations of reduced blinking26 and eﬃcient
negative trion emission27 in CdSe/CdS NRs. However, it is
remarkable if we consider that in our system the CdSe core is
covered by a cylindrical CdS shell that is only 3 monolayers
thin in the direction perpendicular to the long NR axis. The
average Auger lifetime of 11 ns (distributed from 1.2 to 40.9
ns) is still an order of magnitude longer than observed in
spherical thin-shell (2−3 monolayers) CdSe/CdS QDs.37
Apparently, merely one-dimensional electron delocalization
results in eﬃcient Auger suppression in the negative trion state.
Our NRs are diﬀerent from thick-shell QDs in terms of two
important properties that have previously been argued to be
responsible for a suppression of Auger recombination. First, the
NRs have only a small separation between the emitting core
and the outer surface. Apparently, charge carriers reaching the
outer surface of a nanocrystal do not necessarily lead to eﬃcient
Auger decay. This ﬁnding seems to contrast with the model of
Javaux et al.12 who attribute the suppression of Auger
recombination in core/shell QDs at cryogenic temperatures
to surface assisted Auger decay combined with temperaturedependent band oﬀsets. Second, (unintentional) interfacial
alloying8,22,23 is most likely absent in our NRs, as evidenced by
the low biexciton quantum eﬃciency (see Figure 1a) and the
short reaction time during synthesis (a few minutes29 versus
many hours for the thick-shell QDs17). We conclude that
interfacial alloying is also no strict requirement to achieve
suppression of Auger decay. We must, however, point out that
we cannot exclude other subtle diﬀerences between our NRs
and thick-shell QDs in terms of strain ﬁelds52,58−60 or stacking
faults.61 More in-depth experimental62 and theoretical work will
have to be performed to quantify these diﬀerences and their
potential eﬀect on charge carrier dynamics.
We can qualitatively explain the occurrence of suppressed
Auger decay in our NRs in terms of the simple theoretical
model of Cragg and Efros.21 They argued that the Auger
recombination rate roughly scales with high spatial-frequency
components of the charge carrier wave functions, and that
those high-frequency components are reduced in amplitude if
the conﬁnement potential experienced by the excess carrier is
smoothened or “softened”. 21,63 On the basis of this
argumentation, Auger suppression has been linked to soft
conﬁnement potentials due to core/shell interface alloying.8,22,23 Interestingly, in our NRs the conﬁnement potential
experienced by the electron is also soft but for another reason.
The extent of electron localization is namely dictated by longrange Coulomb attraction of the hole, which is tightly conﬁned
to the core. The softness of the Coulomb conﬁnement
potential is evident from Figure 4f. Soft conﬁnement leads to
partial electron delocalization that allows for substantial
radiative recombination (which does require electron−hole
overlap), while restraining high-frequency components in the
electron wave function (limiting Auger decay). As a
consequence, in our NRs the negative trion has a high
quantum eﬃciency. In fact, Auger suppression in thick-shell
CdSe/CdS QDs may also in large part be enabled by the
softness of the electron−hole Coulomb attraction. Indeed, also
in the thick-shell systems the extent of electron delocalization is
set by the Coulomb potential of the core-conﬁned hole.
However, this eﬀect has so far mostly been overlooked in favor
of the interface alloying model.21
Our ﬁndings point toward a new design rule for nanocrystals
with reduced Auger recombination. As an alternative method to
core/shell interface alloying,8,22,23 a soft conﬁnement potential

Figure 5. (a) Intensity histograms of a NR from the ﬁrst group (with a
gray state C; left) and of a NR from the second group (with a dark
state D; right). Binning: 5 counts. (b) The corresponding probability
duration distributions of the bright periods (state A; red circles), and
dim periods (states B + C/D; green squares) for the NR from group 1
(left), and the NR from group 2 (right). The intensity thresholds used
are depicted by dashed lines in panel a.

to the core) of the NR, 1 nm from the surface. We can then
compare the resulting transition energy and radiative lifetime of
the X− state to the above calculations in which we neglected the
ejected hole. Using a conduction band oﬀset of −100 meV the
changes are −3 meV and −1.6 ns for the charge at the tip, and
−5 meV and −1.6 ns for the charge at the side. Hence, the
ejected hole may indeed be responsible for the small distinction
between the B and C states. However, the eﬀects are so small
that we cannot make statements about exactly where the
ejected hole resides in the experiment.
The diﬀerent statistics (Figure 5b) imply that two completely
diﬀerent mechanisms underlie A ↔ D blinking and A ↔ B,C
blinking. Moreover, state D (NRs from group 2; Figure 5 right)
has very diﬀerent properties from states B and C: very low
emission intensity (<3% compared to the X0 state) and very
short PL lifetime (1−2 ns). In addition, PL decay curves of
state D have a lower amplitude (see Supporting Information)
than those of the X0 state. This indicates that state D is, in fact,
not a charged state, since an extra charge would lead to an
increased radiative rate and with that a higher PL decay
amplitude for state D (see above). Hence, we tentatively assign
blinking to state D to the opening and closing of trap states.
The trap model has been used before to explain the power-law
statistics encountered in many single emitters (but which we
ﬁnd exclusively in NRs with a state D), including conventional
QDs.2,55,56 Our results seem to comﬁrm those of Galland et
al.16 and Tenne et al.27 who found that blinking can be due to
combination of charging/discharging and opening/closing of
trap states, but that the two blinking mechanisms are distinct in
terms of the blinking statistics. Note, however, that our state D
has a short PL lifetime (indicating that traps capture charge
carriers from the lowest energy exciton) whereas in ref 16 the
PL lifetime of the trap-related low-intensity state has a long PL
lifetime (indicating that traps only capture hot charge carriers
that have not yet relaxed to the band edge). Reference 27 does
not investigate the PL dynamics of the trap-related state.
Suppression of Auger Recombination. We now return
to the main focus of this paper which is the properties of the
negatively charged state B. We recognize the nonradiative
lifetimes of state B (Figure 3c) as Auger lifetimes of X−. Auger
recombination is slow enough that radiative decay can compete
with it, resulting in X− quantum eﬃciencies in our NRs (25%)
as high as those observed in thick-shell CdSe/CdS QDs with 12
monolayer (5 nm) thick shells.7,9 This ﬁnding is consistent with
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can also result from electron delocalization and long-range
electron−hole Coulomb interaction (Figure 4f). Generalizing,
we suggest that Auger recombination in nanostructures may be
suppressed if the extent of conﬁnement of the excess carrier is
mainly set by Coulomb attraction of opposite charges rather
than spatial conﬁnement (as in conventional or thin-shell
QDs). Indeed, relatively slow biexciton Auger decay has
recently been found in spherical “type-II” InP/CdS QDs,64
where Coulomb interaction is an important factor determining
the shape of charge carrier wave functions. Moreover, Auger
decay is slow in bulk semiconductors,65,66 where Coulomb
interaction is the only interaction that binds electron−hole
pairs.
We must emphasize that while our NRs are an excellent
model system to study the eﬀect of delocalization on Auger
recombination, only Auger decay of the negative trion X− is
suppressed. Auger decay of excitonic states with an excess hole
(biexcitons X2 and possibly positive trions X+) is still eﬃcient
(see also Supporting Information Discussion 1) because holes
experience hard conﬁnement by the large CdSe/CdS valence
band oﬀset. New nanostructure designs, aimed at increasing the
importance of Coulomb interactions for the extent of
conﬁnement of both electrons and holes, may lead to
suppression of Auger losses for all excitonic states. Wave
function engineering promises to be a good strategy to achieve
this goal, facilitated by the tremendous progress made in recent
years in controlling the shape and composition of colloidal
heterosystems.67 As an example, in Supporting Information
Figure S2 we propose a colloidal nanostructure in which both
electrons and holes can partially delocalize and which promises
to have suppressed Auger recombination in all excitonic states
but eﬃcient radiative recombination due to the presence of
direct electron−hole overlap.
To summarize, we have identiﬁed the negative trion state in
blinking CdSe/CdS NRs based on its PL decay and spectral
characteristics (i.e., faster radiative decay by a factor 1.51 and a
lower transition energy by 10 meV compared to the neutral
exciton). These characteristics are a direct consequence of the
shape and band alignment of our heterostructure. Furthermore,
we have explained the blinking behavior involving multiple
states as encountered in many of the NRs. Most importantly,
we have quantiﬁed the suppression of nonradiative Auger
recombination in the negative trion state, which leads to the
quantum eﬃciency as high as 25%. Strikingly, this value is
comparable to those reported for thick-shell CdSe/CdS QDs.7,9
We attribute Auger suppression to the fact that the extension of
the electron wave function is mainly dictated by a soft Coulomb
conﬁnement potential. We envision that our work will lead to
new strategies for the minimization of nonradiative Auger
losses that currently form a major obstacle for the application of
colloidal nanocrystals in devices.
Methods. The NRs examined in this study were synthesized
following the method of Carbone et al.29 and then coated with
a thin layer of silica following ref 68. The NRs have an
ensemble quantum yield of 74%, measured using an integrating
sphere. The silica layer serves as protection against photo
bleaching.69 Furthermore, we found that silica-coated NRs
cluster less than bare ones. We deposited the NRs on a glass
slide from a dilute dispersion in ethanol. We used the
microscope setup depicted and described in ref 70. All
measurements were performed in ambient conditions. Single
NRs were excited with 10 ps, 10 MHz, 532 nm linearly
polarized pulses generated by a frequency doubled Nd:YVO4

laser, through an oil immersion objective with a magniﬁcation
of 100 and numerical aperture (NA) 1.4. We used a laser power
of 200 nW focused to a diﬀraction-limited spot. From the count
rate of the high-intensity state of single NRs (approximately 20
kHz), the estimated collection eﬃciency of our microscope
setup (10%) and detection eﬃciency of our detectors (10%),
we estimate that at this laser intensity we create ⟨N⟩ ≈ 0.2
excitons per laser pulse. This corresponds well to the value of
⟨N⟩ ≈ 0.1 excitons estimated from the absorption cross-section
of the NRs (σabs ≈ 10−15 cm2 at 532 nm).30,71 Fluorescence
light was collected through the same objective used for
excitation and was separated from laser reﬂections using a longpass ﬁlter with a cutoﬀ at 590 nm. For timing and photon−
photon correlation measurements, we used a Hanbury BrownTwiss setup with two ID Quantique id100−20 ULN avalanche
photodiodes (APDs; dark counts <10 Hz) connected to a
timing card (DPC 230, Becker & Hickl GmbH) with 165 ps
time resolution. Spectral measurements were done with an
Acton Research SpectraPro 2300i spectrograph equipped with a
PIXIS:100B back-illuminated Si CCD array by Princeton
Instruments. We remark that the CCD camera used for
spectral measurements required a few ms read-out time
between successive frames.
We used single exponential decay functions to ﬁt the stateresolved PL decay curves (Figure 2a and panels c of the
Supporting Information)
⎛ −t ⎞
I(t ) = A exp⎜ ⎟
⎝ τ ⎠

(1)

where the ﬁt parameters A and τ are the PL decay amplitude
and PL lifetime, respectively. We used a maximum-likelihood
routine for the ﬁts,38 assuming Poissonian statistics. A ﬂat
background was not included since the dark count rate of our
detectors is <10 cts/s. For PL decay curves with a longer
lifetime tail, we ﬁtted only to the single exponential early time
signal. The values of the PL decay amplitudes A given (Table 1
and the summarizing tables in the Supporting Information) are
corrected for the relatively short laser repetition period (T =
100 ns) of our setup compared to the PL lifetimes (τ = 5−50
ns): A → A/[1 + exp(−T/τ)]. A correction is needed because
the tail of a PL decay curve with t > T is counted toward the
early time signal (t → t − T), as clearly visible in the PL decay
curve of state A (Figure 2a and panels c in the Supporting
Information); the signal at negative delay is the tail of the PL
decay that extends over longer than 100 ns.
State-averaged emission spectra (Figure 2b and panels e in
the Supporting Information) are asymmetrically broadened
toward the red side due to exciton−phonon coupling. They
were ﬁtted to a series of phonon replicas at ﬁxed energy
intervals of εLO = 26 meV (the longitudinal optical phonon
energy in CdSe) using a nonlinear least-squares method
5

I (E ) = I 0 ∑
n=0

⎡ 1 ⎛ E − E + nε ⎞2 ⎤
Sn
0
LO ⎟
⎥
exp⎢ − ⎜
⎝
⎠⎦
σ
n!
⎣ 2

(2)

Here the ﬁt parameters I0, E0, σ, and S are the peak amplitude,
zero-phonon peak energy, peak width, and Huang−Rhys factor,
respectively. We obtained typical values for the Huang−Rhys
factor of S = 0.3−1.2. The choice for a Gaussian line shape for
each phonon replica is set by broadening due to coupling to
lower-energy phonon modes. We ﬁnd typical values for the
peak width of σ = 30−40 meV.
4890

dx.doi.org/10.1021/nl4027567 | Nano Lett. 2013, 13, 4884−4892

Nano Letters

■

Letter

(16) Galland, C.; Ghosh, Y.; Steinbrü c k, A.; Sykora, M.;
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