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ABSTRACT

In this paper, the evidence of a polarized and room temperature single photon emission from wet-chemically
synthesized colloidal dot-in-a-rod is reported. The time and polarization resolved measurements clearly indicate
a high degree of linear polarization and a lifetime of ~11 ns. We report also about a viable strategy to develop
single photon sources with polarization control for quantum cryptography.
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1. INTRODUCTION

Quantum networking and quantum cryptography are recently subject of intense research activity. Quantum
information technology (qIT) algorithms are usually based on antibunched or entangled photon fluxes and on the
fine control of their quantum states and polarization properties. For instance, in BB84 and B92 algorithms [1,2]
for secure exchange of a private cryptography key, sender and receiver exchange keys by means of a flux of
single photon having a controlled polarization. Several sources for qIT were developed in past years by using
fluorescence from a single atom in a cavity, defects in diamonds and artificial atoms. A promising alternative
relies on single photon emission from a single quantum dot (QD). Nowadays, two different technologies are in
competition for developing high efficiency QD-based single photon sources (SPSs): Stranski-Krastanov epitaxial
QDs and wet-chemically synthesized colloidal nanocrystals (NCs).

By virtue of the possibility to simply achieve electrical injection, epitaxial QDs are actually the most
investigated nanostructures for qIT applications. The concept of QDs was initially proposed by Arakawa et al. in
1982 [3] and, in the last years, several studies were carried out in order to use these QDs as source of single or
entangled photons. SPS behaviour at a relatively high temperature (T~200 K) was presented in 2002 [4] for
a single epitaxial QD and in 2008 for core/shell epitaxial structures (T~220 K) in which a single QD was
embedded in an epitaxial quantum wire [5]. However, room temperature single photon emission in epitaxially
grown QD has not been demonstrated, so far.

On the other hand, by virtue of the higher distances between the allowed energy states in both conduction and
valence bands, colloidal core/shell NCs show an high emission efficiency and single photon behaviour also at
room temperature[6]. Due to their versatile and low cost synthesis procedures, high quantum yield and broad
tunable emission range [7,8], colloidal NCs are considered the most promising alternative to epitaxial QDs for
qIT applications. The first evidences of non classical light emitted from colloidal NCs were reported in the last
few years [6,9,10].

So far, NCs applications have been limited by some drawbacks, such as blinking, spectral diffusion, long
luminescence lifetime and unpolarized and uncollimated emission [12,13]. Recently, it has been demonstrated
that the shape and size of the NCs can be tailored to overcome these limitations: almost not blinking QDs capped
by several shell layers were proposed in ref. [14], while polarized emission was detected by elongated structures
such as core nanorods [15] and core/shell nanorods [16]. Moreover, by coupling the nanocrystals with a confined
mode in cavities structures an increased spontaneous emission rate was shown by virtue of the Purcell effect 17,
18]. Among the engineered nanoclusters proposed so far, dot-in-rod (DRs) nanocrystals obtained by growing
a CdS rod-like shell onto a spherical CdSe QD [19,20] are now catching the scientific community interest.
Thorough studies about their photophysical properties are revealing peculiar characteristics such as strongly
localized wavefunctions for both electrons and holes in the CdSe core [21,22], high photoluminescence
efficiency and giant extinction coefficients in the UV range [20], strong dipole moment which allows to control
the DR alignment on flat surfaces by applying a localized electric field [19]. Moreover, polarized emission has
been detected from aligned ensembles of DR [19]. These peculiarities let us envision the application of these
emitters in polarization controlled, low cost and highly efficient room temperature single photon sources,
although the non-classical behaviour of single DRs has not been completely investigated yet. In this sense, the
spectroscopic analysis performed in this work is meant to collect further knowledge on these nano-objects, by
analysing the antibunching behaviour and the polarization properties of a single CdSe/CdS DR emission.
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Figure 1. (a)Transmission electron microscope image of a typical output of the seeded growth synthesis. (b)
Experimental setup used to carry out spatially polarized and time resolved measurements.

2. METHODS

2.1 Sample preparation

The CdSe/CdS core/shell dot in rod nanocrystals have been synthesized with a seeded growth approach [19],
which yields nanorods with narrow distributions of both lengths and diameters. The synthesis is based on the co-
injection of preformed spherical CdSe nanocrystal seeds and chemical precursors into a hot mixture of
surfactants suited for the anisotropic growth of CdS nanocrystals. A typical output of the synthesis process is
reported in Fig. 1a. A mono-molar solution (in toluene) was drop-casted on a microscope glass coverslip for
single nanocrystal spectroscopy.

2.2 Optical characterization

The spatial, polarization and time resolved analyses were performed by using the confocal microscopy
configuration reported in Fig. 1b. The DRs were excited by means of a circularly polarized laser with ~100 ps
pulses, focused on to a single DR by an high numerical aperture (N.A. 0.7) objective. In order to scan the sample
surface and to identify isolated single NCs, the objective was fixed on a piezoelectric motor. Fluorescence from
single emitters was collected by using the same objective and spatially filtered by a size-tunable pin-hole. The
light from the pin-hole was directed to a polarization resolved section, based on an half wavelength plate and on
a linear polarizer, which allowed us to analyze the properties of the emitted photons for several polarization
angles (0). The output of the polarizer was sent to an high sensitivity Hanbury-Brown and Twiss setup, based on
two avalanche photodiodes (indicated with APD1 and APD2 in Fig. 1b). The signal detected by the photodiodes
was analyzed by using a time resolved data acquisition card (TimeHarp200), based on two acquisition functions.
The start/stop mode measures the distance between two received photons with a time resolution of ~1.1 ns,
building the coincidence histogram in a 4.7 us window, which, being proportional to the autocorrelation function
g™?(x), was used to verify the single photon behaviour. The laser triggered mode was instead used to record both
the individual photon events, with their absolute arrivals times, and the delays from the laser pulses, and it was
employed in order to measure the decay curve with a time resolution of ~150 ps.

3. RESULTS AND DISCUSSIONS

As reported in ref. [19], the maximum photoluminescence intensity is detected by collecting the light polarized
along the rod axis, i.e. for 6=0°. The emission for 6=0° is characterized by two intensity levels, hereafter referred
to as ON state, when the DR is emitting light, and OFF state, in which the collected signal is comparable to the
noise level, because of the NC blinking. The statistical average values of the ON state, for several polarization
angles, are reported in Fig. 2a. The emission intensity follows a cos*(0) behaviour, which clearly indicates the
polarized nature of the light emitted from a single dot in rod. The calculated degree of linear polarization

I, —1,)/(I, +1,) corresponds to 75%.
( I J—) ( I J—)

In order to proof the single photon source behaviour of single colloidal DRs, the coincidence histogram was
measured by using the start/stop mode for several isolated DR, and a typical result is shown in Fig. 2b. The
small number of coincidence events around zero delay time indicates that the probability to detect two photons at
the same time is extremely low, confirming the SPS behaviour of the DRs. On the other hand, the sharp periodic
peaks are the evidence that the detected photons are usually spaced by a multiple of the period of the laser
pulses.
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The electron-hole pair lifetime was measured by using the histogram of the photon delays from the laser
pulses. By using the laser triggered mode we obtained the logarithmic decay curve reported in Fig. 2c, which

-(t-1)/7,

was fit by a mono-exponential function 4,e , obtaining a 7,~11.1 ns.
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Figure 2. (a) Normalized photoluminescence for several polarization detection angles. (b) Coincidence
histogram collected from a single DR. (c) Decay curve obtained by collecting the signal in laser triggered mode.

The control of the polarization of a single photon flux is a key issue in the optimization and implementation
of quantum cryptography algorithms. The table reported in Fig. 3 shows a typical example of the implementation
of the BB84 algorithm. Alice sends to Bob a flux of bits by randomly choosing (for each bit) between two
different polarization bases and Bob receives and extracts the bits by independently choosing his bases. After the
public declaration of their basis, but NOT of the sent and received bits, the cryptography key is derived by
extracting the bits sent and received with the same bases.

The use of dot-in-rod single nanocrystals would make possible to emit single photons with the desired
polarization basis by orienting the nanocrystals at 0°, 90°, -45°,45° with respect to a specific axis. A defined
orientation of the DRs can be achieved by different methods, such as by using a strong electric field [19], by
mechanically moving the rods through MEMS nanoactuators or by localizing and orienting single nanocrystals
on prepatterned substrates [17]. The use of specifically oriented polarized emitters allow us to avoid the recourse
to optical components, such as linear polarizers, which would affect the source rate.
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Figure 3. Implementation of the BB84 algorithm by using DRs.

4. CONCLUSIONS

In summary we reported the evidence of a polarized single photon flux from a colloidal dot-in-rod by using
a time and polarization resolved spectroscopy. Exhibiting a degree of linear polarization of ~75%, our polarized
nanoparticles could be exploited for room-temperature quantum cryptography in communication systems.
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