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Abstract: A brief introduction of semiconductor self-assembled quantum dots (QDs) applied in single-photon sources is given.
Single QDs in confined quantum optical microcavity systems are reviewed along with their optical properties and coupling char-
acteristics. Subsequently, the recent progresses in In(Ga)As QDs systems are summarized including the preparation of quantum
light sources, multiple methods for embedding single QDs into different microcavities and the scalability of single-photon emit-
ting wavelength. Particularly, several In(Ga)As QD single-photon devices are surveyed including In(Ga)As QDs coupling with
nanowires, InAs QDs coupling with distributed Bragg reflection microcavity and the In(Ga)As QDs coupling with micropillar mi-
crocavities. Furthermore, applications in the field of single QDs technology are illustrated, such as the entangled photon emis-
sion by spontaneous parametric down conversion, the single-photon quantum storage, the chip preparation of single-photon
sources as well as the single-photon resonance-fluorescence measurements.
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1. Introduction

Continuously rapid development of single-photon sour-
ces (SPSs) has attracted considerable interest for both the funda-
mental aspects related to single photons, such as light-matter
interaction'-71 and for their significant applications in
quantum information technologies!®-1. Particularly, SPSs can
potentially allow practical achievement of scalable quantum
computing!'?, unconditional quantum cryptography!'3 14 and
secretive quantum teleportation['5-16 systems. Typically, an
ideal SPS should strictly emit photons one-by-one in terms of
time series, where every photon is indistinguishable and has
very high repetition rate, therefore acting as a so-called
“single-photon gun”. There are series of subsisted methods
which can achieve the emitting of single photons!'7}, where, per-
haps, the simplest, the most straight-forwarded method be-
ing attenuating pulsed lasers and the generation of single
photons is probable in this casel'8. The number of generated
photons follows the Poissonian-statistics distribution, thus this
will results in no photons, few photons or even many photons.
These probable situations can give rise to baneful influence
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for abundant of applications such as quantum cryptography
due to possible photon number-splitting attacks (“eavesdrop-
ping”)1% 201, As such, extensive investigations have been done
for microscopic structures, in which an isolated quantum sys-
tem takes effect as photonic emitting sources. Theoretically, a
single quantum particle of two-level system can play as an per-
fect single-photon donator!2Y, of which there are abundant of
possible candidates, containing molecules!2?), ions(23], atoms(24
and nitrogen vacancy centers(25], By contrasting the low attenu-
ated lasers and the other probable approaches, the single-
photon donator derived from an isolated single quantum sys-
tem can be on demand and deterministic2%, because the
single two-level system can precisely produce photons one-
by-one each time. Unfortunately, the ideal isolated single
quantum systems are very difficult to achieve for various reas-
ons: can undergo photo-bleaching, or face troubles that ori-
gin from themselves extensive emitting spectral2%, In fact,
even the emitting spectra of real quantum systems are more
complex than that of utopian two-level system. In view of a
practical standpoint, semiconductor self-assembled quantum
dots (SQDs)(¢ 26-281 have high potential to offer a fascinating ma-
terial system for realizing single photons(2'l,

SQDs are treated as one type of atomic-like structuref29.30],
the artificial preparation of which is realized using the strain-
driven epitaxial growth mechanism.The spectrum of high-dens-
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Fig. 1. (Color online) Single photons emitted from quantum 2-level transition and HBT coincidence counting test.

ity ensemble quantum dots (~100 um-2) looks like a continu-
ous envelope and contains information the QD size and the con-
tinuous distribution of energy levels. The spectrum of individu-
al low-density QDs (1-10 um~2) have the isolated multi peaks,
which indicates the discrete energy-level states resulted by
the fluctuated QD sizes. Single QDs manifest a singlet spec-
trumBY, it presents the electron-transition effect of atomic
two energy levels, i.e. a single QD only emits one photon each
time, displaying the antibunching effect in accordance with
the time series. As shown in Fig. 1, the antibunching effect can
be verified via the photon coincidence counting of Hanbury-
Brown-Twiss (HBT) with 50 : 50 beam splitter (BS)32]. Theoretic-
ally, the multiphoton probability of ideal pure single photons
is zero. Self-assembled InAs/GaAs QDs achieve single photons
with the following advantages. Firstly, the response of dis-
crete local electronic states to an external field is very strong
(single-exciton states generate stable single-photon current un-
der weak excitation; the cascade-emission double-exciton
states produce stable polarized correlation photon pairs un-
der strong excitation), thus the self-assembled InAs/GaAs QDs
are the current ideal materials for equipping SPSs or en-
tangled photon sourcesB33l, Secondly, SQDs can be integratedin-
to optical microcavity, diodes, waveguide and optical fiber for
enhancing the directional emitting, and achieve device pre-
paration34 351, Finally, the spin states of excitons in SQDs can
be regulated through varying external optical/electrical/mag-
netic fields and the emitted photons carry the information of
spin exciton states, which is suitable for studying the quantum
spin states of manipulation and realizes the ideal remote entan-
glement system.

Researchers have been studying QD SPSs since the single
photons were observed in InGaAs QDs in 200036-381, Thus far,
these microstructures, consisting of GaAs/AlGaAs distributed
Bragg reflector (DBR) microcavity coupled with QDs, micropil-
lar microcavity coupled with QDs and photonic crystal microcav-
ity coupled with QDs, have been studied as well as their re-
lated electroluminescence (EL) or photoluminescence (PL) SPS
devices!? 31, 39-47] Domestically, our group first realized InAs
QDs EL SPS operating at 77 K in 200818, The optimal DBR mi-
cropillar microcavity can significantly improve the single QD
emission (Purcell factor reach 6.3B38]) as the emitting
wavelength exactly matches with the cavity-mode. The pulsed
frequency can achieve 10 GHz (theoretically), and is expected

to improve the emitting rate of single photons. University of
Wurzburg developed the EL SPSs with DBR micropillar microcav-
ity (resonance) coupled QDs in 2010, and the related SPSs
could achieve an emitting rate of 35 MHz while driven by elec-
tric pulses'l. In order to weaken the time jitter and improve
the poor coherence of QD emitting, the pulsed drive, the regula-
tion of carrier injection and the optical resonant excitation tech-
nologies were developed by the related researchers all over
the world. In 2013, the single-photon emitting time jitter was re-
duced by controlling the carrier injection with electric pluses
in the micropillar EL SPSs#9], Between 2012 and 2013, the de-
terministic emitting of indistinguishable QD single photons
and entangled photon pairs%51 by the pulsed resonant excita-
tion were accomplished by University of Science and Techno-
logy of China and Stuttgart University, respectively38 521, The
single photons had high indistinguishability, even for two
single photons of 15 us intervals, the coherence visibility can
be as high as 92%53l. The Raman single photons can be ex-
cited by tuning the spin exciton states of pulsed coherent light
field, and both of the frequency and fluorescence lifetime are
adjustable, which is convenient to expand among multiple
QDsB4. Investigation on the QD entangled photon sources
were done as well during these times. Under the strain
Stranski-Krastanov (S-K) mode, the morphology of self-as-
sembled InAs QDs is asymmetry, which causes larger fine struc-
ture splitting®3! (FSS), and results in the change of degeneracy
of polarization-coherent photon pairs of cascade emissions,
thus they are not entangled photons. GaAs single QDs pos-
sess lower strain and higher symmetry when grown using
droplet etched nanoholes growth mode, the FSS becomes
very small and can be removed via optimizing the forming is-
land or applying external strains, this GaAs single QDs are bene-
ficial for preparing entangled photon sources with enhanced
functionsl28. 401,

In farther research of QD SPSs, there are several urgent chal-
lenges to be solved: (1) preparation of individual QDs with con-
trollable wavelength, size, morphologic of and optimization of
its emitting effect; (2) the preparation of microcavity with high
quality-factor (Q), single QD emitting of microcavity enhance-
ment and optimization of the photon extraction; (3) optimiza-
tion light collection of external light paths. Significant efforts
have been invested into these investigations in our team and
have been rewarded with various progresses/achievements.
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Table 1. Comparison of different lll-V epitaxially grown QD material systems and their properties(67l,

Material system Trmax (K) A(nm) Comment Ref.

I InGaAs/InAs/GaAs 90 ~1300 ~1.1-8.6 Biexponential decay [68, 69]
InAs/GaAs 50 ~850-1000 ~1 [70]

I InAs/InP 50-70 ~1550 ~1-2 [71,72]
InP/InGaP 50 ~650-750 ~1 [73-76]
InP/AlGalnP 80 ~650-750 ~0.5-1 [70]

I InGaN/GaN 150 ~430 ~8-60 [69-79]
GaN/AIN ~0.1-1000 ~250-500 200 Lifetime increases with wavelength [80-82]

The structure of self-assembled strain-coupled bilayer QDs
was firstly investigated for broadening the wavelength of
GaAs-based individual InAs QDs from the traditional 0.9 to
1.3 um, and the 1.3 um SPSs of high counting rate were tri-
umphantly obtained via integrating this structure into DBR6!,
The potential for reaching 1.55 um in the near future drives
our current researches. The ~920 nm SPSs realized fiber out-
put by bonding the fiber array and micropillar array, and the
device stability was simultaneously enhanced®). Individual
InAs (or GaAs) QDs and rings were respectively prepared by
autocatalytic GaAs nanowires (NWs)158], thereby achieved both
the QD single-photon emission3% 59 and the coupling with
fiber output®, The InAs QD emission was improved by DBR mi-
crocavity, the Q and cavity modes were observed, and the
GaAs/air-gap high index contrast grating (HCG) structure was
utilized to increase the output light of polarized selection. In col-
laboration with the University of Science and Technology of
China, using the 0.87 um InAs QD SPSs, we successfully
achieved the 100 time-mode quantum storage of determinist-
ic single photons in the rare earth (RE) doped crystal©l. In col-
laboration with the South Florida State University, the InAs QD
resonance fluorescence (RF) were investigated, the resonant ex-
citation made the two single QDs of a certain frequency emit
single photons of the same frequent, however, the interfer-
ence visibility was just 40% because of the charge fluctuations
around QDs®2l, Furthermore, the charge fluctuation, spec-
trum jitter and emitting flashing could be eliminated by the ad-
ditional on-band excited laser light and thus enhanced the res-
onance-excitation efficiency!3l, Utilizing double-color RF tech-
nique and harmonic oscillator, the QD spectrum could induce
an oscillation at the half value of laser frequency, thereby the re-
lated coherence time can be longer than the natural
lifetimel®¥, which represents the infinite energy levels of
"dressed states" ladder. We investigated the QD single
photons applied in the study of quantum weak measurement
after polarization encoding®®3; the application of 1.55 um en-
tangled photon sources achieved via the parametric down-con-
version; as well as the application of the NW QDs emitting of
775 nm single photons with the entangled fidelity of 91.8%[661,
This paper will discuss our work further as well as how it
guides out future researches.

2, SQD materials and microcavity

2.1. SQD materials

Not a few materials have been taken account into the can-
didates of SQDs. All of them have advantages and disadvant-
ages in terms of their single-photon properties®7.,
Wavelengths ranging from the UV wavelengths to telecom
wavelengths have been represented. A short list of the
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main/common types of semiconductor QDs is shown in Table 1
and their main peculiarities are compared[¢7. 68],

2.2. Microcavity coupling effect

Coupling a SQD to microcavity is very significant work due
to various reasons. It consists of high quantum efficiencies, su-
per repetition rates and outstanding single-photon indistin-
guishability. Typically, an unrestrained QD randomly emits
single photons towards everywhere. Incorporating this QD
with a microcavity will directly couple this emission into the
cavity mode, which can easily achieve the optical fiber coup-
ling or the free-space optics coupling(2'-671, Furthermore, this re-
lated cavity mode would own a deterministic polarization, be-
ing incomparable for some linear optical quantum computing
approaches(?'l, These resonator structures represent via the
outstanding defined spectra. This confinement causes very
high Q as well as very small mode volumes (Vo4e)- One the
one hand, decoherence severely impacts the single-photon in-
distinguishability. One the other hand, decoherence is also a
kind of significant and stubborn obstacles in achieving the
quantum-information processing2'l, Many experiments are ex-
ecuted to work at cryogenic temperatures (typically operate at
~4 K), although this is not plenitude resolving the decoherent
problems. In consequence, single QDs must possess an ad-
equately fast photonic emitting speed (before the onset of de-
coherence works)29, In this connection, according to the Pur-
cell effect(®9

0

14 mode '

3 (Ac\?

Fp= —2(—°) (1)
4n=\n

where A. is the cavity resonance wavelength, the spontan-

eous emission of single QD (or atom as photon emitter)

strongly changes by controlling the external dielectric envir-

onment(21,70],

2.3. Coupling QDs to microcavity for enhancing the
emitting of SPSs

For single QD systems, there is merely a little of QD emit-
ting light that escapes from sample and can be collected due
to the high refractive index of llI-V semiconductors. As shown
in Fig. 2, contrasting high refractive index materials such as
GaAs (n; = 3.59) with low refractive index materials such as air
(n, = 1), the inward angle of total reflection is less than 6. (6, =
sin"1(1/3.59) = 17°). Namely, if the incident photons arrive at
the surface of semiconductor, there will be nothing detected
by probes besides the total reflection occurs in devices. The sol-
id angle of photons far away from sample is

Q=2r(1-cost) =2r[1-(1-1/2n%)|=x/n®,  (2)

......
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Fig. 2. (Color online) Schematic diagram of (a) inward total reflective angle and (b) the interaction between atom and microcavity7>l.

Moreover, the efficiency of the collected photons is

n=Q/4n =1/4n>. 3)

The ngaas is only ~2%, before taking into account the fo-
llowing factors, such as surface roughness, 6 < 6., absorption
of materials and so on. Therefore, it is important to improve
the collected efficiency of photons. Generally, an optical mi-
crocavity is used in enhancing the collected efficiency of
photons in experiment. Optical microcavity is a kind of micro
resonant cavity that possesses a matched length comparing
with photonic wavelength at one-dimension (1D) orientation
at least. There is characteristic of both the pattern of small
volume (V) and high Q, simultaneously. The Q/V of optical mi-
crocavity is much larger than the ordinary optical resonant cav-
ity, which leads to the variation of photonic density states[®7],

The traditional optical microcavity is divided into four cat-
egories that include Fabry-Pérot (F-P) cavity’], the Whisper-
ing-Gallery (W-G) cavity’], the photonic (P-C) crystall’! and
the surface plasmonic polariton (SPP) cavity!#3.67],

3. In(Ga)As single QD single-photon sources and
devices

3.1. Emitting-wavelength scalability of In(Ga)As single
QDs

InAs single QDs form at near critical point to island forma-
tion, when InAs deposition deviate from that point, QDs either
form with high-density or not form QDs at all. Although we
have controlled over the growth via MBE instruments, the critic-
al point to island formation varies with the temperature drift,
the flux instability, the vacuum background float and the
thermal conductivity of different molybdenum pallet. Con-
sequently, it is difficult to prepare single QDs according to
fixed header parameters. Gradient flux can broaden the para-
metric tolerance of indium deposition, which ensures the exist-
ence of single QD area on a wafer. The method of in situ desorp-
tion can exactly monitor the critical indium deposition (6, the
sacrificial QD layer subsequently desorbs by in situ annealing)
of the island formation of sacrificed layer each time by reflec-
tion high-energy electron diffraction (RHEED), and then en-
sures the optimal indium deposition of 6 to grow the active
QD layer. Due to the similar QD growth conditions for both the
sacrificial layer and the active layer, the optimal indium depos-
ition of prepared QDs almost keeps conformance, the ratio of
6/6.is usually independence of temperature and fluxes. Accord-
ing to the experimental experiences and statistical analysis,
the stable critical parameters of island formation were found,
i.e. the single QD regular criterion 6. = 1.7-2.31 monolayer
(ML) and the steady parameters of 6/6.72. The singlet spectra
of 900-935 nm wavelength band correspond to the emitting

of 7-8 nm height single QDs. The distribution of single QDs on
a wafer depends on the temperature distribution. The normal
criterion of island formation is beneficial to decrease the fail-
ure rate of single QD preparation and saves high purity
sources and machine time.

In fiber quantum communication, it is necessary to devel-
op 1.31 and 1.55 um SPSs, whereas, the emitting wavelength
of individual InAs/GaAs SQDs usually locates at ~0.9 um. We in-
troduced the strain-coupled bilayer InAs QD structure for the
first time to ease the strain accumulation and increase the up-
per size limit of faultless emitting-light QDs. We broadened
the emitting wavelength of InAs/GaAs single QDs to 1.3 um
(Fig. 3) and improving the emitting efficiency by optimizing
QD density, growth temperature and introducing charge ex-
citon states. The current work indicates high promises for ex-
panding emitting wavelength to 1.55 um. After introducing
the AlGaAs-barrier layer, the emitting wavelength of
InAs/GaAs single QDs could bluely shift to 0.84-0.86 um. The
micro-PL spectrum of 1.3 um single QDs demonstrated the
emitting light of single excitons.

The wavelength scalability of QDs can be realized by
adding hydrostatic pressure on diamond anvil cell (DAC). On
the pressure of 6.58 GPa, the emitting wavelength of 1.3 um
QD:s bluely shifts to 0.9 um and g2(0) is less than 0.3, which rep-
resents the single-photon properties of QDs73l. It provides a
new method of tuning QD emission wavelength in a broaden
range, which is different from the current methods such as bi-
as-press adjustment and temperature adjustment.

3.2. High QDBR microcavity enhancing the emitting of
In(Ga)As single QDs

Batches of GaAs/AlGaAs DBR micropillar microcavities can
be prepared together by combining optical exposure and ion
etching on a single wafer. Several factors should be con-
sidered mainly: (1) matching with the emitting wavelength of
single QDs (the precise calibration of DBR thickness and cavity
mode); (2) the appropriate upper and down number of DBR
pairs; (3) the suitable diameter and shape of micropillar; (4) the
fine smoothness of side wall after optimizing the etching pro-
cesses. The Q varies from hundreds to thousands with differ-
ent parameters of geometrical technologies. There is multiple-
step W-G cavity besides the main F-P cavity mode, when the mi-
cropillar diameter surpasses 2 um. The Q of smooth sidewall
W-G is as high as 17 00074, The elliptical micropillar can real-
ize a splitting of anisotropic modes, which is advantageous for
polarization excitation. The DBR structure with upper 8-pair to
down 20-pair was adopted to acquire the smooth sidewall for-
ward and reversed tapered micropillars by optimizing the
deep etching process (Fig. 4). The micropillar Q of 920 nm
wavelength is in the range of 1063-8840 (The measured Q of
cavity-mode spectrum is in the range of 1063-5240), and the

X W He et al.: Quantum light source devices of In(Ga)As semiconductor self-assembled ......
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spectrum of high Q is difficult to examine due to the weak
sign. The Q of 1.3 um wavelength micropillar is in the range of
300-1890 (the spectrum of 300 Q cavity mode is measured39).

The SPSs of high counting rates were obtained via adjust-
ing the resonance between cavity modes and single QDs. In
view of 1.3 um wavelength strain-coupled bilayer InAs single
QDs, the saturated counting rates of single photons arrive at
60000 s~' by connecting avalanched photon detector (APD)
with HBT test header, the emitting speed before arriving at the
first lens is calculated to be 3.45 MHz, and the g2(0) is as low as

0.14B39 (Fig. 5).

Due to the high refractive index, the total surface reflec-
tion of GaAs is high while the efficiency of emitting is low. We
found that integrated GaAs/air-gap HCG on DBR microcavity
surface structure that could improve the vertical emitting effi-
ciency and realize the polarization of emitting of single
photons. Utilizing the ICP etching in grating graphics, the select-
ive etchant flows through the grating gap into AlGaAs buried
layer for corrosion, thus the HCG forms. This complex 3D mi-
crocavity has large cavity volume, relaxed process tolerance

X W He et al.: Quantum light source devices of In(Ga)As semiconductor self-assembled ......
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and easily couples with single QDs.

Confocal optical path of spatial resolution is applied in char-
acterizing the QD single photons. The lights of PL excitation
and PL emission were both converged by objective lens. The
size of light spot dominates the spatial resolution of xy in-
plane, and the space filtering of z-axis takes place in the pin-
hole of back-end. There is a free-space confocal optical path
(Fig. 5, the pinhole is replaced by the slit of spectrometer) and
an optical fiber confocal optical path (the pinhole is replaced
by the optical fiber core). The single photons can be extracted
from the spectra of substrate layer, wetting layer and/or QD lay-
er by grating or filter lens, then they enter APD counting
through HBT device after the multi-mode fiber coupling. The ef-
ficiency of optical path is severely affected by the stability of sys-
tem and the precision of focusing. The APD collection effi-
ciency of single photons is generally between 1%-3% through
the free-space confocal optical path (Fig. 5). The APD collec-
tion efficiency of single photons can arrive at about 7% by op-
timizing fiber confocal optical path with precise focusing and
positioning of devicel38l,

3.3. QD growth and single-photon emission in NWs

There are many advantages to growing individual QDs on
NWs. The NW growth possesses the high tolerance for lattice
mismatch; diversified NWs, such as GaAs, InAs, InP, GaN and
InSb, can simultaneously grow on a substrate, and the full-
wavelength band QDs can be achieved based on NWs. The spa-

tial discreteness of NWs is beneficial to the control of QD dens-
ity. The light field of NWs has the distribution of broadband
mode (axial waveguide mode and sectional W-G waveguide
mode), which can strengthen the QD emitting of different
wavelength band and make the light to firmly output from the
top of the NWs. The no defect QDs of steep-interface hetero-
junction can be obtained. The gas-liquid-solid growth of NWs re-
quires droplet catalysis, and Ga droplet s suitable as catalyst be-
cause of its no-pollution. The density-controllable GaAs/Al-
GaAs core/shell-structure NWs of uniform length and orienta-
tion can grow on Si substrate by changing the epitaxial rate,
time, arsenic (As) pressure, deposition temperature and Al-
GaAs capping thickness as well as the Y-type bifurcated NWs
can be prepared via twice Ga-droplet-catalyzed epitaxy. The
InAs/GaAs and GaAs/AlGaAs individual QDs can grow on the
sidewall of NWs after excessive InAs and GaAs deposition
(Fig. 6). The nucleation progresses of QDs are affected by the
surface strain. InAs QDs preferentially grow in the bifurcated po-
sition of NWs, because the GaAs/AlGaAs interface strain is lar-
ger. GaAs QDs are formed on the sidewall of NWs, and these
QDs can emit single photons. The spectrum of InAs/GaAs
single QDs presents fine and sharp peaks at 4.2 K, the
linewidth is only 101 eV, and g2(0) is as low as 0.03130], The
crystal quality of AlGaAs/GaAs single QDs is excellent, the anti-
bunching light can be detected at 77 K, g2(0) is just 0.18056],
and the microcavity enhancement can be observed. The struc-
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Fig. 6. (Color online) InAs (a), GaAs (b) QDs on droplet self-catalyzed NWs and their exciton emission(39: 591,

tures of GaAs quantum rings and ring midpoints are prepared
on the sidewall of GaAs NWs by tuning growth parameters,
thereby the QDs density and morphology can be controlled.
The emitting light of quantum rings is measured by 10 K PL
spectrum and 77 K cathode luminescence (CL) spectrum and
the spectra show sharp peaks, the interval is among 1-3 meV
and the narrowest width is only 578 ueV, which indicate the
quantum properties of ring electron states!58l,

3.4. Optical fiber coupling output chip of QD single-
photon emitting

Directly using the abovementioned microcavity with optic-
al fiber can guarantee the stability of system and make the re-
lated characterizations to be simple, which would enable the
single photons to go out of the laboratory. Smoothly laminat-
ing the end face of fiber with the light-output side of microcav-
ity, the collected efficiency of emission light depends on the nu-
merical aperture (NA) of fiber and alignment accuracy. The
fibers of excited light (650 nm) and emitted (980 nm) light con-
nect with one path of fiber probe via the fused fiber
wavelength-division multiplexer (WDM), the single QDs on the
sample surface are searched by near-field scanning, and the
real-time characterization proceeds after the fiber of emitting
connected with fluorescence spectrometer. The sample tank is
filled with liquid nitrogen to cool luminescent QDs while the
test is on line. The coupling adhesion is finished between
single QDs and fiber after the volatilization of liquid nitrogen.
This method is applied to realize the single-photon fiber out-
put of NWsl6% (Fig. 7).

Owing to the small end face of optical fiber, this adhesive
method almost inevitably slopes between fiber and QD chip
and affects the emitting collection. Thus, the micropillar array
and the single-mode fiber array are adhered by the way of
blind alignment, because the fiber array offers the flat end
face as the matched adhesive facet of chip and the micropillar
cycles ensure the existence of micropillar under each fiber.
The single-photon fiber output of 920 nm QDs is realized suc-
cessfully, the single-photon counting rate of output end ar-
rives at the highest frequency of 420 kHz and g%(0) is as well as
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0.02, which imply that the maximum estimate of the receiving
single-photon counting rate of fiber coupling surface reaches
1.8 MHz57! (Fig. 8). Combining with the 25% collected effi-
ciency of optical fiber, the 30% filter efficiency of back end and
the overall single-photon collecting efficiency of optical path
is up to the highest value of 1.7%, which is closed to that of con-
focal optical path.

3.5. Resonance fluorescence of In(Ga)As single QDs

Resonant excitation can improve the coherence of the QD
single photons, while the difficulty is keeping the emitting
light apart from exciting light completely. Normally, the vertic-
al QD emitting and collection under lateral excitation can be ap-
plied to keep their separation. As shown in Fig. 9, we studied
QD RF in cooperated with Muller's group in University of
South Florida®?l. Zooming two single QDs of similar emitting
wavelength into an approximate spatial distance of 40 um, the
two single QDs would emit the single photons of identical fre-
quency by tuning the resonant excitation. The emitting interfer-
ence between the two single QDs was supervised and the inter-
ference visibility was only 40% because the fluctuation of
charge occupy around single QDs caused the frequency jitter
of QD emitting. Another on-band excited laser light was used
to fill the charge state, which could eliminate the charge fluctu-
ation, the spectral jitter and the flashing light(®3]. We further
studied the influence of the coherent and incoherent scatter-
ing composition in RF, the pure coherent scattering and the
phase-loss decoherence under weak excitation, the jitter of
spectrum, correlation function and the phase coherencel®3l,
We firstly studied the resonant scattering of two beams of inde-
pendent tunable continues wavelength (CW) laser light in InAs
QDs. In the experiment of double color RF, the extra light field
gave rise to oscillation at the half difference of laser frequency
and harmonic oscillator frequency, the oscillating time stayed
longer than that of nature life, which illustrated that the
“dressed state” ladder in each group included an infinite num-
ber of energy levels. The spectrum and the second-order correl-
ation functions could be reappeared by Bloch equation and
quantum-regression theory©4l,

......
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3.6. Entangled photon emission by the spontaneous
parametric down-conversion of QD single photons
We explored the achievement scheme of entangled
photon pairs derived from the single photons through nonlin-
ear crystal QD under spontaneous parametric down-conver-
sion (SPDC). The emitting wavelength band of NW QDs loc-
ates at 650-780 nm. The exciton emitting peak of NW QDs

centered at 775 nm was converted into the entangled photon
pairs of 1.55 um by SPDC through the ultraviolet-light (UV-
light) pulsed excitation, the collection of confocal light path,
the polarization and the crystal waveguide of periodically
poled lithium niobate (PPLN). The nonlinear conversion effi-
ciency of PPLN waveguide is very high, the wide band of
770-780 nm and the tunable output wavelength band of
1550-1600 nm can become real by tuning temperature pre-
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cisely, and the fidelity of the entangled photon pairs arrives at
91.8%!661,

3.7. QD single-photon solid-state quantum storage
and quantum measurement

Entangled distribution is the core technology to con-
struct the quantum network. The directly entangled distribu-
tion can only reach hundred kilometers magnitude in channel
due to the channel-transmission loss. The long-distance en-
tangled distribution needs the quantum repeater technology
based on single-photon quantum storage and two-photon
Bell measurement. So far, the program of quantum repeater
verified by experiment are all based on the probabilistic
quantum light sources (low generated probability of photons
and existing multiphoton pulses). The distribution time of
long-range entanglement is estimated to be above the minute
magnitude. In cooperation with University of Science and Tech-
nology of China, we utilized the self-assembled QDs to gener-
ate the deterministic 0.87 um single photons. The single
photons passed through fiber into Nd3*-doped YVO, crystal
that located at another optical platform about 5 m away, the
highest 100-time models of deterministic single photons and
the minimum of 1-time model quantum storage were realized,
thus the number of models got to the highest levell®], The dis-
tributed time of long-distance entanglement was expectedly
shortened into the magnitude of millisecond levels by combina-
tion of deterministic quantum light sources and multi-mode
quantum reservoirs. The single-photon wavelength (~GHz
line-width) of QDs would resonate with the absorbed
wavelength (879.7 nm, ~100 MHz line-width) of Nd3* ions by
tuning the temperatures. In order to enhance the adsorbed in-
tensity, we also introduced the pumping light of periodic fre-
qguency-modulation 879.7 nm in YVO, crystal, the generated
atomic frequency comb broadened the absorbed spectrum in
Nd3+ions (Fig. 9).

We collaborated with University of Science and Techno-
logy of China, the QD single photons were firstly encoded
after polarization and then was used to validate the comprom-
ise relationship between the quantum-state measurement
and the probability of reversible recovery under weak measure-
ment condition%], The experiment is very significant for the ap-

plication of QD single photons in quantum measurement and
quantum communication.

4. Summary and outlook

Deterministic self-assembled QDs has been the candidate
for fabricating high fidelity SPSs and entangled photon
sources. Due to their high purity, high counting rate and excel-
lent coherence under resonant excitation, these unique
quantum light sources can be extensively applied in quantum
computation, quantum cryptography, quantum teleportation,
quantum storage and so on. The practical single-photon
devices inevitably require establishing in an appropriate de-
terministic QD system that possess super emitting speed, high
emitting efficiency, excellent collecting efficiency and com-
pleted indistinguishability of single photons. Therefore, incor-
porating SQDs into optical microcavities, that have high spon-
taneous emission rate due to the enhanced Purcell effect,
renders them to be a very fascinating system for the practical
SPSs. Subsequently, we demonstrated the related mechanism
of microcavity coupling QDs for enhancing the single-photon
emission and certain optical microcavities, such as micropillar,
are emphatically investigated. Furthermore, Purcell enhance-
ment of coupled microcavities can increase the indistinguishab-
ility of SPSs as well, which is suitable to match the spontan-
eous emission rate enhancement to the optimum value for
high indistinguishability2'l. Additionally, we discussed several
single-photon devices of In(Ga)As QD semiconductors and fo-
cused on investigating the related the growth of QD materials,
emitting regimes, properties and so on.

Ultimately, it is important to resolve the following aspects
of QD materials and devices for future developments. Firstly,
there is need to purify the surrounding environment of single
QDs in order to reduce the jitter of QD spectrum and enhan-
cing the high symmetry QDs, which, in turn, can reduce FSS.
Secondly, mastering the precise locating technologies will aid
realization of the alignment between the micro-cavity and the
single QDs besides with the fiber core for enhancing the ex-
cited and collected efficiency of single photons. Thirdly, there
is a demand to develop the complex structure of active micro-
cavities and the passive waveguides that are suitable for the
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generation and manipulation of on-chip isotropic single
photons, which can be used in HBT meet/Hong-Ou-Mandel in-
terference tests. Furthermore, there is still need to research
the integrated quantum chips of high-transmittance wave-
guide splitters and Mach-Zender interferometers. All abov-
ementioned significant researches will afford the develop-
ments for improving the single-photon extraction efficiency of
micro-cavity, the collection efficiency of light path and the coin-
cident accounting rates.
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