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Quantum dots as single-photon sources: Antibunching via two-photon excitation
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Two-photon excitation induced photoluminescence (2PE-PL) microscopy of CdSe colloidal quantum dots at
the single-entity level is demonstrated. We provide evidence for single nanoparticle microscopy in the two-photon
excitation regime by varying the laser excitation average power, as well as by measuring the confocal point spread
function in three dimensions with a single quantum dot. Model calculations of the point spread function are in good
agreement with our experimental findings in the 2PE-PL nonsaturation regime. Ultimately, we observe photon
antibunching and triggered single-photon emission at room temperature from those quantum nanostructures
under two-photon excitation in a well-defined three-dimensional photonic volume.
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While two-photon absorption had been theoretically
described by Maria Göppert-Mayer as early as in 1931,1 the
field of two-photon excitation microscopy was only opened
by W. Denk et al. in 1990.2 It is of specific interest for many
characterization purposes such as subcellular and medical
imaging since it can provide a large spectral distance between
the excitation light and the observed photoluminescence
of suitable chromophores. It thus enables straightforward
wavelength filtering, confines the optical detection capability
in three dimensions due to its inherent quadratic intensity
dependence, and offers improved imaging contrast due to
decreased scattering, NIR absorption, and fluorescence in
biological environments. Moreover, it can be advantageous
in spectroscopy and microscopy for excited-state symmetry
selection rule studies.

The two-photon excitation imaging technology triggered
the search, creation, and characterization of favorable
chromophores3 with low intensity two-photon laser excita-
tion conditions together with long observation time scales.
Such organic fluorophores, however, show low two-photon
excitation cross sections together with rapid photobleaching
properties4 compared to the colloidal semiconductor CdSe
nanocrystals used here (also referred to as quantum dots), with
a two-photon excitation cross section as high as 66 000 GM
(Göppert-Mayer units GM = 10−50 cm4 photon/s).5 Also,
semiconductor quantum nanostructures show at the single-
entity level strong photoluminescence rates under ambient
conditions that favored quantum optics experiments such as
photon antibunching under one-photon excitation6–8 and even
triggered single-photon emission under pulsed one-photon
absorption.9 Fine tuning and an energetic smoothing of the
interface of the core-shell nanostructure have recently lead to
nonblinking semiconductor nanocrystals with photolumines-
cence excited-state lifetimes in the range of 4.0–5.6 ns.10

Although single-photon sources and antibunching mediated
by two-photon absorption of a coherent laser beam have
been proposed theoretically as early as in 1975,11,12 a proof-
of-concept experiment is still missing. This is commonly
attributed to the lack of appropriate chromophore systems with
high 2PE cross section combined with high photostability.13

Such experiments are of fundamental interest as they enable
deeper insight into sub-Poissonian photon statistics, i.e.,
so-called strict and temporal antibunching that might be

achievable with appropriate photonic devices.14 Moreover, on
the single quantum light source side, two-photon excitation
microscopy would allow us to study the photon statistics
of competing photoluminescence and nonradiative relaxation
rates of nonergodic chromophores15 (such as colloidal quan-
tum dots8) deeply, extensively, and addressable in a three-
dimensional (3D) photonic volume.

Colloidal semiconductor nanocrystals as single chro-
mophores at room temperature should be able to act as
single-photon sources under two-photon excitation conditions,
an experiment that has not been demonstrated so far. In this
work, we take the steps on the experimental side to address
the two-photon excitation scheme of a single quantum dot at
ambient conditions to demonstrate antibunching and triggered
single-photon source capability.

We expect this type of excitation to be relevant to optical
quantum computing16 in 3D and quantum cryptography17 in
3D, specifically where high numbers of single-photon sources
need to be placed in small photonic volumes, since two-photon
excitation provides smaller excitation dimensions (≈λ/3) for
single-photon generation on demand. Moreover, coupling
colloidal quantum dots with optical gold nanoantennas18

shall pave the way for triggered single-photon sources with
directional photon emission properties using one 2PE beam.

The synergy of optical two-photon excitation, three-
dimensional optical detection capability, photoluminescence
intensity maps, lifetime images of nanocrystals, and triggered
single-photon sources at room temperature is demonstrated
in this paper. We not only confirm that such two-photon
excited photoluminescence can be produced in colloidal CdSe
quantum dots in a well-defined 3D photonic volume, but also
show that photon antibunching can be observed for such a
single nanocrystal at room temperature with high stability.

For this study, we used CdSe nanocrystals emitting
photoluminescence with a peak wavelength around 605 nm and
an ensemble relative quantum yield between 40% and 50%. For
the single chromophore studies here, the quantum dots were
diluted to 10−10 molar and thereafter drop casted onto a clean
standard glass cover slip (thickness 170 μm). The glass sample
was covered with an additional polymethyl methacrylate
(PMMA) layer (approximately 100 nm thick) on top to
immobilize the nanostructures. Thereafter, the sample
was two-photon illuminated by an 810 nm (peak-power
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wavelength) Ti:sapphire laser. The polarization of the excita-
tion laser light was set to circular by means of a combination of
λ/4- and λ/2-wave plates. To achieve a high-quality focus, the
collimated excitation light was expanded for a good overfill
(factor 2.5×) of the aperture of a 100× (NA 1.46) objective
lens (Zeiss). The sample position with respect to the laser
focus could be controlled using a three-axes piezocrystal stage
(TAO-Stage, JPK Instruments). For the detection channel, the
same objective lens was used. We separated the excitation
laser light with a dichroic mirror from the photoluminescence
(PL). The two-photon induced PL of a single quantum dot
was recorded using two single-photon avalanche photodiode
(APD) detectors (EG&G) by point-by-point measurements of
the sample. The APD detectors were connected to a photon
counting card (SPC 830, Becker & Hickl), which enabled
digital readout of the single-photon stream. Splitting the PL of
a single quantum dot by a 50 : 50 nonpolarizing beam splitter
comprises a so-called Hanbury Brown and Twiss detection
device.19 We could thus measure the photon-pair coincidence
histogram for our colloidal semiconductor nanocrystals.

To provide experimental evidence for the two-photon
process, we confirmed that (i) the photoluminescence intensity
or PL rate R obeys a square dependency on the excitation laser
intensity I (Fig. 1); (ii) additionally, we took a 3D image of the
confocal point spread function, which is a convolution of the
excitation point spread function and the detection point spread
function (Fig. 2); and (iii) finally, we performed antibunching
measurements on a single quantum dot [Fig. 3(c)] from a
raster-scanned nanocrystal sample. These raster-scanned im-
ages contain as the imaging contrast the number of photons per
time bin [pixel information in Fig. 3(a)] as well as the lifetime
information from those time bins. Each pixel information in
Fig. 3(c) is therefore a result of a single exponential fitting
procedure using a maximum likelihood estimate (MLE).

In Fig. 1, the quantum-dot photon photoluminescence
intensity is plotted versus the laser excitation power. With
an average laser power I from 3 μW to about 50μ W at
810 nm (at 76 MHz laser repetition rate and an approximate
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FIG. 1. (Color online) Double logarithmic plot of the laser excita-
tion power vs the PL luminescence rate showing a slope of two. Inset:
Schematic of the experimental setup used. The photoluminescence
of a single quantum dot sample (S) is sent through a dichroic mirror
(DC) and a mirror (M) into a Hanbury Brown and Twiss detection
device comprising two avalanche photo diodes (APD) connected by
a 50:50 beam splitter (BS).
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FIG. 2. (Color online) (a) and (d) show the model of the confocal
point spread function (PSF); (b) and (e) show the confocal point
spread function measured with a single quantum dot as the probe;
(c) and (f) show the comparison (normalized) of the model PSF [solid
line; line cut through center of (a) and (d)] with the experimental PSF
[scattered points; cut through center of (b) and (e)].

pulse width of 500 fs at the laser focus) applied to a single
quantum dot, we measured a PL rate R that scales nicely as

a square dependence. The rate equation R = R∞
( I

Isat
)2

1+( I
Isat

)2 is

thus applied in a range where the average laser power used is

clearly well below the saturation regime Isat
def= 1

2R∞. We also
benefit from the fact that those semiconductor nanocrystals
have among the available 2PE chromophore systems the
highest 2PE cross section measured so far.5 This relaxes the
experimental fine adjustment for improving 2PE induced PL
generation efficiency by pulse compression devices near the
focal region.

It has been shown experimentally that 2PE cross sections
on the order of 66 000 GM for CdSe quantum dots at room
temperature do easily start to saturate the confocal detection
volume, yielding a confocal volume that is largely extended.5

Therefore, we applied a laser average power well below
saturation Isat to measure the confocal point spread function
of our optical microscope with a single quantum dot as a
local delta-type probe. The nonsaturation regime of the laser
power used here is translated into a measurement of the
confocal point spread function, as depicted in Fig. 2. To
achieve this, we used the three-axes piezostage available to
generate a stack of raster images of the optical PL response of
a single quantum dot to the excitation laser focal volume.
Images of size 1.5 μm × 1.5 μm were taken in 50-nm
steps. The three-dimensional resolution capability of 2PE-PL
is nicely verified with our home-built confocal microscope.
The quantum dots are extremely stable over time, and no
degradation is observed throughout the data acquisition time
(<1.5 h). We still observe minor blinking effects of our
nanocrystals.20 Nevertheless, we find good agreement between
our measured point spread function under 2PE conditions and
a model with a kernel based on an algorithm for a fast focus
field calculation,21 which takes into account evanescent field
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FIG. 3. (Color online) (a) Photoluminescence intensity image
of quantum dots via two-photon excitation at room temperature
(scale bar 1 μm, typical PL count rate 500 000 photons/s for
a single quantum dot at ambient conditions); (b) corresponding
photoluminescence lifetime information image; and (c) coincidence
measurement of PL photon pairs of a single quantum dot [arrow in
(a)] using a Hanbury Brown and Twiss detection device (connected
points). The coincidence measurement is fitted with a sum of single
exponentials (solid line) yielding an apparent excited-state lifetime
for this single quantum dot of τ = 1.7 ns. The normalized coincidence
curve yields the intensity autocorrelation function g2(τinter) with
numeric values above each peak.

contributions for specifically polarized input fields, as well
as all the pertaining optical parameters: high NA, effective
refractive index of the quantum-dot embedding medium neff =
1.5, the polarization state of the incoming laser, the excitation
wavelength, the emission wavelength, the Gaussian beam
shape, and microscope objective overfill. The model predicts
a FWHM in the x,y plane near the focus of ≈285 nm and
in the x,z plane of ≈657 nm. As model and measurement
agree nicely here, we can state that the major contribution to
the confocal point spread function stems from the intensity
square dependency of the excitation point spread function,
which is not the case for all nanoscale systems involving
square-dependent excitation-luminescence profiles.22

Finally, we have observed the two-photon excitation
induced photoluminescence antibunching behavior of col-
loidal CdSe quantum dots at room temperature from a raster-
scanned sample, as depicted in Fig. 3(a). Such behavior was
observed for a single quantum dot (N = 1) if placed into the
confocal laser excitation volume [Fig. 3(c) and as indicated
in Fig. 3(a), arrow]. Clearly, the reduced photon-coincidence
peak strength at the interphoton time τinter = 0 indicates
that we do observe the antibunching effect for a single
semiconductor nanocrystal at room temperature under 2PE.
The coincidence maxima in Fig. 3(c) derive from the fact that
the two-photon induced PL was generated by excitation with
a pulsed laser. The distance between peaks therefore yields
the repetition frequency of 76 MHz. It is apparent that the

correlation function does not drop all the way down to the
zero level in-between the coincidence maxima. We tentatively
explain this interphoton signal background by coincidence
contribution from the substrate due to nonperfect spectral
filtering under the pulsed high peak power in the focal region,
the intrinsic detector background noise level, and the finite-
time resolution of the experiment (here, 100 ps). Furthermore,
we can not exclude photon-pair coincidence contributions
from multiexciton radiative relaxations for τinter = 0 for this
size of CdSe nanocrystals.23

We obtain the intensity autocorrelation function g2(τinter)
by normalizing24 the experimental coincidence curve. The
normalization can be obtained by dividing the total number of
time intervals measured (acquisition time) by the product of the
mean photon counts of our two APD detectors. Therefore, we
get a normalized area of the peak values with g2(τinter) > 1 at
τinter �= 0 pointing toward the well-known additional bunching
effect mediated by the metastable quantum-dot blinking states
(on and off states). Consequently, quantum-dot blinking or
intermittency shows no characteristic time scale over which a
photoluminescence intensity average for nanocrystals can be
given; they are nonergodic.8

For g2(τinter = 0) = 0.33, we can safely say that a
coincidence curve as obtained can only be observed for a
single quantum dot in the 3D focal volume, even without
correction for the background level. In some experiments,
where single CdSe quantum dots are embedded in a PMMA
matrix, the small peak at τinter = 0 is entirely caused by
the PMMA background luminescence.25 Furthermore, we
have fitted our photon-coincidence measurement to a sum of
single exponentials with a least-squares algorithm, taking into
account the photon-coincidence background. The apparent
excited-state lifetime of the free emitting quantum dot as a fit
parameter gives τ = 1.7 ns, which can be reproduced for that
particular quantum dot in Fig. 3(b) using the MLE procedure.
Local differences in the environment, dipole orientation, and
individual photoluminescence quantum yield from quantum
dot to quantum dot are reflected in Fig. 3(b) by the lifetime
information contrasted with an excited-state lifetime mean for
all quantum dots in the scan area of 〈τ 〉mean = 2.8 ns.

In conclusion, we have demonstrated two-photon excitation
microscopy at the single-quantum-dot level by showing the
square dependency of the PL count rate versus the excitation
power. Moreover, we have quantified the confocal point spread
function by means of a single colloidal nanocrystal and found
good agreement to our model point spread function based
on an algorithm for a fast focus field calculation that takes
into account evanescent field contributions for specifically
polarized input fields. The 3D capability of this microscopy
imaging technique can be fully explored without size deconvo-
lution of the probe, since the CdSe quantum dot used is much
smaller than the wavelength of light in this experiment and
has very good photostability during the entire measurement.
From raster scanning our quantum-dot sample, we have
identified the local PL intensity and corresponding excited
lifetime constant per pixel. Ultimately, we have been able to
demonstrate photon antibunching and triggered single-photon
emission at the single-entity level via two-photon excitation.
This experimental scenario enables new quantum optical
experiments and physical insight for nonergodic systems at
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room temperature, such as colloidal quantum dots, with 3D
excitation and detection capability. Moreover, the coupling of
resonant optical gold antennas26 with a single nanocrystal may
be finely tuned to yield triggered and directional single-photon
sources at room temperature with just one 2PE laser beam.
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