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ULTRABRIGHT
single-photon sources

The development of a quantum communication network will 
require sources that efficiently emit single photons. Now, using a 
new lithography technique that garnered a silver CNRS medal in 
2014, it has recently proved possible to fabricate these sources 
using quantum dots (QDs), that is, artificial solid-state atoms. 
Performed at cryogenic temperatures, this technique makes it 
possible to position a single QD in the middle of an optical 
microcavity with nanometric precision.

Pascale SENELLART1 
Valérian GIESZ1 
Loic LANCO1,2 

1 Centre de Nanosciences  
et de Nanotechnologies (C2N), 

CNRS, Route de Nozay,  
91460 Marcoussis, France

2 Université Paris 7 Diderot,  
75205 Paris Cedex 13, France

pascale.senellart@lpn.cnrs.fr

Inefficient quantum 
light sources
One major hurdle in the development 
of quantum optical technologies is the 
manufacture of efficient single-photon 
sources. This type of source should ideal-
ly emit a single photon on demand, in a 
well-defined mode of the electromagne-
tic field1. At present, optical quantum 
communications and computation 
protocols use heralded single-photon 
sources, where a pair of photons is gene-
rated by nonlinear parametric frequen-
cy conversion, and the detection of one 

photon signals the arrival of the other. To 
avoid generating too many light pulses 
containing more than one photon, these 
sources operate at flows where less than 
5% of pulses contain a pair of photons, 
the others being essentially empty. This si-
tuation is far from ideal, as it dramatically 
reduces the rate of optical communica-
tion and, in the broader field of quantum 
computation, restricts the complexity of 
the calculations that can be performed.

Semiconductor 
quantum dots offer 
new promise…
The past 15 years have seen the emer-
gence of another approach to fabri-
cating these sources. It involves the 
use of nano-emitters, known as semi-
conductor QDs. One semiconductor 
material of nanometric size is inserted 
in another, forming a highly effective 

1 An attenuated laser is not a source of single photons. Although the photons are emitted in a 
defined field mode, the photon statistics are Poissonian. This means that even when the pulses 
contain less than one photon on average, the probability of a pulse containing two is non-negligible.

http://www.photoniques.com


TECHNICAL NOTEBOOK I qUANTUM OPTICS

❚ www.photoniques.com24
https://doi.org/10.1051/photon/2017S223
Photoniques Special EOS Issue

electron trap [1]. The carriers in this 
type of nanostructure have discrete 
energy levels, like the electronic states 
in a single atom. When a large num-
ber of carriers are created in a QD, the 
system goes back to its ground state by 
emitting successively several photons. 
Their emission wavelength depends di-
rectly on the number of carriers in the 
QD, so that at a given wavelength, on 
one photon is emitted. These objects 
are ideal single-photon sources, in that 
for each excitation pulse, there is an 
almost 100% probability that the QD 
will emit a single photon [2].

The problem is that they suffer from 
the same drawback as all semiconduc-
tor light sources, namely the difficulty 
of collecting the emitted light, which 
is mostly trapped inside the material 
by total internal reflection. Although 
the QD does indeed emit a photon at 
each excitation, less than 1% actually 
emerge from the device. This problem 
can be overcome by controlling the 
way the QD is coupled to light. As E. 
Purcell predicted in 1946, spontaneous 
emission is not an intrinsic property of 
the emitter, but depends on its electro-
magnetic environment [3]. Placing a 
point emitter in an optical cavity can 
increase its coupling to a particular 
mode of the optical field and accele-
rate its spontaneous emission in this 

mode. For this to happen, two condi-
tions must be met: the QD must be 
placed at the confined optical field 
maximum, and must be in spectral 
resonance with it. 

… but how can we 
control them?
Meeting these conditions has proved 
challenging. QDs self-assemble from 
differences in lattice parameters when 
indium arsenide is grown in a gallium 
arsenide matrix. These QDs are the-
refore totally randomly located. To 
make matters worse, they measure just 
20−30 nm wide and are only a few nm 
thick, corresponding to ten or so ato-
mic layers. The slightest variation in 
their shape or composition therefore 
significantly changes their emission 
wavelength. In this context, traditio-
nal fabrication methods, which cannot 
control the QDs’ spatial and spectral 
positions, have yields below 0.1%.

A great deal of time and effort has 
been devoted to solving this problem. 
Some researchers have tried to force 
QDs to grow on predefined networks. 
However, these promising methods 
have yet to result in QDs with satis-
factory optical qualities. Other tech-
niques that have been tried involve 
using atomic force microscopy to 

detect individual QDs. Each one is 
mapped with respect to gold markers, 
and electron-beam lithography is used 
to fabricate a cavity aligned with these 
markers [4]. Further technological 
stages are then required to fine-tune 
the nanocavity mode into resonance 
with the quantum dot exciton. These 
techniques are quite spectacular, al-
though they are difficult to accompli-
sh and have not been reproduced. 

Is in situ 
photolithography 
the solution?
The Center for Nanoscience and 
Nanotechnology (C2N) of the French 
National Research Centre (CNRS) has 
come up with an original approach 
whereby the location of a QD is op-
tically measured, and a cavity centred 
on this QD is defined using laser li-
thography [5].

To achieve this, a photoresist is de-
posited on a sample containing self-as-
sembled QDs. This sample is placed 
in a cryostat to lower its temperature 
to 10 K, so that the QDs emit extre-
mely pure single photons. A red laser 
beam excites QD emission without 
exposing the photoresist (Fig. 2a-(I)). 
The diameter of the laser’s excitation 
spot is limited by diffraction (approx. 
one micron), but the excitation of the 
nanometric-sized QD depends on 
local excitation density. This means 
that by moving the emitter within 
the excitation beam to maximize its 
emission, it is possible to measure the 
QD’s position (Fig. 2a-(II)). Just as the 
summit of a mountain several kilo-
metres wide can be located to within 
one metre, a QD can be localized to 
within 50 nm. The next stage in this 
in situ lithography technique involves 
using a green laser, accurately supe-
rimposed on the red laser, to expose a 
pattern in the photoresist centred on 
the QD, in order to directly define the 
optical cavity (Fig. 2a-(III)). Finally, the 
cavity’s geometry is adjusted so that 
it is precisely tuned with the QD’s 
known emission wavelength. These 
localization and writing stages can be 
repeated, enabling a large number of 

Figure 1. Semiconductor quantum dots. (a) Transmission electron microscope image of 
a single quantum dot (with the kind permission of G. Patriarche and A. Lemaître, C2N-
CNRS). (b) Atomic-force microscope image of a plane of quantum dots (with the kind 
permission of C. Gomez-Carbonell, C2N-CNRS). (c) Functional diagram of single-photon 
emission: when several electron-hole pairs are created in the quantum dot, the system emits 
several photons one after the other at different wavelengths. (d) Typical emission spectrum 
of a quantum dot at 10  K.
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devices to be manufactured in a single 
lithography stage. The cavities are then 
etched using techniques normally em-
ployed to etch optoelectronic devices.

First demonstrated with micropillar 
cavities, produced by etching a cylinder 
measuring a few microns in diameter 
from a planar Bragg cavity sample, in 
situ lithography has since been used to 
accurately place QDs in various types 
of cavities. To enhance the technique’s 
potential, the CNRS has teamed up 
with the private company attocube to 
develop an in situ lithography techno-
logy that has been used since 2010 to 
make more complex structures, inclu-
ding so-called connected pillar cavities 
allowing electrical control of the device 
[6], coupled cavities [7], and hybrid 
plasmonic-dielectric cavities. 

Ultrabright single-
photon sources
Inserting a QD in a cavity makes it pos-
sible to modify its spontaneous emis-
sion and fabricate extremely bright 

single-photon sources. This may look 
like an oxymoron, but as the QD emits 
a photon at each optical excitation,  
brightness refers here to the probabi-
lity of collecting that photon. In the 
absence of a cavity, this brightness is 
hardly  few percent.

When it is coupled with a cavity, the 
QD’s emission rate in the cavity mode 
is accelerated by a factor FP, whereas 
in other optical modes this emission 
rate remains unchanged. The proba-
bility of the QD emitting its single 
photon in the cavity mode is thus  
p = FP/(FP+1). With a moderate 
(FP = 3−5) acceleration of spontaneous 
emission, the probability is nearly 
75−85%. With a judicious choice of ca-
vity geometry, it is now possible to pro-
duce in a controlled and reproducible 
fashion sources that emit single pho-
tons on demand with 80% brightness 
[8]. These sources are 20 times brighter 
than any of those used today in the 
field of optical quantum information. 
Moreover, as it takes a QD approxima-
tely one hundred picoseconds to emit 

Figure 2. (a) Functional diagram: a red laser allows the position of quantum dots to be 
measured by mapping their emission (bottom right). A green laser is used to expose a 
pattern centred on the selected quantum dot in the photoresist. (b) Scanning electron 
microscope image of micropillars fabricated using this technique, each with a single 
quantum dot in its centre. (c) Optical microscope image of a connected pillar structure 
[6] etched in the resist. (d) Emission mapping of the device shown in (c) indicates a strong 
emission signal from the quantum dot at the centre of the pattern.
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a single photon, these sources can be 
used at frequencies up to the GHz 
range. Most recently, they have been 
shown to generate highly indistingui-
shable photons, a key requirement for 
many quantum applications [9].

A whole new potential 
to explore
These single-photon sources could 
potentially bring about a critical in-
crease in the complexity of quantum 
computation, as well as in the speed of 
quantum communications. Andrew 
White’s group in Brisbane, Australia, 
a founding group in optical quantum 
technologies, embarked on this adven-
ture 3 years ago. Working closely with 
this group, the C2N team has already 
set up a quantum logic gate with an ul-
trabright QD source [10]. More recently, 
they have demonstrated first Boson sam-
pling measurements using the C2N QD 
sources, demonstrating a 200 speed-up 
in the manipulation of three photons 
as compared to the same measurement 
conducted with usual sources [11].

In situ lithography does not serve 
solely to fabricate efficient single-pho-
ton sources. With clever cavity geome-
try, it has proved possible to make the 
brightest source of polarization-en-
tangled photon pairs so far [7]. Just 
as we can efficiently collect the single 
photons emitted by a QD, so we can 
ensure that every photon sent to the 
device interacts with the QD. This pro-
perty has allowed us to demonstrate 
optical nonlinearities on the scale of 
just a few photons, thus opening the 
way up to the implementation of logic 
gates on the single-photon scale [12]. 
Moreover, inserting a charge carrier in 
the QD creates a device that can ro-
tate the polarization of a photon by 
several degrees, depending on whether 
this carrier is in a up- or a down-spin 
state [13]. From this point on, many 
things are possible. Fabricated with 
optoelectronic tools, these devices 
could, for example, allow the develop-
ment of solid-state quantum networks 
where the photons generated by  
QDs act as flying qubits, linking spin  
quantum memories! ■
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Figure 3. (a) Functional diagram of a micropillar cavity and light extraction through 
acceleration of spontaneous emission. (b) Probability of collecting the single photon 
emitted by the quantum dot according to excitation power. At saturation, brightness is 80% 
[8]. (c) Demonstration of an optical nonlinearity obtained for just 8 photons by measuring 
quantum-dot cavity system reflectivity [12]. (d) Electron microscope image of an ultrabright 
source of polarization-entangled electron pairs [7]. (e) Photon polarization rotation of ±6° 
induced by a single spin in the cavity, depending on whether the spin is up or down [13].
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