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Effect of charging on CdSe/CdS dot-in-rods single-photon emission
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The photon statistics of CdSe/CdS dot-in-rods nanocrystals is studied with a method involving postselection
of the photon detection events based on the photoluminescence count rate. We show that flickering between two
states needs to be taken into account to interpret the single-photon emission properties. With postselection we are
able to identify two emitting states: the exciton and the charged exciton (trion), characterized by different lifetimes
and different second-order correlation functions. Measurements of the second-order autocorrelation function at
zero delay with postselection shows a degradation of the single-photon emission for CdSe/CdS dot-in-rods in a
charged state that we explain by deriving the neutral and charged biexciton quantum yields.
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I. INTRODUCTION

Wet-chemically synthesized colloidal core/shell nanocrys-
tals (NCs) have been shown to emit nonclassical light at room
temperature [1–4] making them suitable for applications in
the field of quantum optics. Among colloidal NCs, CdSe/CdS
dot-in-rods (DRs) made up by a spherical core of CdSe
surrounded by a rodlike shell of CdS [5] have interesting
features as single-photon emitters such as a high degree of
linear polarization [6–10] and a strongly reduced emission
intermittency (nonblinking emission) when synthesized with
thick CdS shells [11]. The emission of these nanostuctures at
room temperature comes from the relaxation of various states,
namely, the exciton, the charged exciton, and the neutral and
charged multiexcitons. This diversity of emission states makes
the interpretation of photon statistics quite difficult. Different
emission states are characterized by different photons statistics
and a study of the whole photon set detected from a given
nanocrystal only gives an average behavior which can differ
from particle to particle in the same batch. The photon
statistics study is also a way to retrieve information about
the charges relaxation processes such as Auger nonradiative
recombination [12,13]. A deeper understanding of the photon
statistics is therefore a requirement for the comprehension of
the emission processes of such nanoemitters.

The Auger process in colloidal nanocrystals is at the origin
of single-photon emission [4,14], and it is suggested to be
involved in the blinking process [11,15,16] in such structures.
The Auger effect is a three-charge process in which the
recombination energy of an electron-hole pair is transferred to
an additional charge. Fast Auger nonradiative recombinations
of multiexciton states lead to a nonradiative cascade decay
of the excited states explaining the single-photon emission,
hence multiphoton emission is quenched. However, if an
extra charge is present in the crystal, Auger nonradiative
recombination with the extra charge leads to the quenching
of the exciton emission and blinking. Recent works [17–19]
on CdSe/CdS spherical dots have demonstrated the importance

of the geometry and the charge delocalization in influencing
the Auger recombination rates. By growing NCs with a
thicker shell around the core, it has been shown that charged
nanocrystals still emit light owing to a less efficient Auger
transfer. A negatively charged nanocrystal in a trion state has
been shown to have an emission efficiency lower [17,18] than
or equal [19] to the pure exciton state. Several works have been
devoted to the study of photon statistics as a method to assess
the efficiency of the Auger processes and their consequence
on multiexciton recombinations and blinking [12,13]. Nair
et al. [20] have demonstrated that one can deduce the biexciton
quantum yield from the intensity autocorrelation function at
zero delay, g(2)(0), for NCs pumped at low fluences.

In the present paper, we study the emission properties of
DRs in terms of photon statistics. We show that a degradation
of the single-photon emission is associated with a charged
nanocrystal by postselecting photons based on their associated
count rates after binning the signal [17]. This method allows
to quantify separately the photon statistics associated with the
two states of charge of such nanostructures. We explain the
difference of photon statistics between a neutral and charged
DR by evaluating the neutral and charged exciton and biexciton
quantum yields. First, we present the emission characteristics
of our DRs in terms of a flickering between a bright and a
grey state. Thanks to postselection on the photon detection
events, we can reconstruct the autocorrelation function of the
bright and grey state separately. Comparing two DRs from the
same batch that display different exciton lifetimes we explain
the differences observed for the photon statistics in terms of
charge delocalization and flickering between the two states.

II. EXPERIMENTAL SETUP

We used high-quality CdSe/CdS core-shell DRs syn-
thesized using the seeded growth approach proposed in
Refs. [5,11]. A transmission electron microscope (TEM)
image of the investigated sample before dilution is presented
in Fig. 1(a). The DRs are characterized by a shell length
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FIG. 1. (Color online) (a) Transmission electron microscope
(TEM) image of the investigated DRs before dilution. (b) DR
geometrical features determined from statistical analysis performed
on TEM images. Shell length l = 35 nm, shell thickness t = 7 nm,
and core diameter d = 2.7 nm. (c) Experimental setup. Wide field
microscopy can be realized by exciting the sample with a UV lamp.
In this case, a CCD camera is used to image the excited area of
the sample. A zoom on a typical CCD camera image is presented
with DRs photoluminescence highlighted by a red circle. Circularly
polarized light from a picosecond-pulsed excitation laser diode with
a wavelength of 404 nm, a pulse width of 100 ps, and a repetition
rate of 2.5 MHz is used to excite single DRs. A confocal microscope
collects the photoluminescence of the DRs. A high pass filter (cutoff
570 nm) removes the remaining blue light from the optical path.
Single-photon events are recorded by two avalanche photodiodes
in a Hanbury-Brown and Twiss configuration. λ/4 = quarter wave
plate, BS = beam splitter, APD = avalanche photodiode, TCSPC =
Time-correlated single-photon counting.

l = 35 nm, a thickness t = 7 nm, and a core diameter d =
2.7 nm as depicted in Fig. 1(b). A dilute solution is drop-casted
on a microscope glass coverslip to produce a low density
of single DRs (2 to 5 DRs per 25 μm2 area). Wide-field
luminescence microscopy can be realized using a UV lamp
to excite a broad area of the sample. Imaging of the excited
area on a high quantum efficiency CCD camera gives an
overview of the sample as shown in Fig. 1(c) with a zoom
on a 144 μm2 area. A single DR can be subsequently chosen
and excited using a picosecond-pulsed laser diode with a small
excitation spot of 1 μm2. The picosecond-pulsed laser operates
at a wavelength of 404 nm to excite the highly absorptive
shell [5], with a repetition rate of 2.5 MHz such that the
time between two laser pulses is typically greater than an
absorption emission cycle duration. To obtain an excitation
independent of DRs orientations on the substrate the laser
light is circularly polarized. The photoluminescence (PL) is
collected using a confocal microscope with a high numerical
aperture oil immersion objective (100×, N.A. = 1.4). A high
pass filter (cutoff 570 nm) removes the remaining excitation
light while leaving the DRs photoluminescence that is centered
around 600 nm. The DR photoluminescence is then spatially
filtered through a pinhole (diameter 150 μm) and subsequently
recorded using two single-photon avalanche photodiodes

(APD) in a Hanbury-Brown and Twiss configuration as shown
in Fig. 1(c). The signals from the photodiodes were recorded
by a time-correlated single-photon counting (TCSPC) data
acquisition card (PicoHarp300, Picoquant) enabling for each
DR the recording of the PL lifetimes and the PL autocorrelation
function.

III. FLICKERING

The DRs investigated in this study are well described by a
fast switching (flickering) between two states of emission: a
bright state with a high emission efficiency and a grey state with
a lower emission efficiency [11,17]. The emission efficiency
is assessed by the quantum yield (QY), which is given by
the ratio between the radiative decay rate and the total decay
rate due to radiative and nonradiative relaxations. Excitons in
high-quality CdSe structures have a QY close to unity [21,22],
while the trion state exhibits a QY ranging from 15% to 50%
in this specific sample [11].

Representative emission properties from a single DR,
namely DR1, are displayed in Fig. 2. Figure 2(a) shows the
photoluminescence (PL) intensity recorded during 15 s with a
bin time of 250 μs, for a low excitation power corresponding
to an average number of electron-hole pairs excited by a single
laser pulse of 〈Neh〉 = 0.4. A zoom on a 100 ms time window
is also shown. The switching between the two states is clear
on the shorter time window of 100 ms. The red part of the
time trace above 70 counts/ms corresponds to the bright state,
while the green part below 40 counts/ms can be attributed to
the grey state. In Fig. 2(b), the histogram of the PL intensity
confirms the presence of two states. A fit of this histogram
with two Poissonian distributions reproduces the intensity
distribution properly, except in the intermediate region. In
the following, the postselected photons of a given state are
chosen based on the intensity histogram. If a time bin has
a number of photons such that it falls into a state intensity
window, then the photons of this time bin are associated with
this state. All subsequent data analysis for a given state, such
as PL lifetime or autocorrelation function, are realized with
the chosen photons from the intensity histogram.

For long time scales, Fig. 2(c) shows the normalized
second-order autocorrelation functions (ACF), g(2) as given
by Eq. (1) at the beginning of Sec. IV. Long time scales here
means that we present the g(2) function with a resolution
and on time scales longer than the emitter lifetime and
laser repetition rate. Therefore no antibunching and quantum
properties of the emitter are revealed with this measurement
but information on the flickering can be retrieved. From top
to bottom, respectively, the g(2) for the photons inside the
grey state count rate range (0 to 40 counts/ms), the g(2) for
the photons inside the bright state count rate range (above
70 counts/ms), and finally the g(2) of all the recorded events
displayed in Fig. 2(a) are shown. When no count rate range is
chosen [Fig. 2(c) bottom], a super-Poissonian statistics with
g(2) of 1.2 is observed on time scales ranging from 1 μs to 10 ms
due to the flickering between the two states [23,24]. For delays
above 10 ms, the g(2) falls down to one, meaning that switching
between the two states does not happen on these longer
time scales owing to a reduced blinking for these thick-shell
DRs [11]. As flickering occurs even at microseconds time
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(b)

(d)(c)

(a)

FIG. 2. (Color online) Study of DR1 photoluminescence. (a) PL intensity of DR1 on second (left) and millisecond (right) time scales for
a mean number of excitons in the nanocrystal of 〈Neh〉 = 0.4 and a bin time of 250 μs. (b) Histogram of the PL intensity shown in (a) (the
number of events corresponding to a given intensity per time bin) together with a fit with two Poissonian distributions. The bright state in red
(above 70 counts/ms) has a mean emission intensity IX = 86 counts/ms, the grey state in green (below 40 counts/ms) has a mean emission
intensity IX− = 30 counts/ms. (c) g(2) of the PL intensity on several decades of delays between photons. (Top) g(2) of the grey state [green
intensity window in (a) and (b)]. (Middle) g(2) of the bright state [red intensity window in (a) and (b)]. (Bottom) g(2) of the whole PL intensity.
(d) Decay of the PL intensity. Blue diamonds: PL decay of the whole intensity distribution in (b). Red squares: PL decay for the photons in
the red intensity window in (b), a monoexponential decay fit gives τX = 65 ns. Green circles: PL decay for the photons in the green intensity
window in (b), a monoexponential decay fit gives τX− = 11.6 ns.

scales, it is always faster than any typical bin time used to build
the intensity distribution. There is no perfectly appropriate bin
time to fully discriminate the two states and binning the signal
always leads to a mix of the two states. Therefore the transition
between the two states is blurred and the system is not well
described by a superposition of two Poissonian states in the
transition region as seen in Fig. 2(b) (blue line). In contrast,
the g(2) functions in Fig. 2(c) for the selected photons of the
grey (top) and bright (middle) states have a value of one at
every time scales displayed. This is a strong evidence that
our postselection of the photon detection events discriminates
well between the photons of the two states as no additional
bunching (super-Poissonian statistics) due to the flickering is
present. The photons associated with the intensities between
40 counts/ms and 70 counts/ms inside the central region
of the intensity histogram in Fig. 2(b) cannot be attributed
to a specific state and have therefore been discarded. They
represent 17% of the photon events recorded for this specific
measurement, while the grey and bright state photons represent
6.5% and 76.5% of the recorded photons, respectively.

We further confirm the analysis of the PL properties of our
DRs in terms of switching between a bright and a grey state
by studying the PL decay. In Fig. 2(d), while the full PL decay
(blue diamonds) cannot be fitted with a single exponential,
selecting only the photons recorded in the red intensity
window in Fig. 2(b) the PL decay (red squares) is nearly
monoexponential with a decay constant of τX = 65 ns. The PL
of the photons (green circles) in the green intensity window in
Fig. 2(b) is found to decay exponentially with a time constant
τX− = 11.6 ns. These two time constants are attributed to the
neutral and the negatively charged exciton (X and X−) as
demonstrated in the literature [18]. They correspond to the
bright and grey states, respectively. These results allow to
evaluate the emission quantum yields. The exciton quantum
yield is defined as QX = γr/(γr + γnr) = γrτX, with γr and γnr,
the radiative and nonradiative decay rates, respectively, and
τX the measured exciton lifetime. Assuming QX � 1
[11,21,22], the radiative decay rate is simply the inverse of the
measured exciton lifetime. Using statistical scaling [19,25],
the trion radiative decay rate can be shown to be twice as fast
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as the neutral exciton because of the creation of a new radiative
relaxation path by the extra charge (an electron in this case).
The trion QY is therefore given by QX− = 2γr/(2γr + γnr) =
2γrτX− = 2τX−/τX, which gives QX− = 2 × 11.6/65 = 36%,
using the data of Fig. 2(d). The mean intensities in Fig. 2(b),
where IX− = 30 counts/ms is equal to 35% of the mean
exciton intensity (IX = 86 counts/ms) confirms the statistical
scaling approach and the consistence of our model. The lower
QY of the trion comes from the fact that the extra electron
opens not only a new radiative relaxation channel but also a
nonradiative channel. This nonradiative channel is due to an
Auger process [25], which is the relaxation of the electron-hole
pair to the extra electron. The nonradiative decay rate γnr

for a negatively charged DR is therefore equal to the Auger
relaxation rate: γnr = γA− .

We have shown that the emission of our DRs is well
described by a fast switching between a bright and a grey
state. Postselection of the photon detection events based on
the intensity count rates for a given bin time can successfully
discriminate between the photons of each state as attested by
the g(2) functions in Fig. 2(c) and by the pure exponential decay
of the two states. In the following, using postselection of the
photon events, we show that we can retrieve the biexciton and
charged biexciton QYs from the autocorrelation function at
zero delay g(2)(0) and explain the differences in the photon
statistics obtained with different DRs.

IV. FLICKERING AND BIEXCITON EMISSION

The normalized intensity autocorrelation function g(2)(τ )
is obtained from the numbers of counts I1 and I2 measured
in the two channels of the Hanbury-Brown and Twiss setup
as a function of the delay τ between the two channels. It is
given by

g(2)(τ ) = 〈I1(t)I2(t + τ )〉
〈I1(t)〉〈I2(t + τ )〉 . (1)

In Ref. [20], a general equation is derived to express the
autocorrelation function at zero delay for a single nanocrystal
depending on the probability to excite a given number of
electron-hole pairs and the multiexciton quantum yields of
the different excited states. The probabilities PNeh�m that at
least m excitons are created inside the nanocrystal for an
excitation energy well above the exciton line, in the continuum
of the shell states, a condition typically realized in our
experiment, is

PNeh�m =
∑

m′�m

〈Neh〉m′

m
′!

exp(−〈Neh〉), (2)

where 〈Neh〉 is the average number of excitations inside the
nanocrystal. This is a sum of Poissonian distributions, which
only depends on the excitation power since the excitation is far
above the band gap. For a single nanocrystal weakly pumped,
higher-order multiexcitons are not excited. In this case, the
probability to emit two photons through a radiative decay of
the biexciton and exciton is PNeh�2Q2XQX, the product of the
quantum yields of the two states weighted by the probability to
excite at least two electron-hole pairs, while the probability to
emit one photon is PNeh�1QX. As shown in Appendix, g(2)(0)

reduces to twice the probability to emit two photons over the
probability to emit one photon squared:

g(2)(0) = 2PNeh�2

P 2
Neh�1

Q2XQX

Q2
X

= 2PNeh�2

P 2
Neh�1

Q2X

QX

. (3)

In a very weak pumping regime such that 〈Neh〉 → 0, Eq. (3)
simplifies to

g(2)(0,〈Neh〉 → 0) = Q2X

QX

, (4)

as lim〈Neh〉→0(2PNeh�2)/(P 2
Neh�1) = 1. This formula has been

used in Refs. [12,13,20] to derive the biexciton quantum
yield from an ACF measurement. This implies that an emitter
having a nonzero biexciton quantum yield Q2X will not show
complete antibunching even at very low pumping regime.

In the following, we will consider an excitation power
such that 〈Neh〉 ∼ 0.4. The weighting term in Eq. (3) is
(2PNeh�2)/(PNeh�1

2) = 1.13 in this case. This excitation power
has been chosen such that the grey state generated by photoion-
ization could be clearly observed. This is typically realized
when the probability to excite at least two electron-hole pairs is
high enough, here PNeh�2/PNeh�1 � 17%. In this case, ioniza-
tion events through Auger processes are sufficiently frequent
to observe the grey state in the PL intensity distribution,
which is not the case at lower excitation. At this excitation
power, PNeh�3/PNeh�1 � 2%, this ensures that higher excited
states such as a doubly charged exciton, for example, are very
unlikely, validating our two-states model for the emission.
Figure 3 presents the different relaxation possibilities for such
an excitation, 〈Neh〉 ∼ 0.4. First possibility, the DR is in a
neutral state. Starting from two excitons in the structure, the
DR will emit one photon with probability PNeh�1QX after
Auger nonradiative relaxation of the biexciton with rate γA+

or γA− depending to which charge the energy is given to
[a hole or an electron as depicted on Fig. 3(a)]. Or it will
emit two photons with probability PNeh�2Q2XQX if no Auger
relaxation takes place [Fig. 3(b)]. Second possibility, the DR
is in a charged state. It will either emit one [Fig. 3(d)]
or two photons [Fig. 3(e)] with probabilities PNeh�1QX−

and PNeh�2Q2X−QX− , respectively, with Q2X− the charged
biexciton QY. Nonradiative Auger transfer to the extra electron
with rate γA− can also quench the emission and no photon will
be emitted [Fig. 3(c)].

Quantifying the change in QYs between neutral and charged
DRs using postselection of the photon detection events will
allow us to understand the change in photon statistics due to
charging. The overall photon statistics of a DR resulting in an
interplay between the neutral and charged photon statistics is
explained below. Differences of photon statistics between DRs
is also presented and explained in Sec. V.

In the following, Eq. (3) will be therefore applied to the
postselected photons of each state separately, thus providing
information on the biexciton and charged biexciton QYs
through the exciton and trion autocorrelation function:

g
(2)
X (0) = 2PNeh�2

P 2
Neh�1

Q2X

QX

,

(5)

g
(2)
X−(0) = 2PNeh�2

P 2
Neh�1

Q2X−

QX−
.
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FIG. 3. (Color online) Schematic of the different relaxation path-
ways after a pulsed excitation of the shell state continuum. Green
arrows symbolize the possible Auger relaxation with their associated
rates γA+ if the relaxation energy is given to a hole or γA− if it is
given to an electron. Dashed green arrows mean that different Auger
relaxation possibilities are in competition. Orange arrows symbolize
radiative recombinations. For the low-power excitation considered,
〈Neh〉 = 0.4, five relaxation cases are possible. For a neutral DR,
(a) single-photon emission after an Auger nonradiative decay of the
biexciton and (b) biexciton binding and two-photon emission with the
given probabilities. For an ionized DR, (c) nonradiative relaxation of
the biexciton and exciton, (d) single-photon emission after Auger
nonradiative decay of the biexciton, and (e) biexciton binding and
two-photon emission.

To realize this analysis, the postselected photons are chosen
inside intensity windows such that the number of photons is
maximized to have the largest statistics and the mix between
the two states is minimized. This last point is assessed using
the g(2) values on several decades of delays between photons
as in Fig. 2(c). A g(2) equal to one for the photons from a given
intensity window for all photon delays is an evidence that we
are selecting photons from only one state of emission.

Figure 4 shows the ACF for DR1 whose emission charac-
teristics were presented in Sec. III. If computed with a time
resolution shorter than the emitter lifetime, the ACF consists
in a series of peaks with a time interval corresponding to
laser repetition rate. In this case, the quantum nature of the
emission is evidenced by the antibunching, the peak at zero
delay being smaller than the other peaks. The ACF has been
normalized such that to each peak height corresponds the g(2)

value found at longer delays in Fig. 2(c). The g(2)(0) value
can thus be easily found by looking at the height of the peak

FIG. 4. (Color online) ACF for DR1 at short time scales. (a) Grey
state ACF. (b) Bright state ACF. (c) Whole PL intensity ACF.

at zero delay. DR1 gives g
(2)
X−(0) = 0.32 for the grey state,

larger than g
(2)
X (0) = 0.12 for the bright state by a factor of

2.7. A degradation of the single-photon emission properties
is therefore associated with a DR in a charged state. We can
also observe that for all the detection events g(2)(0) = 0.14, it is
close to the bright state photon statistics as g

(2)
X (0) = 0.12. The

grey state photon proportion for this measurement is low, 6.5%,
the bright state photons representing 76.5% of the measured
events and the discarded photons 17% as already mentioned in
Sec. III. Hence the bright state photon statistics is very close
to the overall photon statistics.

As can be seen from Eq. (5), the degradation of the single-
photon emission with charging is related to the increase of the
ratio between the biexciton and exciton QY. A higher g(2)(0)
value is therefore not necessarily due to an increase of the
two-photon emission but can also be the result of a decrease in
the single-photon emission. In order to go further, the various
QYs involved in Eq. (5) have to be quantified to see the effect
of the charging on the single-photon and two-photon emission.

In quasitype II structures such as CdSe/CdS DRs [11], the
conduction-band offset between the two materials being fairly
weak the electron is not well confined inside the CdSe core
but instead delocalized on the whole structure. Conversely, the
holes are well confined into the CdSe core due to a higher
offset between the valence bands of the two materials. The
Auger rates to a hole γA+ and to an electron γA− can therefore
be different as they scale with the confinement volume [26]. In
the following section, we study the consequences of different
Auger rates corresponding to energy transfer to positive (hole)
and negative (electron) charges on the photon statistics. To
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do so, we present measurements on another DR (namely
DR2) from the same sample as DR1 that presents a much
shorter exciton lifetime τX = 28 ns than DR1 (τX = 65 ns).
As the value of the exciton lifetime is directly linked to the
overlap between the electron and hole wave functions, it is an
indication of the electron delocalization. We expect different
photon statistics for these two DRs.

V. CHARGE DELOCALIZATION AND
BIEXCITON EMISSION

We now proceed to a comparison between DR1 char-
acterized by a long lifetime (τX = 65 ns) and therefore a
highly delocalized electron and DR2 characterized by a shorter
lifetime (τX = 28 ns) and consequently a more localized
electron. Figure 5 shows the histogram of PL emission, the
PL decay and photon statistics of DR2. First, it appears
that this DR is characterized by a lower grey state QY,
QX− = 2 × 2.6/28 = 18% compared to DR1 (36%). The trion
state is less emissive in this case because of a higher efficiency
of the Auger relaxation process to the extra electron, the
only nonradiative decay channel. A higher efficiency of the
Auger process is explained in this case by the more confined

electron compared to DR1 as the Auger effect scales with
the volume occupied by the charge [26]. The g(2) of all the
photon detection events [Fig. 5(c) bottom] is characterized by a
bunching on the same time scales as DR1, from microseconds
delays to tenth of milliseconds. The bunching value of 1.6
is higher owing to a higher discrepancy of QYs between
the two states together with an increased grey state photon
proportion (18%) compared to DR1 (6.5%). The postselection
of photon events with count rates below 30 counts/ms and
above 100 counts/ms for the grey and bright states respectively
in Fig. 5(a) allows us to discriminate the photons of each state.
The g(2) corresponding to the bright state [Fig. 5(c), middle]
has a value of 1 at all delay time scales. A limited bunching is
still visible for the grey state g(2) with a value of 1.05 at short
delays. Taking a smaller intensity window does not change
this value. A fast flickering dynamic between the two states for
DR2 that cannot be resolved correctly with the short binning
time of 250 μs very likely explains an imperfect photon sorting
and consequently this small remaining bunching. For this
specific DR, we discard 42% of the registered photons.

The bright state photon statistics for DR2 is similar to
DR1,with g

(2)
X (0) = 0.11 for DR2 versus 0.12 for DR1. The

two neutral DRs have comparable single- (excitonic) and

(a) (b)

(d)(c)

FIG. 5. (Color online) (a) Histogram of the PL intensity of DR2 (number of events corresponding to a given intensity per time bin) for a
mean number of excitons in the crystal of 〈Neh〉 = 0.4, bin time 250 μs. Count rates below 30 counts/ms in green are associated with the grey
state, while the part of the histogram above 100 counts/ms is attributed to the bright state. (b) PL decay curves for grey state photons (green
circles) and bright state photons (red squares). (c) g(2) for DR2 on several decades of delays between the photons. From top to bottom: g(2) for
the grey state photons, bright state photons together with the g(2) of the whole PL intensity. (d) ACF for DR2 at short time scales. From top to
bottom: ACF for the grey state photons, bright state photons together with the ACF of the whole PL intensity.
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TABLE I. Exciton lifetime τX , QX , QX− , Q2X , Q2X− QYs and
Auger relaxation time constants for negative (τA− ) and positive (τA+ )
charges for the different DRs.

τX (ns) QX QX− Q2X Q2X− τA− (ns) τA+ (ns)

DR1 65 100% 36% 10.6% 10.1% 18.3 4.9
DR2 28 100% 18% 9.7% 6.2% 3.1 2.9

two-photon (biexcitonic) emission statistics. The grey state
photon statistics is nevertheless different. The degradation of
the single-photon emission is more important for DR2 with
g

(2)
X− (0) = 0.47 versus g

(2)
X− (0) = 0.32 for DR1. For DR2, the

g(2)(0) value corresponding to all the photons is equal to 0.24,
it is almost twice the value found for DR1. This difference can
be explained by the proportion of photons of each state in the
overall measurement. The grey state photon proportion being
three times larger for DR2 than for DR1, g(2)(0) is therefore
increasing towards the charged exciton photon statistics. The
g(2) at zero delay of the entire photon events detection reflects
therefore the interplay between the two states characterized by
different photon statistics.

In order to go further in this comparison, we calculate the
quantum yields of the various states. The quantum yield of
the trion QX− is obtained from the ratio between the grey
and bright state lifetimes assuming QX � 1 [21,22]. These
results are given in the third column of Table I for the two
considered DRs. The quantum yield of the trion varies from
36% (DR1) to 18% (DR2) of the exciton quantum yield. Then
Q2X and Q2X− are calculated using Eq. (5), with the values
of g

(2)
X (0) and g

(2)
X−(0) from diagrams in Fig. 4 for DR1 and

Fig. 5(d) for DR2 and with
2PNeh�2

P 2
Neh�1

= 1.13 corresponding to

〈Neh〉 = 0.4. Table I gives the quantum yield of the neutral
biexciton Q2X and of the charged biexciton Q2X− . The values
of the neutral biexciton quantum yields Q2X are similar for
the two DRs and close to 10%, corresponding to similar low
values of g

(2)
X (0) obtained for the neutral state. The values for

the charged biexciton quantum yields Q2X− (6.2% for DR2
and 10.1% for DR1) are found to be from 60% to almost
100% of the neutral biexciton quantum yield. This means
that charging affects the biexciton quantum yield less than
the exciton quantum yield. In fact, as mentioned above, the
QY of the charged exciton (trion) is much smaller than the one
of the exciton, yielding an increase of Q2X−/QX− compared
to Q2X/QX. Thus, remarkably, the increase of g(2)(0) when a
DR is charged is not due to a higher probability of two-photon
emission compared to a neutral DR but to the fact that the
two-photon emission probability decreases slower than the
single-photon emission probability squared.

Finally, the evolution of the various QYs for these two
DRs allows us to gain information on the relaxation processes
in the DRs. As mentioned above, the dominant nonradiative
relaxation process is the Auger effect. The Auger relaxation
rate γA− of an electron-hole pair to a neighboring electron can
be derived from the negative trion state QY [19]:

QX− = 2γr

2γr + γA−
. (6)

In the case of a biexciton, the energy of an electron-hole pair
can be transferred to a negative or a positive charge (electron
or hole) by an Auger process as depicted in Figs. 3(a), 3(c), and
3(d). Assuming again that the nonradiative decay channels are
due only to the Auger effect, the biexciton QY can be written
as [19]

Q2X = 4γr

4γr + 2γA+ + 2γA−
. (7)

This formula allows to deduce the Auger relaxation rate to a
positive charge γA+ from the quantum yield of the biexciton.

For DR1, τA− = 1/γA− is found to be 18.3 ns, while the
Auger relaxation to positive charges τA+ = 1/γA+ = 4.9 ns is
almost four times faster. The long Auger relaxation lifetime
for electrons can be explained by a highly delocalized electron
inside the shell as expected from the long exciton lifetime
τX = 65 ns. The Auger relaxation to an electron is less
efficient than to a hole because of electron delocalization
in a quasitype-II heterostructure like CdSe/CdS DRs [27].
In this case, positive charges constitute a preferred decay
channel and the extra negative charge does not increase
the number of nonradiative relaxation paths as it is an
inefficient relaxation solution. The biexciton mainly relaxes
giving its energy to a well confined hole whether the DR is
charged or not, thus in Fig. 3, the scenarios (c) and (d) are
similar to the scenario (a). This explains that for DR1 the
negatively charged biexciton QY is the same as the neutral
biexciton QY.

In contrast, for DR2 characterized by a shorter exciton
lifetime of τX = 28 ns and consequently a less delocalized
electron compared to DR1, using the same calculation, τA− =
3.1 ns and τA+ = 2.9 ns have similar values. It implies in this
case a decrease of the charged biexciton QY compared to the
neutral biexciton QY. No decay channel for the biexciton is
favored in this case, so when a DR is charged, the extra negative
charge offers an additional nonradiative decay channel, as
can be seen in Figs. 3(c) and 3(d), which decreases the
charged biexciton QY compared to the neutral biexciton QY.
These different behaviors probably come from a slightly
different structure of DR2 as compared to DR1, implying
a different localization of the electrons and the holes in the
two DRs as expected from the different exciton lifetimes. Our
measurements thus give access to a full characterization and
interpretation of the physical processes taking place in the DRs
including photon emission, and Auger effects to positive and
negative charges.

VI. CONCLUSION

In conclusion, we have shown that CdSe/CdS DRs emission
was characterized by a fast switching between a bright and a
grey state of the emission. Thanks to a postselection of the
emitted photons, we could study independently the lifetimes
and the intensity autocorrelation function of the bright and
grey states. From this method, we deduced the quantum yields
of the charged exciton, of the biexciton and of the charged
biexciton. In particular, we have been able to explain the
degradation of the second-order autocorrelation function in
charged DRs by the decrease of the single-photon emission
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probability in the charged exciton rather than by an increase
of the two-photon emission probability. By comparing two
DRs from the same sample displaying different excitons
lifetimes and consequently different charges localizations, the
effects of the interplay between photon emission and Auger
recombinations were illustrated. We were able to explain
the differences between the overall photon statistics of these
two DRs by quantifying the bright and grey state photons
proportions and statistics. With this analysis we have thus
obtained a fully quantitative model of single-photon and two-
photon emission of CdSe/CdS dot-in-rods with two states of
emission.
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APPENDIX: DERIVATION OF EQ. (3)

It has been demonstrated in Ref. [20] that the autocorre-
lation function at zero delay can be expressed as a function
of the quantum yield of the different multiexcitonic states Qm

and the Poissonian probability, assuming the independence of

the different multiexcitonic fluorescence processes:

g(2)(0) =
〈
2
∑

m>1 PNeh�m

∑
m′<m QmQm′

〉
t〈( ∑

m�1 PNeh�mQm

)2〉
t

, (A1)

where 〈〉t stands for a time average over the measurement
acquisition time if any blinking occurs. Considering an emitter
displaying antibunching, therefore having low multiexciton
QY, the previous equation simplifies to

g(2)(0) =
〈
2
∑

m>1 PNeh�mQmQ1
〉
t

〈(PNeh�1Q1)2〉t , (A2)

which can be reduced to

g(2)(0) = 2PNeh�2

P 2
Neh�1

〈Q2Q1〉t
〈Q2

1〉t
, (A3)

for the typical excitation power considered in this paper,
〈Neh〉 � 0.4. If no blinking occurs or if the photons are
postselected so as to separate the different states, then we
retrieve Eq. (3):

g(2)(0) = 2PNeh�2

P 2
Neh�1

Q2

Q1
. (A4)
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