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Advances in Chip-Scale Quantum Photonic Technologies

Liangliang Lu,* Xiaodong Zheng, Yanging Lu,* Shining Zhu,* and Xiao-Song Ma*

Quantum photonic system has made remarkable achievements in computing
and communication. Serving as quantum information carriers, photons are
flying qubits and robust against decoherence, emerging as a desirable
platform to make quantum processor a reality. However, with system’s
complexity and functionality scaling up, the requirements for stability,
programmability, and manufacturability will be in high demand. Integrated
photonics, compatible with complementary metal-oxide-semiconductor
fabrication, has overwhelming dominance in terms of density and
performance, making it an unrivaled contender for large-scale quantum
information processing (QIP). To improve the performance of individual
blocks and integrate them on a common substrate is one of the core tasks for
a practical quantum processor. Here, the recent advances in components that
constitute quantum photonic systems on silicon photonics platform,
including sources, modulators, and detectors are reviewed. Burgeoning
quantum photonics applications, such as multi-dimensional, multi-photon
QIP and integrated quantum key distribution are highlighted.

solutions to some complex problem!*”]
and building global quantum network.[®?!
Based on the framework of binary quan-
tum system, we can encode information in
a general quantum bit (or qubit) state of the
form «|0) + B|1), where a and f are com-
plex numbers. In principle, any two-level
quantum system can represent a qubit.
Photonic qubits are ideal carriers for
quantum information science. On one
hand, they do not suffer from decoher-
ence due to weak coupling to the sur
roundings and can be easily controlled
with high fidelity without requiring hard-
to-reach operating conditions.['”) On the
other hand, photons as flying qubits are
particularly advantageous for quantum in-
formation tasks between distant locations,
such as networking QIPs(!"12l and quan-
tum communication.!*! To date, various ef-

1. Introduction

The properties of quantum superposition and entanglement,
promise that QIP technologies are in essence more power-
ful than classical counterparts, such as quantum-enhanced
computing,l'! communications,'?) and metrology.’! After years of
in-depth theoretical and experimental studies, the development
of QIP is now at a critical state, manifested in offering powerful
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ficient ways of optical quantum comput-

ing have been developed.'*”] The Knill,

Laflamme, and Milburn (KLM) scheme!**!
and the cluster-state based one-way quantum computing!'®! mo-
tivated worldwide efforts toward universal quantum computation
with photons. However, it is inevitable that as the complexity of
computation grows, large numbers of photonic qubits and gates
are needed Moreover, the technological scalability and phase
stability as well as reconfigurability become increasingly im-
portant. By leveraging advances in complementary metal-oxide-
semiconductor (CMOS) fabrication techniques for microproces-
sors and classical communications, integrated photonic circuits
become a more appealing platform for future quantum technolo-
gies compared with bulk-optical systems. They have shown great
potential for realizing system integration and performance re-
quired by QIP.[19-26]

Generally, integrated quantum photonic information proces-
sor demands three functions: efficient generation of on-demand
quantum states, their manipulation in various degrees of free-
dom, and single photon detection. Different material platforms
have their own strengths to realize the three functions individ-
ually or partially. For example, lithium niobate, an emerging
material which is studied in integrated photonics,?’] is be-
coming a leading and flexible platform for integrated photon
pair sources(?® and high-speed modulators.[?*3% Femtosecond-
laser-written waveguides are formed by using high peak power
femtosecond pulse to cause localized nonlinear absorption,
which changes the refractive index and thus builds a waveguide
between the focus and substrate. The laser can be focused at
different depths inside the material, allowing the realization of
layered waveguide arrays for the study of 3D interferometric
networks.*!l Niobium nitride nanowire on sapphire substrate
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Figure 1. a) Conceptual scheme of the spontaneous parametric down conversion (SPDC) and spontaneous four-wave mixing (SFWM), with the gener-
ated signal and idler photons in the same (up) or different frequency (down) modes. Two popular methods for generating photon pairs, that is, ) linear

waveguide and d) microring resonator.

was demonstrated as a single-photon sensitive superconduct-
ing device two decades ago.*?] Since then, superconducting
nanowire single-photon detectors (SNSPDs) have been an
attractive device for photon counting.

Many other material platforms have also attracted much
attention, such as diamond,!®! silicon carbide,?*l and III-V
semiconductors.>3¢] Among them, nanostructures on sili-
con substrate is arising as an outstanding platform for the
development of quantum photonic technology. Using high
nonlinearity and reconfigurable routing architectures, it allows
phase-stable quantum systems implementing on ~cm? scale
with core functionalities listed above. It has been used to prepare
an integrated quantum photonic device with hundreds of com-
ponents, realizing the generation, manipulation and analysis
of high-dimensional entangled states,’”) and some quantum
tasks such as quantum sampling!®*®! and chip-based quantum
communications.?*#2 Furthermore, it is advantageous to use
silicon as a cost-effective large-diameter substrate for device
production, as CMOS compatible fabrication makes it easy to
interface with silicon microelectronics for reducing total device
footprint, weight and power.[****] However, there remain many
challenges, for example making high-quality photon source and
high-fidelity quantum logic operations, reducing losses from
components and improving photon detection, and more partic-
ularly integrating high-performance components monolithically
on a common substrate. Here we will review the progress of
quantum devices and technologies with a focus on platforms
on silicon substrate that we think are indispensable for realistic
large-scale QIP. On the basic devices side, we mainly introduce
the recent progress of several material platforms in the key
functions of photonic quantum states generation, modulation
and detection, and illustrate their strength and weakness to
show the great potential of hybrid circuits as compared with
monolithic circuits. As to the applications, we concentrate on the
latest research on system-level integration of multi-dimensional
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and multi-photon QIPs and routes toward fully-integrated QKD.
Comprehensive reviews of silicon quantum photonics chip can
be found in refs. [44, 45], while device- and platform-related
reviews can be referred to refs. [20-22, 46).

2. Integrated Quantum Photonic Devices

2.1. Quantum Light Source

Quantum light source is an essential resource for a wide range of
quantum-enhanced technologies and foundational tests of quan-
tum mechanics.[¥~*! Photons produced with high quality, such
as near unity indistinguishability, purity, and entanglement fi-
delity, are mainly being developed in two classes: deterministic
single photon emission based on quantum dots (QDs)*>2! and
nonlinear parametric processes relied on probabilistic sources.
In this review, we focus on the second approach. The second (y?)
or third order () based nonlinear processes, termed as sponta-
neous parametric down conversion (SPDC) or spontaneous four
wave mixing (SFWM), providing significant advantages and re-
maining an efficient way to generate photon states at room tem-
perature. For SPDC or SFWM, either one (Figure 1a) or two
pump photons (Figure 1b) are annihilated to produce a pair of
signal and idler photons. They have common generation mech-
anism, only virtual photons provided by vacuum fluctuations
satisfy energy and momentum conservation conditions can be
transformed into real. Depending on the pump configuration,
the photon pairs can be generated with two same (in the top half
of Figure 1a,b) or different (in the bottom half of Figure 1a,b)
frequencies, satisfying energy conservation

w, =2w,,; (Degenerated)
SPDC : (1)

®,= o, +o; (Nondegenerated)
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Figure 2. Examples of integrated SPDC and SFWM photon pair sources. a) Periodic-poling thin-film lithium niobate waveguide. Reproduced with
permission.[>] Copyright 2021, American Physical Society. b) Thin-film lithium niobate microresonator. Reproduced with permission.[>6] Copyright 2020,
American Physical Society. ¢) Aluminum nitride microresonator. Reproduced with permission.[”] Copyright 2017, The Authors, published by Springer
Nature under the terms of a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International License. d) MZI-based silicon MRR. Repro-
duced with permission.[%2] Copyright 2020, Optical Society of America. e) Silicon nitride microresonator. Reproduced with permission.[%3] Copyright
2018, Optical Society of America. f) High-index doped silica microresonators. Reproduced with permission.[%8] Copyright 2016, American Association

for the Advancement of Science (AAAS).

or

w,; + o, =20, (Degenerated)
SFWM : 2)

20, = o, + ®; (Nondegenerated)

with o, (] = p,pl,p2,s,i) being the fre.:quencies of the pump, sig-
nal and idler photons. The popular integrated sources for gen-
erating photon pairs are linear waveguides and microring res-
onators (MRRs), as sketched in Figure 1c,d.

2.1.1. Photon Pair Source

Second-order nonlinear waveguides can yield photon pairs with
the application of quasi-phase-matching (QPM). In recent years,
lithium niobate thin film on insulator (LNOI), was developed as
a compelling platform for integrated nonlinear photonics.[33->°]
Using a LNOI chip, ultrabright entangled photons have been pro-
duced in a bandwidth of 130 nm by using group velocity disper-
sion and domain engineering (Figure 2a).55] The high refractive
index contrast in LNOI provides improved confinement of opti-
cal signals, inducing photon pair generation rate over two orders
of magnitude compared to existing technologies.l>*>° However,
these waveguides normally require mm- or cm-length to guar-
antee the photon rate, which limit high-density integration. In
contrast to linear waveguides, MRRs have a much smaller foot-
print than linear waveguides, allowing not only much narrower
bandwidth filtering but also higher efficiency due to the field en-
hancement, thereby reducing the requirements for pump power
at a given rate.[*>°%5% This helps because the pump power re-
quired in MRR is significantly higher than that of generated pho-
tons, placing strict requirements to suppress the pump noise.
Normally, a MRR consists of a looped optical waveguide and a
coupling nanowire waveguide to access the loop. When the opti-
cal fields acquire an integer times 2z phase shift after a round
trip, the fields interfere constructively and the cavity is in res-
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onance, with a wavevector separation of 2, where L is the ge-
ometric length of the ring. The quality factor (Q) is often used
to describe the MRR performance, where Q = 1/AA with 4 the
resonance wavelength and A4 the full width half maximum in
wavelength, respectively. The total Q is jointly determined by the
intrinsic (Q;) and external (Q,) quality factors by [°!

1/Q0=1/Q,+1/Q, 3)
where

10}
Q= (4
and

wL

where « is the round-trip loss coefficient in the cavity, v, is the
group velocity of the light, @ denotes the angular frequency of
the light and k is the coupling coefficient between the ring and
bus waveguides. In experiments, these three Q factors are usu-
ally estimated by the transmission spectrum near the resonance
wavelength if they are much larger than 1. The extinction ratio

(v) can be expressed as!®!]

2

M o
Q+Q

The MRR can be in over, critical and under coupling states if Q; >
Q,, O;= Q, and Q, < Q,, respectively.

Recently, concentric periodic-poling MRR has been demon-
strated on a LNOI chip to create high-quality photon pairs over
multiple wavelength channels.>®! The heralded generation rate
can be tens of megahertz (MHz) with only microwatt pump
power. To realize good coupling for all optical modes with

(©)
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large frequency separation between pump and signal/idler
photons, a pulley waveguide has a role of the ring-bus waveguide
coupler (Figure 2b). Similarly, the dispersion engineering has
been demonstrated in a y@ aluminum nitride MRR with a
narrow pulley waveguide and wider bus waveguide for visible
and telecom photons respectively (Figure 2¢).>’] The QPM is
achieved for high-order transverse-magnetic (ITM,) pump mode
and fundamental TM (TM,) signal and idler modes, implying
MHz photon pair generation rates.

Although the nanoscale y® waveguides can produce pho-
ton pairs efficiently, they have yet to reach their full potential
for system level applications. Silicon waveguides are appealing
for scale-up QIP owing to the existing foundry infrastructure.
Due to centrosymmetric crystalline structure, silicon waveguides
do not possess y? but has relatively large y® due to tight
modal confinement, enabling efficient nonlinear photonic inter-
action of modes therein at moderate pump power. Meanwhile,
the narrowband spontaneous Raman scattering noise is sepa-
rated from the pump frequency by 15.6 THz, which makes it
easy to be suppressed.[®* Generally, the phase matching band-
width of the photons generated from waveguides is broad, and
narrow-band-pass filters need to be used to obtain high-quality
photons.373865-70] In MRRs, phase matching condition is natu-
rally satisfied due to signal and idler evenly spaced relative to the
pump at specific resonance wavelengths. Multiple types of sili-
con MRR sources have been investigated.[®1”17] For continuous
wave pump in a single-bus MRR, the optimal conditions for high-
est rate or brightness of photon pairs correspond to overcoupling
(Q,/Q; = 3/4) or critical coupling (Q; = Q,), respectively.”) Nev-
ertheless, the ring’s coupling and loss are sensitive to fabrica-
tion process, a slight variation of the coupling coefficient can
impact the generation rate significantly. Ref. [80] demonstrated
that the operating point of a MRR can be controllable by em-
ploying a tunable evanescent field coupler, exhibiting a quasi-
continuously Q factors between 9000 and 96 000. Burridge et al.
used Mach—Zehnder interferometer (MZI) based MRR to realize
tunable Q factor in a similar way (Figure 2d).[°?) From the sim-
ulations, Q; has more of an impact than Q, on photon pair gen-
eration rate.l’’! To improve the rate, low round-trip loss, which
is mainly induced by the side-wall roughness and bending loss,
is preferred. An ultrahigh-Q (>10°) MRR has been realized with
uniform multimode silicon waveguides, ! where the fundamen-
tal mode can propagate in the multimode racetrack resonator
with ultralow loss.

Despite impressive demonstrations, attention should be paid
to the parasitic nonlinear effects in silicon, such as two-photon
absorption (TPA) and free carrier absorption (FCA), as the
pump power increases. They may damage the pair generation
properties.[®82) FCA contributed by the TPA-excited electrons
can be eliminated by using a lateral p-i-—n junction across the
waveguide to drive the free carriers out of the waveguide.®3] Nev-
ertheless, TPA imposes a strong limit to silicon source operating
at telecom band and its effect on single photon generation has
been demonstrated in single bus MRR.®* The optional solution
is to move the pump wavelength to a regime where the bandgap
is too large for TPA.[®

Alternatively, silicon nitride (Si;N,)>¢386-88] and high-index
doped silica (Hydex)[*®%%%] exhibit no TPA and can be operated
at high laser power although their nonlinear indexes are smaller
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than those in silicon. In contrast to silicon, Si;N, and Hydex ex-
hibit lower propagation loss and broader transparency window
ranging from ultraviolet to mid-infrared. Resonators in Si; N, and
Hydex are excellent candidates for integrated quantum light gen-
eration when the pump power is kept below the threshold of para-
metric oscillation. Entanglement in frequency degrees of free-
dom (DOF) with a coherent superposition of several frequency
bins has been verified in Si;N, (Figure 2¢)*] and Hydex,®!
respectively. Sideband modulation has been used to coherently
mix the neighboring frequency modes, avoiding the difficulty in
high timing resolution for temporal correlation measurement.
By engineering the dispersion properly, photon pairs with spec-
tral translation range from visible to telecommunication wave-
lengths have been realized based on Si,N, resonators,> likely
to be a promising tool to link different quantum systems for a va-
riety of applications in networking and sensing. It has also been
demonstrated that quantum frequency combs can be generated
in Hydex with several bi- and multiphoton entangled qubits and
directly applied for quantum communication and computation
(Figure 2f).8]

2.1.2. Single Photon Source

Single photon source is preferable in many applications, such as
quantum cryptography and quantum computing. An ideal sin-
gle photon source needs to meet two criteria: 1) deterministi-
cally, that is, it can be generated on demand, and there is only
one single photon output at a time; 2) indistinguishability, that
is, subsequent emitted photons are identical and in a desired
single mode. While there is no source can fully satisfy the re-
quirements, the research has been carried out in several physi-
cal systems,®-**] among which the representative are “determin-
istic” QDs and “probabilistic” parametric sources. We want to
emphasize that although the difference between “deterministic”
and “probabilistic” is clear in concept, the distinction is equivo-
cal in practical application. For example, when extracting photons
from a “deterministic” source, there is often a nonnegligible loss.
With the increase of extraction loss, the theoretically determinis-
tic source reduces to probabilistic in practice. Consequently, high-
efficiency hybridly integrate QDs onto waveguides or cavities is
attractive. Recently, significant efforts have been made to couple
QDs and photonic structures efficiently,[®] control position,!*!
and frequency!®’] of (multiple®®]) QDs precisely as well as operate
the system at room temperature.[®”! However, preparing a single
photon source that satisfies all these figures of merit remains an
open issue. Relevant reviews can be referred to refs. [22].

Relatively, generating single photons heraldedly based on para-
metric sources is still a simple and practical way. A heralded
source means the detection of one photon can signal the pres-
ence of another due to the correlated emission. The state gener-
ated by a parametric nonlinear source can be expressed in photon
number or Fock state as

[Py =Y &,In),In); (7)
n=0

where |n) is photon number state per mode, s and i represent sig-
nal and idler respectively. P, = |&,|? represents photon number
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Figure 3. High-purity single photon sources. a) Arrays of near-identical silica-on-silicon heralded single-photon sources. Reproduced with
permission.l'"”] Copyright 2017, Optical Society of America. b) Intermodal phase-matched silicon waveguide. Reproduced under the terms of a Cre-
ative Commons Attribution 4.0 International License.['"®] Copyright 2020, The Authors, published by Springer Nature. c) Dual-AMZI coupled microring.

Reproduced with permission.[78] Copyright 2020, Optical Society of America.

distribution of the source, depending on the pump intensity and
material nonlinearity. Ideally, the heralded source should pro-
duce one pair of photons deterministically, thatis, P, = 1. In real-
ity, there is always a certain probability of producing vacuum state
and multiphoton state. To remove the effects of multi-photon
pairs, the pump intensity should be kept low enough, then only
the vacuum and single pair states are survived, where the con-
tribution of vacuum state can be eliminated by the heralding
process. There is thus a tradeoff between brightness and photon
number impurity (multi-photon noise). Obviously, detectors with
the ability of resolving photon number are convenient to describe
the photon singleness of a source, but they need sophisticated
fabrication and operation. In experiments, whether a heralded
Fock state indeed contains a single photon can be determined
by using a loss-independent Hanbury-Brown and Twiss (HBT)
interferometer to measure the second order coherence function
(g?(t)), with g (0) = 1 — 1/n at zero delay for n photons. When-
ever n > 1, g?(0) < 1, which shows the nonclassical characteris-
tic of light. However, g (0) < 1 is not sufficient to indicate single
photon emitted, since n = 2 corresponds to g®(0) = 0.5. Thereof
a single photon state corresponds to g (0) < 0.5.[100101] Addition-
ally, the intrinsical probabilistic nature of spontaneous paramet-
ric process makes it lack of on-demand characteristics. It has
been demonstrated that the optimal heralding efficiency for a
single-photon Fock state is no greater than 0.25 by using a single
ideal photon pair source and perfect photon number resolving
detector.1?219] One way to improve the single photon prepara-
tion probability is to use multiplexing approach, where the de-
tected heralding signals come from multiple spatial-multiplexed
sources or one time- (or frequency-) multiplexed source. Com-
prehensive reviews about the multiplexing of probabilistic para-
metric sources can refer to refs. [101, 104].

There is also necessity to obtain high spectral purity for
interference-based QIP between single photons. Usually the pho-
ton pairs generated by nonlinear parametric processes are corre-
lated, which results in the heralded photon to be projected into
a mixed state after the detection of heralding photon. The de-
gree of correlation can be quantified by Schmidt decomposition,
where the Schmidt number K represents the effective number of
correlated modes.['!1 K = 1 (the reciprocal of purity) means the
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two-photon state can be factorizable. To achieve this, filters are
often used to postselect certain Schmidt modes at the expense
of brightness. Solutions to remove the unneeded spectral cor-
relation without the help of lossy filters based on group veloc-
ity matching and tailored nonlinearities in SPDC-based crystals
and waveguides have been widely investigated,[!%-111] and while
experimental realizations of this scheme on CMOS-compatible
platform have not yet been demonstrated.

In SFWM-based sources, mode confinement offered by waveg-
uide geometry such as the size and aspect ratio of a rectangu-
lar waveguide can be designed to engineer the mode dispersion
over a broad near-infrared region as well as the phase match-
ing condition.[0+8>112-116] By precisely controlling optical modes
needed, five near-identical heralded single-photon sources with
high-purity have been verified on a laser written silica-on-silicon
photonic chip (Figure 3a).''"”] With that, the Hong-Ou-Mandle
interference has been generalized to three independent photons.
Paesani et al. have achieved a high-quality heralded single pho-
ton source through the combination of intermodal SFWM and
delayed pump excitation in spiral multimode waveguides.['¢]
The design of the muti-modal source is shown in Figure 3b.
The pump pulse evolves into two different modes (TM,, and
TM,) in the structures, and then propagate in the low-loss mul-
timode waveguides with different group velocities. An on-chip
TM, mode delay line makes the two pump modes largely overlap
along the source. By tailoring the cross-section of waveguide, the
phase-matching band can be accurately engineered to be simi-
lar to the pump bandwidth, leading to frequency uncorrelation.
A spectral purity of 0.9904(6) and intrinsic heralding efficiency
>0.9 are obtained. The intermodal SFWM, which is dependent
on relative group velocities of modes employed, allows the gen-
erated photons in discrete narrow bands and thus removes post-
filtering.

Although the results of conventional MRR show promise for
their utility in generating heralded single photons, their spec-
tral purity is theoretically bounded by 0.93 and one also need
to weight the brightness against the heralding efficiency.'!®!
At the critical coupling, the heralding efficiency is upper lim-
ited to 50%, while in strong over-coupling or under-coupling
regime, the efficiency can be close to 1 but with negligible photon
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rate.['8] To circumvent the trade-off, Tison et al. proposed an ad-

vanced resonator source embedded in asymmetric MZIs, exhibit-
ing a high coincidence efficiency while without sacrificing the
brightness.l””] Ideally, one would like to have all the input pump
circulate in the resonator to generate photon pairs and hence crit-
ical coupling condition for pump is needed. On the other hand,
it is preferable to extract the signal and idler photons from the
resonator immediately after they are generated to minimize the
propagation loss in the resonator. Therefore, it is preferable to
over-couple the waveguide to the resonator at the wavelength of
signal and idler photons. These two conditions can be met simul-
taneously if the free spectral range of the asymmetric MZIs are
designed to be twice that of the ring, so as to suppress every sec-
ond resonance of the ring, as shown in Figure 3c. By using this
structure, a preparation heralding efficiency of 52.4% and spectral
purity of 0.95 at relatively low pump power has been realized.!”®]
The obtained purity exceeds the theoretical bound 0.93 limited by
all the resonances involved have the same linewidth in a single-
bus MRR. Another approach for generating spectrally unentan-
gled photon pairs in MRR is to introduce phase shift between
two temporally displaced Gaussian pulses,!”>] and a 0.98 spectral
purity has been observed experimentally.[®?]

2.1.3. Squeezed Light Source

The standard quantum limit (SQL) usually refers to the mini-
mum level of quantum noise for optical measurement with the
use of classical light. In contrast, squeezed light can be used
to enhance measurement precision by squeezing the noise in
one of the quadratures below the SQL while at the expense
of antisqueezing the conjugate quadrature due to the Heisen-
berg’s uncertainty principle.'*12%1 To date, squeezed light has
been widely used in sensors,['?!] metrology!*!?2] and continu-
ous variable QIP.1231241 Although there are many studies on
the generation of squeezed states, most of them are inspired
by the following three creative experiments, namely degener-
ate PDC in y® materials,?*] self-phase modulation,?%! and de-
generate FWM['?7] in y© materials. Recently, much progress
has been made in preparing such sources using integrated
photonics,['257135] especially squeezing light on a CMOS com-
patible platform due to its scalability and integrability. For ex-
ample, Dutt et al. directly observed the photoncurrent noise
squeezing in a Si;N, MRR driven above the parametric oscilla-
tion threshold.['?%] Subsequently, tunable squeezing has been re-
alized by varying the coupling between two MRRs.[1° Squeezed
vacuum in a single-mode degenerate configuration has also been
proposed based on dual-pump SFWM in MRRs,['**] where noise
contributions from nonparametric effects and unwanted para-
metric effects can be effectively avoided without significantly sac-
rificing efficiency.'3* The breakthroughs for tunable squeezing
on a CMOS compatible platform may pay the way for full-chip
integrated continuous variable QIP.

2.2. Universal 2x2 Circuit and Phase Shifters

Precise and accurate control of photons has always been the
superiority of integrated platforms. On the basis of advanced
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COMS technology, more than a thousand active components
have been realized in a few mm?.['3] At present, many large-scale
quantum photonic experiments are performed using waveguide
structures. Most of these circuits are designed for specific ap-
plications and can be programmed using software for multiple
functions.[1*23137-139] In a reconfigurable photonic circuits, pho-
ton is controlled by waveguide mesh, whose connectivity deter-
mines the possible operations and configurations. Waveguide
meshes are mainly formed by a programmable 2X2 circuit, which
consists of waveguides, 50:50 power splitter (either multimode
interferometers or directional couplers), and phase shifters, as
shown in Figure 4a. If all elements are lossless, the circuit corre-
sponds to a SU(2) rotation, and can be described by

e sing ei‘”cosg
U= , 8)

4 s 0
COS- —SsIn-
2 2

where 0 and ¢ are the phase shift in the MZI and relative phase
between two external arms respectively. This 2x2 circuit is a key
building block and it has been demonstrated that any element of
the SU(N) (N > 2) group can be decomposed into a series of in-
dividual SU(2) elements.['*0141] Practical SU(2) operation suffers
from nonidealities due to the imperfect splitting ratio of the cou-
plers, waveguide side-wall roughness and losses associated with
phase shifters. Thanks to the development in fabrication technol-
ogy, less than 0.2 dB loss 2x2 coupler has been reported'*?] and
the propagation loss of waveguides can be reduced to 2.7 dB m™!
by minimizing side-wall scattering.!*3] MZI with a 60.5 dB on/off
ratio has been demonstrated'** without calibrating any compo-
nents, which is essential to reduce error in quantum operations
and thus reduce overhead resources for fault-tolerant linear opti-
cal quantum computing.!**’]

Centro-symmetric materials prohibit a y® natively, phase
change often relies on thermo-optic (TO) effect or plasma disper-
sion (PD) effect. TO modulator, with an integration of electrically
driven metallic microheaters above waveguides, has been one of
the most widely used reconfiguration devices in nanophotonics.
The change in effective refractive index (n.4) with temperature
can be written as :—; AT, where :—; is the material's TO coefficient
and AT represents the temperature change of materials. The TO
coefficient of silicon at 300 K near 1550 nm is 1.86x10™*K~1,115]
about one order of magnitude larger than Si;N,. The TO modula-
tor is easy to use, but each consumes several milliwatts of power,
and often produces residual thermal crosstalk between compo-
nents. To eliminate the crosstalk, Harris et al. used doped resis-
tance and engineered its profile to localize the heat by flowing cur-
rent perpendicularly to the designed waveguide (Figure 4b).[14¢]
By employing free-standing strip waveguides, Gao et al. real-
ized the modulation with high efficiency but significant thermal
isolation.!'>!] The only shortcoming of these TO devices is their
slow response time ( 10-100 us) due to the slow heat diffusion
process, which can be an obstacle in many quick-responded sig-
nal processing applications. For example, the rapid change of
the optical properties is important for performing the feedfor-
ward operation in generating heralded single photon and lin-
ear optical quantum computing or teleportation. PD modulators
based on fast injection or depletion of carriers, are appealing
due to the CMOS compatibility and speeds of tens of gigahertz
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(GHz).['>2] 1t has also been investigated at cryogenic tempera-
tures (Figure 4c).l'*¥”] However, the change of carriers concentra-
tion can cause a change in absorption and losses.

Pockels-effect-based electro-optic modulators, which are, in
principle, not limited by operation conditions. Integrating ma-
terials possessing a strong Pockels effect with silicon is a promis-
ing way for multi-functional integrated quantum devices. Hybrid
integration techniques have been used to integrate lithium nio-
bate (Figure 4d)*°] and barium titanatel**] on silicon, achieving
tens of GHz speed with low loss. It is shown that the Pockels
coefficient of barium titanate at cryogenic temperature can be
maintained at 200 pm V! (Figure 4e).['*8] Recently, DC-Kerr-
effect-based modulator operated at a temperature of 5 K with
GHz speeds has also been demonstrated by producing an effec-
tive electric-field-induced y® is silicon (Figure 4f),['*] which can
be explored as a pathway for emerging cryogenic quantum appli-
cations.

2.3. Single Photon Detector

The integration of optical components including sources,
modulators and detectors is a necessary requirement for the
advancement of photonic chip. Within such assemblies, special
requirements are put forward for detectors to possess unity
detection efficiency, zero dark counts, no dead time, and perfect
time resolution. However, realistic detectors can only approach
these particular features due to inherent limitations of the de-
tection mechanism. Among the various single-photon detection
devices, such as photo-multiplier tubes, single-photon avalanche
diodes, superconducting detectors are widely used, among them
SNSPDs are the most attractive devices. SNSPDs have the ad-
vantanges of excellent detection efficiency, high signal-to-noise
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Figure 4. a) Universal 2x2 circuit. b) Engineered resistance profile on dopant silicon. Reproduced with permission.[46] Copyright 2014, Optical Society
of America. c) Scanning electron microscope image of the micro-disk modulator composed of a silicon disk with a diameter of 3.5 pm and a coupled strip
waveguide. Reproduced with permission.['*”] Copyright 2017, Optical Society of America. d) Hybrid integration of thin film lithium niobate modulator
on silicon. Reproduced with permission.3%] Copyright 2019, Springer Nature. e) Hybrid integration of barium titanate modulator. Reproduced with
permission.[8] Copyright 2019, Springer Nature. f) Integrated PIN junction modulator. The p and n (p+ and n+) regions were formed by boron difluoride
and arsenic implants (boron difluoride and phosphorus implants). Reproduced with permission.['#°] Copyright 2020, Optical Society of America.

ratio, fast recovery time, and low time jitter, providing prominent
ability for detecting broadband weak light. The remarkable prop-
erties of SNSPDs are beneficial for both quantum and classical
applications, from quantum computation, secure communica-
tion, and metrology to classical faint light applications.

SNSPD works by maintaining the superconducting material
well below its critical temperature and biasing the current close
to its critical current. Even if only one photon hits, the energy is
enough to transit the nanowire from superconducting state to
normal state, and generate a voltage pulse subsequently. The volt-
age pulse is further filtered and amplified, and discriminated as
a photon detection event.!'>*1>°] A range of superconducting ma-
terials have been developed for SNSPD on silicon substrate, in-
cluding niobium nitride,[***”] niobium-titanium-nitride, 81>
tungsten silicide,['®] and molybdenum silicide,'®!l boosting
hybrid integration with reconfigurable photonic circuits,!1>%162]
which not only bridge different high-quality building blocks, but
also enable configurable linear optical operations required by
QIP. Recent experimental work on molybdenum silicide SNSPD
has shown >98% detection efficiency at a wavelength of 1550 nm
by optimizing the design and fabrication of an all-dielectric lay-
ered stack and fiber coupling package.l'®}] Additionally, SNSPD
outperform other detectors in terms of ultralow (480 ps) recov-
ery time,'® record-high time resolution (<3 ps),['*] and low
dark count rate.'®! In some applications, such as imaging and
heralding single-photon sources, SNSPD with a large number
of pixels and photon number resolution (PNR) capability are
needed. Wollman et al. have reported a 32 x 32-pixel SNSPD
array using row-column readout architecture.l'®”] However, the
integration of multiple high-efficiency SNSPDs on a single
chip is challenging due to the material lattice mismatch, which
can lead to low yield. It is possible to post-integrate only high-
performance SNSPDs using the pick-and-place technique,!’’]
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Figure 5. Overviews of SNSPD on silicon substrate. It summarizes four aspects and lists main progress in this field.

where each SNSPD is evaluated individually before being inte-
grated. Time-multiplexing scheme can be used to realize single
photon imager and simplify device design and fabrication.['®]
In this scheme, the SNSPD is not only a single-photon detector
but also an efficient microwave delay line, enabling the readout
of the position and time of photon-absorption events from
the arrival times of the detection pulses. Going forward, the
strong limit of SNSPDs is the lack of full PNR capabilities. To
this end, amplitude multiplexing schemel’®! and impedance
techniquel'’? for SNSPDs have been developed without increas-
ing the heatload of cryogenic system. Resolution up to 4 photons
with 16.1 ps timing jitter is achieved.'’!] More recently, the
integration of on-chip spectrometers has been demonstrated,[*”?!
covering wavelengths range from 600 to 2000 nm, which can be
useful for astronomical observation, spectroscopic imaging and
wavelength division multiplexed quantum communications.
Heterogeneous superconducting-photonic chips in quantum
communication have also been reported,'”>7# benefiting
low-cost and scalable applications.

3. The Application of Integrated Quantum
Photonics

Quantum-enhanced technologies promise extreme advantages
over ordinary classical means. While several physical systems
have been investigated, photonic quantum technologies have
raced ahead thanks to the relative simplicity in the generation,
manipulation, and detection. Compared with other platforms,
a great advantage of photon is that it can naturally be encoded
in various DOFs, including orbital angular momentum,!17>17]
frequency,[®3®%] path,3777] and temporal.l'’®17°1 Moreover, sev-
eral DOFs of one photon can be used simultaneously.*®! The abil-
ity to implement quantum technologies on photonic chips or cir-
cuits is essential for making quantum technologies from the lab-
oratory to real world.

The natural scheme of quantum state encoding for a sin-
gle photon on chip is in a superposition of waveguide paths.
Photons simultaneously locate at two/multiple waveguide paths
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form quNit (N >2). Recent advances in fabrication tech-
niques can highly integrate waveguides, beamsplitters and phase
shifters on a single chip,?%! allowing quNit operation with high
quality.[3”:%67°] Two qubit operation needs to be able to apply con-
ditional operation to one qubit according to the state of the other
one. Compared with the single qubit operation, it is difficult to
realize this operation, because it is a kind of nonlinear optical
interaction, which is quite weak at the single photon level. An-
other option is to use linear optics and measurements to mimic
nonlinear operation, resulting in a probabilistic gate after appro-
priate post selection(®] or additional heralding signals.['*"181] In
this section we will introduce the state of the art work of pho-
tonic QIP.

3.1. Programmable Quantum Photonic Processor

Integrated quantum photonic processors (QPPs) are particularly
attractive for their high interferometric visibilities, phase stabil-
ity, low loss, and powerful scalability to many passive and active
components.!19231371821 The majority of universal unitary trans-
formation have been designed based on the scalable schemes
proposed by Reck et al.['*3] and Clements et al.,['*!] respectively.
Figure 6 gives an example of the realization of four modes unitary
transformation composed of six SU(2) modules. Studies have
shown that even if all individual components have fabrication
defects, high-fidelity operation remains possible in large-scale
QPP.[1818] To date, large-scale quantum photonic circuits have
been realized, as the fabrication processes have been well-studied
and ensure the preparation of reconfigurable, high-quality pho-
tonic chips.[1*23187-190] For example, a waveguide mesh including
88 MZIs and 176 individually tunable TO phase sifters has been
used to model quantum particle transport, where lattice sites
are represented as the waveguides (Figure 6b).I'®”] These compo-
nents are sufficient to construct arbitrary unitary transformation
of U(9). External phase shifters (¢ in Equation (7)) of the sub-
units U(2) were set to study both the static and dynamic disorder
separately and simultaneously. Distinct transport regimes have
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Figure 6. a) Programmable photonic processor for universal four modes unitary transformation composed of six SU(2) modules. Up (down) shows
a scheme designed by Reck et al.['®] (Clements et al.[™]). b) Optical micrographs of large-scale programmable QPP on silicon. Reproduced with
permission.l'8’] Copyright 2017, Springer Nature. c) Quantum simulation for the vibrational dynamics of molecules with a linear optical circuitry. Re-

produced with permission.l'®1l Copyright 2018, Springer Nature.

been observed over 64 400 experiments, benefiting from low-loss
and the high-fidelity programmable transformations. The device
has also been used to demonstrate variational quantum unsam-
pling protocol, which is a nonlinear quantum neural network ap-
proach used to verify and infer the outputs of near-term quantum
circuits.' In this protocol, one can train a quantum operation
layer-by-layer to acquire the effect of the unknown unitary state
on the known input state, that is learning the inverse of the black-
box quantum dynamics. Moreover, quantum dynamic behaviour
in several molecules has been simulated on a programmable pho-
tonic chip consists of an array of six germanium doped silica
cores!™ (Figure 6c¢). According to the direct mapping between
quantum systems and photonic quantum technologies, the full
space of vibrational dynamics for a general molecule composed
of up to four atoms can be explored by the six-mode simulator.
Scaling up the techniques may power the field of femtochemistry
in the nearer term.

3.2. Multi-Dimensional Quantum Information Processing

Multi-dimensional entangled states have attracted much atten-
tion because of their unique properties. For instance, qudits
can provide higher channel capacity and tolerant more noise
in quantum communication,'¥?%! as well as enable higher
efficiency and robustness in quantum computing!®®%617] and
simulations.['%®! From a basic point of view, qudits also pro-
vide high degree of violating generalized Bell inequalities,!'””]
lower bounds on Bell tests with no fair-sampling loopholes!**’!
and capabilities of revealing quantum contextuality.?*’] Particu-
larly, path-entangled photon pairs are attractive because of their
simplicity in concept and have been extensively investigated in
the field of QIP.I'83] However, to generate high-quality path-
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entangled photon pairs usually requires to coherently pump sev-
eral indistinguishable photon-pair source simultaneously and
highly stabilize the phase of multi-path interferometers.[2°!] With
the increase of dimension, the long term phase stabilization be-
comes an arduous task in experiments based on discrete opti-
cal components.

Recent developments of on-chip high-dimensional entangle-
ment has indicated silicon as a leading platform for large-scale
QIP.[37:66.72.79.202] Gilverstone et al.l?] used a silicon chip includ-
ing MRR sources, demultiplexers and reconfigurable 2x2 circuits
to generate path-entangled two-qubit state (Figure 7a). Such fully
integrated photon-pair source has formed a primitive system of
quantum photonic chips and promoted many impressive applica-
tions, such as finding eigenstates of a Hamiltonian by combining
variational methods and phase estimation with >99% fidelity,!24]
learning the Hamiltonian of an electron spin in a diamond
nitrogen-vacancy center via Bayesian interference,[?® and imple-
menting Bayesian phase estimation algorithm and using the al-
gorithm to simulate hydrogen molecular energies.**! Lu et al.
employed dual-MZI MRR sources, demultiplexers, and multi-
port interferometers to generate, manipulate and detect path-
entangled qutrits (N = 3) (Figure 7b)."°! By virtue of the gener-
ated two-quitrit entangled state, they simulated a graph composed
of two vertex and three edges and counted the perfect matching
in this graph, which is a #P hard problem.[272%8] Tt can be re-
garded as the first step toward solving #P complex problems with
quantum photonic devices. They also demonstrated the excellent
phase sensitivity of qutrit-entangled system, exceeding the limit
of both classical three-path linear interferometer and quantum
second-order nonlinear interferometer. Qiang et al. constructed
two pre-entangled ququarts (N = 4) and probabilistically realized
98 different two-qubit unitary operations with an average fidelity
of 93% via Hilbert-space-expansion approach(®®! (Figure 7c).

© 2021 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH

85UB017 SUOLUWIOD aA11e81D) 3ol dde ay) Aq peuenob ae sopoiLe VO 85N JO ol 1oy Afeld178UIIUQ AB]1A UO (SUONIPUCD-PUB-SWR)ALI0Y"AB | 1M Afe.d 1 jBul Uo//Sdiy) SUoRpuoD pue swie 1 8y} 88s *[5202/50/7T] uo Ariqitauluo A(im ‘Aiseaun BuilueN Aq 89000120z @Inb/z00T 0T/I0P/W0 A8 | Ake.q i |uo"peoueApe//SAnY Wolj pepeojumod ‘2T ‘TZ0Z ‘r06TISZ


http://www.advancedsciencenews.com
http://www.advquantumtech.com

ADVANCED
SCIENCE NEWS

ADVANCED
QUANTUM
TECHNOLOGIES

www.advancedsciencenews.com

(a) Phase shifter

Pair source

=

L_Entangledphoton ) |_ Reconfiguration— |

Qubit analysis |

N Gl o N/t /\_/_ 9> = e - - E=E
\C \C qubit Bz (0s7) =\ A, (0sy) /x 05 - »
) - 9
CJ,

©
—— |
s raiass
B0 2S00
@ \ "
© 7 s
i _I_ - IAL
[ N N ]
Add {©]< S
X X

www.advquantumtech.com

(b) Polarization controller Bandpass filter Pump laser

Electronic

(d)

O Srnisoucs I boamapitior X cosser Ui prasasnher 3 g coupler @ pump & protonpalr & sgnal & der

Controlled phase gate -

Fiber Bragg mirrors Output

Phase modulator

i alhy

Figure 7. Diagrams of the devices for the chip-scale two-photon entanglement generation and manipulation in multidimensions. a) 2D. Reproduced
under the terms of a Creative Commons Attribution 4.0 International License.[?%3] Copyright 2015, The Authors, published by Springer Nature. b) 3D.
Reproduced under the terms of a Creative Commons Attribution 4.0 International License.[”°] Copyright 2020, The Authors, published by Springer Nature.
c) 4D. Reproduced with permission.[%¢] Copyright 2018, Springer Nature. d) 15D. Reproduced with permission.[3’] Copyright 2018, American Association
for the Advancement of Science (AAAS). e) High dimension in both the frequency and time domains. Reproduced with permission.[?°l Copyright 2019,
Springer Nature. In (a)—(d) experiments, the entanglement is generated by coherently exciting several sources with two pump photons annihilated and
one pair of signal and idler photons created. The generated photons are separated by spectral demultiplexers and manipulated by reconfigurable circuits.
Finally, the photons are collected and detected by single photon detectors at the outputs. In (e), the photon pairs in three frequency modes are produced
by pumping the MRR-based micro-comb source with three phase-locked pulses. A controlled phase gate is used to transform the hyperentanglement

state to three-level, four-partite cluster states.

Different from the circuit model of quantum computing, arbi-
trary unitary operation of any two qubits is realized by the lin-
ear combination of four unitaries, which are easy to implement
in the scheme. Each unitary is the tensor product of two single
qubit unitaries.?*] They exhibited the performance of the quan-
tum processor by implementing the quantum approximate op-
timization algorithm for finding solutions to constraint satisfac-
tion problems, and simulating Szegedy quantum walks on a two-
node four-weight graph. More powerfully, Wang et al. realized a
programmable bipartite entangled state with dimensions up to
15 x15 (Figure 7d).’”) The device integrated more than 550 com-
ponents on an individual quantum photonic chip. Several previ-
ously unexplored high-dimensional quantum applications, such
as certifying multidimensional quantum randomness expansion
and entangled state self-testing, have been investigated. These
high-quality functionalities including on-chip generation, ma-
nipulation, and analysis of multidimensional quantum systems,
demonstrated the capabilities of large-scale QIP with silicon.
Hyperentanglement, meaning a quantum system that can be
entangled in multiple DOF simultaneously, is also an important
resource in QIP due to its large Hilbert space and advantages
in deterministic Bell state analysis.[?!"] Reimer et al. generated a
three-level, four-partite cluster state based on a Hydex chip by a
transformation of high dimensional hyperentangled state in time
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and frequency domains.’" The transformation is carried out by
the controlled phase gate as shown in Figure 7e. The generated
d-level cluster states provided better noise tolerance than conven-
tional two-level cluster states, and beneficial for high dimensional
one-way QIP.

3.3. Multi-Photon Quantum Information Processing

The power of a quantum device is closely related to Hilbert
space it can access. The Hilbert space spanned by quantum
states can be expressed as d", where d is the dimensions of a
particle and n is the number of particles in the states. Increasing
the dimensions or modes of a photon can only polynomially
scale the Hilbert space. Thus, to build a scalable quantum
device, the use of multi-photon sources is indispensable for
exponential space scaling. Only recently has on-chip quantum
interference with heralded photons from two independent MRRs
been demonstrated,?'!! implying the feasibility of integrated
multi-photon QIP. Subsequently, several on-chip multi-photon
technologies have been demonstrated.?36%70212] Various types
of four-photon four-qubit graph states have been generated on
a mass-manufactured chip by postselecting a reconfigurable
entangling gate (Figure 8a).) The gate can be programmed
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Figure 8. Chip-scale quantum information processing with multi-photon. a) Schematic lay out of the device for generating four photons graph state
by combing two postselected Bell-pairs in reconfigurable gates. Reproduced under the terms of a Creative Commons Attribution 4.0 International
License.[%°] Copyright 2019, The Authors, published by Springer Nature. b) On-chip genuine multipartite entanglement and quantum teleportation in
silicon. Reproduced with permission.[2'2 Copyright 2020, Springer Nature. Two pairs of nondegenerate photons are generated in an array of four MRR
sources and manipulated by linear-optics multi-qubit entangling circuits. c) Experimental setup to observe frustrated four-photon interference on a
silicon photonic chip. Reproduced with permission.[218] Copyright 2021, The Authors. d) Photograph of the silicon photonic chip and schematics of the
modules for realizing eight-qubit reconfigurable graph states by four photons. Reproduced with permission.[”%l Copyright 2021, published by Springer
Nature. e) Boson sampling with up to eight photons on a silicon chip. Reproduced with permission.[38] Copyright 2019, Springer Nature. f) Continuous
wave pumped entanglement swapping between two independent MRRs based on Si;N, integrated platform. Reproduced under the terms of Creative
Commons Attribution CC-BY license.[®3] Copyright 2021, The Authors, published by IOP Publishing. g) Squeezing-based programmable photonic chip for
proof-of-principle demonstrations of quantum algorithms. The nanophotonic device contains modules for generating squeezed states, filtering pump
noise and implementing linear optical transformation on subspaces of the squeeze light. Reproduced with permission.!?’l Copyright 2021, Springer
Nature.

to perform either a fusion or controlled-Z operation for the
generation of star- or line-type entanglement respectively. Graph
states are important building blocks of large-scale quantum
technology. Among them, the cluster state is a key resource
in one-way computing and may be more promising to realize
universal quantum computing than gate-based models. The
failure of using nondeterministic fusion operations to build a
larger cluster state has no influence on the initial entangled
states.?!3] In ref. [69], the count rates obtained are comparable
to those observed in the first multi-photon experiments,?'*] and
the authors explained that four-photon rates could be propelled
to 100-kHz regime with state-of-the-art technologies. Llewellyn
et al. employed four MRR sources and linear-optics multi-qubit

Adv. Quantum Technol. 2021, 4, 2100068 2100068 (11 of 19)

entangling circuits demonstrating genuine on-chip multipartite
entanglement and quantum teleportation in silicon with high
fidelity (Figure 8Db).[!2) The multiple MRR sources are locked
within a few pm for long integration time and approaching opti-
mal levels of purity, indistinguishability, and heralding efficiency.
Even better, simultaneously scaling up the number of photons
and the dimensionality would further enlarge the Hilbert spaces,
which is a great advantage of photons.?!5] Different from adopt-
ing interference of different intrinsic properties of particles, ref.
[216] demonstrated the multi-partite generalization of frustrated
down conservation (Figure 8c), which was proposed via a detour
to graph theory2%®®l In that way, the birthplaces of the four
photons are in a coherent superposition and one can observe

© 2021 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 9. Silicon based quantum key distribution. a) Silicon photonics devices for coherent-one-way, polarization encoded and time-bin encoded QKD.
Reproduced with permission.[*?] Copyright 2017, Optical Society of America. b) Metropolitan QKD with silicon photonics. Polarization grating cou-
plers are employed to convert between polarization and path DOF. Reproduced under the terms of a Creative Commons Attribution 4.0 International
License.[2%3] Copyright 2018, The Authors, published by American Physical Society. c) Schematic of chip-based continuous variable QKD system. Repro-
duced with permission.[#1l Copyright 2019, Springer Nature. d) Transmitters integrated polarization-encoding MDI-QKD chip, manufactured by standard
silicon photonics platform and packaged for the purpose of commercial production. Reproduced under the terms of a Creative Commons Attribution 4.0
International License.[*?] Copyright 2020, The Authors, published by American Physical Society. e) Receiver chip for different time-based QKD protocols,
including photonic circuitry and waveguide-integrated SNSPDs on a single Si;N, chip. Reproduced under the terms of a Creative Commons Attribu-
tion 4.0 International License.l'73] Copyright 2021, The Authors, published by Springer Nature. f) Schematic of MDI-QKD experimental setup with an

integrated heterogeneous superconducting-silicon-photonic platform. Reproduced with permission.['74] Copyright 2019, The Authors.

constructive or destructive interference of four-photon systems
that cannot be observed in the photon pairs themselves.
Encoding multiple qubits onto single photons in a multi-
photon state can efficiently save quantum computing resource.
Accordingly, Vigliar et al. produced error-protected qubits and
compared several schemes with and without error-correction
encodings with reconfigurable graph states (Figure 8d).""
With error protection, the success rate can be increased from
62.5% to 95.8% when running a phase estimation algorithm. It
was conjectured that the resource savings of high-dimensional
encodings can develop with up to >40 qubits, approaching
a scale impractical with previous pre-loss-tolerant photonic
schemes. In parallel, many multi-photon experiments in the
path DOF,[138217-220] have recently been motivated by the boson
sampling proposal,?2!l which could unveil the quantum com-
putational advantage over classical computing. Boson sampling
is a computational problem that when a linear optical circuits
(composed of arrays of beamsplitters and phase-shifters) act on
multiple input indistinguishable photons generate an output
probability distribution that cannot be efficiently solved classi-
cally. By now, up to eight photons sampling over 12 waveguides
has been reported in a single chipl®®! (Figure 8e). Using de-
generate or nondegenerate SFWM, Paesani et al. generated the
squeezed state or Fock state, switching between scatter shot
and Gaussian boson sampling. They also benchmarked the
algorithm for calculating molecular vibronic spectra.[???]
Meanwhile, the Si;N, based integrated platform has also
attracted significant attention in multi-photon QIP very
recently.[?>38]  Using state-of-the-art time-resolved detector,
Samara et al. obtained an entanglement swapping visibility over
0.91 with two independent Si; N, MRRs in the continuous wave
regime (Figure 8f).%¥] By making the uncertainty in detection
time smaller than the photons’ coherence time, the synchroniza-
tion for entanglement distribution between distant locations

Adv. Quantum Technol. 2021, 4, 2100068 2100068 (12 of 19)

can be simplified. For near-term demonstrations of quantum
computational advantage, a full-stack hardware software system
is introduced on a programmable Si;N, chip (Figure 8g).[*] Such
squeezing-based photonic machines with high sampling rate
have been used to carry out three quantum algorithms, that is,
Gaussian boson sampling, molecular vibronic spectra and graph
similarity, showcasing the capabilities of the nanophotonic chip.
Although the device at present can be reached by a classical com-
puter, the programmability and scalability enable such platform
to perform bosonic quantum algorithms in a large scale.

3.4. Integrated Quantum Key Distribution

QKD can offer theoretical security in the framework of quan-
tum mechanics.}?2-2251 Various DOFs of photons have been
employed in QKD,?2 depending on the application scenarios.
After decades of development, the theory and techniques of
QKD are relatively mature, and have been extended to large-scale
quantum network over 4600 km.! From the perspectives of
technologies, metropolitan QKD can leverage the existing optical
fiber networks and high-speed photonic interconnect architec-
tures developed for classical telecommunications. As such, most
of the research on integrated QKD focuses on sources, modu-
lators and circuits that are mature in CMOS foundry services.
The photonic integration techniques provide a compact and
stable avenue for the integration of both photonic and electronic
components monolithically.?””] They also allow experimentalists
to design quantum devices on different platforms to meet all
kinds of the stringent requirements of QKD devices.[21:22:46]

In recent years, there have been several demonstrations on
integrated quantum communication.[39#2174228-241] Remarkably,
Sibson et al. operated three QKD protocols at a speed of GHz
with standard silicon photon fabrication (Figure 9a).[*?! Phase-

© 2021 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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dependent loss in carrier-depletion modulators is minimized by
using slow TO phase modulators to bias the circuits with
high-fidelity states prepared. Field tests of high-speed
polarization-based QKD have been demonstrated by using
integrated MZI modulator encoder (Figure 9b).12%] Polarization
grating couplers are employed to convert path encoding on the
chip to polarization in the fibers, with more than 25 dB polariza-
tion extinction ratio. An integrated silicon photonic chip has been
exploited for Gaussian-modulated continuous variable QKD (Fig-
ure 9¢).I!1 With all components except laser, that is, modulators,
multiplexers and homodyne detectors, are integrated on a single
photonic chip packaged with a printed circuit board.

Despite the tremendous progress in QKD, practical imple-
mentations still deviate from the theoretical description in se-
curity proofs, which may open side-channel attacks.[2*>-2%5] For
example, a series of loopholes have been observed due to im-
perfections of measurement devices.?’) To avoid all detec-
tor side attacks, measurement-device-independent QKD (MDI-
QKD) has been proposed.?*¢2¥] Different from traditional
trusted-nodes-based QKD protocols, it requires the untrusted
central (Charlie) to perform Bell state measurement and cre-
ates correlations between senders from postselected coincidence
events. The outstanding features of MDI-QKD have attracted
many experimental demonstrations with standard, off-the-shelf
components.['76248-25] Furthermore, the topology of MDI-QKD
is similar to that of star-like quantum networks and can seam-
lessly integrate to the metropolitan networks.[¢28] By now,
transmitters-integrated MDI-QKD has been experimentally real-
ized with time-bin and polarization encoding.!**%¥] [241] For ex-
ample, ref. [42] demonstrated a 1.25 GHz on-chip MDI-QKD
transmitting using polarization encoding and achieved excellent
secret rate of 31 bit/s even over 36 dB channel loss (Figure 9d).
The size of the packaged chip is 20x11x5 mm? and is easy
to assemble by using commercial foundry. Full chip integrated
MDI-QKD system except lasers and detectors has subsequently
been implemented on silicon.**!l These breakthroughs provide
a scalable, portable, stable, and miniaturized solution for MDI-
QKD transmitter.

Single-photon detectors as unique and quintessential devices
for QKD, have also been integrated on a chip and applied to
QKD recently (Figure 9¢).l'73] The receiver, including SNSPDs
and components needed for different time-based QKD protocols
is fabricated on a low-loss Si;N, chip. Zhang et al. reported the
realization of waveguide integrated SNSPDs on a heterogeneous
superconducting-silicon chip and the application of it in a time-
bin encoded MDI-QKD experiment (Figure 9f).['*] By measur-
ing the coincidence counts between two different detectors at
different time bins, they projected the two photons onto the sin-

glet state, |¥~) = l/ﬁ(lel) — |le)), where |e) and |I) stand for the
quantum states of photons being early (e) or late (1).

4. Summary and Outlook

In this review, we have presented recent advances in integrated
quantum photonic systems used to generate, manipulate and
efficiently detect the state of photons. Chip-based sources are
widely studied for generating single photons, entangled-photon
pairs and squeezed states with high efficiency. Programmable
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photonic circuits with low optical insertion loss and low electri-
cal power consumption phase shifters have been demonstrated
in silicon photonics, making this platform appealing for quan-
tum application. Recent approaches for the heterogeneous inte-
gration of superconducting materials with photonic circuits may
provide a solution for the long-standing issue of fully integrated
quantum chips. Also, existing large-scale experiments on silicon
substrate have solidified it as a valuable platform for future quan-
tum technologies.

Despite these progress, the realization of practical system-level
quantum photonic devices with high-quality building blocks still
facing many challenges. One major obstacle is all the compo-
nents need to run in a common environment. Since SNSPD
needs low temperature to guarantee its high performance, a low-
temperature-compatible phase tuning schemes is required, such
as electro-optic, opto-mechanical,®! or DC-Kerr effects, to de-
velop a low-loss and programmable cryogenic photonic circuitry.
Another challenge is realizing deterministic two-qubit operation
which could take photonic QIP to a distinctive direction. Itis hard
to satisfy, because such nonlinear interaction at single photon
level is extremely weak. Although the proposal of nonclassical
interference(!*! allow the realization in a heralding way, it needs
alot of auxiliary qubits and classical feed-forward. Moreover, on a
more practical side, classical interface hardware for an integrated
quantum system is mostly realized by discrete electronics that
limit the practicability of devices.[??”] High-performance classical
data acquisition and processing system need to be scaled up with
underpinning quantum hardware.?’! Therefore, fully exploiting
the integration of silicon quantum photonics with CMOS micro-
electronic is of particular importance. Although it remains tech-
nologically difficult to build full stack integration of quantum
photonic devices, the field of integrated quantum photonics is
vigorously developing and pointing to a bright future for quan-
tum applications.
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