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In this contribution, we brieﬂy recall the basic concepts of quantum optics and properties of semiconductor quantum dot (QD) which are necessary to the understanding of the physics of single-photon
generation with single QDs. Firstly, we address the theory of quantum emitter-cavity system, the
ﬂuorescence and optical properties of semiconductor QDs, and the photon statistics as well as optical properties of the QDs. We then review the localization of single semiconductor QDs in quantum
conﬁned optical microcavity systems to achieve their overall optical properties and performances in
terms of strong coupling regime, eﬃciency, directionality, and polarization control. Furthermore, we
will discuss the recent progress on the fabrication of single photon sources, and various approaches
for embedding single QDs into microcavities or photonic crystal nanocavities and show how to extend the wavelength range. We focus in particular on new generations of electrically driven QD
single photon source leading to high repetition rates, strong coupling regime, and high collection
eﬃciencies at elevated temperature operation. Besides, new developments of room temperature single photon emission in the strong coupling regime are reviewed. The generation of indistinguishable
photons and remaining challenges for practical single-photon sources are also discussed.
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1 Introduction
Developing single photon sources has gained considerable interest both for fundamental aspects, such as light-
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matter interaction [1–5] and for important applications
in quantum information science [2, 4, 6]. In particular,
single photon sources could lead to practical ways of realizing scalable photonic quantum computing [6], unconditional quantum cryptography [7], and quantum communications systems [8]. Ideally, the quantum single-photon
light source should emit strictly one photon at a time,
where each photon is indistinguishable (cf. a train of photons), in a high repetition rate, thus functioning as a so
called “photon gun.”
There are several established schemes that can facilitate the emission of single photons [9]. The easiest and
most straightforward way is to attenuate pulsed lasers
[10], though in this case the production of single photons is probabilistic. Therefore, there may be no photons, several photons, or many photons, since the photon number generated is subject to Poissonian statistics; this can be problematic for a number of applications such as quantum cryptography because of possible
photon number-splitting attacks (“eavesdropping”) [11].
Recently there has been extensive research devoted to
microscopic structures, where an isolated quantum system functions as a source for the emitted photons. In
theory, a single quantum object behaving as a two-level
system is an ideal single photon emitter, and there are
many possible candidates that may show such behavior, including atoms [12], ions [13], molecules [14], and
nitrogen vacancy centers [15]. In contrast to the low attenuated lasers and heralded schemes, the single photon emitter based on a single isolated quantum system
can be deterministic and on demand, since a single twolevel system can emit precisely one photon each time
it is excited. Yet, many of these isolated quantum systems are impractical for a number of reasons, and can
suﬀer from photo-bleaching and blinking, or have problems that stem from their broad optical spectrum, since
the real systems are much more complicated than an
idealized two-level system. From a practical perspective,
semiconductor quantum dots (QDs) [1, 16, 17] oﬀer an
attractive material system for emitting single photons.
Owing to the great improvements in semiconductor
fabrication technologies, many pioneering results in the
synthesis and application of these powerful nanostructures have been demonstrated [1–18]. Quantum dots
by molecular beam epitaxy prepared nanocrystals, also
known as “artiﬁcial atoms” provide an ideal singlephoton source for quantum cryptography and optical
quantum computing. By virtue of their unique electronic
structure and quantum conﬁnement, single QD emitters reliably generate single photons on demand when
excited by short optical or electrical pulses. There are
some advantages about the QDs, such as large exciton
2

dipole moments, integrity with compact semiconductor
systems [17], ﬁxed in position and stable, compatibility with electronics and lasers. Moreover, their excitonic
emission spectra can be nano-engineered to cover ultraviolet, visible, and infrared frequencies, rendering them
fully compatible with telecom sources and components.
As a matter of fact, semiconductor colloidal QDs synthesized by wet chemical approaches as sources of single
photons have been extensively studied in the past few
years because of their low fabrication costs, high quantum eﬃciency and photostability also at room temperature [18]. Broad tunability of their emission wavelength
from the visible to the infrared has been readily achieved
by virtue of the high versatility in the chemical synthesis,
which allows for excellent control over QDs size, shape
and composition [19–21]. These colloidal nanocrystals
(NCs) are good candidates for QDs photonic applications
in diﬀerent ﬁelds such as health, energy, environment
and aerospace due to their low fabrication costs, high
quantum eﬃciency at room temperature, high versatility in the chemical synthesis, and broad tunable emission
range [24]. Moreover, recent years have seen an increasing use of semiconductor QDs or NCs as components of
diﬀerent nano-architectures of design due to their size dependent optical properties, which are culminating in the
development of wet-chemistry syntheses of highly emissive monodisperse QDs with variable sizes and compositions. Their absorption and emission spectra are controlled both by chemical composition and by size because
of the quantum conﬁnement eﬀect.
On the other hand, epitaxial QDs, obtained by the
Stranski–Krastanov self-organized growth mode [22],
have demonstrated their potential as light sources for
ultrafast semiconductor lasers [5, 23–25] and optical ampliﬁers (SOAs) [26] for optical communications, showing
new functionalities and astonishing performances such as
high gain and eﬃciency, ultralow threshold current densities and temperature insensitivity. Both wet chemistry
and epitaxy growth mode have demonstrated to be eﬀective approaches for the fabrication of single QDs embedded in triggered non-classical sources of single photons.
Notably, epitaxial QDs exhibit single photon emission
only at cryogenic temperature [27], whereas single colloidal NCs based on II–VI compounds exhibit photon
antibunching at room temperature and above [12, 28,
29], by virtue of their peculiar electronic properties.
In this work, recent developments on single photon
sources based on single QDs are reviewed. We ﬁrst recall
quantum theory of QD-cavity system, and basic concepts
related to the ﬂuorescence and optical properties of colloidal NCs, with special emphasis on their photon antibunching, blinking and spectral diﬀusion phenomena.
Guang-Cun Shan, et al., Front. Phys.
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In the third section we then discuss the technological
approaches for isolating and positioning single colloidal
QDs, an essential requirement for practical realization
of single QD single photon sources. Then we report on
the approaches to signiﬁcantly enhance the emission efﬁciency of single photon sources by coupling the emission of single QDs to microcavity modes. The successful
achievement of this challenging technological target leads
to devices with enhanced performances in terms of extraction eﬃciency, low divergence and improved emission
eﬃciency in both weak and strong coupling regimes. We
will discuss the recent progress in the fabrication of single photon sources, and various approaches for embedding single QDs into microcavities or photonic crystal
nanocavities, and show how to extend the wavelength
range. We focus in particular on new generations of electrically driven QD single photon source leading to ultralow pump currents, high repetition rates, and high
collection eﬃciencies at elevated temperature operation.
Electrically driven triggered sources of single photons are
highly attractive since they would bring compact SPSs
to practical application without requiring expensive and
sizeable light excitation sources. Besides, new developments of room temperature single photon emission in the
strong coupling regime are reviewed. Finally, the generation of indistinguishable photons and remaining challenges for practical single-photon sources are also discussed.

2 Theory, model and measurement aspects
2.1 Theory of quantum optics and photon statistics
QDs referred to as artiﬁcial atoms usually contain several hundred thousands of atoms, but nevertheless have
energy levels that mimic the behavior of a two-level system. However, the observed ﬂopping behavior is heavily damped, since semiconductor QDs suﬀer from the
usual solid-state problems of environment-induced decoherence [30, 31]. Decoherence has a major inﬂuence in
the indistinguishable nature of the emitted photons, and
is one of the biggest obstacles in realizing quantum information processing. Thus, most experiments performed to
date work at cryogenic temperatures (∼4 K is typical),
yet this alone is not enough to overcome the problems
of decoherence. As a result, one must somehow have the
photon emitted fast enough (before the onset of decoherence becomes signiﬁcant), which can be achieved by
engineering the surrounding photon density of states that
the QD sees. In this regard, it is now known that spontaneous emission of an atom or QD (photon emitter) can
Guang-Cun Shan, et al., Front. Phys.

be strongly modiﬁed by the external dielectric environment due to the Purcell eﬀect [32], which is an example
of cavity-quantum electrodynamics (cavity-QED). This
is precisely why the microcavities and inhomogeneous
material systems are so important.
The quantum properties of the photon emitted from
semiconductor microcavities containing QDs have gained
considerable interest both for fundamental aspects [1–5]
and for potential applications [2, 4, 6], such as single
photon sources. Strong coupling occurs when the square
of emitter–photon interaction becomes larger than the
combined atomic dipole decay rate and the cavity ﬁeld
decay rate. The regime of strong coupling between a single exciton conﬁned in a QD has been achieved in microcavity systems based on microdiscs [2], in photonic
crystal nanocavities [3] and in pillar microcavities [4, 33].
In all these structures, quantum electrodynamics (QED)
eﬀects of zero-dimensional electron systems interacting
with optical modes, like the Purcell eﬀect or Rabi splitting, have been observed [1–5, 25].
In this section, the prerequisite formalism for the theoretical description of the quantum optics and photon
statistics on the two-level quantum emitter-cavity system for single photon sources is brieﬂy presented here
for completeness. A more general and detailed theoretical formalism and discussion can be found in Refs. [34,
35].
• Theory for quantum emitter decay via a cavity
A two-level QD emitter in its excited state decays in
a ﬁnite Q single-mode microcavity. After waiting long
enough, a single photon will be found in either of the
two radiation continuum: the α-continuum representing
the radiation of the cavity mode or the β-continuum representing the radiation through leaky modes. We want
to know what part of the light actually decays through
the cavity and determines its spectrum. As shown in Fig.
1, a two-level QD emitter with energy separation ω0 and
dipole moment μ is coupled to a single cavity resonant
mode of ωc . And the cavity mode with normalized electric ﬁeld and creation operator is coupled to a radiation
continuum labeled by index α with coupling constants
Cα and dispersion ω(α). The emitter also has the possibility to decay directly in the environment, modeled as
a radiation continuum with coupling constants Dβ and
dispersion ω(β). We assume that the α and β continua
are orthogonal, so that they do not interact with each
other. We use the Wigner–Weisskopf approximation to
deﬁne the spontaneous emission rate of the two-level system into the β-continuum as γ and the energy decay rate
of the cavity mode into the α-continuum as κ. Using the
Wigner–Weisskopf approximation, we have
3
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da
= −igei(ω0 −ωc )t b − i
Dβ ei(ω0 −ωβ )t dβ
dt

(8)


db
= −ig ∗ e−i(ω0 −ωc )t a − i
Cα ei(ω0 −ωα )t cα
dt
α

(9)

β

Fig. 1 A two-level QD emitter with energy separation ω0 and
dipole moment μ is coupled to a single cavity mode resonant radiation modes of ωc . γ is the spontaneous emission rate of the
two-level system into the β-continuum and κ is the energy decay
rate of the cavity mode into the α-continuum.
2

(1)

2

(2)

dβ|Cα | δ(ω(α) − ω)


γ = 2π

dβ|Dβ | δ(ω(β) − ω)

Note that γ can diﬀer from the free space spontaneous
emission rate because the cavity changes the structure of
the vacuum around the emitter. The cavity mode electric
ﬁeld is denoted by

ωc
Ēc (r)
ac + h.c.
(3)
Êc (r) = i 
2
2ε
0 Vm
max ε(r)|Ēc (r)|
where the cavity ﬁeld mode amplitude can be normalized
so that

2
(4)
d3 rε(r)|Ēc (r)| = 1
Ēc (r) is the normalized cavity ﬁeld proﬁle, and ac and
a+
c is the corresponding annihilation and creation operator, respectively. Now we use the coupled mode theory between the single photon states to further understand the underlying properties of the present device.
The quantum emitter’s coupling constant to the empty
cavity mode in the Jaynes–Cummings is

ωc
μ∗ · Ēc (r)
μ∗ · Ēc (r)

=i
(5)
g=i

2ε0 Vm max ε(r)|Ēc (r)|2
If we assume that the QD resonantly couples with the
cavity mode, the interaction Hamiltonian in the rotatingwave approximation can be written as
HI = ig|eg|ac + h.c.

(6)

We assume that the two-level quantum dot emitter is
prepared in its excited state and that the radiation continuum starts oﬀ in their vacuum state. The state of the
system can be given at all times by [35, 36]
|Ψ (t) = a(t)|e, 0c , 0α , 0β  + b(t)|g, 1c , 0α , 0β 


cα (t)|g, 0c , 1α , 0β  +
dβ (t)|g, 0c , 0α , 1β  (7)
+
α

β

According to the Schrodinger equation, we have
4

(10)
(11)

with initial conditions:


κ = 2π

dcα
= −iCα∗ ei(ωα −ωc )t b
dt
ddβ
= −iDβ∗ ei(ωβ −ω0 )t a
dt

a(0) = 1

(12)

b(0) = cα (0) = dβ (0) = 0

(13)

Using Laplace transforms, we solve those equations and
obtain
sā(s) − 1 = −ig b̄[s − i(ω0 − ωc )]

Dβ d¯β [s − i(ω0 − ωβ )]
−i

(14)

β

sb̄(s) − 1 = −ig ∗ ā[s + i(ω0 − ωc )]

Cα c̄α [s − i(ωc − ωα )]
−i

(15)

α

sc̄α (s) = −iCα∗ b̄[s − i(ωα − ωc )]
sd¯β (s) = −iD∗ ā[s − i(ωβ − ω0 )]
β

(16)
(17)

From this set of equations above, we obtain

g2
ā(s) = s +

|Cα |2
s − i(ω0 − ωc ) +
s − i(ω0 − ωα )
α
−1

|Dβ |2
+
(18)
s − i(ω0 − ωβ )
β

b̄(s) = −ig ∗

ā(s + i(ω0 − ωc ))

|Cα |2
s+
s + i(ωα − ωc )
α

b̄(s − i(ωα − ωc ))
s
ā(s
−
i(ω
β − ω0 ))
d¯β (s) = −iDβ∗
s

c̄α (s) = −iCα∗

(19)

(20)
(21)

The function c̄α (s) has three poles, though two of them
have a strictly negative real part and hence contribute
only to the transient temporal behavior. The asymptotic
population of the α-continuum is described by the s = 0
pole of c̄α (s):
cα (t → ∞) = lim+ −iCα∗ b̄[s − i(ω α − ωc )]

(22)

s→0

To perform this limit, using the relation from distribution theory, we obtain the results:
Guang-Cun Shan, et al., Front. Phys.
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lim+



s→0

α

κ
|Cα |2
= + iδa
s − i(ω0 − ωα )
2

(23)

And similarly,
lim+



s→0

β

|Dβ |2
γ
= + iδb
s − i(ω0 − ωβ )
2

(24)

The terms arising from the principal part integrals represent the Lamb Shift or energy renormalization of the
quantum emitter due to its coupling to the α-continuum
and β-continuum respectively, which can be usually
omitted for simplicity.
The asymptotic amplitudes of the states in the αcontinuum are then given by
cα (t → ∞)
= Cα 

g0
κ 
γ
ωα − ω0 + i
− |g0 |2
ωα − ωc + i
2
2

(25)

The corresponding probability distribution is |Cα |2 . The
asymptotic amplitudes of the leaky mode states in the
β-continuum are
dβ (t → ∞)
κ
ωβ − ωc + i
2
(26)
= Dβ 
κ 
γ
ωβ − ω0 + i
− |g0 |2
ωβ − ωc + i
2
2
Next, we can compute the total probability of the quantum emitter decay into the α-continuum:

Pcavity =
|cα (t → ∞)|2
α


=

dω


dα|cα (t → ∞)|2 δ(ω − ωα )


κ
dω
2π
(ω − ω1 )(ω − ω1∗ )(ω − ω2 )(ω − ω2∗ )
1
1
|g|2 κ
+
|ω − ω2∗ |2 Im(ω1 ) Im(ω2 )
Im(ω1 + ω2 )
|g|2 κ
|ω − ω2∗ |2 Im(ω1 )Im(ω2 )
|g|2 κ(κ + γ)

(κ + γ)2
2
+ (κ + γ)2 |g|2
κγ Δ +
4
Fp
κ
(27)
4Δ2
κ + γ Fp + 1 + (κ+γ)
2

= |g|2
=
=
=

=

where ω and ω are the poles of the cα function of ω.
Δ = ω0 − ωc are the detuning frequency of the quantum
emitter with respect to the cavity resonance. And Fp is
the so-called Purcell factor written as
Fp =

4|g|2
κγ
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(28)

In particular, when the quantum emitter’s frequency is
resonant with the cavity mode, the emission in the cavity
is the maximum and is given by
Pcavity =

Fp
κ
·
κ + γ Fp + 1

(29)

The coupling of the cavity mode to radiation modes can
be modeled with an eﬀective Hamiltonian:

μ · Ēc (r) +
C−R
c aβ + h.c.
Hint
=  dβ
(30)

Using the Laplace transformation, we can obtain the output amplitude of the emitted single photon has an oscillatory nature given explicitly by

2
κ+γ
κ−γ
− 4 t
2
e
sin |g| −
t
4
√

αout (τ ) = ig κ
(31)
2
κ
−
γ
|g|2 −
4
whereas in the weak coupling regime, it is purely biexponential

2
κ+γ
κ−γ
− 4 t
e
sinh
− |g|2 t
4
√
out

(32)
α (τ ) = ig κ
2
κ−γ
− |g|2
4
In most uses of single-photon sources, the useful light
is the fraction collected in the cavity radiation modes.
Thus, the eﬃciency to collect a single photon for such a
device is
κ
Fp
·
(33)
ηcavity ≈
Fp + 1 κ + γ
where the ﬁrst term represents the loss through spontaneous emission directly into leaky modes outside of the
cavity, and the second term represents the loss of the
cavity photon to modes other than the desired one. The
most eﬃcient conﬁguration to extract the light through
the cavity is to have κ2 = g, in which case the extracted
light fraction is
−2
γ
max
= 1+
(34)
ηcavity
2g
At this point, we can conclude that the achievable maximum of the total eﬃciency of such an electrically driven
single-QD-cavity, a single photon source device, is determined by the spontaneous emission rate of the QD
emitter itself. Fortunately, through precise fabrication of
diﬀerent kinds of QDs, we have a rather wide choice of
selecting some QD to achieve the maximal eﬃciency.
5
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2.2 Classiﬁcation of light states and photon statistics
In order to better understand the features of a singlephoton source it is instructive to compare ﬁrst the statistical properties of thermal light and coherent light.
• Thermal, coherent and photon number states
Diﬀerent light ﬁelds can be characterized by their speciﬁc
photon number ﬂuctuations. Thermal radiation results
from a thermal equilibrium of emission and absorption
between a radiation ﬁeld and an ensemble of emitters
(e.g., atoms in a discharge lamp). In such a system the
photon number probability distribution can be written in
terms of the mean photon number n as the geometric
distribution [35, 36]
P (n) =

nn
(1 + n)1+n

(35)

It can be found that n = 0 has always the largest probability and the distribution falls oﬀ monotonically with
increasing n. As shown in Fig. 2(a), the photon number ﬂuctuations are expressed in statistical terms by the
variance of the distribution (Δn)2 = n2  − n2 . For
a thermal mode, the variance is found to be (Δn)2 =
n2 + n [35].
The coherent state (Glauber state) is characterized
by the minimum uncertainty product [36] in accordance
with the Heisenberg uncertainty relation for energy and
time. An example for a coherent light source is a laser
which is operated well above the threshold. The photon
number distribution in this state is a Poisson distribution, i.e., the probability to ﬁnd n photons in the coherent state with respect to the mean photon number is

given by
P (n) = e−n

nn
n!

(36)

Poisson distributions are shown in Fig. 2(b) for two mean
photon numbers n and they are peaked at the mean
photon numbers, respectively. The variance is calculated
to (Δn)2 = n [2]. Whereas for thermal radiation the
ﬂuctuations are always comparable with the mean photon number in 
the mode, and the relative ﬂuctuations
(Δn/n = 1/ n) for coherent light approach zero
with increasing photon numbers. Therefore, the coherent light best approaches the pure classical picture of
waves with fully determined amplitude and phase, i.e.,
revealing zero uncertainties. It is obvious from Fig. 2 that
single photons on demand cannot be generated by simply attenuating a light beam steaming from a thermal
or a coherent light source. Such a nonclassical light state
can only be generated by a single-photon source as will
be shown below.
A photon number or a Fock state |n is a truly nonclassical light state. It can be generated by a single-photon
source. The Fock state is the eigenstate of the photon
number operator: n̂|n = n|n, i.e., a mode which is excited in this state is occupied by exactly n photons and
the variance Δn = 0. Figure 2(c) illustrates the photon
number distributions for the Fock states with nonzero
probability given exclusively for the mean photon number n = n.
2.3 Photon detection and correlation functions
This section introduces the prerequisite formalism for the

Fig. 2 Photon number probability distribution for single mode emission of (a) a thermal state, (b) a coherent state, and
(c) a photon number state for two diﬀerent mean photon numbers n = 1, 10, respectively.
6
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theoretical description of the experimental results on
the coherence and photon statistics of the light sources.
A more general, detailed and careful discussion can be
found in Refs. [4, 34–37].
Photons are typically detected by photodetectors or
avalanche photodiodes. In this case the photon is absorbed and as a consequence the quantum state of the
light ﬁeld is altered. The probability of photon detection
P1 , which is associated with a transition from an initial
ﬁeld state Ψi to possible ﬁnal states Ψf via absorption
of a photon, is given by

|ψf |â(t)|ψi |2 ∼ ψ|â+ (t)â(t)|ψ
(37)
P1 (t) ∼
f

where the sum goes over all possible ﬁnal states and â(t)
denotes the photon destruction operator in the Heisenberg picture. The ﬁrst-order coherence function is deﬁned
as
â+ (t)â(t + τ )
t→∞
â+ (t)â(t)

g (1) (τ ) = lim

(38)

and the corresponding degree of second-order coherence
is deﬁned by
â+ (t)â+ (t + τ )â(t + τ )â(t)
t→∞
â+ (t)â(t)2

g (2) (τ ) = lim

α|â+ â+ ââ|α
=1
α|â+ â|α2

(40)

(ii) Photon number states
g (2) (0) =

n|â+ â+ ââ|n
1
=1−
n|â+ â|n2
n

(41)

This is a truly nonclassical result since g (2) (0) < 1 for
n  1. The light is called to be in a sub-Poissonian light
Guang-Cun Shan, et al., Front. Phys.

g (2) (0) = 1 +

(Δn)2 − n
=2
n2

(42)

This indicates that photons have the tendency to be detected simultaneously at the photodetectors. The light is
called to be in a super-Poissonian light state.
The detailed theory and calculation of the photon correlation function g (2) (τ ) as a function of the delay time
τ can be found in Refs. [2, 34]. For a coherent source
g (2) (τ ) = 1, which means that the photons are completely uncorrelated. In contrast, a sub-Poissonian light
source satisﬁes g (2) (τ ) < 1, which indicates that two photons are unlikely to be detected simultaneously by the
detectors. A light emission from a single quantum emitter, whose degree of second-order coherence satisﬁes the
inequality [g (2) (0)  g (2) (τ )] is called antibunched light
(photon antibunching). On the other hand, a light source
with a super-Poissonian statistics shows a clear excess of
coincidences [1 < g (2) (τ ) < 2] for times shorter than the
coherence time T2 of the light source. This phenomenon
[g (2) (τ )  g (2) (0)] is called photon bunching.

(39)

The ﬁrst and second order coherence functions are commonly measured by a Michelson interferometer and a
Hanbury–Brown and Twiss setup, respectively. When the
light is stationary, only the relative time τ = t2 −t1 is relevant. It is found that the photon detection probability,
i.e., the counting rate of the photodetector is in fact just
the ﬁrst-order correlation function except for a scale factor. Furthermore, the ﬁrst-order correlation is insensitive
to the photon statistics since Eq. (38) depends only on
the average photon number n = â+ (t)â(t). In other
words, spectrally-ﬁltered thermal light and coherent light
of the same spectral width exhibit the same degree of
ﬁrst-order coherence. In contrast, the second-order correlation function allows for distinguishing between the
diﬀerent types of light ﬁelds. It is interesting to compare
g (2) (0) for thermal, coherent, and photon number states:
(i) Coherent light
g (2) (0) =

state. Especially, for a true single-photon source (n = 1)
g (2) (0) = 0.
(iii) Thermal light

2.4 Measurement of the second-order correlation
function
Experimentally, there are diﬀerent experimental techniques that can be used to measure the second-order
correlation function g (2) (τ ). The most popular and direct method would be to measure the times of a singlephoton detector’s counting events to calculate the correlation function. However, this method has a measurement limit that the time scales would be longer than
the dead time of the detector, which amounts to several 10 ns. In order to overcome this problem, detection schemes using two independent detectors with the
time-correlated single photon counter (TCSPC) modules
in a Hanbury–Brown–Twiss scheme setup shown in Fig.
3 are usually employed. The setup consists of two orthogonally arranged pathways centered around a nonpolarizing (50/50) beam splitter. Each arm of the HBT
interferometer is equipped with a highly sensitive single photon detector. In such an arrangement, the second
detector can detect an event while the ﬁrst one is still
dead, and the time-resolution is typically determined by
the response time of the detector. Presently, the commercial avalanche photodetector modules (APDs), which offer the highest detection eﬃciencies (∼40%–70%) in the
visible and near infrared spectrum, have response times
of about 400–600 ps. APDs with slightly lower detection
7
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eﬃciencies (∼5%–35%) possess response times in the 30–
50 ps range.

g (2) (τ ). The probability to measure a time diﬀerence at
time τ is given by [35, 37]:
n(τ ) = (probability to measure a stop event at time τ
after a start event at time 0) × (probability that no stop
detection has occurred before)
 τ
(2)
n(τ  )dτ  ]
(43)
n(τ ) = [G (τ ) + Rdark ][1 −
0
(2)

Fig. 3 Photon autocorrelation setup after Hanbury–Brown and
Twiss. (a) The collected photon stream from a single photon source
is preﬁltered by a spectrometer (alternatively: narrow band ﬁlters) and sent to fast avalanche photodetectors (APDs) through a
50/50 nonpolarizing beamsplitter (NPBS). The photon coincidence
statistics n(τ ) are measured by combined time-amplitude conversion (TAC) and multichannel analysis (MCA). (b) Scheme of the
Hanbury Brown–Twiss setup. The photon coincidence statistics
n(τ ) are measured by combined time-correlated photon counter
with correlation measurement of a spectral line of a single QD.

Technically, two operation methods can be distinguished. In the ﬁrst approach shown in Fig. 3(a), a timetagged method for the recording of individual photon
events with their arrival time on both channels is used.
This allows the most ﬂexible oﬄine analysis of the photon dynamics. Drawbacks are large data sets and the
fact that the computation of the correlation function is
very time consuming. In the second method shown in
Fig. 3(b), only the time diﬀerences between the detection events (Start and Stop) are registered and in a subsequent process a time to-amplitude conversion followed
by a multichannel analysis is performed in order to generate a histogram of coincidence events n(τ ). One has
to consider that the measured coincidence function n(τ )
diﬀers from the original second order coherence function
8

where G (τ ) is the unnormalized second-order coherence function and Rdark describes the detector dark
counts. The measured histogram of coincidence counts
n(τ ) approaches G(2) (τ ) in the limit when Rdark is much
smaller than the signal count rate R, and the average
arrival time of the photons 1/R is much smaller than the
observed delay time τ . This means that the probability
that no stop detection has occurred before is approximately 1. Losses, like undetected photons, lead only to
a global decrease of G(2) (τ ) which can be compensated,
e.g., with a longer measuring time. An exact solution
of the above integral equation shows that n(τ ) exhibits
an exponential decrease on a time scale given by the
detector count rate [37]. It should be noted that interest has been intensiﬁed in recent years in such a ﬂuorescence correlation spectroscopy detection schemes using two independent detectors with the time-correlated
single photon counter (TCSPC) modules in a Hanbury–
Brown–Twiss scheme setup to monitor the complex bioor nano-conjugates at single-molecule level [38].
Most of the photon antibunching reported on QDs
in the literature are II-VI colloidal NCs with a CdSe
spherical core embedded in either CdS or ZnS shells.
In 2009, Qualtieri et al. [39] showed for the ﬁrst time
the occurrence of photon antibunching at room temperature from single colloidal CdSe/ZnS NCs inserted in
an ordered array of vertical microcavities. The approach
relies on the single NC localization technique obtained
by direct electron beam lithography sandwiched between
SiO2 /TiO2 Bragg mirrors consisting of four alternating
quarter-wavelength thick layers of TiO2 /SiO2 [39]. In
CdSe/CdS NCs, by virtue of a low lattice mismatch, the
inﬂuence of defects on the radiative recombination process is reduced, as well as the inﬂuence of surface traps
on single excitons, which usually tend to increase the
average radiative lifetime of the system. The full control on the growth parameters in the wet chemical synthesis process was exploited to synthesize diﬀerent NCs
such as rods, dot in rods, tetrapods and also dimers [19,
21, 40–43]. Most of these NCs demonstrated to be effective sources of single photons. In particular nanorods,
i.e., elongated NCs, and CdSe/CdS QD-in-rods, obtained
by surrounding a spherical CdSe core with an elongated
CdS shell [21, 41], appear to be very promising quantum
Guang-Cun Shan, et al., Front. Phys.
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emitters by virtue of their relatively short lifetime and
electrical dipole-moment oriented along the rod axis [21,
41], which leads to a higher degree of linear polarization [19, 41]. Here it should be pointed out that typical
NCs are nanometer-sized spherical core-shell structures,
and the role of the shell is to engineer the band structure of the nanostructure and to passivate the core surface, thus reducing the surface defects, such as dangling
bonds, which dramatically aﬀect their eﬃciency and photostability. Figure 4 shows the single nanoparticle photoluminescence spectra of a single core-shell CdSe/CdS
nanorod with correlation measurement. This invaluable
feature enables a deterministic photon polarization to be
achieved for a single photon source device, as required in
BB84 and B92 cryptographic algorithms [44]. Besides,
De Vittorio et al. [45] have shown that the polarization
control of single photons can be achieved by using QDin-rods rotated at diﬀerent angles, envisioning a strategy to develop polarization controlled and highly eﬃcient room temperature single photon sources. On the
other hand, most of the photon antibunching reported on
QDs are InGaAs or InP/GaInP QDs on GaAs substrate
grown by molecular beam epitaxy (MBE) [2–4, 23, 46].
The most established method for preparing such QDs is
the self-assembled Stranski–Krastanov growth mode [46,
47], which produces nanostructures with very high crystal quality and quantum eﬃciencies close to unity. The
QDs, which are very promising single-photon emitters for
quantum communication systems, appear spontaneously
due to lattice mismatch during MBE growth.

3 Fluorescence and excition properties of
single quantum dots
3.1 Fluorescence properties of single quantum dots
As mentioned before, typical NCs are nanometer-sized
spherical core-shell structures, and the role of the shell is
to engineer the band structure of the nanostructure and
to passivate the core surface, thus reducing the surface
defects, such as dangling bonds, which dramatically affect their eﬃciency and photostability. In particular, one
strategy to control and completely prevent blinking proposed by Mahler and co-workers has shown that a thicker
shell in CdSe–CdS NCs allows one to control the blinking behavior [48], suggesting that well-designed shells
are the key parameters for obtaining non-blinking QDs.
Due to their absorption continuum at energies above the
exciton transition, they can be excited by a variety of
light sources. Moreover, QDs combine atom-like properties such as a discrete energy spectrum and sharp lines in
Guang-Cun Shan, et al., Front. Phys.

photoluminescence with the advantage that their emission wavelengths can be tailored to a large extend. Although the electronic shell structure, the spin structure,
and the many-body interactions between electrons and
holes usually have to be considered, in careful experimental conditions recombination from higher excited states,
multi-exciton and charged excitons is typically negligible because of strong Auger processes [49], and the emission of single photons can be made highly probable only
from single exciton recombination. In spite of their excellent quantum eﬃciency and photostability, colloidal
QDs, when observed at the single particle level, exhibit
ﬂuorescence blinking and spectral diﬀusion. The ﬁrst effect consists of the random switching of ﬂuorescence between bright (“on”) and dark (“oﬀ”) states [50]. Such
a ﬂuctuation of the luminescence over time has been attributed to charge transfer or charge escape from the QD,
which leads to a free charge in the QD, preventing any
possible radiative recombination for times in the order
of milliseconds. Besides, non-blinking behaviour has also
been obtained in ternary CdZnSe/ZnSe NCs, designed
as a radial graded alloy of CdZnSe into ZnSe [51].
Spectral diﬀusion consists of random spectral jumps
ascribed to charge movements or, more generally, instability in the nanoscale environment of the NCs, which
cause strong ﬂuctuations of local electric ﬁelds [52, 53].
The resulting linewidth of single NCs is broadened by
the time integration of NCs emission at slightly shifted
wavelengths. In CdSe/ZnS single colloidal NCs, a spectral diﬀusion of 4 μeV over a time scale of 200 μs was observed for an emission peak having a linewidth as narrow
as 6.5 μeV [54]. In the past few years, the excellent emission eﬃciency at room temperature, good stability and
advances in high spatial resolution spectroscopic techniques has allowed a deeper understanding of the peculiar optical properties of QDs by probing QDs at single
particle level [21, 50, 52]. Recent advances of eﬃcient
single photon emission at room temperature corroborate
the potential of these nanostructures as active medium
of single photon sources.
3.2 Exciton properties of QDs
High-quality self-assembled QDs can be grown by epitaxy growth techniques, in which strain induced islands
are used to form self-assembled QDs. Important properties of a perfect single photon source are good optical
spectra or exciton properties, an internal quantum eﬃciency of unity, a predetermined photon emission time
(no jitter), and the indistinguishability of the emitted
photons. In order to understand their detailed optical
spectra, the electronic shell structure, the spin structure,
9
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and the many-body interactions between electrons and
holes have to be considered [55–57]. For an even number of electron and holes in a QD, one can observe the
neutral complexes form, and relying on the population,
one can observe the recombination from, e.g., the exciton
(one electron, one hole), the biexciton (two electrons, two
holes) and multiexcitonic (N electrons, N holes) states.
For an odd number of particles in the QD, charged exciton transitions take place. Due to the Coulomb correlations between the carriers all transitions possess distinct
and somewhat diﬀerent energies. Therefore, they can all
be used in principle as an emitter for single photon source
by spectral ﬁltering provided some restrictions are fulﬁlled. However, the biexcitonic or the excitonic transitions have been used in most demonstrations, in which
a distinct ﬁne-structure occurs in their emission spectra
which can be understood if the spin structure of electrons
and holes are considered.
The projection of the electronic spin on the z-axis
(growth axis) of the QD is either 1/2 or −1/2, whereas
the heavy-hole spin projection is either 3/2 or −3/2. This
results in four distinct spin values for one electron–hole
pair (exciton) in the QD. The two bright states | − 12 , 32 
and | 12 , − 32  have a total z-spin of ±1 and are coupled to
the light ﬁeld, whereas the other two states | 12 , 32  and

| − 12 , − 32  have a total z-spin of ±2 and are therefore
optically decoupled, i.e., dark, due to the selection rules
for dipole transitions. In the idealized case where the
QD possesses a perfect cylindrical symmetry around its
growth axis, the ±|1 states are degenerate. Yet, in practice most of the QDs are asymmetric; as a result, the degeneracy is lifted by the electron–hole exchange interaction resulting in a doublet structure shown in Fig. 5. For
example, this ﬁne structure splitting for InGaAs/GaAs
is in the range of ∼0–100 μeV. Thus, the excitonic recombination line is split in energy and the individual
components possess orthogonal linear polarizations [55].
Typically, one of the linear polarizations is aligned with
one of the substrates cleave directions (i.e., for GaAs
(110) or (1–10)).
The biexciton is a spin-singlet state which does not
reveal a ﬁne structure itself but decays to one of the two
optically bright excitonic states. The simplest charged
excitonic conﬁguration (trion X± ) is given by one s-shell
exciton plus a single excess carrier (electron or hole). Exemplarily, for the negatively charged trion complex X−
the two s-electrons must have opposite spins due to the
Pauli exclusion principle, whereas both spin orientations
are allowed for the hole. As a consequence, there is no
ﬁne structure splitting.

Fig. 4 (a) Diﬀerent high-bright colors of monodispersive CdSe/CdS core-shell NCs with high quality by program process
of microwave irradiation. (b) Single nanoparticle photoluminescence spectra of a single CdSe/CdS NC with second-order
correlation measurement (c).
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Fig. 5 Energy level scheme for the excitonic QD ground state
without and with inclusion of exchange interaction between electron and hole spins. The initial fourfold exciton degeneracy for noninteracting spins is lifted thus forming optically allowed “bright”
and forbidden “dark” conﬁgurations. The bright states are further
split into a doublet under the conditions of lowered in-plane symmetry.

In practice, the properties like internal quantum eﬃciency, jitter, coherence time, polarization of the emitted
single photons critically depend on the excitation process. As shown in Fig. 6, there are totally three main
excitation schemes for the realization of single-photon
sources.

Fig. 6 Three main excitation schemes (a) Non-resonant, (b)
quasi-resonant, and (c) resonant optical excitation schemes.

In the case of non-resonant excitation, after pulsed
excitation of the QD above the barrier bandgap the
electron–hole pairs are mainly generated in the barrier
and subsequently electron and holes are captured by the
QDs and relax to the lowest energy levels within a short
time scale (∼1–100 ps). In practice, even or odd carrier
numbers in the QD are possible and have been observed.
The detailed occupation depends on the excitation pump
power and on the speciﬁc environment of the QD (e.g.,
donors, electric ﬁelds). And speciﬁc photons from the
cascade process of sequential optical transitions of multiexciton states, such as the XX and 1X, can be spectrally
Guang-Cun Shan, et al., Front. Phys.

ﬁltered out and can be used to generate single photons.
Due to the nonresonant excitation process the number
of captured carriers in the QD is given by a Poisson distribution. To achieve a quantum eﬃciency close to unity
for a certain transition, the pump power has to be adjusted well above the average occupation number of the
corresponding transition. This has serious implications
for the time jitter of the emission process. It is determined by the carrier capture times, the relaxation times
within the dot, and the spontaneous emission time of the
corresponding transition. A typical jitter is in the range
between several 100 ps up to a few nanoseconds. Another
drawback of the nonresonant excitation process is that
charge carriers can be captured by adjacent traps or defect centers in the vicinity of the dot. This might lead to
ﬂuctuations in the emission wavelength between diﬀerent
pulses and is known as spectral diﬀusion, a major line
broadening eﬀect for QD transitions. In addition, pure
dephasing occurs due to elastic scattering with other carriers. This will further reduce the indistinguishability of
the photons.
In contrast, the quasi-resonant excitation into a higher
shell of the p-shell has some important advantages
against the non-resonant pumping scheme discussed
above. While the above-barrier excitation might be approximately considered as an incoherent excitation process, the p-shell pumping can be arranged as a coherent
process. This opens the possibility of a controlled occupation of one electron–hole pair in the p-shell by applying
a π-pulse. After relaxation into the s-shell, each generated electron–hole pair delivers a single photon. Thus,
high quantum eﬃciency (close to one) can be possible.
Another important aspect is a nearly complete suppression of background light for quasi-resonant pumping.
This leads to an almost complete suppression of multiple (n  2) emission events and therefore nearly perfect
triggered single photon emission is achieved [g (2) (0) ∼ 0]
[58]. In addition, pure dephasing processes should be
drastically reduced since the charge carriers are exclusively generated within the desired QD.
As another case shown in Fig. 6, the ultimate pumping process would be a direct excitation into the s-shell
of the QD. Using a π-pulse, exactly one of the two optically bright exciton states could be excited. This scheme
possesses the same advantages as the quasi-resonant excitation scheme, but in addition, no additional relaxation
process would be necessary before the photon emission
process. That would reduce the time jitter to solely the
radiative lifetime. Furthermore, the polarization of the
photon used in the excitation process is carried to the
emitted photon if spin relaxation could be neglected. Notably, Mueller and coworkers [59] have recently demon11
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strated resonance ﬂuorescence from a coherently driven
semiconductor QD in a cavity. The QD was embedded in
a planar optical microcavity and excited in a wave-guide
mode so as to discriminate its emission from residual
laser scattering. This promises both improved photon indistinguishability and high eﬃciency. Remarkably, by applying resonant s-shell optical excitation with picosecond
laser pulses, Pan and coworkers from USTC have recently
generated pulsed single photons on demand from a single, microcavity-embedded QD under s-shell excitation
with 3 ps laser pulses, signiﬁcantly eliminating the eﬀect
of decoherence, and have further used two single photons to implement a high-ﬁdelity quantum controlledNOT gate. The π pulse-excited resonance-ﬂuorescence
photons have less than 0.3% background contribution
and a vanishing two-photon emission probability. Nonpostselective Hong–Ou–Mandel interference between two
successively emitted photons is observed with a visibility
of 0.97(2), comparable to trapped atoms and ions. Besides, resonant electrical pumping could be achieved with
double-heterojunction resonant-tunneling structures as
proposed in Ref. [5].
Other excitation schemes like stimulated Raman scattering involving adiabatic passage (STRAP), or variants of them, have been demonstrated in atomic systems
[35, 60] for the controlled generation of single photons.
These schemes allow an active control of both the excitation and decay processes in a coherent way. Therefore,
they transcend the temporal separation of the excitation and decay process and promise a high degree of indistinguishability of the single photons. However, these
techniques rely on two tunable lasers or one laser and a
high ﬁnesse cavity exactly tuned to the desired transition
which requires a rather elaborate labor work.

4 Localization of single quantum dots coupled
to cavities
The presence of a cavity strongly aﬀects the available
photon density of states (PDOS) of the environment.
When a quantum emitter is placed inside a cavity, many
properties of its light emission can be strongly modiﬁed
[25, 32]. Spontaneous emission rate and radiative decay
can be engineered and enhanced, radiative pattern and
divergence angles can be modiﬁed to improve collection
eﬃciency and optical matching with optical ﬁbers, spectral emission can be narrowed or ﬁltered and the emission polarization can be controlled. Micro and nanocavities embedding quantum emitters are the subject of intensive studies for the realization of ultralow threshold
nanolasers [5, 23, 25], or cavity-QED [1, 3, 35]. Cavity12

QED systems allow us fundamental studies of coherent interactions of conﬁned electromagnetic ﬁelds (cavity
photons) and microscopic dipoles (single quantum emitters) [1, 3, 35]. The task of aligning a single quantum
emitter to a cavity is very challenging since its single exciton transition must be coupled to a resonant mode of a
high quality factor (Q-factor) microcavity. When this is
achieved, the eﬃciency and emission properties of a single QD are signiﬁcantly improved. The coupling between
the quantum emitter and the cavity can be either strong
or weak depending on the coupling parameter,

ω
μd
(44)
g=

2ε0 V
where V is the cavity mode volume, ε0 is the vacuum dielectric constant, and μd is the dipole moment of the
transition. Strong coupling occurs when the emitter–
photon interaction becomes larger than the combined
atomic dipole decay rate and the cavity ﬁeld decay rate.
The regime of strong coupling between a single exciton conﬁned in a QD has been achieved in microcavity systems based on microdiscs [2] in photonic crystal
nanocavities [3] and in pillar microcavities [4, 33]. In all
these structures, quantum electrodynamic (QED) eﬀects
of zero-dimensional electron systems interacting with optical modes, like the Purcell eﬀect or Rabi splitting, have
been observed [1–5, 25, 59]. As a comparison, weak coupling enhances the spontaneous emission, whose rate is
given by the Purcell factor
3
3 Q λ
(45)
Fp = 2
4π V n
When a QD is embedded into the microcavity, its eigenfrequency ω0 is resonant with the high-Q cavity mode ωc
and g 2 > (γ −κ)2 /16, with κ and γ, the cavity ﬁeld decay
rate in free space of the environment and the QD decay
rate inside the cavity mode, respectively. This leads to
a new strongly coupled quantum system which evolves
with a coupling strength deﬁned by the vacuum Rabi
splitting [1–5, 25]. In both strong and weak coupling,
the target is to reduce the modal volume of microcavity or photonic crystal nanocavities. When Fp is greater
than 1, the quantum emitter radiates faster in the cavity than in free space and the emission is enhanced as
long as the system remains in the weak coupling regime.
The coupling is maximized when the emitter is placed
in the maximum of the electric ﬁeld intensity; however,
this is hard to be fulﬁlled for point-like emitters, since it
requires a very high accuracy in QDs positioning inside
an ultrasmall volume of microcavity or photonic crystal
nanocavity [3].
To align the quantum emitter to a microcavity or to
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fabricate arrays of single photon source devices in speciﬁc
locations, both epitaxial self-assembled QD and colloidal
NCs as point-like emitters, one of the most challenging
tasks is the precise control over the QD position. The
typical way to realize a single photon source based on
self-organized QDs is to inspect the sample purposely
fabricated with low density of QDs ( 109 cm−2 ). After
having localized an isolated area with a single nanostructure inside, we build a device using very high resolution
fabrication techniques [61–63]. The nucleation sites, and
therefore the surface density of epitaxial QDs, are usually
controlled by carefully tuning the Stranski-Krastanov
growth parameters. Colloidal NCs are typically diluted
to nanomolar concentrations and dropcasted on glass
cover slides, and obtain, after evaporation of solvents,
isolated nanocrystals with an average distance among
them in the order of microns. Though well-suited for the
characterization through confocal microscopy of photon
antibunching behavior in single nanostructures [21, 54],
these approaches are not appropriate for the controlled
arrays of single photon source to be embedded in QKD
commercial systems. Although the QDs are formed on
random positions on the wafer, nanolithographic technique allows to control the QD position by pre-patterning
the growth surface of the wafer. This active positioning is a considerable progress with respect to the applications of single QDs for single-photon sources. In the
past few years, fabrication of controlled pre-patterned
recesses in the substrate and regrowth has been successfully exploited [64] with a hope to embed single QDs into
micropillar cavities [4, 33, 65] and 2D photonic crystal
membranes [66] to localize epitaxial QDs. On the other
hand, doping of vertical microcavities with an ensemble
of NCs has been demonstrated by diﬀerent techniques,
by embedding the NCs in two distributed Bragg reﬂectors (DBRs) [67] and by focused ion beam (FIB) post–
milling to obtain micropillars [29] or by imprint lithography [68]. Coupling of a single colloidal QD with photonic cavities has been achieved by exploiting whispering
gallery modes generated on the surface of glass and polymer microspheres [69]. Artemyev et al. [69] reported on
the coupling of a single CdSe/ZnS NCs chemically bound
to the surface of a single glass microsphere, and report
the Purcell factor Fp ∼ 10. The same group reported
on a strongly coupled cavity-QED system consisting of
an anisotropically-shaped CdSe NC coupled to a single
photon mode of a polymer microsphere, showing a vacuum Rabi splitting between 30 and 45 μeV in a microsphere cavity, slightly deformed to remove mode degeneracy [61].
To the best of our knowledge, few papers in the literature has reported on eﬃciently emitting triggered single
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photons with single colloidal NCs embedded in microcavities at room temperature so far, and the lack of single photon emission up to room temperature prevents
their practical use. Recently, a new approach has made
possible the pinpointing of single colloidal QDs by direct electron beam lithography. The controlled localization of ordered arrays of single colloidal NCs was demonstrated in Refs. [70, 71] by dispersing a speciﬁc concentration of NCs inside a negative high-resolution electronbeam resist after precipitation and re-dilution in methylisobutyl-ketone (MIBK) solvent. Ensembles of NCs embedded in electronic resists can be easily patterned by
means of traditional lithographic processes since the
presence of semiconductor clusters in the matrix does
not signiﬁcantly aﬀect the sensitivity of the polymeric
host and, at the same time, the emission properties of
the NCs are not inﬂuenced by the interaction with the
electron beam [71, 72]. Through a careful control of molar density of the NCs dispersed in the resist and pillar
volume, i.e., through blending layer thickness and pillar
diameter, it is possible to obtain a very high probability
of having localized single colloidal NCs, whose photon
antibunching behavior was conﬁrmed through a confocal microscope and Hanbury–Brown and Twiss setup [4,
21, 54]. It is worth noting that asymmetric NCs, such
as nanorods and QD-in-rods, are particularly suitable
for the achievement of strong coupling regime since they
exhibit a strong dipole moment and increased dipole oscillator strength [12, 73]. Besides electrostatic trapping is
very attractive for NCs of asymmetric QD-in-rods with
a high dipole moment.

5 Single-photon sources
Both epitaxial self-assembled QD and colloidal NCs have
been used as active media of single photon sources.
In this section we give a discussion of recent novel
development on semiconductor QD-based single photon sources. The two approaches report progress on one
or more of the following properties, e.g., extension of
the demonstrated wavelength range, high single-photon
emission rates, polarization control, electrical pumping,
single photon emission in the strong coupling regime,
photon indistinguishability, high temperature operation,
and on-chip QD-based single photon sources.
5.1 Wavelength engineering and high single-photon
emission rates
For practical applications the emission wavelength of the
single photon source should be one which minimizes op13
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tical losses in the transmission and maximizes the photon detection eﬃciency. Currently, Si-Avalanche photodiodes are the most eﬃcient single photon detectors.
They possess the highest quantum eﬃciency (∼70%–
75%) in the wavelength range 630–750 nm. The emission wavelength of the source should be within the absorption minimum of the transmitted medium. For free
space applications this is fulﬁlled in the visible spectral region, for a plastic optical ﬁber within an absorption minima of the ﬁber (560 nm, 650 nm), and for a
glass ﬁber at 1.3 μm (dispersion minimum) and around
1.55 μm (absorption minimum). Since the ﬁrst demonstration of single-photon emission on the basis of a single QD [28], extensive studies on single-photon sources
have been performed on a wide variety of semiconductor compound QDs such as Inx Ga1−x As/GaAs (∼870–
970 nm) [2–5, 74], Inx Ga1−x As/Aly Ga1−y As (∼800–815
nm) [75, 76], GaAs/Alx Ga1−x As (∼735–790 nm) [77],
In0.75 Al0.25 As/In0.7 Ga0.3 As (∼770 nm) [78], CdSe/ZnS
colloidal NCs [39], InP/GaInP (∼669.0 nm in the red
spectral range) [79, 80]. In addition, single photon emission at the telecom wavelength ∼1.3 μm has also been
realized [81, 82].
In 2011, Bommer et al. [79] have performed systematic excitation power and temperature-dependent
measurements on the emission lines of single selfassembled InP/(Al0.20 Ga0.80 )0.51 In0.49 P QDs embedded
in micropillars. To enhance the photon collection eﬃciency, the QD layer is additionally sandwiched between
distributed Bragg reﬂectors (DBRs) forming a planar microcavity. Besides, the exciton and biexciton intensity,
linewidth, and spectral position was investigated in a
temperature range from 4 K up to 130 K. InP QD sample
structures with aluminum containing barrier layers have
been chosen to improve the charge carrier conﬁnement
and thus the high temperature operation of non-classical
photon emission. By using self-assembled QDs embedded
in a planar microcavity realized by monolithically grown
AlGaAs DBRs, single-photon emission from the QDs is
presented up to a temperature of 100 K, conﬁrmed by
photon-statistics measurements [79]. This is a promising
result since in micropillar cavities the signal rate should
be even higher due to a better mode conﬁnement. The
operation wavelength is within a transmission minimum
of the plastic optical ﬁber and is well suited for free space
applications. Note that InP QDs with their emission
wavelength in the red spectrum are of especial interest
as single photon sources because the Si-photodetectors
that are used for photon detection have the highest quantum eﬃciency in the red spectral window. Furthermore,
Ugur et al. [80] have very recently achieved diluted QDs
with densities as low as 1 dot/μm2 using ultra-low-rate
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epitaxy to allow the observation of single QD emission
without apertures or post-growth processing. As shown
in Fig. 7(a), both excitionic and biexcitonic emissions are
observed from single QDs created in this way, appearing
as doublets with a ﬁne-structure splitting of 320 μeV.
The autocorrelation value of g (2) (0) = 0.2088 ± 0.0538
is obtained by using the Hanbury Brown–Twiss correlation measurements under cw excitation, showing antibunching behavior [in Fig. 7(b)]. The polarization of the
split states has also been investigated. Besides, they observed single photon emission rates of 1.55 MHz. At this
step, it should be pointed out that several sources are
used as single photon sources, i.e., atoms, ions, nitrogen
vacancy-centers which can have single photon emission
but with rates below MHz [12–15]. Only for epitaxial
QDs, high speed single photon emission with a rate as
high as several MHz has been achieved [40, 79, 80, 83].

Fig. 7 (a) PL spectra for a low-density QD ensemble. The emission at 630 nm originates from the InGaP and the emission at
650–670 nm from InP QDs. Inset graph is a magniﬁed view of
the spectrum from one of the single QDs; both excitonic (X) and
biexcitons (XX). (b) Second order correlation function of X from
c 2012 American
InP QD. Reproduced from Ref. [80], Copyright 
Institute of Physics.

For many applications in quantum information technology the single-photon source should provide a single
polarization of the emitted photons together with high
single-photon emission rates. The origin of the usually
observed strong polarization degree in the emission is
twofold. First, photons are preferentially emitted into
the polarized mode due to the Purcell eﬀect, which prepares the photon into a given quantum state. Second,
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the polarized emission is more eﬃciently collected by a
collection lens due to the directionality of the mode proﬁle. Both properties can be realized by embedding a QD
in an appropriate cavity structure. Polarization degrees
higher than 90% have been found in the emitted light
in one linear polarization state [33, 80]. The polarization
of the emission of a QD, e.g., from an excitonic transition, depends on the spin state of the exciton. For QDs
outside a cavity there is no preferred polarization since
both spin states are equally likely. For QDs inside the
cavity the mode structure in which the QDs can emit
is modiﬁed. A more sophisticated device would also allow for an active selection of the polarization states on
the chip, e.g., with an applied external ﬁeld. In 2007,
Strauf and co-workers have realized such a single photon
source where both high single-photon rates and control
over the polarization state have been achieved [83]. The
QDs were embedded into the center of a one-wavelength
thick cavity which is sandwiched between two distributed
Bragg reﬂectors. The two gates allow for controlling a
QD loading process and a local current heating within
the cavity. Trenches are fabricated to deﬁne oxide apertures and therefore optical mode-conﬁnement. The design provides Q-factors up to 50 000 together with the
possibility of controlling the mode degeneracy. Another
important feature of the device is the record high singlephoton emission rate. Under pulsed optical excitation, a
single photon rate of 4 MHz has been achieved. In there,
the excitation conditions have been chosen to a working
point where g (2) (0) = 0.4, that is, a point when the single photon source still performs 2.5 times better than an
attenuated Poissonian source of the same average intensity. If corrected with the 13% detection eﬃciency of the
setup the device emits into the ﬁrst lens with a rate of
31 MHz. This ultrahigh rate is a combination of several
eﬀects. However, Stark-shift tuning will also be possible
with their device design which should allow high modulation frequencies. Besides the already discussed eﬀects
of the Purcell enhancement and the large geometrical extraction eﬃciency of the cavity mode, two other reasons
are responsible. To avoid signal losses by exciton relaxation to the dark states, the trion transition has been
used as the optically active transition. This procedure
increased the signal rate by a factor of three. Furthermore, a positive bias voltage created a ﬁvefold intensity
enhancement, most probably due to a ﬁeld-enhanced carrier capture process.
In summary, ultrahigh single photon rates for QDbased single photon sources are already available at different wavelengths and in carefully designed semiconductor devices.
Guang-Cun Shan, et al., Front. Phys.

5.2 Electrical pumping of single photon sources
Electrically driven single-photon sources have also been
demonstrated at diﬀerent wavelengths and in diﬀerent QD material systems. The ﬁrst attempt on electrical pumping has been performed on a semiconductor heterostructure sample utilizing the Coulomb blockade eﬀect in quantum wells at ultralow temperatures
(some tens of millikelvin) [84]. The photon collection efﬁciency from the sample was weak, preventing the study
of the photon correlation function. Shields et al. designed an eﬃcient scheme based on a cavity structure
at helium temperatures (5–10 K) [85]. Figure 8 shows
a schematic of the single photon light-emitting diode
(LED). The QDs are embedded in a 3λ-cavity which
is sandwiched between a high-reﬂectivity bottom DBR
and the semiconductor-air interface in the aperture. This
low-Q cavity enhances the collection eﬃciency (tenfold)
due to a modiﬁed emission pattern. A photon collection
eﬃciency into a NA=0.5 lens of 4.7%±0.5% has been
achieved. Single-photon emission has been demonstrated
from the measured correlation functions for the exciton
and the biexciton emission lines. The ﬁnite peak at delay
time τ = 0 is most probably caused by the background
emission from the layers other than the QD. Electrical
pumping scheme also opens the possibility to tailoring
the time jitter, i.e., the uncertainty in the time of single
photon emission events. By applying a negative bias to
the diode between the electrical injection pulses, using a
resonant cavity LED, Bennett et al. [86] reduced the jitter in the photon-emission time to less than 100 ps, i.e.,
one-ﬁfth of the radiative lifetime. This allowed the repetition rate of the single-photon source to be increased
to 1.07 GHz while retaining good single-photon emission
characteristics. This idea may lead to a new method by
which pairs of indistinguishable photons can be generated for photonic quantum logic experiments.
In 2007, Ward et al. [87] demonstrated an electrically
driven telecommunication wavelength (∼1.29 μm) singlephoton source at low temperature (∼12 K), in which
negative-going 0.5 V pulses (∼10 ns) have been applied
to the device shortly after each positive-going excitation
pulse to reduce the time jitter. The large InAs/GaAs
QDs possess a higher electronic conﬁnement potential,
which allows the emission to be Stark shifted out of the
passband of the used spectral ﬁlter (FWHM∼0.5 nm) before all carriers are removed from the QD. In addition,
they proposed that the time-varying Stark shift also allows to eliminate multiphoton emission processes due to
reexcitation during the relatively long (220 ps) electrical
pump pulses. Recently, Heindel et al. [88] have presented
triggered single photon emission from low mode volume
15
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electrically driven QD-micropillar cavities at repetition
rates of up to 220 MHz. Due to an optimized layout
of the doped planar microcavity and an advanced lateral current injection scheme, highly eﬃcient single photon sources are realized. While g (2) (0) values as low as
0.13±0.05 and a Purcell factor of 4 are observed for a
2.0 μm diameter micropillar, single photon emission at a
rate of (35±7) MHz and an overall eﬃciency of (34±7)%
are demonstrated for a 3.0 μm device.
Another interesting approach is to use an aperture in
an oxide layer to restrict carrier injection into a single QD
[25, 89, 90]. This technique has been already successfully
used in the VCSEL technology for current and mode
conﬁnement [24, 25]. A thin AlAs layer is grown some
10 nm above the QD layer within the intrinsic region
of the p–i–n layer of the device. After a mesa structure
has been fabricated a wet oxidation process is performed
to convert the outer edge of the AlAs layer to insulating AlOx . Apertures down to 100 nm diameter can be
produced. The advantages of such a design are lower injection currents, lower background emission since ideally
only one QD is excited, a good lateral mode conﬁnement
together with mechanical stability. The observation of
Purcell enhancement in the decay rate of a single QD by
electroluminescence of such a device has been reported
in an electrically driven oxide conﬁned LED structure
[91]. This allowed single photon electroluminescence up
to repetition rates of 0.5 GHz. Besides, it is very important for quantum communication applications to develop
electrically driven sources at elevated temperatures. This
may be achieved by using wide-bandgap semiconductors
and other alloys providing high quantum conﬁnement. In
2008, an electrically driven single-photon emitter in the
visible spectrum range, working up to 80 K, has been realized by a p–i–n diode structure with InP QDs as active
layers in the red spectral range at speeds of up to 200
MHZ [92]. The InP QDs were embedded between two
30nm thick Al0.2 Ga0.8 InP layers that were sandwiched
between two 100 nm thick Al55 Ga45 InP layers. This design ensured both good carrier conﬁnement and high internal quantum eﬃciency. In their experiment, clear photon antibunching [g (2) (0) = 0.43] is observed, and after
deconvolution with the experimental response function
and subtracting the background value of 0.03 for g (2) (0),
a value of g (2) (0) = 0.25 was determined. This result
demonstrates that even at 80 K, these QDs are suitable
to provide electrically driven single-photon emission. At
that point it is not clear if even higher temperatures can
be reached with this dot system due to a possible spectral overlap between exciton and biexciton lines which
would degrade the purity of single photon emission.
On the other hand, injection of carriers in colloidal
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NCs is not as straightforward as for epitaxial QDs, where
these nanostructures can be directly embedded in p–n
junctions. Direct injection of charge carriers in colloidal
NCs is typically limited due to the presence of an insulating organic capping layer on the NCs. Although
most experimental results on photon antibunching and
single photon sources are based on optical pumping of
QDs, colloidal NCs have demonstrated their potential in
many applications because of their aforementioned peculiar properties. The approach for electrical pumping of
colloidal NCs embedded in single photon source devices
and light emitting devices are currently being pursued.
This approach has been already exploited for the demonstration of white light LEDs based on colloidal NCs on
nitride–based quantum wells LEDs [89].
5.3 Single-photon emission in the strong coupling
regime
In 2007, Ester et al. reported on deterministic single
photon emission after coherent optical state preparation
in the p-shell of a single InGaAs/GaAs QD [93]. Under the condition of π-pulse excitation into the p-shell
they demonstrated nearly perfect single photon emission
[g (2) (0) = 0.02]. However, a high degree of indistinguishability and quantum eﬃciency cannot be realized
in case of an excitation scheme via an excited state in the
QD simultaneously. Therefore, a truly resonant pumping
scheme would be advantageous. Recently, Mueller et al.
have reported the ﬁrst measurement of resonance ﬂuorescence in a single self-assembled QD [59]. Both continuous
wave and pulsed optical excitation (8 ps long pulses) have
been realized by the group and a full Rabi cycle has been
achieved in the single QD resonance ﬂuorescence under
the latter. As shown in Fig. 8, the QD is embedded in
a planar optical microcavity and excited in a waveguide
mode so as to discriminate its emission from residual
laser scattering [59]. Continuous wave second-order autocorrelation measurements revealed a pronounced antibunching dip and further conﬁrmed nonclassical light
emission, demonstrating the successful generation of

Fig. 8

Schematic structure of the single-photon LED.
Guang-Cun Shan, et al., Front. Phys.
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single photons.
Single-photon emission in the strong-coupling regime
has been observed from a QD-micropillar cavity [4, 29,
33, 65, 79, 88, 94] and from a QD-photonic crystal cavity
[3, 62]. The strong-coupling regime is of great interest for
many quantum information schemes.
In the QD-micropillar cavity system, a quasiresonant
excitation via an excited state has been performed which
mostly prevented background emitters from being excited. Press et al. [94] observed photon antibunching in
the photons emitted from a strongly coupled single quantum dot and pillar microcavity in resonance. Quasiresonant pumping of the selected QD via an excited state enabled these observations by eliminating the background
emitters that are usually coupled to the cavity. A coupling constant of g = 35 μeV and a mode linewidth of
γc = 85 μeV have been reported [94], which satisﬁes
the strong coupling condition. They demonstrated an
on-demand single-photon source operating in the strong
coupling regime with a Purcell factor of 61±7 and quantum eﬃciency of 97%. Furthermore, Schneider et al. [65]
have successfully demonstrated the deterministic integration of single site-controlled QDs into micropillar cavities. Spatial resonance between single positioned QDs
and GaAs/AlAs micropillar cavities was achieved using
cross markers for precise QD-cavity alignment. Single
photon emission from a spatially and spectrally sitecontrolled coupled QD-resonator system is conﬁrmed by
photon autocorrelation measurements yielding a g (2) (0)
value of 0.12.
In the case of the QD photonic-crystal cavity, nonresonant excitation into the barrier has been realized. In
2007, Hennessy et al. realized a positioning of an individual QD relative to the photonic crystal cavity with
a 30 nm accuracy [17, 62]. Therefore, the QD was located typically at ∼90% of the electric-ﬁeld maximum.
When oﬀ-resonance, photon emission from the cavity
mode and QD excitons is anticorrelated at the level of
single quanta, proving that the mode is driven solely by
the QD despite an energy mismatch between cavity and
excitons. When tuned to resonance, a coupling constant
of g = 76 μeV and a mode linewidth of γc = 100 μeV
have been achieved, and the exciton and cavity enter the
strong-coupling regime of cavity QED. The QD exciton
lifetime reduces by a factor of 145 [62]. The generated
photon stream becomes antibunched, proving that the
strongly coupled exciton/photon system is in the quantum regime However, the autocorrelation only exhibits
a value of g (2) (0) = 0.54, indicating a lower purity of
the single-photon emission than in the micropillar case
discussed above.
In the case of a single photon source it has been anticGuang-Cun Shan, et al., Front. Phys.

ipated that extremely high eﬃciency and photon indistinguishability could be achieved [10]. In the strong coupling regime the decay rates of the coupled QD cavity
system are typically short. In the aforementioned studies values in the 10–20 ps range have been reported. To
avoid multiple capture and emission processes from the
emitter after a single laser excitation pulse, resonant or
quasiresonant excitation schemes are essential to achieving the high-purity single photon emission g (2) (0) ∼ 0.
Otherwise, in the case of above barrier pumping process,
long lived excitons may be captured by the QD after
the emission of a ﬁrst single photon pulse, which leads
to multiple photon emission processes. From the discussion above it becomes clear that both resonant-pumping
and a positioning of a single quantum dot relative to the
microcavity would be highly advantageous.
5.4 High temperature operation
From the viewpoint of practical applications, e.g., in
quantum cryptography, it would be important to be
able to operate the single-photon sources at elevated
temperatures or even at room temperature without any
cooling. For high-temperature operation several requirements have to be met. First, large electronic band oﬀsets
and strong quantum conﬁnement eﬀects for both electrons and holes are necessary in order to prevent the
carrier thermalization and thermal emission of carriers
into the wetting layer and/or barriers. Second, a large
biexciton binding energy is important to prevent spectral
overlapping of exciton and biexciton recombination lines
at elevated temperatures [95–97]. Wide-bandgap semiconductors like II–VI- and group-III nitride semiconductors oﬀer large biexciton binding energies [95–98], and
therefore the material system has turned out to be a key
factor for the device operation at elevated temperatures.
The well-established InGaAs/GaAs system allowed for
essential progress in single photon sources like eﬃcient
control of the light outcoupling. However, the weak carrier conﬁnement limits the operation of these photonic
devices to low temperatures. The operation temperature has been raised meanwhile up to 80 K in electrically driven InP/(In,Al)GaP-QDs and up to 200 K
in Ga(In)N/GaN [95], and 220 K in CdZnSe/ZnSe [97]
in optically excited structures. The (Cd,Zn)Se system
seems to be most promising for that purpose, because
both photoluminescence and electroluminescence from a
single QD were observed up to 300 K [97, 98]. However, it
is until very recently that single photon emission at room
temperature has been demonstrated and room temperature operation (300 K) has been reported on the basis of
the CdSe/ZnSSe material systems [99].
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In 2006, Kako et al. [95] reported triggered single photon emission from GaN/AlN QDs at temperatures up to
200 K. In their experimental PL spectra under pulsed
excitation, the selected exciton line at 3.5 K exhibits a
relatively broad linewidth, which is most probably due
to spectral diﬀusion. The biexciton at slightly higher
energy is clearly separated from the exciton line. The
second-order coherence function of photon-correlation
histograms using the Hanbury Brown–Twiss set-up under continuous-wave excitation is depicted in Fig. 9. A
value of g (2) (0) of 0.42 has been obtained at 3.5 K. A clear
antibunching eﬀect is observable at temperatures up to
200 K, though at 200 K the exciton and biexciton lines
are no longer clearly separated due to phonon broadening. The two-photon probability increases slightly to 0.53
most probably due to a partial overlap with the biexciton line. In addition, a broadband background from the
AlN matrix contributes to the detected signal. In 2007,
Arians and co-workers reported the luminescence from a
single CdSe QD at room temperature [96]. In this case
the self-assembled QDs were embedded in ZnSSe/MgS
barrier layers, which provide a higher electronic conﬁnement than bare ZnSSe layers. As is very promising,
the intensity dropped by less than a factor of 3 between 4 K and room temperature. The room temperature linewidth of the single QD emission was 25 meV,
which is attributed by the authors to the interaction
of excitons with optical phonons. Very recently, Fedorych et al. [99] have reported room temperature single
photon emission from self-assembled epitaxially grown
CdSe/ZnSSe/MgS QDs under continuous wave optical
excitation. CdSe/ZnSSe QDs are embedded into MgS
barriers, providing dominant radiative recombination up
to 300 K. Under continuous wave optical excitation, the
autocorrelation function g (2) (t) exhibits a sharp dip at
(t = 0) with g (2) (0) = 0.16 ± 0.15 at T = 300 K, reveal-

ing excellent suppression of multiphoton emission even
at room temperature.
5.5 On-chip QD-based single photon sources with photonic crystal nanocavities
On-chip QD-based single photon sources are one of the
key components for integrated quantum photonic circuits. Micro- and nano-scale cavity resonators, such as
micropillar cavities [4, 29, 33, 65, 79, 88, 94], microdiscs
[2, 25], and photonic crystal nanocavities [3, 25, 62,
63, 100–105], represent viable resonator choices depending on the particular applications. The photonic crystal
nanocavities are point defects embedded within periodic
dielectric structures [3, 17, 63, 100, 101], where photons
are completely localized in the vicinity of the defects
[3, 102]. As a result, photonic crystal nanocavities have
gained widespread interest due to their high Q factor
(> 1 × 106 even up to 2 × 107 in the optimized structure) with extremely small mode volumes comparable to
a wavelength dimension [3, 100, 103]. The photonic crystal nanocavities can be easily tuned by bringing a nanostructure into the near ﬁeld of the cavity [25, 63, 100, 104].
These features oﬀer predominant conditions for reaching
an extremely strong light-matter coupling regime with
current state-of-the-art nanocavities. On the other hand,
although glass spherical cavities and micropillar cavities
localize very high quality factor modes, their use as single
photon sources is hindered due to their relatively large
mode volume and their poorly collimated photon emission [3, 103]. Strong localization is essential for strongly
enhancing the interaction strength between the photons
and the QDs [1–3, 25]. In this respect, photonic crystal nanocavity structures are promising candidates for
the trapping of light in ultrasmall volumes with high Qfactor [3, 100–106].

Fig. 9 Histograms under continuous-wave excitation as a function of the relative delay between photons detected by the
“start” and “stop” at the time-interval counter. (a) Auto-correlation of peak 1. The solid red line and numbers show the
ﬁtting curve and ﬁtting parameters, respectively. (b, c) Cross-correlation between peaks 1–2 and peaks 1–3, respectively.
Each number corresponds to the peak as indicated in (a). Lines show the ﬁtting curves as mentioned in the text. Reproduced
c 2006 Nature Publishing Group.
from Ref. [95], Copyright 
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Banaee et al. [106] have proposed and investigated the
unidirectional coupling of a microcavity mode to a ridge
waveguide in a slab photonic crystal structure. Their experimental result of the coupling eﬃciency for the signal
coupled out of the structure is in good agreement with
the result of three-dimensional ﬁnite-diﬀerence timedomain (FDTD) simulations. The coupling eﬃciency of
the cavity mode to the output channel is ∼60%. With the
integrated coupler, more than 60% of the emitted ﬁeld
overlaps with the output waveguide mode. Stimulated
by the enhanced Purcell factors of a photonic crystal
waveguide and eﬃcient unidirectional collection of the
emitted photons, Hughes et al. have proposed a “single
photon gun” based on a small section of a photonic crystal waveguide near the slow-light mode integrated with
an output coupler [107]. Furthermore, as shown schematically in Fig. 10, a concept device of single photon source
that exploits some of the advantages of integrated cavities, waveguides, and couplers were also proposed [107,
108]. Here, although the increased coupling between the
cavity and the waveguide leads to the decrease of the
Purcell factor compared to the bare cavity, the major advantage is that on-chip emission is possible with the integrated waveguide. The spatial distribution of the ﬁeld at
the maximum Purcell factor shows how the emitted ﬁeld
leaks predominantly into the output waveguide [108]. We
highlight that the peak Purcell factor is certainly larger
than that required to enter the strong coupling regime
for a typical QD exciton. Another interesting application
using a strongly coupled single-QD-cavity system is for
electro-optic modulation in integrated quantum photonic
circuits [25, 109]. This has already been demonstrated
by using just a single photonic crystal cavity with a
strongly coupled QD, which was probed with use of reﬂectivity measurement [110]. In this case, the cavity is
butt-coupled to two photonic crystal waveguides that
serve as the input and output ports. In this case, however, the cavity is now deliberately over-coupled to the

Fig. 10 Schematic diagram of waveguide-cavity single photon
source, which is composed of one photonic crystal cavity and one
waveguide, one QD (denoted by red-purple dot) is placed within
the cavity.
Guang-Cun Shan, et al., Front. Phys.

Fig. 11 Integrated photonic concept device for on-chip optical
signal processing. The QD frequency can be changed using a bias
electric ﬁeld applied via a Schottky electrode.

PC waveguide; and the PC waveguide is then coupled to
an output wire waveguide.
Nano-photonic devices and integrated quantum photonic circuits based on quantum optical eﬀects at the
single-QD-emitter and single-photon level represent a
fundamental technological limit for the on-chip processing of classical and quantum information [3, 25, 109].
One of the solid-state quantum emitters that is most
suitable for integration is the InAs QD in GaAs because
of its excellent optical properties and the well-developed
GaAs semiconductor fabrication techniques [1–3, 25, 66,
106]. With InAs QDs, quantum information can be encoded in the spin of electrons or holes that can be completely manipulated using fast optical pulses [25, 111].
The advantage of using photonic crystal nanocavities is
that they have extremely small optical mode volumes
in a tiny space of optical-wavelength dimension [3, 103,
104] and are well suited for the integration with optical waveguides and on-chip integrated quantum photonic
circuits [8, 25]. Recently, demonstrated techniques for efﬁcient electrical injection into photonic crystal cavities
[112] could also be employed in single QD based singlephoton sources.
Though the crucial step for the fabrication, i.e., the
positioning of single QDs in the resonant path of the
nanocavity modes, is very diﬃcult to be achieved, for future improvements, it can be anticipated that the collection eﬃciency can be further increased if we increase the
coupling between waveguide and cavity by resizing or reducing the air hole radius at the interface between cavity
and waveguide. In general, photonic crystal nanocavities
with waveguides that can provide a well collimated emission are more suited for the realization of single photon
sources [3, 105, 107].

6 Conclusions and outlook
This review has discussed recent progress and encour19
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aging technological approaches in understanding the
physics of the single photon sources based on single
QDs, which is a building block for the future quantum information. The on-demand single photon source
is an extremely important source for quantum information science and technology. Important progress has
been achieved in the understanding of the QD excitation process and its role on the coherence time of the
photons, on the limitations of photon indistinguishability and collection eﬃciency, on cavity eﬀects on single
photon emission, and on the inﬂuence of the excitonic
ﬁne structure (dark states) on emission eﬃciency. Spectacular achievements include the extension of the wavelength range from the UV spectral region (350 nm) up to
the near infrared (1.3 μm), polarization control and the
demonstration of ultrahigh measured single-photon emission rates (∼4 MHz), room temperature operation with
wide bandgap semiconductor QDs, electrical pumping
with a cavity design for enhanced photon collection eﬃciency, electrical pumping up to 80 K with an improved
heterostructure design, high-purity single photon emission [g (2) (0) ∼ 0.02], the generation of high degrees of
photon indistinguishability (97%), coherent state preparation in the p- and s-shell of an individual QD, singlephoton emission from positioned QDs in cavities, and
single-photon emission in the strong coupling regime.
However, despite the remarkable progress done so far,
many challenging issues remain to be overcome and some
of the technological problems need to be solved. Manipulation, embedding and positioning into the microcavities
and eﬃcient electrical pumping of single QDs are technological subjects discussed in this review, which still need
to ﬁnd optimal solution to. Moreover, one important issue is that most of the aforementioned achievements have
been individually realized, but not realized in combination. Meaningful combinations strongly depend on the
speciﬁc application of the single-photon source. However,
we have witnessed the pioneering experiments and impressive performances reported in the literature in the
past few years, which makes triggered sources of single
photons closer and closer to their practical application
in quantum communication and quantum cryptography.
As the potential suitable solid-state material of choice,
we believe that the prospects for using integrated photonic crystal chips with photonic crystal nanocavity and
waveguide oﬀer many advantages for controlling and
manipulating the light-matter interactions of an embedded QD. The improving semiconductor nanofabrication
techniques and new and practical design insights have
provided sound grounds for the optimism in envisioning
what will come next. Furthermore, although enormous
challenges remain, which include the understanding and
20

possible control of decoherence processes, the role of
fabrication imperfections, as well as the ability to deterministically position single QDs, we could certainly envision that, within the next few years, the community will
achieve commercial products of on-chip QD-based single
photon sources that could be built into semiconductor
integrated photonic chips with integrated waveguidecavity structures.
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