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Abstract

We investigate the ¯uorescence intensity correlation function of a single CdSe quantum dot (QD) using a start±stop

experiment. We observe strong photon antibunching, a signature of non-classical light emission, over a large range of

intensities (0:1±100 kW=cm2). The lack of coincidence at zero time delay indicates a highly e�cient Auger ionization

process, which suppresses multi-photon emission in these colloidal QDs. Using careful analysis of the saturation be-

havior of the coincidence histograms, the absorption cross-section of a single QD has also been derived. Ó 2000

Elsevier Science B.V. All rights reserved.

Over the past decade, interest in low-dimen-
sional, mesoscopic systems, such as quantum dots
(QDs), has grown dramatically. These semicon-
ductor QDs bridge the gap between single mole-
cules and the bulk solid state, thereby o�ering the
opportunity to study the evolution of bulk prop-
erties. Additionally, their size-dependent optical
properties make them ideal candidates for tunable
absorbers and emitters in applications ranging
from nanoscale electronics [1±3] to biological ¯u-
orescent labeling [4,5].

Since its inception, single molecule spectros-
copy (SMS) has altered our understanding of
¯uorescent systems by elucidating the photo-

physics of isolated species in the absence of en-
semble averaging [6] The study of QDs has
already bene®ted from the advent of single-mol-
ecule techniques, including the discovery of
spontaneous spectral shifts [7], ultra-narrow
transitions [8] and ¯uorescence intermittence [9].
Recent studies on ¯uorescence intermittence in
QDs have indicated a distribution of on/o�-times
that follows a simple power law over ®ve orders
of magnitude from milliseconds to hundreds of
seconds [10]. This `blinking' is attributed to an
Auger ionization process, which is initiated by the
creation of multiple excitons in the QD. The en-
ergy released from the recombination of one
electron±hole (e±h) pair may be transferred to
another e±h pair, causing an electron (hole) to be
ejected to the surface. Photoionized QDs exhibit
signi®cantly shorter emission lifetimes and lower
quantum yield [11]. The emission is then restored
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when the ejected carrier returns to neutralize the
QD.

QDs are often referred to as `arti®cial atoms'
because many of their optical properties, such as
ultra-narrow transitions, arise from discrete,
atomic-like energy levels. In this Letter, we rein-
force this analogy by demonstrating that the in-
tensity correlation function of the ¯uorescence
from a single QD exhibits antibunching, a quan-
tum optical property observed in light emitted
from individual quantum systems, such as single
atoms [12] and single molecules [13,14]. Since a
®nite time is required to cycle an atom (molecule)
between its ground and excited states, a single at-
om (molecule) can never emit two photons at once.
QDs di�er from atoms and molecules since the
creation of multiple excitons is possible in QDs.
Consequently, if two e±h pairs can radiatively re-
combine, the simultaneous emission of two pho-
tons from a QD is then possible. Thus, one would
expect di�erent regimes of photon statistics be-
cause the probability of multiple exciton creation
depends on excitation intensity.

We use a standard coincidence (start±stop)
setup to study the ¯uorescence correlation func-
tion of single QDs. Samples of ZnS-coated CdSe
QDs (18 �A radius, 575 nm peak emission, quan-
tum yield �40%) are prepared by spin coating
clean glass coverslips with a 10ÿ9 M solution of
QD in toluene followed by a 2% by weight PMMA
solution. The excitation beam, the 488 nm line of
an Ar� laser, is focused on the sample by a 1.4 NA
oil-immersion objective in an inverted confocal
microscope. The emitted photons collected by the
same objective are ®ltered from the scattered ex-
citation light by a band pass ®lter (35 nm FWHM)
and sent through a 50/50 beam splitter onto two
(start and stop) single photon counting avalanche
photodiodes. A short pass ®lter is inserted before
one of the photodiodes to suppress cross-talk be-
tween the two detectors. In our setup, single QDs
are detected with a signal to background ratio
greater than 500 (at the highest powers the maxi-
mum signal rate is 500 kHz per detector while the
background signal is less than 1 kHz). The signals
from the detectors are sent to a time-to-amplitude
converter (TAC) followed by a pulse-height ana-
lyzer to create a histogram C�s� of the delays s

between consecutive photons detected from a sin-
gle ¯uorescing QD. A constant delay is introduced
in the stop channel to investigate negative times.
To maximize the number of collected photons
contributing to the coincidence histogram, the
excitation beam is switched o� by an acousto-optic
modulator during the TAC dead time �7 ls.

Fig. 1 is a typical histogram C�s� obtained from
a single ¯uorescing QD. The histogram is recorded
with a 200 ns TAC time window and a bin width
tbin of 0.2 ns. The dip in coincidences around zero
delay is an unambiguous signature of antibun-
ching. The very small number of coincidences (�3)
at s � 0 is only due to the background and our
time resolution of �0.8 ns which is limited by the
jitter in the detectors and electronics. This strong
antibunching is observed over a wide range of
excitation intensities (0:1±100 kW=cm2), indicat-
ing that the simultaneous radiative recombination
of two excitons is unlikely. Recent measurements
show Auger ionization rates [15] (�1/20 psÿ1)
which are much larger than the ¯uorescence decay
rates [16] (�1/20 nsÿ1); this may explain the sup-
pression of multi-photon emission we observe.
This behavior is in contrast to that expected for

Fig. 1. Histogram of time delays between consecutive photon

pairs (which is proportional to the intensity correlation func-

tion) detected from the ¯uorescence of a single CdSe QD. The

time bin size is 0.2 ns, the excitation intensity is 11 kW=cm2,

and the accumulation time is 430 s. The histogram shows a dip

that approaches zero (actual value �3) at zero time delay,

which is a clear signature of photon antibunching. The solid line

represents a single exponential ®t with a rise time constant of

16 ��1� ns.
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MBE-grown QDs, which may produce multiple
photons under certain conditions [17].

To analyze the data, we review the precise
meaning of the C�s� measurement. The histogram
C�s� is proportional to the probability density
K�s� of detecting the next photon at time t � s
provided that there was a photon at time t

C�s� � TacctbinR1K�s�; �1�
where Tacc is the accumulation time and R1 is the
count rate of the start detector. In contrast, the
second-order intensity correlation function G�2��s�
is related to the probability density J�s� of de-
tecting a photon (not necessarily the next) at time
t � s provided that there was a photon at time t

G�2��s� � TacctbinR1J�s�: �2�
However, as demonstrated by Reynaud [18], K�s�
is equivalent to J�s� and consequently
C�s� � G�2��s� as long as s is much smaller than
the mean time between detected events. For a QD
exhibiting an e�cient Auger process, J�s� is pro-
portional to p1�s�, the probability of ®nding the
QD with one e±h pair, given that the QD had zero
e±h pairs at s � 0 (i.e., p0�0� � 1)

J�s� � g2UfTÿ1
1 p1�s�; �3�

where g2 is the detection e�ciency of the stop
channel, Uf the QD ¯uorescence quantum yield,
and T1 is the ¯uorescence lifetime, respectively.

To derive the expression p1�s�, we consider the
QD state-®lling equations for cw excitation [19],
including the o�-state kinetics (blinking). Assum-
ing that the QD is instantaneously ionized (and
then becomes non-¯uorescent) upon the creation
of two excitons, we can write

_p0 � ÿW1p0 � p1

T1

;

_p1 � W1p0 ÿ W2

�
� 1

T1

�
p1 � p�

soff

;

_p� � W2p1 ÿ p�
soff

;

�4�

where p0;1 is the probability of ®nding the QD with
0 or 1 electron hole pairs, respectively, p� the
probability of ®nding it ionized, soff the average
lifetime for a trapped electron (hole) to return to
the QD, and W1;2 � r1;2Ik=hc, where r1;2�k� are the

1 and 2 e±h pair excitation cross-sections, respec-
tively, of a QD for an excitation wavelength k.
Since both the on/o�-times of the QD are much
longer [20] than 200 ns, the time window of the
TAC (the on-times are in the millisecond range
even at the highest studied intensities), we can as-
sume p� constant in (4) and determine the average
time evolution of p1 for these short times. Using
p0 � p1 � p� � 1, the initial conditions of p0�0�
� 1; p1�0� � 0 and sÿ1

off � W1, we obtain

p1�s� � W1�1ÿ p��
W1 � W2 � 1=T1� �
� 1f ÿ exp � ÿ W1� � W2 � 1=T1�s�g: �5�

During the accumulation of the histogram, p�
stochastically takes the value 1 or 0 depending if
the QD is ionized (o� periods) or not (on periods).
Only the on periods (p� � 0) contribute to the
coincidence histogram. The e�ect of the o� periods
is to reduce the e�ective integration time. Thus, we
can use the exponential rising function of p1�s�
from (5) to ®t the histogram C�s�. The inverse rise
time constant approaches Tÿ1

1 at low intensities
and increases linearly with the intensity:
Tÿ1

1 �1� �I=Is��, where the parameter Is is de®ned
as the ¯uorescence saturation intensity. Assuming
that the two e±h pair excitation rate is negligible,
we can approximate Is � �1=r1T1��hc=k�. Thus,
this model recovers the expected behavior of a
simple two-level system at short times, where the
on/o� blinking e�ects are minimal.

In Fig. 2, we plot the histogram of QD lifetimes
deduced from the coincidence histograms of 66
QDs at low excitation intensities. The measured
lifetimes are distributed between 12 and 28 ns with
a mean value around 20 ns. The width of the dis-
tribution is not explained by experimental uncer-
tainty (< 2 ns) and can be attributed to the
heterogeneity in the structure of the QDs. These
lifetimes are qualitatively in agreement with those
recently measured by Dahan et al. [16] with a
standard time-correlated single-photon-counting
(TCSPC) method. While a multi-exponential
function was necessary to ®t the ¯uorescence de-
cays from the TCSPC method, our data did not
require more than a single exponential ®t. One
possible explanation given for the multi-exponen-
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tial behavior is the existence of a `dull' state with a
low radiative rate. This explanation implies that

our coincidence histograms should show a single
exponential rise because the coincidence data are
built primarily from the `bright' state. The con-
tribution of a dull state to C�s� should be negli-
gible since the probability of a coincidence event is
proportional to the square of the dull state count
rate which does not exceed 10 kHz for the highest
studied intensities. Improving the signal to noise of
our histogram may permit a multi-exponential ®t
and allow better comparisons with the lifetime
measurements.

An example of the intensity dependence of the
rise rates of C�s� measured from the same single
QD at di�erent excitation intensities is shown in
Fig. 3. The insets show the coincidence histograms
measured at the lowest intensity (left) and the
highest intensity (right). The linear ®t of this de-
pendence gives a ¯uorescence lifetime of 22 (�1) ns
and a ¯uorescence saturation intensity of
40 ��3� kW=cm2 for this QD. Using the expres-
sion for Is, we deduce an absorption cross-section

Fig. 3. Intensity dependence of the rise rates deduced from single exponential ®ts of the coincidence histograms measured from the

same single QD at di�erent excitation intensities. The linear ®t gives a rate of 0:045 ��0:002� nsÿ1 at zero intensity, which corresponds

to a ¯uorescence lifetime of 22 (�1) ns, and a saturation intensity of 40 ��3� kW=cm2 for the QD. The insets show the coincidence

histograms measured at the lowest intensity (left) and the highest intensity (right).

Fig. 2. Histogram of QD lifetimes measured from the coinci-

dence histograms of 66 QDs at low excitation intensities. The

measured lifetimes are distributed between 12 and 28 ns with a

mean value around 20 ns.
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of 4:6 ��0:4� � 10ÿ16 cm2 at 488 nm for this QD.
For the studied QDs (�13), we found ¯uorescence
saturation intensities of 10±80 kW=cm2 and ab-
sorption cross-sections of 2±16� 10ÿ16 cm2. As
with the lifetime distribution above, these distri-
butions of measured values may also be in¯uenced
by the structure of each QD and the exact position
and orientation of the QD with respect to the laser
beam. The cross-section values are consistent with
the ensemble value 4� 10ÿ16 cm2 deduced from an
approximate measurement of the extinction coef-
®cient of a solution of QDs at 488 nm
(e � 105 cmÿ1 Mÿ1).

To study the ¯uorescence saturation intensity in
an independent manner, one would like to measure
the average count rate of an individual QD at
di�erent excitation intensities. Usually this average
count rate is obtained by integrating the emitted
¯uorescence over relatively long times (longer than
10 ms). For QDs, however, this method is only
valid at low excitation intensity. At high intensity,
the on-times of QDs decrease (to the millisecond
range), causing the average count rate to be
skewed. To remedy this, we use the coincidence
histograms directly to obtain an accurate value
for the average count rate in the on-state, since
the background levels in our measurements are
negligible. For a large TAC window and a high
count rate, we cannot assume that the delay times
s are shorter than the mean time between detec-
tion events. Consequently J�s� is no longer
equivalent to K�s�. Instead, the probability den-
sities J�s� and K�s� are related to each other by
~K � ~J=�1� ~J� where ~J and ~K represent the La-
place transforms of J�s� and K�s�. Using the ex-
pression for J�s� and p1�s� from (3) and (5), it is
straightforward to show that the coincidence
histogram is given by

C�s� � G�2��s� exp

�
ÿ g2Ufpst

1

s
T1

�
; �6�

where pst
1 is the steady-state value of p1�s� during

the on periods (p� � 0 and s� T1 in (5)). Note
that the quantity we seek, R2 � g2Uf pst

1 =T1, is the
average count rate of the stop detector (during an
on period). Fig. 4 shows a histogram of delay
times measured within an 8 ls TAC time window,
the exponential decay implied by (6) is clearly

evident. The antibunching dip at zero time delay
does not reach zero because of the histogram
resolution.

The inset of Fig. 4 shows a saturation study of
the count rate of a single QD. For low excitation
intensities, where the exponential decays are dif-
®cult to ®t, the standard integration method is
used. At high intensities, however, R2 is deduced
from the histogram decays. Using the expression
for pst

1 as a ®tting function, we obtain a total
(from both detectors) saturation count rate of �1
MHz. Assuming a total detection e�ciency of
�6%, we can estimate the ¯uorescence yield of
the QD to be 40%, in reasonable agreement with
the ensemble measured value. Furthermore, the
saturation intensity obtained with this method
(see Fig. 4) is comparable to that obtained from
the rise rates of the coincidence histogram near
s � 0 (see Fig. 3).

In this Letter, the second-order correlation
behavior of photons emitted from a single QD has
been described. Despite the possibility of multi-
ple e±h pair creation, the ¯uorescence from single
QDs shows strong photon antibunching over a
wide range of intensities presumably due to the
Auger ionization process which quenches any

Fig. 4. Histogram of time delays between consecutive photon

pairs over a time range of 8 ls at an intensity of 85 kW=cm2.

The dip at s � 0 does not go to zero because of the histogram

resolution. From the exponential decay of the signal, we deduce

the average count rate of the stop detector. The inset shows a

saturation intensity study using this method to determine the

average count rate for intensities above 10 kW=cm2. The sat-

uration intensity for this QD is 43 ��7� kW=cm2.
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multi-exciton state. By analyzing the data in a
novel way, the ¯uorescence saturation intensity of
the on-state has been determined to be within a
factor of 2±5 of that for laser dye molecules, and
the absorption cross-section has been determined
in a fashion that does not rely on bulk concen-
tration measurements. These results have partic-
ular relevance to the use of QDs as sources for
quantum communication and cryptography. While
the QD emission nicely mimics that from an iso-
lated two-level system during the on-state periods,
the presence of o�-states with power law distri-
bution over a broad time range [10] limits the
applicability. Future materials development or
secondary irradiation may be able to shorten the
lifetime of the ionized (o�) state.
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