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In this contribution, we briefly recall the basic concepts of quantum optics and properties of semicon-
ductor 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 opti-
cal 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 ex-
tend 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 sin-
gle 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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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 real-
izing scalable photonic quantum computing [6], uncondi-
tional quantum cryptography [7], and quantum commu-
nications 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 pho-
tons), in a high repetition rate, thus functioning as a so
called “photon gun.”

There are several established schemes that can facili-
tate 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 pho-
tons is probabilistic. Therefore, there may be no pho-
tons, several photons, or many photons, since the pho-
ton number generated is subject to Poissonian statis-
tics; this can be problematic for a number of applica-
tions 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 sys-
tem 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 behav-
ior, including atoms [12], ions [13], molecules [14], and
nitrogen vacancy centers [15]. In contrast to the low at-
tenuated lasers and heralded schemes, the single pho-
ton emitter based on a single isolated quantum system
can be deterministic and on demand, since a single two-
level system can emit precisely one photon each time
it is excited. Yet, many of these isolated quantum sys-
tems are impractical for a number of reasons, and can
suffer from photo-bleaching and blinking, or have prob-
lems 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 nanostruc-
tures have been demonstrated [1-18]. Quantum dots
by molecular beam epitaxy prepared nanocrystals, also
known as “artificial atoms” provide an ideal single-
photon source for quantum cryptography and optical
quantum computing. By virtue of their unique electronic
structure and quantum confinement, single QD emit-
ters 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
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dipole moments, integrity with compact semiconductor
systems [17], fixed in position and stable, compatibil-
ity with electronics and lasers. Moreover, their excitonic
emission spectra can be nano-engineered to cover ultra-
violet, visible, and infrared frequencies, rendering them
fully compatible with telecom sources and components.
As a matter of fact, semiconductor colloidal QDs syn-
thesized 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 quan-
tum efficiency and photostability also at room tempera-
ture [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 versatil-
ity in the chemical synthesis, and broad tunable emission
range [24]. Moreover, recent years have seen an increas-
ing use of semiconductor QDs or NCs as components of
different nano-architectures of design due to their size de-
pendent optical properties, which are culminating in the
development of wet-chemistry syntheses of highly emis-
sive monodisperse QDs with variable sizes and compo-
sitions. Their absorption and emission spectra are con-
trolled 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 am-
plifiers (SOAs) [26] for optical communications, showing
new functionalities and astonishing performances such as
high gain and efficiency, ultralow threshold current den-
sities and temperature insensitivity. Both wet chemistry
and epitaxy growth mode have demonstrated to be effec-
tive approaches for the fabrication of single QDs embed-
ded in triggered non-classical sources of single photons.
Notably, epitaxial QDs exhibit single photon emission
only at cryogenic temperature [27], whereas single col-
loidal 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 col-
loidal NCs, with special emphasis on their photon an-
tibunching, blinking and spectral diffusion phenomena.
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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 ef-
ficiency of single photon sources by coupling the emis-
sion of single QDs to microcavity modes. The successful
achievement of this challenging technological target leads
to devices with enhanced performances in terms of ex-
traction efficiency, low divergence and improved emission
efficiency in both weak and strong coupling regimes. We
will discuss the recent progress in the fabrication of sin-
gle photon sources, and various approaches for embed-
ding single QDs into microcavities or photonic crystal
nanocavities, and show how to extend the wavelength
range. We focus in particular on new generations of elec-
trically driven QD single photon source leading to ul-
tralow 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 develop-
ments of room temperature single photon emission in the
strong coupling regime are reviewed. Finally, the gener-
ation of indistinguishable photons and remaining chal-
lenges for practical single-photon sources are also dis-
cussed.

2 Theory, model and measurement aspects

2.1 Theory of quantum optics and photon statistics

QDs referred to as artificial atoms usually contain sev-
eral hundred thousands of atoms, but nevertheless have
energy levels that mimic the behavior of a two-level sys-
tem. However, the observed flopping behavior is heav-
ily damped, since semiconductor QDs suffer from the
usual solid-state problems of environment-induced deco-
herence [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 infor-
mation 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 deco-
herence 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 sponta-
neous emission of an atom or QD (photon emitter) can
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be strongly modified by the external dielectric environ-
ment 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 sin-
gle exciton confined in a QD has been achieved in mi-
crocavity 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 split-
ting, have been observed [1-5, 25].

In this section, the prerequisite formalism for the the-
oretical description of the quantum optics and photon
statistics on the two-level quantum emitter-cavity sys-
tem for single photon sources is briefly presented here
for completeness. A more general and detailed theoreti-
cal formalism and discussion can be found in Refs. [34,
35].

e Theory for quantum emitter decay via a cavity

A two-level QD emitter in its excited state decays in
a finite @ single-mode microcavity. After waiting long
enough, a single photon will be found in either of the
two radiation continuum: the a-continuum representing
the radiation of the cavity mode or the S-continuum rep-
resenting 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 wgy and
dipole moment p is coupled to a single cavity resonant
mode of w.. And the cavity mode with normalized elec-
tric field and creation operator is coupled to a radiation
continuum labeled by index « with coupling constants
C,, and dispersion w(a). The emitter also has the possi-
bility to decay directly in the environment, modeled as
a radiation continuum with coupling constants Dg and
dispersion w(f). We assume that the o and § 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 sys-
tem into the S-continuum as 7y and the energy decay rate
of the cavity mode into the a-continuum as . Using the
Wigner—Weisskopf approximation, we have

Guang-Cun Shan, et al., Front. Phys., 2014, 9(2)
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Fig. 1 A two-level QD emitter with energy separation wp and
dipole moment p is coupled to a single cavity mode resonant ra-
diation modes of wc. v is the spontaneous emission rate of the
two-level system into the [-continuum and k is the energy decay
rate of the cavity mode into the a-continuum.

K= 2n/dﬂ|C’a|25(w(o¢) —w) (1)
v=2n [ 48|DsPS(w(3) - w) @)

Note that « 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

r . E. (T)

D hw,
E.(r) =i maxs(r)|Ec(r)|2” SERTAR + h.c. (3)

where the cavity field mode amplitude can be normalized
so that

2

/ Ere(r)|E(r)] =1 (4)

E.(r) is the normalized cavity field profile, and a. and
al is the corresponding annihilation and creation oper-
ator, respectively. Now we use the coupled mode the-
ory between the single photon states to further under-
stand the underlying properties of the present device.
The quantum emitter’s coupling constant to the empty

cavity mode in the Jaynes—Cummings is

iu* - E.(r) _ We w* - E(r)
h 2heoVin \/maxe(r)|E.(r)|?

g:

If we assume that the QD resonantly couples with the
cavity mode, the interaction Hamiltonian in the rotating-
wave approximation can be written as

Hy =igle){g|ac + h.c. (6)

We assume that the two-level quantum dot emitter is
prepared in its excited state and that the radiation con-
tinuum starts off in their vacuum state. The state of the
system can be given at all times by [35, 36]

|¥(1)) = a(t)]e, 0c, 0a; 0p) + b(t)|g; Le; 0as 0)

+ca(®)lg,0c,1a,08) + Y dp(t)]g, 0c, 0a, 15) (7)
a B

According to the Schrodinger equation, we have
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da

i —igel(womwe)tpy 1;1956‘ womws)t g (8)
db )

& lg*e—l(wo wc)t i; anl(wo—wa)tca (9)
deq v i(w—

é = —1026‘(“’0‘ we)tp, (10)
ddﬁ sk Li(wg—w

? = 71Dﬂe( 8 O)ta (11)

with initial conditions:
a(0) =1 (12)
b(0) = ca(0) = dg(0) =0 (13)

Using Laplace transforms, we solve those equations and
obtain

sa(s) — 1 = —igb[s — i(wp — we)]

— iy Dpdgls —i(wo — wp)] (14)
B
sb(s) — 1 = —ig*a[s +i(wo — we)]
— 1) Calals —i(we — wa)] (15)
5Ca(8) = —iCEb[s — i(wa — we)] (16)
sdg(s) = —iDjals — i(wg — wo)] (17)

From this set of equations above, we obtain

2

a(s) =
s—1w0—wc —i—ZSillc |

s+

wo — Wa)
-%Ejsﬁﬁfpum) (18)
o = g e ) )
S+Zs+1 (Wa — we)
Cals) = —iC* s - 1(“;‘* —we) (20)
dyls) = ~ipy =1 Z o)) (21)

The function ¢, (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 a-continuum is described by the s = 0
pole of ¢, (s):

Co(t — 00) = lim —iC*b[s — i(wa — we)] (22)

s—0t

To perform this limit, using the relation from distribu-
tion theory, we obtain the results:
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: |Co |? R
s]i%l+ ; S — i(wo — wa) - 2 + 15& (23)

And similarly,

lim > B L7 +idy (24)
s—0t S — i(wo — ng) 2

The terms arising from the principal part integrals rep-
resent the Lamb Shift or energy renormalization of the
quantum emitter due to its coupling to the a-continuum
and [-continuum respectively, which can be usually
omitted for simplicity.

The asymptotic amplitudes of the states in the a-
continuum are then given by

Co(t — 00)

—C. % (25)
: 7 5
(wa —we + 15) (wa —wp + 15) — 90|

The corresponding probability distribution is |C,|?. The
asymptotic amplitudes of the leaky mode states in the
[(-continuum are

dg(t — o0)
+in
wg —we +i=
’ 2
R .
(wg —wc+1§) (wg — wo +1%) —lgol?

Next, we can compute the total probability of the quan-
tum emitter decay into the a-continuum:

Pcavity = Z |Co¢(t - OO)|2

_ /dw C[/ dafca(t — o0)|?8(w — wa)]

= Dg (26)

y |2 K / dw
J (@ =)@ — w) (@ —ws) (w — w))
B |g|2f<a 1 1
|w —w3)? [ Im(wy)  Im(ws)
lg]*c | Im(wi +ws)
|w — wi]? | Im(wr)Im(ws)
_ l91*k(k +7)
+ 2
Ky <A2 + (”TV)) + (K +7)2|g[?
F,
= F,+1 v @0
R R =

where w and w are the poles of the ca function of w.
A = wg — w, are the detuning frequency of the quantum
emitter with respect to the cavity resonance. And F), is
the so-called Purcell factor written as

4g]?

F =
p Ky

(28)
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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

K E,
k+vy Fp+1

(29)

Pcavity =

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

E.
HER = / dﬁ“Tmc+ag +hee. (30)

Using the Laplace transformation, we can obtain the out-
put amplitude of the emitted single photon has an oscil-
latory nature given explicitly by
2
> t

S sing [lgf? -

S =

whereas in the weak coupling regime, it is purely bi-

exponential
+ k=)’
e” "4 'sinh (Tv) — |g)?t
a®" (1) = igv/k (32)

Ty

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

out( )

(31)

K, K
F,+1 k+vy

Necavity =~ (33)

where the first term represents the loss through sponta-

neous 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
K

the cavity is to have § = g, in which case the extracted
light fraction is

)
ety = (14 57 ) (34)

At this point, we can conclude that the achievable maxi-
mum of the total efficiency of such an electrically driven
single-QD-cavity, a single photon source device, is de-
termined 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.

Guang-Cun Shan, et al., Front. Phys., 2014, 9(2)
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2.2 Classification of light states and photon statistics

In order to better understand the features of a single-
photon source it is instructive to compare first the sta-
tistical properties of thermal light and coherent light.

e 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) = AT () (35)
It can be found that n = 0 has always the largest prob-
ability and the distribution falls off monotonically with
increasing n. As shown in Fig. 2(a), the photon num-
ber fluctuations are expressed in statistical terms by the
variance of the distribution (An)? = (n?) — (n)2. For
a thermal mode, the variance is found to be (An)? =
(n)? + (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 distribu-
tion, i.e., the probability to find n photons in the co-
herent state with respect to the mean photon number is

(a) (b)

given by

P(n) = e <Z>'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 (An)? = (n) [2]. Whereas for thermal radiation the
fluctuations are always comparable with the mean pho-
ton number in the mode, and the relative fluctuations
(An/(n) = 1/./(n)) for coherent light approach zero
with increasing photon numbers. Therefore, the coher-
ent 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 sim-
ply 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 nonclas-
sical light state. It can be generated by a single-photon
source. The Fock state is the eigenstate of the photon
number operator: 7i|n) = n|n), i.e., a mode which is ex-
cited in this state is occupied by exactly n photons and
the variance An = 0. Figure 2(c) illustrates the photon
number distributions for the Fock states with nonzero
probability given exclusively for the mean photon num-
ber (n) =n.

2.3 Photon detection and correlation functions

This section introduces the prerequisite formalism for the

(c)

0.5 0.5 1.2
J 1.0
0.41 ny=1 04 an=1 =1
0.8
0.3 0.3
0.6
| 7
02 02 s
g 0:14 I 0.1 I 0.2
= Laa .
g oot d 00 e 1) ———
0.4 0.4 1.0
=10 =10 0.8 =10
0.3 - 0.3 ’
0.6
02- 021 04
0.1 0.1 ||| 0.2
0.0 “““""Illllpnnl... ’ 0.0 n]llll Ll III'II. . . 0.0 _ | . . i
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
<n> <> <

Photon number

Photon number

Photon number

Fig. 2 Photon number probability distribution for single mode emission of (a) a thermal state, (b) a coherent state, and
(¢) a photon number state for two different mean photon numbers (n) = 1, 10, respectively.
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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 ab-
sorbed and as a consequence the quantum state of the
light field is altered. The probability of photon detection
Py, which is associated with a transition from an initial
field state ¥; to possible final states ¥y via absorption
of a photon, is given by

Pi(t) ~ Y [@rla)|wa)® ~ (lat@a)y)  (37)
f

where the sum goes over all possible final states and a(t)
denotes the photon destruction operator in the Heisen-
berg picture. The first-order coherence function is defined
as

(@*(a(t+))

B T man) (38)

and the corresponding degree of second-order coherence

is defined by

Oy _ g 0+ )l + 7))
R e CHCIE

The first and second order coherence functions are com-

(39)

monly measured by a Michelson interferometer and a
Hanbury—Brown and Twiss setup, respectively. When the
light is stationary, only the relative time 7 = to —t; is rel-
evant. 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 fac-
tor. Furthermore, the first-order correlation is insensitive
to the photon statistics since Eq. (38) depends only on
the average photon number (n) = (a™(t)a(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 cor-
relation function allows for distinguishing between the
different types of light fields. It is interesting to compare
g?(0) for thermal, coherent, and photon number states:
(i) Coherent light
(alaTaTaala)

9(2)(0) = W =1 (40)

(ii) Photon number states

A+A+AA
@0y — (nlatataaln) 1 1 m
o) = B (41)

This is a truly nonclassical result since g(®(0) < 1 for
n > 1. The light is called to be in a sub-Poissonian light
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state. Especially, for a true single-photon source (n = 1)
g?(0) = 0.

(iii) Thermal light

(An)? — (n)
(n)?
This indicates that photons have the tendency to be de-
tected simultaneously at the photodetectors. The light is

called to be in a super-Poissonian light state.

The detailed theory and calculation of the photon cor-
relation function ¢ (7) as a function of the delay time
7 can be found in Refs. [2, 34]. For a coherent source
g (r) = 1, which means that the photons are com-
pletely uncorrelated. In contrast, a sub-Poissonian light
source satisfies g (1) < 1, which indicates that two pho-
tons are unlikely to be detected simultaneously by the
detectors. A light emission from a single quantum emit-
ter, whose degree of second-order coherence satisfies the
inequality [¢(®)(0) < ¢@(7)] 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 < ¢ (1) < 2] for times shorter than the
coherence time 75 of the light source. This phenomenon
(9 (1) < g (0)] is called photon bunching.

g?(0) =1+ =2 (42)

2.4  Measurement of the second-order correlation
function

Experimentally, there are different experimental tech-
niques that can be used to measure the second-order
correlation function g(® (7). The most popular and di-
rect method would be to measure the times of a single-
photon detector’s counting events to calculate the cor-
relation function. However, this method has a measure-
ment limit that the time scales would be longer than
the dead time of the detector, which amounts to sev-
eral 10 ns. In order to overcome this problem, detec-
tion 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 or-
thogonally arranged pathways centered around a non-
polarizing (50/50) beam splitter. Each arm of the HBT
interferometer is equipped with a highly sensitive sin-
gle 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 commer-
cial avalanche photodetector modules (APDs), which of-
fer 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
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efficiencies (~5%-35%) possess response times in the 30—
50 ps range.

(a)

Photons

I,L;;]S I Il ! AM(' %
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Lens Single photon source
i ;}g Multichannel analyzer
“Stop” Ll Jsie | with time-amplitude
conversion
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T
|
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Single photon source

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 fil-
ters) and sent to fast avalanche photodetectors (APDs) through a
50/50 nonpolarizing beamsplitter (NPBS). The photon coincidence
statistics n(7) are measured by combined time-amplitude conver-
sion (TAC) and multichannel analysis (MCA). (b) Scheme of the
Hanbury Brown—Twiss setup. The photon coincidence statistics
n(7) 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 distin-
guished. In the first approach shown in Fig. 3(a), a time-
tagged 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 pho-
ton 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 detec-
tion events (Start and Stop) are registered and in a sub-
sequent process a time to-amplitude conversion followed
by a multichannel analysis is performed in order to gen-
erate a histogram of coincidence events n(r). One has
to consider that the measured coincidence function n(r)
differs from the original second order coherence function
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g (7). The probability to measure a time difference at
time 7 is given by [35, 37]:

n(7) = (probability to measure a stop event at time 7
after a start event at time 0) x (probability that no stop
detection has occurred before)

n(r) = [GP(7) + Raand[1 — /0 ’ n(r")dr’] (43)

where G(? () is the unnormalized second-order coher-
ence function and Rg.r describes the detector dark
counts. The measured histogram of coincidence counts
n(7) approaches G®(7) in the limit when Rgay 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 7. This means that the probability
that no stop detection has occurred before is approxi-
mately 1. Losses, like undetected photons, lead only to
a global decrease of G?) () which can be compensated,
e.g., with a longer measuring time. An exact solution
of the above integral equation shows that n(7) exhibits
an exponential decrease on a time scale given by the
detector count rate [37]. It should be noted that inter-
est has been intensified in recent years in such a fluo-
rescence correlation spectroscopy detection schemes us-
ing two independent detectors with the time-correlated
single photon counter (TCSPC) modules in a Hanbury—
Brown—Twiss scheme setup to monitor the complex bio-
or 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 temper-
ature 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
Si02/TiOy Bragg mirrors consisting of four alternating
quarter-wavelength thick layers of TiO3/SiO2 [39]. In
CdSe/CdS NCs, by virtue of a low lattice mismatch, the
influence of defects on the radiative recombination pro-
cess 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 con-
trol on the growth parameters in the wet chemical syn-
thesis 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 ef-
fective 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
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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 polariza-
tion [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 struc-
ture of the nanostructure and to passivate the core sur-
face, thus reducing the surface defects, such as dangling
bonds, which dramatically affect their efficiency and pho-
tostability. Figure 4 shows the single nanoparticle pho-
toluminescence 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 QD-
in-rods rotated at different angles, envisioning a strat-
egy to develop polarization controlled and highly effi-
cient room temperature single photon sources. On the
other hand, most of the photon antibunching reported on
QDs are InGaAs or InP/GalnP 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 crys-
tal 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 af-
fect their efficiency and photostability. In particular, one
strategy to control and completely prevent blinking pro-
posed by Mahler and co-workers has shown that a thicker
shell in CdSe-CdS NCs allows one to control the blink-
ing 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 proper-
ties such as a discrete energy spectrum and sharp lines in
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photoluminescence with the advantage that their emis-
sion wavelengths can be tailored to a large extend. Al-
though the electronic shell structure, the spin structure,
and the many-body interactions between electrons and
holes usually have to be considered, in careful experimen-
tal conditions recombination from higher excited states,
multi-exciton and charged excitons is typically negligi-
ble because of strong Auger processes [49], and the emis-
sion of single photons can be made highly probable only
from single exciton recombination. In spite of their ex-
cellent quantum efficiency and photostability, colloidal
QDs, when observed at the single particle level, exhibit
fluorescence blinking and spectral diffusion. The first ef-
fect consists of the random switching of fluorescence be-
tween bright (“on”) and dark (“oft”) states [50]. Such
a fluctuation of the luminescence over time has been at-
tributed 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, insta-
bility 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 spec-
tral diffusion of 4 peV over a time scale of 200 us was ob-
served for an emission peak having a linewidth as narrow
as 6.5 ueV [54]. In the past few years, the excellent emis-
sion efficiency at room temperature, good stability and
advances in high spatial resolution spectroscopic tech-
niques has allowed a deeper understanding of the pecu-
liar 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 epi-
taxy growth techniques, in which strain induced islands
are used to form self-assembled QDs. Important prop-
erties of a perfect single photon source are good optical
spectra or exciton properties, an internal quantum effi-
ciency 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,
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and the many-body interactions between electrons and
holes have to be considered [55-57]. For an even num-
ber 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 exci-
ton transitions take place. Due to the Coulomb correla-
tions 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 ful-
filled. However, the biexcitonic or the excitonic transi-
tions 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 | — 3, 2)
and |4, —32) have a total z-spin of +1 and are coupled to
the light field, whereas the other two states |4, 2) and

(@)

|f%, f%> have a total z-spin of &2 and are therefore op-
tically 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 prac-
tice most of the QDs are asymmetric; as a result, the de-
generacy is lifted by the electron-hole exchange interac-
tion 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 pueV. Thus, the excitonic re-
combination 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 X4 ) is given by one s-shell
exciton plus a single excess carrier (electron or hole). Ex-
emplarily, 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.

(b)
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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 elec-
tron and hole spins. The initial fourfold exciton degeneracy for non-
interacting 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 sym-
metry.

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

sources.
A ? /

Exciton emission (1.X)
(h)|(c)

[\;’ Yo
-

1
1
1
1
1
1
1

+

GaAs InAs QD !'GaAs

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 multi-
exciton states, such as the X X and 1X, can be spectrally
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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 dis-
tribution. To achieve a quantum efficiency close to unity
for a certain transition, the pump power has to be ad-
justed well above the average occupation number of the
corresponding transition. This has serious implications
for the time jitter of the emission process. It is deter-
mined 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 de-
fect 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 car-
riers. 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 ap-
proximately considered as an incoherent excitation pro-
cess, the p-shell pumping can be arranged as a coherent
process. This opens the possibility of a controlled occu-
pation of one electron—hole pair in the p-shell by applying
a m-pulse. After relaxation into the s-shell, each gener-
ated electron—hole pair delivers a single photon. Thus,
high quantum efficiency (close to one) can be possible.
Another important aspect is a nearly complete suppres-
sion of background light for quasi-resonant pumping.
This leads to an almost complete suppression of multi-
ple (n < 2) emission events and therefore nearly perfect
triggered single photon emission is achieved [g()(0) ~ 0]
[58]. In addition, pure dephasing processes should be
drastically reduced since the charge carriers are exclu-
sively generated within the desired QD.

As another case shown in Fig. 6, the ultimate pump-
ing process would be a direct excitation into the s-shell
of the QD. Using a m-pulse, exactly one of the two opti-
cally bright exciton states could be excited. This scheme
possesses the same advantages as the quasi-resonant ex-
citation 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. No-
tably, Mueller and coworkers [59] have recently demon-
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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 in-
distinguishability and high efficiency. Remarkably, by ap-
plying resonant s-shell optical excitation with picosecond
laser pulses, Pan and coworkers from USTC have recently
generated pulsed single photons on demand from a sin-
gle, microcavity-embedded QD under s-shell excitation
with 3 ps laser pulses, significantly eliminating the effect
of decoherence, and have further used two single pho-
tons to implement a high-fidelity quantum controlled-
NOT gate. The m pulse-excited resonance-fluorescence
photons have less than 0.3% background contribution
and a vanishing two-photon emission probability. Non-
postselective Hong—-Ou-Mandel interference between two
successively emitted photons is observed with a visibility
of 0.97(2), comparable to trapped atoms and ions. Be-
sides, resonant electrical pumping could be achieved with
double-heterojunction resonant-tunneling structures as
proposed in Ref. [5].

Other excitation schemes like stimulated Raman scat-
tering involving adiabatic passage (STRAP), or vari-
ants 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 exci-
tation and decay processes in a coherent way. Therefore,
they transcend the temporal separation of the excita-
tion and decay process and promise a high degree of in-
distinguishability 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, spec-
tral emission can be narrowed or filtered and the emis-
sion polarization can be controlled. Micro and nanocav-
ities embedding quantum emitters are the subject of in-
tensive studies for the realization of ultralow threshold
nanolasers [5, 23, 25], or cavity-QED [1, 3, 35]. Cavity-

Guang-Cun Shan, et al., Front. Phys., 2014, 9(2)

QED systems allow us fundamental studies of coher-
ent interactions of confined electromagnetic fields (cavity
photons) and microscopic dipoles (single quantum emit-
ters) [1, 3, 35]. The task of aligning a single quantum
emitter to a cavity is very challenging since its single ex-
citon 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 sin-
gle QD are significantly improved. The coupling between
the quantum emitter and the cavity can be either strong
or weak depending on the coupling parameter,

b [ I
h 250V

where V is the cavity mode volume, ¢ is the vacuum di-
electric constant, and ug 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 exci-
ton confined in a QD has been achieved in microcav-
ity 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 op-
tical modes, like the Purcell effect or Rabi splitting, have
been observed [1-5, 25, 59]. As a comparison, weak cou-
pling enhances the spontaneous emission, whose rate is
given by the Purcell factor

3 Q (Y
Fp‘@?(ﬁ) (45)

When a QD is embedded into the microcavity, its eigen-
frequency wy is resonant with the high-Q cavity mode w,
and g2 > (y—k)?/16, with x and 7, 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 microcav-
ity or photonic crystal nanocavities. When F), is greater
than 1, the quantum emitter radiates faster in the cav-
ity 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

(44)
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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 ecm™2). After
having localized an isolated area with a single nanostruc-
ture 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 tech-
nique allows to control the QD position by pre-patterning
the growth surface of the wafer. This active position-
ing is a considerable progress with respect to the appli-
cations 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 success-
fully 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 reflec-
tors (DBRs) [67] and by focused ion beam (FIB) post—
milling to obtain micropillars [29] or by imprint lithog-
raphy [68]. Coupling of a single colloidal QD with pho-
tonic cavities has been achieved by exploiting whispering
gallery modes generated on the surface of glass and poly-
mer 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 F}, ~ 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 vac-
uum Rabi splitting between 30 and 45 peV in a micro-
sphere cavity, slightly deformed to remove mode degen-
eracy [61].

To the best of our knowledge, few papers in the litera-
ture has reported on efficiently emitting triggered single
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photons with single colloidal NCs embedded in micro-
cavities at room temperature so far, and the lack of sin-
gle photon emission up to room temperature prevents
their practical use. Recently, a new approach has made
possible the pinpointing of single colloidal QDs by di-
rect electron beam lithography. The controlled localiza-
tion of ordered arrays of single colloidal NCs was demon-
strated in Refs. [70, 71] by dispersing a specific concen-
tration of NCs inside a negative high-resolution electron-
beam resist after precipitation and re-dilution in methyl-
isobutyl-ketone (MIBK) solvent. Ensembles of NCs em-
bedded 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 mo-
lar 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 confo-
cal microscope and Hanbury-Brown and Twiss setup [4,
21, 54]. Tt 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 os-
cillator 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 pho-
ton 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 op-
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tical losses in the transmission and maximizes the pho-
ton detection efficiency. Currently, Si-Avalanche photo-
diodes are the most efficient single photon detectors.
They possess the highest quantum efficiency (~70%—
75%) in the wavelength range 630-750 nm. The emis-
sion wavelength of the source should be within the ab-
sorption minimum of the transmitted medium. For free
space applications this is fulfilled in the visible spec-
tral region, for a plastic optical fiber within an absorp-
tion minima of the fiber (560 nm, 650 nm), and for a
glass fiber at 1.3 um (dispersion minimum) and around
1.55 um (absorption minimum). Since the first demon-
stration of single-photon emission on the basis of a sin-
gle QD [28], extensive studies on single-photon sources
have been performed on a wide variety of semiconduc-
tor compound QDs such as In,Ga;_,As/GaAs (~870-
970 nm) [2-5, 74], In,Ga,_,As/Al,Ga;_,As (~800-815
nm) [75, 76], GaAs/Al,Ga;_,As (~735-790 nm) [77],
Ino_75Alo_25As/In0_7Ga0,3As (N770 nm) [78], CdSe/ZnS
colloidal NCs [39], InP/GalnP (~669.0 nm in the red
spectral range) [79, 80]. In addition, single photon emis-
sion at the telecom wavelength ~1.3 um has also been
realized [81, 82].

In 2011, Bommer et al. [79] have performed sys-
tematic excitation power and temperature-dependent
measurements on the emission lines of single self-
assembled IHP/(Alo_goGa0_80)0v511110_49p QDS embedded
in micropillars. To enhance the photon collection effi-
ciency, the QD layer is additionally sandwiched between
distributed Bragg reflectors (DBRs) forming a planar mi-
crocavity. 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 quan-
tum efficiency in the red spectral window. Furthermore,
Ugur et al. [80] have very recently achieved diluted QDs
with densities as low as 1 dot/um? 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 peV.
The autocorrelation value of ¢(®(0) = 0.2088 & 0.0538
is obtained by using the Hanbury Brown-Twiss corre-
lation measurements under cw excitation, showing anti-
bunching behavior [in Fig. 7(b)]. The polarization of the
split states has also been investigated. Besides, they ob-
served 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].
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Fig. 7 (a) PL spectra for a low-density QD ensemble. The emis-
sion at 630 nm originates from the InGaP and the emission at
650670 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
InP QD. Reproduced from Ref. [80], Copyright © 2012 American
Institute of Physics.

For many applications in quantum information tech-
nology 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 pre-
pares 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 pro-
file. 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 transi-
tion, 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 al-
low 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 aper-
tures and therefore optical mode-confinement. The de-
sign 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 single-
photon 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 ¢(®)(0) = 0.4, that is, a point when the sin-
gle photon source still performs 2.5 times better than an
attenuated Poissonian source of the same average inten-
sity. 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 modu-
lation frequencies. Besides the already discussed effects
of the Purcell enhancement and the large geometrical ex-
traction efficiency of the cavity mode, two other reasons
are responsible. To avoid signal losses by exciton relax-
ation 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. Further-
more, a positive bias voltage created a fivefold intensity
enhancement, most probably due to a field-enhanced car-
rier capture process.

In summary, ultrahigh single photon rates for QD-
based single photon sources are already available at dif-
ferent wavelengths and in carefully designed semiconduc-
tor devices.
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5.2 Electrical pumping of single photon sources

Electrically driven single-photon sources have also been
demonstrated at different wavelengths and in differ-
ent QD material systems. The first attempt on elec-
trical pumping has been performed on a semiconduc-
tor heterostructure sample utilizing the Coulomb block-
ade effect in quantum wells at ultralow temperatures
(some tens of millikelvin) [84]. The photon collection ef-
ficiency from the sample was weak, preventing the study
of the photon correlation function. Shields et al. de-
signed 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 3A-cavity which
is sandwiched between a high-reflectivity bottom DBR
and the semiconductor-air interface in the aperture. This
low-@ 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 7 = 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 jit-
ter in the photon-emission time to less than 100 ps, i.e.,
one-fifth of the radiative lifetime. This allowed the rep-
etition 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 gener-
ated for photonic quantum logic experiments.

In 2007, Ward et al. [87] demonstrated an electrically
driven telecommunication wavelength (~1.29 um) single-
photon 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) be-
fore all carriers are removed from the QD. In addition,
they proposed that the time-varying Stark shift also al-
lows 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
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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 lat-
eral current injection scheme, highly efficient single pho-
ton sources are realized. While ¢g(?)(0) values as low as
0.13+0.05 and a Purcell factor of 4 are observed for a
2.0 pm 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 um 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 insulat-
ing AlO,. Apertures down to 100 nm diameter can be
produced. The advantages of such a design are lower in-
jection 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 impor-
tant 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 re-
alized 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 Aly2GagsInP layers that were sandwiched
between two 100 nm thick Als5GaysInP layers. This de-
sign ensured both good carrier confinement and high in-
ternal quantum efficiency. In their experiment, clear pho-
ton antibunching [¢(® (0) = 0.43] is observed, and after
deconvolution with the experimental response function
and subtracting the background value of 0.03 for ¢(*)(0),
a value of ¢ (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 spec-
tral 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 in-
sulating 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 pe-
culiar 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 demon-
stration 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.
photon emission after coherent optical state preparation
in the p-shell of a single InGaAs/GaAs QD [93]. Un-
der the condition of m-pulse excitation into the p-shell
they demonstrated nearly perfect single photon emission
[¢P(0) = 0.02]. However, a high degree of indistin-
guishability and quantum efficiency cannot be realized

reported on deterministic single

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 fluores-
cence 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 au-
tocorrelation measurements revealed a pronounced an-
tibunching dip and further confirmed nonclassical light
emission, demonstrating the successful generation of
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Fig. 8 Schematic structure of the single-photon LED.
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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 ex-
cited. Press et al. [94] observed photon antibunching in
the photons emitted from a strongly coupled single quan-
tum dot and pillar microcavity in resonance. Quasireso-
nant pumping of the selected QD via an excited state en-
abled these observations by eliminating the background
emitters that are usually coupled to the cavity. A cou-
pling constant of g = 35 peV and a mode linewidth of
Y. = 85 peV 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 quan-
tum efficiency of 97%. Furthermore, Schneider et al. [65]
have successfully demonstrated the deterministic inte-
gration of single site-controlled QDs into micropillar cav-
ities. 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 site-
controlled coupled QD-resonator system is confirmed by
photon autocorrelation measurements yielding a ¢() (0)
value of 0.12.

In the case of the QD photonic-crystal cavity, nonres-
onant excitation into the barrier has been realized. In
2007, Hennessy et al. realized a positioning of an indi-
vidual QD relative to the photonic crystal cavity with
a 30 nm accuracy [17, 62]. Therefore, the QD was lo-
cated 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 peV and a mode linewidth of v. = 100 ueV
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 quan-
tum regime However, the autocorrelation only exhibits
a value of ¢ (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 antic-
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ipated that extremely high efficiency and photon indis-
tinguishability could be achieved [10]. In the strong cou-
pling regime the decay rates of the coupled QD cavity
system are typically short. In the aforementioned stud-
ies 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 achiev-
ing the high-purity single photon emission ¢(?(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 discus-
sion 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 require-
ments have to be met. First, large electronic band offsets
and strong quantum confinement effects for both elec-
trons 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 semi-
conductors like II-VI- and group-III nitride semiconduc-
tors 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 car-
rier confinement limits the operation of these photonic
devices to low temperatures. The operation tempera-
ture has been raised meanwhile up to 80 K in elec-
trically 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 tempera-
ture 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 pho-
ton emission from GaN/AIN 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 un-
der continuous-wave excitation is depicted in Fig. 9. A
value of g()(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 broaden-
ing. The two-photon probability increases slightly to 0.53
most probably due to a partial overlap with the biexci-
ton line. In addition, a broadband background from the
AIN 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 con-
finement than bare ZnSSe layers. As is very promising,
the intensity dropped by less than a factor of 3 be-
tween 4 K and room temperature. The room tempera-
ture 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, Fedo-
rych 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 ¢(®)(t) exhibits a sharp dip at
(t = 0) with ¢ (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 pho-
tonic crystal nanocavities

On-chip QD-based single photon sources are one of the
key components for integrated quantum photonic cir-
cuits. 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 depend-
ing 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 @ factor
(> 1 x 10° even up to 2 x 107 in the optimized struc-
ture) with extremely small mode volumes comparable to
a wavelength dimension [3, 100, 103]. The photonic crys-
tal nanocavities can be easily tuned by bringing a nanos-
tructure 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 emis-
sion [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 crys-
tal nanocavity structures are promising candidates for
the trapping of light in ultrasmall volumes with high Q-
factor [3, 100-106].
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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, ¢) 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

from Ref. [95], Copyright © 2006 Nature Publishing Group.
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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 ex-
perimental 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 time-
domain (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 crys-
tal waveguide near the slow-light mode integrated with
an output coupler [107]. Furthermore, as shown schemat-
ically in Fig. 10, a concept device of single photon source
that exploits some of the advantages of integrated cavi-
ties, 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 ad-
vantage is that on-chip emission is possible with the inte-
grated 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 re-
flectivity 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, how-
ever, 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.
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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 pho-
tonic circuits based on quantum optical effects at the
single-QD-emitter and single-photon level represent a
fundamental technological limit for the on-chip process-
ing 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 en-
coded in the spin of electrons or holes that can be com-
pletely 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 opti-
cal waveguides and on-chip integrated quantum photonic
circuits [8, 25]. Recently, demonstrated techniques for ef-
ficient electrical injection into photonic crystal cavities
[112] could also be employed in single QD based single-
photon 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 fu-
ture improvements, it can be anticipated that the collec-
tion efficiency can be further increased if we increase the
coupling between waveguide and cavity by resizing or re-
ducing the air hole radius at the interface between cavity
and waveguide. In general, photonic crystal nanocavities
with waveguides that can provide a well collimated emis-
sion are more suited for the realization of single photon
sources [3, 105, 107].

6 Conclusions and outlook

This review has discussed recent progress and encour-
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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 quan-
tum information. The on-demand single photon source
is an extremely important source for quantum infor-
mation science and technology. Important progress has
been achieved in the understanding of the QD excita-
tion process and its role on the coherence time of the
photons, on the limitations of photon indistinguishabil-
ity and collection efficiency, on cavity effects on single
photon emission, and on the influence of the excitonic
fine structure (dark states) on emission efficiency. Spec-
tacular achievements include the extension of the wave-
length range from the UV spectral region (350 nm) up to
the near infrared (1.3 um), polarization control and the
demonstration of ultrahigh measured single-photon emis-
sion rates (~4 MHz), room temperature operation with
wide bandgap semiconductor QDs, electrical pumping
with a cavity design for enhanced photon collection effi-
ciency, electrical pumping up to 80 K with an improved
heterostructure design, high-purity single photon emis-
sion [¢(®(0) ~ 0.02], the generation of high degrees of
photon indistinguishability (97%), coherent state prepa-
ration in the p- and s-shell of an individual QD, single-
photon 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. Manipu-
lation, embedding and positioning into the microcavities
and efficient electrical pumping of single QDs are techno-
logical subjects discussed in this review, which still need
to find optimal solution to. Moreover, one important is-
sue is that most of the aforementioned achievements have
been individually realized, but not realized in combina-
tion. Meaningful combinations strongly depend on the
specific application of the single-photon source. However,
we have witnessed the pioneering experiments and im-
pressive 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 pho-
tonic crystal chips with photonic crystal nanocavity and
waveguide offer many advantages for controlling and
manipulating the light-matter interactions of an embed-
ded 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
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possible control of decoherence processes, the role of
fabrication imperfections, as well as the ability to deter-
ministically position single QDs, we could certainly envi-
sion 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 waveguide-
cavity structures.
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