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TOPICAL REVIEW — Solid-state quantum information processing
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We provide an overview of quantum photonic network on chip. We begin from the discussion of the pros and cons of
several material platforms for engineering quantum photonic chips. Then we introduce and analyze the basic building blocks
and functional units of quantum photonic integrated circuits. In the main part of this review, we focus on the generation and
manipulation of quantum states of light on chip and are particularly interested in some applications of advanced integrated
circuits with different functionalities for quantum information processing, including quantum communication, quantum
computing, and quantum simulation. We emphasize that developing fully integrated quantum photonic chip which contains
sources of quantum light, integrate circuits, modulators, quantum storage, and detectors are promising approaches for
future quantum photonic technologies. Recent achievements in the large scale photonic chips for linear optical computing
are also included. Finally, we illustrate the challenges toward high performance quantum information processing devices
and conclude with promising perspectives in this field.
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1. Introduction

Quantum information science is a rapidly developing field
of interdisciplinary research at the nexus of quantum mechan-
ics and information theory. It plays a significant role in many
subdisciplines of physics, information technology and engi-
neering. Qubits and entanglement are at the heart of vari-
ous quantum information processing (QIP) protocols, under-
lying the potentiality and challenge for different quantum sys-
tems. Many physical realizations of qubits are currently stud-
ied, including superconducting circuits,[1–4] trapped ions,[5–7]

cold atoms,[8–10] nuclear magnetic resonance,[11–14] semicon-
ductor quantum dots,[15,16] solid-state color centers,[17–19] and
photons.[20,21] Photons occupy a special place in this spec-
trum: they interact very weakly with optical media and not
at all among themselves, which insures the information ro-
bust against decoherence. Due to their fast propagation speed,
photons become natural candidates for transmitting quantum
information and distributing quantum correlations in quantum
networks.[22] Additionally, photons possess many degrees of
freedom, including spatial path, polarization, frequency, time
bins, and angular momentum, which can be chosen for the en-
coding of quantum information. Photons also possess contin-
uous variables, such as the quantized field quadratures, which
can be used in special classes of information protocols.[23,24]

Hybrid approaches involving both continuous and discrete
variables also exist.[25,26] Quantum information encoded in
these degrees of freedom can be manipulated and transferred
from one degree of freedom to another with conventional op-
tical tools.[27]

In the past few years, a surprise progress has been
made both in theoretical and experimental fields of quantum
optics.[28–31] However, complex quantum optical schemes re-
alized in bulk optics suffer from severe drawbacks. On the
one hand, it is a difficult task to build advanced interferomet-
ric structures using bulk-optical components, since the stabil-
ity and optical phase accuracy are hard to satisfy the require-
ments of quantum mechanics. On the other hand, it is difficult
to build a large scale setup. An overwhelming approach to
beat these limitations is to adopt on-chip integrated photonic
devices which offer many advantages compared to bulk op-
tics. A straightforward advantage of quantum photonic chip
(QPC) is the scalability, which is a natural character for all the
electronic and optical chips. A practical QIP includes at least
thousands of logic gates, which was not achievable by bulk op-
tics but can be realized by photonic integrated circuits. For ex-
ample, complementary metal–oxide–semiconductor (CMOS)
technology based QPC can reach the scale of 1015–1017 qubits
× time steps for Shor’s algorithm to factorize numbers beyond
classical ability, wherein the required resource is estimated by
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Campbell et al. in an improved magic-state type protocol.[32]

The second advantage is the stability. The phase can be sta-
bly and precisely controlled on the QPC which is not possi-
ble for bulk optics. Controlling phase is not always neces-
sary for classical photonic chips, however, for quantum chips,
the phase controlling is always required and plays a key role
in QIP. From this point, the QIP relies on the chip version
much more heavily than the classical information processing.
Thirdly, the QPC can be reconfigured. By the thermal-optic
effect, electro-optic effect, etc., the phase of each unit in the
QPC can be adjusted so the chip can be reconfigured, result-
ing in a universality for the chip which can be competent for
a large range of QIP. Another advantage is that the chip can
accommodate more quantum components like quantum mem-
ories and quantum detectors on the same platform which is
called a fully integrated QPC. The last but not least, the mass
manufacture of quantum chip will reduce the cost drastically,
which is always the key point to be considered for a practically
used quantum technology. Therefore, QPC opens the door for
more complex quantum optical systems and has become one
of the most active fields of research today.

The materials platform and fabrication technology of
QPC can be inspired by the classical counterpart. The core
components necessary for the quantum architecture are al-
ready under investigation and optimization by classical pho-
tonics engineers. In conventional photonic integrated circuits,
light is guided in waveguides consisting of a core and a slightly
lower refractive index cladding which are usually fabricated
by different methods in different materials.[33–35] A typical
photonic quantum circuit takes several optical paths or modes
and mixes them together forming a linear optical network
(LON), which in general consists of nested interferometers.
Quantum integrated circuit has become central to the techno-
logical progress by providing methods to miniaturize and fab-
ricate vital components, such as quantum light sources, lin-
ear optical elements, quantum memories, and highly efficient
single-photon detectors. Over the past several years, QPC has
proven to be a highly promising experimental platform, it al-
lows for the realizations of all aspects of QIP applications,
ranging from quantum communication, quantum computation,
to quantum simulation,[36–39] each of which puts specific con-
straints on the underlying physical technology. In this review,
we will introduce several different material platforms for the
realization of various QPCs and focus on the applications of
QIP realized in quantum photonic network (QPN). Our goal
here is to provide a comprehensive view of the major tasks
accomplished so far and those to be addressed next.

2. Integrated platforms for QPNs
We will first review the prevailing material platforms used

for QPCs. Integrated optical materials capable of producing

and manipulating entangled photons are highly desired, and
these will become pivotal ingredients for fully integrated quan-
tum technologies. Here we put particular emphasis on sili-
con photonic integration platforms, nonlinear optical dielectric
materials, and III–V compound semiconductors.

Silicon photonic integration platforms, which include sil-
icon (Si), silicon nitride (SiN), and silicon carbide (SiC), as
well as silicon-on-insulator (SOI) and silica-on-silicon (SOS),
provide popular solutions as they have several appealing char-
acteristics. Si features strong χ(3) nonlinearity, which in com-
bination with tight mode confinement enables compact sin-
gle photon source and on-chip path entanglement, as well as
strong thermo-optical effect which can be used to modulate the
phase of photon. Carrier depletion in Si waveguide can also
lead to highly scalable optical modulation in a faster but lossy
way.[40] SiN can be made into ultra low loss waveguides due
to its low absorption from visible to infrared wavelengths,[41]

it has also been demonstrated for efficient photon generation
in the nanowire structure ring resonators.[42] SiC shows ex-
ceptional properties such as wide bandgap, high thermal con-
ductivity, low thermal expansion, and good chemical inert-
ness, which make it an ideal candidate for some quantum
applications.[43] The SOI platform offers two major advan-
tages over other materials: compatibility with the CMOS in-
dustry, and well developed fabrication techniques for Si elec-
tronics and photonics.[44] However, these favorable character-
istics come at the expense of poor mode matching with op-
tical fibers. SOS material is a natural choice for the devel-
opment of quantum integrated circuit since it exhibits high
coupling efficiency with optical fibers, and low propagation
losses, and it is transparent at wavelength of photon generation
and detection.[45] This platform is well adapted for complex
linear networks, but it cannot support nonlinear and electro-
optic effects.

Nonlinear optical dielectric materials, such as lithium
niobate (LiNbO3 or LN), lithium tantalate (LT), and potassium
titanyl phosphate (KTP), form an attractive candidate integra-
tion platform. For instance, the LN crystal (usually called
the ”silicon of photonics”) presents strong effective second
order nonlinearities, large piezoelectric coefficient, outstand-
ing electro-optic and acousto-optic properties, and capabil-
ity for ferroelectric poling.[46] Moreover, mature and reliable
waveguide fabrication techniques using either the proton ex-
change or the Ti-indiffusion method make them ideal for para-
metric down-conversion, frequency conversion, and electro-
optics modulation processes.[33] The LN modulators based on
electro-optic effect have been demonstrated for fast path and
polarization control of single photons.[47] Generation and ma-
nipulation of qubits in such materials can harness the strong
second order nonlinearity which can be specifically tailored by
exploiting quasi-phase-matching (QPM) with poling structure
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on a single bulk crystal platform.[48–52] When the bulk crys-
tal is fabricated into the waveguide structure, the photon flux
will be considerably enhanced. Combining with the current
development of quantum memories in the LN waveguide,[53]

the LN becomes a promising material for integrated quantum
devices. Towards a complex integration, a few examples have
recently been reported, reviews can be found in Refs. [54] and
[55].

III–V compound semiconductors, including gallium ar-
senide (GaAs), gallium nitride (GaN), and indium phosphide
(InP), are widely used platforms in optoelectronics as their
direct bandgap allows laser emission, and many of them
exhibit the electro-optic effect which allows fast on-chip
switching.[56–58] The III–V materials have a high refractive
index and usually present a strong second order nonlinearity
which allows compact and efficient frequency conversion pro-
cesses, but they show larger linear losses compared to the Si-
based waveguides. GaAs is the most developed III–V pho-
tonic platform for quantum applications, it allows high den-
sity integration, strong light confinement in waveguides, and
fast electro-optic switching.[59] InP is one of the few semi-
conductors that can provide both active and passive optical
devices.[60–64] InP epitaxial layers can be designed to pro-
vide lasers that emit light in telecommunication wavelength
windows, they can also be used to fabricate optical waveg-
uides that are transparent in these wavelengths. Others ma-
terials such as AlGaAs can be used to propagate and manip-
ulate photons with improved transmission window compared
to GaAs,[65,66] while InGaAs can be used for detection.[67–69]

However, the same as the Si-based platform, mode matching
with the optical fibers and propagation losses are issues which
limit the complexity of the circuit from III–V compound semi-
conductors materials.

From the above descriptions, we can see that no single
integration platform can gather all the desired characteristics
for an advanced application, and it remains an open ques-
tion which material is best suited for the integration of larger
quantum circuits, especially when a fully integrated chip is
considered. In addition to the above integration platforms,
other important materials including semiconductor quantum
dots[70] and diamond-on-insulator[71] have emerged as com-
petitive platforms for realizing highly functional integrated cir-
cuits. Orieux et al. and Bogdanov et al. provided an overview
on several material platforms and offer comprehensive discus-
sions on the degree of integration in individual and composite
platform approaches.[72,73]

3. Functional elements for QPCs
The most important elements for QPCs include non-

classical light sources that can generate single photons or pho-
ton pairs via nonlinear interactions, linear optical devices such

as beam splitters (BSs), polarization beam splitters (PBSs),
phase shifters (PSs), interferometers, and filters, quantum
memories that can store quantum states, and single photon
detectors that can register the single photons precisely. We
exploit the waveguide technology to discuss the design of dif-
ferent functional blocks to build up QPN. In the following, we
will discuss in detail the implementation of these basic com-
ponents.

3.1. Non-classical light sources

The first key element of the integrated optical circuits is
a source of nonclassical states of light. Single-photon states
can be generated either in a deterministic manner using single-
photon emitters[74] or probabilistically by heralding the gen-
eration of the desired state in one of the correlated photon
pair with the detection of the second member.[75,76] It is also
necessary to generate two- or multi-photon entangled states,
which constitute the most important resource in QIP.[77,78]

Currently, the best on-chip sources of photon pairs make use of
the second-order and third-order nonlinear processes, in par-
ticular, spontaneous parametric down-conversion (SPDC) and
spontaneous four-wave mixing (SFWM), respectively. SPDC
is possible in a periodically poled nonlinear crystal as well as
in the III–V compound materials, while SFWM usually takes
place in the Si-based platform.

(a) (b)

ωp

ωp

ωs

ωs
ωi

ωi χ(3)

Fig. 1. (color online) (a) A pair of signal–idler photon pair with frequen-
cies ωs and ωi is generated via SPDC from PPLN waveguide pumped
by ωp. (b) Two photons at frequencies ωp are absorbed and a pair of
photons at frequencies ωs and ωi are generated via SFWM.

In a SPDC process, a pump laser is sent through a non-
linear crystal with large second order susceptibility χ(2), the
pump photon ωp has a small probability of being annihilated
while creating a pair of down-converted photons ωs and ωi,
obeying energy and momentum conservation. As for most
cases of waveguide structure in the optical dielectric materials,
QPM is exploited in a periodically inverted medium as shown
in Fig. 1(a). Conservation of momentum requires a matching
of the wave vector of the pump photon and the down-converted
photons according to kp = ks + ki +2π/Λ , where Λ is the in-
version period of the modulation area and k j ( j = p,s, i) are
the wave vectors in the waveguides. Indistinguishable pairs of
photons generated via SPDC have been an invaluable tool in
quantum optics experiments.

Entangled photon pairs can also be produced in Si via
SFWM.[79,80] In a SFWM process, two pump photons at fre-
quency ωp are absorbed and a pair of energy- and momentum-
conserving photons at frequencies ωs and ωi are generated as
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shown in Fig. 1(b), satisfying 2ωp = ωs+ωi and 2kp = ks+ki.
Si waveguides and Si micro-ring resonators with a SOI struc-
ture, which enjoy the high refractive index contrast between
the core of Si and the silica cladding, can achieve high genera-
tion rate of photon pairs in small size.[81–87] Silverstone et al.
developed a quantum circuit that integrated two photon-pair
sources via SFWM in an interferometer with a reconfigurable
PS, and demonstrated a high visibility quantum interference in
the SOI device.[88]

3.2. Linear optical devices

Linear optical elements are pivotal components in the ma-
nipulation of classical and quantum states of light. In QPCs,
BS also known as directional coupler (DC), can be realized
by designing a device comprised a coupling region consisting
of two closely adjacent waveguides as shown in Fig. 2(a), the
evanescent fields from the waveguides overlap, and the light is
able to couple from one guide to the adjacent one. The amount
of light coupling from one waveguide into the other (the cou-
pling ratio is 1− η , where η is the BS reflectivity) can be
tuned. An arbitrary split ratio can be achieved by tuning the
separation of the waveguides and the length of the coupling
region. The DC is now usually designed as its equivalence,
namely, the multi-mode interferometer (MMI). Meantime, the
wavelength multiplexing and PBS can be designed similarly
with the DC as shown in Fig. 2(b).[89]

For DCs composed of Si wire waveguides, Fukuda et al.
demonstrated a PBS with dimensions of 7 µm×16 µm that
exhibited an polarization extinction ratio of 15 dB for a sin-
gle coupler.[90] By engineering the dielectric permittivity lo-
cally at the sub-wavelength scale, it is possible to manipulate
the flow of light inside the Si to realize on-chip polarization
splitters, power splitters, mode converters, and wavelength
filters.[91] Based on complex nanophotonic structures on com-
pact Si platform, Shen et al. designed and fabricated an inte-
grated nanophotonics PBS with a footprint of 2.4 µm×2.4 µm,
which is the smallest PBS ever demonstrated.[92] Piggott et
al. designed a wavelength-division multiplexer (WDM) that
splits 1300 nm and 1550 nm light from an input waveguide
into two output waveguides, making this the smallest dielec-
tric wavelength splitter.[93] On-chip PBS devices can be real-
ized by designing a zero-gap coupler,[94] i.e., there is no gap
between the waveguides in the central coupling section, two
waveguides are merged to a single one with doubled width.
For transitions, V-shaped straight waveguides in the branching
regions are connect to the input and output waveguides. The
branching angle and the length of the central coupling region
can be designed using the local normal mode method.[95]

Fig. 2. (color online) (a) Directional coupler, (b) wavelength multi-
plexer or PBS, and (c) MZI with variable PSs.

Another important component for quantum technolo-
gies is phase-controlled Mach–Zehnder interferometer (MZI),
which is consisted of two DCs and two PSs as shown in
Fig. 2(c). The PS in the middle of MZI controls the relative
phase between superposition states before the two modes are
recombined at the second DC. The MZI then acts as a high-
quality DC with precisely controlled splitting ratio. For the
decomposition of a unitary operation, the MZI with two PSs
is the basic element. In the case of Si, the simplest method
to control the phase is via the thermo-optical effect. By us-
ing resistive elements deposited on the surface of the device,
the temperature of the waveguide structure beneath the resistor
can be locally raised. The local heating causes the refractive
index to change slightly, thus inducing an optical phase dif-
ference which can be adjusted across a full range from 0 to
2π between the two different waveguides.[96–98] For optical
dielectric materials such as LN and LT, an outstanding feature
is their capability of electro-optic modulation that enables on-
chip manipulation of optical phase via external control volt-
ages, which features in fast speed and ultra-low loss. These
electro-optic properties have been widely used to develop var-
ious versions of PSs.[99]

3.3. Quantum memories

Quantum memories are important building blocks for QIP
applications, which can be used to store quantum states for
a tunable amount of time. Possible applications include the
scalable multi-photon states for quantum computing, quantum
relay in far space quantum communication, etc. The most
important criteria for evaluating the performance of quantum
memories including fidelity, efficiency, storage time, wave-
length, and bandwidth.[100] Many quantum storage protocols
have been investigated during the past years,[101,102] including
solid-state atomic ensembles in rare-earth-ion doped crystals,
semiconductor quantum dots, NV centers in diamond, single
trapped atoms, cold atomic gases, etc. Optical waveguide in
rare-earth-doped crystal becomes one of the most promising
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systems and has been widely investigated for implementation
of quantum memories, because it can provide the possibility of
chip-scale integration. Important progresses associated with a
variety of possible devices have been made.[103–106] Staudt et
al. investigated the Ti : Er : LiNbO3 waveguide devices oper-
ated with stimulated photon echo, and measured the visibility
for interfering echoes close to 100%, which demonstrated the
possibility of storing the amplitude and phase of two subse-
quent coherent pulses.[107] They also demonstrated a high de-
gree coherent storage of the relative phase between pulses in
two independent quantum memories, each placed in an arm
of a fiber-optic interferometer at 4 K.[108] Saglamyurek et al.
showed the coherent storage of time-bin entangled photons
with Ti : Tm : LiNbO3 waveguide cooled to 3 K, and obtained
an entanglement fidelity higher than 95%.[53] LiNbO3 waveg-
uides have also been doped with praseodymium, neodymium,
and other rare-earth ions, which could extend the properties
of host crystal and allow an integrated approach to different
storage wavelengths.[109] The realization of quantum devices
based on ion-doped waveguides provide a foundation for the
development of future quantum memories.

3.4. Single photon detectors

Single photon detectors (SPDs) are extremely sensitive
devices capable of registering individual photons that are ab-
sorbed and converted to discriminable signals. The perfor-
mance of SPDs can be characterized in terms of their spec-
tral range, dead time, dark count rate, detection efficiency,
timing jitter, and ability to resolve photon numbers.[110] To
achieve high efficiency, fully integrated SPDs are highly de-
sirable because interfacing with off-chip detectors will lead to
unavoidable coupling losses. Superconducting nanowire sin-
gle photon detectors (SNSPDs) represent the most promising
photon counting technology, and offer single photon sensitiv-
ity from visible to mid-infrared wavelengths, short recovery
time, low dark counts, and timing jitter.[111] SNSPDs can be
implemented in integrated photonic circuit by sputtering an
ultrathin niobium nitride film on top of waveguides and sub-
sequent patterning into narrow wires.[112,113] They can also
be integrated with Si-based quantum photonic circuits, where
the detector elements are ultrathin superconducting nanowires
placed on top of optical waveguides.[114] Najafi et al. reported
their demonstration of scalable waveguide integrated SNSPDs
which are consisted of 10 integrated detectors connected in
parallel on a same photonic chip with average system detection
efficiency beyond 10% and high device yield.[115] Multi-wire
structures can also be configured to work as photon-number
resolving (PNR) detectors.[116,117] Many other technologies
relevant to PNR detectors and avalanche photodetectors have
made enormous progress in recent years,[118–121] however, the
development of these integrated detectors still faces a number

of challenges.

4. On-chip QPNs for the generation and manip-
ulation of quantum states
In the previous sections, the integrated platforms and the

key building blocks for QPNs have been introduced, the func-
tional components discussed above can be used to construct
more complex integrated circuits. To demonstrate the prac-
ticality of combinations of these components, we will de-
scribe some important achievements obtained with the afore-
mentioned elements. The first important applications are on-
chip generation and manipulation of quantum states. Since
2013, the QPCs for quantum applications start to contain the
quantum sources not just the linear network, which increases
the complexity of the chip.[122,123] Our group and the group
from Bristol University reported the on-chip generation and
manipulation of path-entangled states from LN and SOI, re-
spectively.

Fig. 3. (color online) The LN photonic chip with dimensions of
50 mm×5 mm×0.5 mm. The widths of the single mode waveguides are
2 µm for the pump (section I) and 6 µm for the entangled photons (sec-
tions II and III). The PPLN section is 10 mm long with a poled period
of 15.32 µm. The interaction length of C1 (C2) is 650 µm (1300 µm)
at a gap of 4 µm between the coupled waveguides. The electrodes are
8.35 mm long with a separation of 6 µm. Reproduced from Ref. [123].

We take the LN chip as the example. It consists of three
sections, and comprises six different optical functions made of
proton exchanged waveguides as shown in Fig. 3. In section
I, a 780 nm pump is coupled into waveguide L0 and equally
distributed by a Y-branch single mode BS, then the electrodes
above each path are used to control the phase between the two
paths. Transition tapers are adopted to connect the 780 nm
Y branch with the 1560 nm single mode waveguides. Sec-
tion II is the PPLN region, in which degenerate photon pairs
at 1560 nm are produced indistinguishably from either one
of the two PPLN waveguides, yielding a path entangled state
(|2,0〉+ e i∆ϕ |0,2〉)/

√
2. Section III is designed to engineer

entanglement. Quantum interference is realized by a 50/50
coupler (C1). By varying the phase difference via the bias volt-
age U applied in section I, we observe a continuous evolution
from the two-photon separated state |1,1〉 to the bunched two-
photon N00N state. The entangled pairs are separated from
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the pump by on-chip wavelength filters (C2 and C′2), the entan-
gled photons at 1560 nm are transfered to waveguides R1 and
R4, whereas the pump at 780 nm remains in R2 and R3. The
characterization of the emitted two-photon states has been per-
formed with a Hong–Ou–Mandel interferometer, and the de-
terministically separated identical photon pair is characterized
by 92.9% visibility of HOM interference.

In 2017, a group from University of Paderborn designed
a fully on-chip polarization entangled source at degenerate
wavelengths in the telecom regime.[124] Based on Ti-diffused
PPLN waveguides, orthogonally polarized photon pairs via
type II SPDC are generated in two different channels. Then
the pairs are split on an integrated zero-gap PBS, resulting in
the desired polarization entangled state.

Fig. 4. (color online) Integrated tunable N00N state generator.
DC: 50/50 coupler, FLDW: femtosecond-laser-direct-written, WDM:
wavelength-division multiplexers, filtering stage: fiber Bragg gratings
(FBG) filters, detection system: APD, TDC: time-to-digital converter.
Reproduced from Ref. [125].

The number of photons on chip needs to scale up, which is
an essential prerequisite for quantum computing or simulation.
Photons up to 4 have been demonstrated in LN chip[125] and
SOI chip,[126] respectively. In 2016, Vergyris et al. demon-
strated an on-chip generation of configurable heralded two-
photon states by taking a hybrid strategy which combine two
different fabrication techniques, i.e., PPLN waveguides for ef-
ficient photon pair generation and femtosecond-laser-direct-
written (FLDW) waveguides on glass for photon manipula-
tion. As shown in Fig. 4, a ps-laser at 712 nm is coupled to
a DC in block I to simultaneously pump two PPLN waveg-
uides in block II in which pairs of photons at 1310/1560 nm
will be produced by SPDC. Each pair is then coupled to block
III and deterministically separated via integrated WDMs. The
two 1310 nm photons in the outer modes H1 and H2 herald
the complementary 1560 nm photons routed towards a MZI.
Then the heralded two-photon states ranging from product
states to entangled states can be produced, with fidelities of
99.5% and 95.0%, respectively. Four photons on silicon QPC
were demonstrated by Faruque et al. with an on-chip MZI
of two photons which were generated from two silicon waveg-
uide rings, respectively and heralded by the other two photons.

5. On-chip QPNs for quantum communications
Quantum communication is an important branch of quan-

tum information science, it requires the transfer of quantum
states from one place to another which allows the distribution
of entanglement over an appropriate distance. Quantum nodes
are used for the storage and processing of quantum informa-
tion, while quantum channels are required to transmit quan-
tum information. Quantum networks consisted of quantum
nodes and channels require interfaces that enable qubits trans-
fer between some useful wavelengths, while preserving quan-
tum coherence and entanglement. Tanzilli et al. demonstrated
qubits transfer between photons at different wavelengths, and
verified that entanglement remains unaffected even though
one of the two entangled photons is submitted to a wave-
length up-conversion process.[127] There are many protocols
and applications pertaining to quantum communications, in-
cluding quantum key distribution (QKD), quantum teleporta-
tion, quantum secret sharing, and so on. By far, the most
advanced applications of quantum communication are QKD
and quantum teleportation.[128–130] In this section, we will re-
view recent integration efforts completed by QPCs in these
two fields.

5.1. On-chip QPNs for QKD

Since the first proposal of a QKD protocol in 1984,
tremendous progress has been made in free-space over the past
decades.[131–134] QKD offers an interesting alternative to cre-
ate and distribute a random key among two parties who share
an initial secret, and it is now the first quantum information
application to reach the level of a mature commercial technol-
ogy. The development of integrated photonic platforms will be
crucial for moving on from the current bulky, costly systems
to compact and miniaturized devices that can be mass manu-
factured at low cost and it could enable the wide adoption of
handhold quantum devices for secure communications. De-
spite its importance, however, the development of chip-scale
integrated QKD systems is still at the beginning stage.

Early steps in integrated direction considered a client–
server scenario,[135] where the client Alice holds a device
with integrated elements while the server Bob incorporates
resources that are difficult to integrate. Vest et al. designed
a new integrated optics architecture for Alice with an effec-
tive size of 25 mm×2 mm×1 mm and demonstrated a short
range free space QKD by using polarization encoding.[136]

The above systems provided a proof-of-principle characteriza-
tion of partially integrated QKD systems, however fully inte-
grated systems are necessary for a wide range of applications.
Sibson et al. designed a QKD system of higher integration
with a low error rate in a recent experiment.[137] In this system,
Alice’s module is integrated on InP, it involves a tunable tele-
com laser source, and both active and passive elements such as
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electro-optic phase modulators and MZI enabling the reconfig-
urable implementation of the transmitter functionalities of dif-
ferent QKD protocols as shown in Fig. 5(a). Bob’s module on
the other hand is integrated on SiOxNy and includes passive el-
ements enabling the receiver functionalities of these protocols,
with the exception of the detection stage as shown in Fig. 5(b).
By utilizing the reconfigurability of the devices, three promi-
nent QKD protocols, BB84, coherent one way, and differential
phase shift were implemented. Therefore, the feasibility of us-
ing fully integrated devices within QKD systems was demon-
strated. Wang et al. demonstrated high fidelity entanglement
distribution and manipulation between two separate fiber con-
nected Si photonic chips.[138] Path-entangled states are gener-
ated on one chip, and distributed to another chip encoded in
polarization degrees of freedom, via a two-dimensional grat-
ing coupler on each chip. This path-to-polarization conversion
allows entangled states to be coherently distributed, which can
be certified by a Bell test violation.

(a) (c)

(d)

(f)
(b)

(e) (g)

Fig. 5. (color online) Integrated photonic devices for QKD. (a) Al-
ice’s module is integrated on InP, (b) Bob’s module is integrated on
SiOxNy chip. (c) and (f) The waveguide cross-section based on InP and
SiOxNy platform, respectively. (d) Wavelength tunable laser made of
two tunable distributed Bragg reflectors (T-DBR) and a semiconductor
optical amplifier (SOA). (e) Electro-optic phase modulators (EOPM).
(g) Microscopic image of the receiver’s delay lines. Reproduced from
Ref. [137].

5.2. On-chip QPNs for quantum teleportation

Quantum teleportation is a fascinating process that allows
one to transfer a quantum state using the resource of quan-
tum entanglement as a channel.[139] Metcalf et al. reported
a fully integrated implementation of quantum teleportation in
which all key parts of the circuit, entangled state preparation,
bell-state measurement, and quantum state tomography are
performed on a reconfigurable photonic chip.[140] In the inte-
grated SOS chip, waveguides and DCs are written by an ultra-
violet laser and are used to construct multiple single-photon
and two-photon interferometers. In addition, four thermo-
optical PSs are used to manipulate and measure the single-
qubit quantum states. The authors use four photonic qubits
generated from two SPDC sources with traditional bulk opti-
cal components. Qubits Q1, Q2, and Q3 are sent to the QPC
as shown in Fig. 6. The quantum state of photon Q1, which
is prepared using a MZI with two PSs θ1 and φ1, will be tele-
ported to photon Q3. A Bell state encoded on photons Q2

and Q3 will serve as the quantum channel implemented by the
controlled-phase gate CZ2. Controlled-phase gate CZ1 per-
forms the required Bell state measurement on Q1 and Q2 at
Alice’s side. To analyze the output state of the quantum tele-
portation protocol, Bob uses another MZI with two PSs φ2

and θ2 to perform quantum state tomography of the qubit Q3.
The experimental demonstration of quantum teleportation on
an integrated photonic chip opens the way to more complex
implementations in future integrated systems.

Fig. 6. (color online) SOS chip architecture for quantum teleportation.
The chip is based on dual-rail encoding and contains several integrated
BSs with reflectivities 1/2 or 1/3 and thermo-optics PSs. Reproduced
from Ref. [140].

Quantum teleportation is not restricted to qubits, but
can also involve multiple degrees of freedom and higher-
dimensional quantum systems.[141,142] It can also be extended
to continuous variable (CV) systems.[143] Masada et al. pre-
sented an integrated photonic implementation for CV entan-
glement generation and characterization of EPR beams using
off-chip homodyne detectors in a SOS chip.[144] When com-
bined with integrated squeezing and non-Gaussian operations,
these results will open the way to universal QIP with light.

6. On-chip QPNs for quantum computation
Quantum computer is a system of many qubits whose

evolution can be controlled and measured, while quantum
computation is a unitary transformation that acts on this many-
qubits state. The power of quantum computers resides on the
fundamental rules of quantum mechanics, such as the quantum
superposition principle and entanglement. Large-scale and re-
liable computation based on quantum physics would have a
significant impact on the way that information is processed,
encoded, and transmitted. Quantum computers promise to
greatly increase the efficiency of solving certain computa-
tional problems, such as factoring large integers, searching
for a marked item in unstructured database, and quantum
simulation.[145]

6.1. On-chip QPNs for universal quantum computing with
quantum gates

Linear optics with photon counting is a prominent can-
didate for implementing quantum computation. An efficient
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quantum computer by linear optics can be constructed using
only single photon sources, passive linear optics elements,
and photo-detectors.[146–148] Universal logic gates for quan-
tum computation can be implemented by a set of single qubit
rotations and arbitrary entangling two-qubit gate, such as
controlled-NOT (CNOT) gate. Single-qubit gates in integrated
circuit can be implemented via DCs and PSs. Arranging sev-
eral DC elements allows fabrication of two-qubit and multi-
qubit logic gates which are essential in QIP.

On the basis of the theoretical scheme presented in
Ref. [149] and experimental demonstration of the path en-
coded CNOT gate in bulk optics,[150–154] in 2008, Politi et
al. demonstrated high fidelity integrated implementation of
CNOT gate, which is essentially direct writing the waveguides
onto a SOS chip.[155] The chip is composed of two 1/2 reflec-
tivity couplers and three 1/3 couplers as shown in Fig. 7(a). It
has six input and output modes, two of which are auxiliary at
both ends denoted by VA and VB, the waveguides denoted by
C0 and C1, T0 and T1 encode the states 0 and 1 for the control
and target qubits, respectively. The control qubit keeps un-
changed when passing through the device, and the target qubit
flips its state conditional on the control qubit being in the 1
state. Then they only need to pay attention to two-photon co-
incidences at the outputs of the device, not all of the possible
two-photon coincidences are valuable results, there should be
precisely one photon in the control qubit waveguides and one
photon in the target qubit waveguides. Therefore, the success
of the gate is heralded by detection of a photon in both the con-
trol and target outputs, which happens with probability 1/9.

Fig. 7. (color online) (a) Integrated implementation of path encoded
CNOT gate (reproduced from Ref. [155]). (b) Polarization encoded
CNOT gate on a glass chip (reproduced from Ref. [156]). (c) Inte-
grated circuit of Shor’s quantum factoring algorithm (reproduced from
Ref. [160]).

In 2011, Crespi et al. demonstrated the integrated pho-
tonic CNOT gate for polarization encoded qubits, which are
consisted of three partially polarizing directional couplers
(PPDCs) on a glass chip fabricated by ultrafast laser writing
technique as shown in Fig. 7(b).[156] The target and control

qubits interfere at PPDC1 in which the transmissivities for hor-
izontal and vertical polarization are T (1)

H = 0, T (1)
V = 2/3, re-

spectively. Then the contributions of the polarization qubits
are balanced at PPDC2 and PPDC3, each with the transmis-
sivities T (2,3)

H = 1/3 and T (2,3)
V = 1. The CNOT operation suc-

ceeds with probability 1/9. The results open new perspectives
for handling hybrid quantum states based on different degrees
of freedom of light, such as path, polarization, and orbital an-
gular momentum. This would greatly improve the comput-
ing capability of a quantum device. Other schemes for realiz-
ing on-chip quantum logic gates can be found in literature of
Refs. [157] and [158]. Those logical gates resemble small to
medium scale interferometers are either designed to perform a
particular task or can be reconfigured for a variety of tasks.

Shor’s quantum factoring algorithm harnesses the quan-
tum mechanical properties of superposition and entanglement
to factorize a product of two large prime numbers exponen-
tially faster than any known classical method.[159] The full
Shor’s algorithm is designed to factorize arbitrary given input,
whereas the compiled version is designed to find the prime
factors of a specific input. Politi et al. described a compiled
version of Shor’s quantum factoring algorithm to factorize 15
on a SOS chip.[160] The integrated waveguide circuit consists
of six Hadamard gates each implemented by a 1/2 reflectivity
coupler, and two controlled π-phase gates each implemented
by three 1/3 couplers as shown in Fig. 7(c). The circuit re-
quires four photonic qubits which are injected into the waveg-
uide chip using a polarization maintaining fiber, and detected
with SPAPDs at the end face. They performed the initializa-
tion by giving an input state |Ψ〉in = |0〉x1 |0〉x2 |0〉 f1 |1〉 f2 , and
measured the output state of qubits x2, x1, and x0 which can
lead to finding the order for the algorithm. The measured re-
sults have a fidelity of 99.1% with the ideal probability distri-
bution. This demonstration of a small scale compiled Shor’s
algorithm on a chip shows promise for large-scale quantum
computing in integrated waveguides.

Quantum phase estimation is fundamental for many quan-
tum algorithms, including Shor’s factorization algorithm and
HHL algorithm.[161] Recently, based on Si QPC, adaptive
Bayesian approach to quantum phase estimation was imple-
mented by quantum logic gates and then used for simulat-
ing molecular energies.[162] By combining variational meth-
ods and phase estimation, the efficient calculation of Hamil-
tonian spectra was also demonstrated on a QPC, which un-
derlines that QPC can find many applications from physics to
chemistry.[163]

6.2. On-chip QPNs for quantum walk and boson sampling

Quantum walk (QW), the quantum mechanical counter-
part of classical random walk,[164,165] is an advanced tool for
building quantum algorithms, and it has been proven feasible
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to realize a universal model of quantum computation.[166,167]

The remarkable feature of QW is that it spreads quadratically
faster than random walk and allows the exponentially speed-
up of search algorithms.[168,169] It is essential to note that two
different models of QWs are widely studied: discrete-time
QW (DTQW) in which the walker evolves in discrete steps
governed by a random event,[170,171] and continuous-time QW
(CTQW) in which the walker is described by time independent
Hamiltonians.[172]

QW can be implemented via a constant splitting of pho-
tons into several possible sites. A single photon coupled into
a 50 : 50 DC will emerge from either port with exactly the
same probability. Employing this simple DC device as a build-
ing block is the best way to simulate a DTQW, the role of
the coin is played by the DC itself since it routes the pho-
ton to occupy two different spatial modes simultaneously.[173]

To demonstrate the principle of DTQW based on 50 : 50 cou-
plers, Gräfe et al. considered a system composed of 31 split-
ting stages fed by two different input states: a single photon
coupled into one of the input ports, and a single photon being
in a coherent superposition state.[174] Another interesting sce-
nario arises when randomizing the waveguide parameters or
the phases of every DC, i.e., it allows one to study decoherence
and dephasing effects in DTQW. Crespi et al. experimentally
studied the localization properties of a pair of non-interacting
particles obeying bosonic (fermionic) statistics by simulating
a one-dimensional (1D) DTQW of a two-photon polarization
entangled state in a disordered medium.[175] Their integrated
waveguide circuits shown in Fig. 8(a) were fabricated by fem-
tosecond laser writing in glass. The discrete m-axis and n-axis
denote the different sites and the time steps of the QW, re-
spectively. Different colors indicate different PSs and violet
waveguides represent the accessible paths for photons injected
from inputs A and B. The controlled PSs are achieved by de-
forming one of the S-bent waveguides at the output of each
coupler, thus the network is capable of implementing an eight-
step DTQW with static disorder, as well as a six-step DTQW
with dynamic disorder.

In DTQW, the walker hops between lattice sites in dis-
crete time steps, while in CTQW, the probability amplitude of
the particle leaks continuously to neighboring sites which can
be realized via optical waveguide lattice.[176] In 2010, Peruzzo
et al. demonstrated QWs of two identical photons in an ar-
ray of 21 continuously evanescently coupled waveguides in a
single SiOxNy chip (Fig. 8(b)).[177] The propagation constant
and coupling constant between adjacent waveguides are de-
signed to be uniform. Using such a chip, they were able to test
classical random walks using single photons and QWs using
entangled photon pairs generated from type-I SPDC. Entan-
gled photon pairs are injected into two of the three polarization
maintaining fibers which are coupled to the waveguide chip.

At the output of the chip, an array of multimode fibers guide
the photons to single photon counting modules used to post-
select all possible two-photon coincidences between different
outputs of the array. In 2014, Poulios et al. experimentally
implemented QWs of correlated photons in a 2D network of
laser written waveguides in a swiss cross geometry.[178] They
demonstrated high-visibility quantum interference on the fully
3D integrated waveguide device with unique features that can-
not be observed in planar arrangements. CTQW in QPCs
provides useful models for various physical phenomena and
concepts, such as Bloch oscillations,[179,180] perfect quantum
states transfer,[181,182] and other interesting effects.[183–185]

Fig. 8. (color online) (a) Integrated circuit for DTQW (reproduced from
Ref. [175]). (b) CTQW in a SiOxNy chip consists of an array of 21
waveguides (reproduced from Ref. [177]).

Although quantum computers can solve certain problems
faster than classical computers, and both theoretical and exper-
imental progresses are paving the way for possible implemen-
tations, it is still a long way off to realize a fully functioning
quantum computer. One of the most exciting applications per-
tains to the intermediate model of quantum computing, boson
sampling,[186] sampling from the probability output distribu-
tion of n identical bosons scattered by an interferometer with
m modes (m > n). This is a demanding task, which rapidly
becomes impractical to calculate with a classical computer as
the numbers of m and n increase. Fortunately, it is possible
to perform the sampling efficiently in the optical domain by
sending photons through a LON with unitary transformation
U and measuring the photons distribution at the output ports.
The predicted probability amplitude of output is proportional
to the permanent of n×n submatrices of experimentally deter-
mined U .

In 2013, four groups independently came up with differ-
ent schemes for experimental implementation almost simulta-
neously. Broom et al. performed boson sampling experiments
using an optical network with input and output modes m = 6
and input photons n = 2 or 3, they experimentally verified that
n-photon scattering amplitudes are given by the permanent of
submatrices derived from a unitary of six-mode integrated op-
tical circuit.[187] Spring et al. constructed a quantum boson-
sampling machine in a 6×6 SOS waveguide chip as shown in
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Fig. 9(a) to sample the output distribution resulting from the
nonclassical interference of photons.[188] They also found that
the measured probabilities of given output has a good agree-
ment with predictions. Tillmann et al. designed an integrated
optical circuit consisted of five spatial modes coupled by eight
BSs and eleven PSs (Fig. 9(b)), which was written inside high-
purity fused silica using laser writing technique, and observed
three-photon interference that leads to the boson sampling out-
put distribution.[189] Crespi et al. reported on the experimental
implementation of the boson sampling problem by studying
three-photon interference in a randomly chosen, five-mode in-
tegrated photonic chip, which was also realized by a laser writ-
ing technique in a glass substrate as shown in Fig. 9(c).[190] All
groups used up to three photons as non-interacting bosons and
obtained the similar results, verifying that boson sampling in
a photonic circuit can efficiently been carried out as an inter-
mediate model of quantum computation.

Fig. 9. (color online) (a) Model of quantum boson sampling
machine.[188] (b) The circuit consists of five input and output modes
(1 to 5), eight DCs (η1 to η8), and eleven PSs (ϕ1 to ϕ11).[189] (c)
Implementation of the 5× 5 modes integrated photonics network in
Ref. [190].

In 2017, Wang et al. implemented up to five photons
boson sampling experiments, and demonstrated that these
multi-photon boson sampling machines have reached a com-
putational complexity that can compete with early classical
computers.[191] Boson sampling is the only known way to
make permanents show up as amplitudes, which is an impor-
tant function for computer science. It is necessary to mention
that a boson sampling device does not need any nonlineari-
ties or entangled particles, it requires only indistinguishable
bosons, low decoherence linear evolution.

6.3. On-chip QPNs for quantum simulation

Quantum simulation was first proposed by Richard Feyn-
man in 1982.[192] He considered one controllable quantum
system that can be used to imitate other quantum systems, and
is therefore able to tackle problems that are intractable on clas-
sical computers. Quantum simulators would not only provide
new results that cannot be classically simulated, but also allow
us to test various models.[193] QPCs supply a good platform

for controlling the quantum system in a feasible and reconfig-
urable way, therefore they can be adopted as good candidates
for realizing various quantum simulators.

Wang et al. experimental demonstrated the quantum
Hamiltonian learning (QHL)[194] with a digital quantum sim-
ulator on a programmable silicon QPC, which learns the elec-
tron spin dynamics of a negatively charged nitrogen-vacancy
center in bulk diamond.[195] They further demonstrated an in-
teractive QHL protocol that allows one to characterize and ver-
ify single-qubit gates using other trusted gates on the same de-
vice. Their device integrates entangled photon sources, projec-
tive measurements, and quantum logical operations onto a sin-
gle chip as shown in Fig. 10. A 10 mW continuous-wavelength
pump laser at near 1550 nm is coupled into the chip through
optical fibers. Black lines denote the Si nano-photonic waveg-
uides, and gold wires represent the thermo-optical PSs and
their transmission lines. A pair of non-degenerate signal (red)
and idler (blue) photons are generated via SFWM in the spi-
ral waveguide sources. These photons are split equally via
MMI BSs,[196] producing a path-encoded maximally entan-
gled state. The idler photon undergoes a unitary operation Û
or V̂ conditional on the state of the signal photon. Performing
measurements M̂ on the signal photon enables the estimation
of the likelihood function for the QHL implementations. Pho-
tons are detected off-chip by fiber-coupled SNSPD. With the
developments of quantum integrated devices, the QHL proto-
col can be scaled up to learn more complex Hamiltonians.

Fig. 10. (color online) The silicon quantum photonic simulator (repro-
duced from Ref. [195]).

On-chip quantum simulations also include the simula-
tions of the quantum transport, the bosonic and fermionic
statistics, Anderson localization, etc.[197–201] In general, quan-
tum simulation is typically less demanding than quantum com-
putation, it does not require either explicit quantum gates, er-
ror correction, or high accuracy, and it can be exploited to ad-
dress particular problems without the request of universality.
Even though there is still a lot of work to do, quantum sim-
ulation remains a very promising field of research with many
potential applications.

6.4. Large scale QPN chips

Integrated quantum technologies enable the fabrication of
complicated LONs with unprecedented levels. An arbitrarily
reconfigurable LON can be described by an N×N unitary op-
erator, which can be implemented as a two-mode MZI.[202] A
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specific array of two-mode operations is mathematically suf-
ficient to implement any unitary operator. So it is possible
to construct a single device with sufficient versatility to im-
plement any possible operation up to the specified number of
modes. Carolan et al. demonstrated a single reprogrammable
optical circuit that is sufficient to implement all possible linear
optical protocols up to the size of that circuit.[203] The six-
mode universal device is consisted of a cascade of 15 MZIs
with 30 thermo-optic PSs, which is electrically and optically
interfaced for arbitrary setting of all PSs via classical control
and processing system, as shown in Fig. 11. The measurement
results are gotten out with a 12-single-photon detector system
with the input of up to six photons. The versatility of this
universal linear optical processor is demonstrated for several
quantum information protocols, including heralded quantum
logic and entangling gates, boson sampling experiments, and
six-dimensional complex Hadamard operations.

Fig. 11. (color online) A fully reconfigurable processor made with pla-
nar silica waveguides consisted of a cascade of 15 MZIs, controlled with
30 thermo-optic PSs (reproduced from Ref. [203]).

In 2017, Shen et al. designed a programmable nanopho-
tonic processor featuring a cascaded array of 56 programmable
MZIs in a Si photonic integrated circuit, to demonstrate that
a fully optical neural network could offer an enhancement
in computational speed and power efficiency.[204] Harris et
al. used a more complex programmable processor to ex-
plore the quantum transport problems with static and dynamic
disorder.[205] The processor is composed of 88 MZIs, 26 input
modes, 26 output modes, and 176 PSs. In 2018, Wang et al.
demonstrated a unique large scale QPC able to generate, con-
trol, and analyze high-dimensional entanglement. The device
integrates 16 SFWM photon-pair sources, 93 thermo-optical
PSs, 122 MMIs, 256 waveguide-crossers, and 64 optical grat-
ing couplers on a single chip.[206] These large scale integrated
device can be rapidly reprogrammed to implement many lin-
ear optical protocols,[207] paving the way for applications of
fundamental science and quantum technologies.

7. Conclusion and perspectives
In this review, we have provided an overview of several

platforms and some basic components needed for integrated
optical circuits. We also discussed the applications of ad-
vanced integrated circuits with different functionalities in QIP.
High fidelity integrated implementation of the key components

of photonic circuits, as well as the realization of quantum
communication and quantum computing devices is extremely
promising. Research on integrated quantum photonics marks
the first step in moving from discrete optical components to in-
tegrated circuits capable of implementing different functions.
It provides not only a solid strategy for miniaturizing, scaling,
and high performance QIP technologies, but also paves the
way for future quantum technologies and pushes the piratical
applications of QIP.

Although considerable progress has been achieved, this
field is still in its early stage which naturally confronts with
many challenges. The main challenges for the next generation
of quantum photonic devices focus on increasing the compo-
nent density, adding functionality, and integrating both active
and passive quantum elements onto a single device. By com-
paring among several different platforms, we found Si and
LiNbO3 not only exhibit a particularly high degree of inte-
gration, but also have mature techniques of waveguides fab-
rication. Based on these platforms, on-chip QPNs consisting
of four or more different types of devices have been demon-
strated. However, there is no single integration platform which
can gather all the desired characteristics for a specific applica-
tion. It is natural to think about that the next generation of QIP
systems and devices will adopt hybrid integration technologies
with the goal of bringing together the best elements of each
platform.[208,209] Femtosecond laser direct writing waveguide
technologies, which can be applied to a wide range of material
systems, enable the rapid fabrication of complex 3D integrated
networks,[210] and it allows for quantum circuits that are im-
possible to implement in bulk optics or 2D waveguide circuits.
It is envisioned that integrated quantum photonic approaches
will not only dramatically enhance the complexity and capac-
ity of information processing, but also enable novel function-
alities that are otherwise inaccessible in conventional experi-
ments. Because of the great promise it holds for demonstrat-
ing the true disruptive potential of QIP in large-scale systems,
the field of integrated QIP is a subject of extremely active and
innovative research worldwide. Beyond any doubt, the result-
ing developments in the next years will change the landscape
of our future communication and computation capacities and
practices.
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R M, Thew R, Walmsley I A, Weber M C, Weinfurter H, Wrachtrup J
and Young R J 2010 Eur. Phys. J. D 58 1

[103] Clausen C, Usmani I, Bussières F, Sangouard N, Afzelius M, de Ried-
matten H and Gisin N 2011 Nature 469 508

[104] Saglamyurek E, Sinclair N, Jin J, Slater J A, Oblak D, Bussières F,
George M, Ricken R, Sohler W and Tittel W 2012 Phys. Rev. Lett. 108
083602

[105] Jin J, Saglamyurek E, Puigibert M G, Verma V, Marsili F, Nam S W,
Oblak D and Tittel W 2015 Phys. Rev. Lett. 115 140501

[106] Heshami K, England D G, Humphreys P C, Bustard P J, Acosta V M,
Nunn J and Sussman B J 2016 J. Mod. Opt. 63 2005

[107] Staudt M U, Hastings-Simon S R, Nilsson M, Afzelius M, Scarani V,
Ricken R, Suche H, Sohler W, Tittel W and Gisin N 2007 Phys. Rev.
Lett. 98 113601

[108] Staudt M U, Afzelius M, de Riedmatten H, Hastings-Simon S R, Si-
mon C, Ricken R, Suche H, Sohler W and Gisin N 2007 Phy. Rev. Lett.
99 173602

[109] Thiel C W, Sun Y, Macfarlane R M, Böttger T and Cone R L 2012 J.
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