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Advances 1n silicon quantum photonics

Jeremy C. Adcock, Jueming Bao, Yulin Chi, Xiaojiong Chen, Davide Bacco, Qihuang Gong, Leif K. Oxenlgwe,
Jianwei Wang, and Yunhong Ding

Abstract—Quantum technology is poised to enable a step
change in human capability for computing, communications
and sensing. Photons are indispensable as carriers of quantum
information—they travel at the fastest possible speed and read-
ily protected from decoherence. However, the system requires
thousands of near-transparent components with ultra-low-latency
control. To be implemented, a new paradigm photonic system
is required: one with in-built coherence, stability, the ability to
define arbitrary circuits, and a path to manufacturability. Silicon
photonics has unparalleled density and component performance,
which, with CMOS compatible fabrication, place it in a strong
position for a scalable quantum photonics platform. This paper
is a progress report on silicon quantum photonics, focused on
developments in the past five years. We provide an introduction
on silicon quantum photonic component and the challenges in
the field, summarise the current state-of-the-art and identify
outstanding technical challenges, as well as promising avenues
of future research. We also resolve a conflict in the definition of
Hong-Ou-Mandel interference visibility in integrated quantum
photonic experiments, needed for fair comparison of photon
quality across different platforms. Our aim is the development
of scalability on the platform, to which end we point the way to
ever-closer integration, toward silicon quantum photonic systems-
on-a-chip.

Index Terms—Silicon photonics; quantum optics; quantum
information processing; quantum communications.

I. INTRODUCTION

HE last five years has seen unprecedented rate of change

in development of quantum technology, accelerated bil-
lions of dollars invested by governments, technology giants
and venture capitalists around the world: we have seen loop-
hole free Bell tests [1], [2], [3], [4], quantum communications
over thousands of kilometers via satellite link [5], [6], [7],
and a quantum information processor outperform the world’s
most powerful supercomputer by orders of magnitude (at one
specific task) [8]. Furthermore, quantum enhanced precision is
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now enhancing the sensitivity in the detection of gravitational
waves [9], [10], [11]—one of the last decade’s most significant
scientific results. With the exception of ref. [8], photonics is
at the core of these technologies.

Scaling up quantum systems, that is, increasing computa-
tional space, communication distance and measurement sensi-
tivity, is key. In the last decade, integrated quantum photonics
has developed as one potential route to scalability [12]. Us-
ing photonic integrated circuits, composed of lithographically
fabricated miniature waveguides, quantum photonic experi-
ments can be implemented in devices on the cm? scale. This
culminates in a reduction size, weight and power by several
orders of magnitude when compared to their counterparts in
bulk optics, enabled by miniature and inherently phase stable
components [13], [14]. However, many challenges remain,
for example limited photon source efficiency and purity, and
component losses. Today, though integrated component losses
are steadily improving, the largest quantum photonics demon-
strations remain in bulk optics, for example demonstrations of
up to 20 simultaneous photons in 60x60 interferometer [15],
12-photon entanglement [16] and 18 entangled qubits [17].

While quantum capability has been demonstrated across
integrated photonics, silicon quantum photonics is a leader
in the scale and scope of its applications. Today, silicon pho-
tonics provides a versatile testbed for quantum photonic tech-
nology, with demonstrations of resources for measurement-
based quantum computing [18], high-dimensional entangle-
ment entanglement [19], robust quantum communications [20]
and photonic quantum machine learning [21], [22] with
up to eight simultaneous photons [23]. Furthermore, pro-
grammable circuits give access to large classes of quantum
photonic capabilities via a single point of optical align-
ment [24], [25], [18], while complementary metal-oxide-
semiconductor (CMOS) compatible fabrication makes elec-
tronic co-integration possible [26].

Meanwhile, classical silicon photonics leads the way in
large-scale photonic integrated circuits. Classical silicon pho-
tonic circuits boast GHz speeds [27], up to tens of thousands of
optical components [28], [29], and electronics and photonics
integrated in the same monolithic devices [30], [31], [32]. This
places silicon quantum photonics in the position to benefit
from the 3 x 10% USD a year [30], [33] invested in tackling
the largest challenges to scaling the classical platform.

At the end of last year a quantum device outperformed all
traditional computers [8], marking 2020 as the beginning of
the era of so-called noisy intermediate scale quantum (NISQ)
technology [34]. Photonic quantum information processors are
closely following, with over 20 input photons in 60 modes
demonstrated [15], well into the NISQ domain. In this era,
the development of rewarding medium-scale applications is
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transmission, and quantum process fidelities must be pushed Crosser 0.02 99.5%  [65]

beyond 0.99 [41], [45].

Meanwhile, photonics is seen as the only viable choice
for quantum communications, which promise security be-
yond what is possible classically [46]. So far, realisations of
satellite-based quantum communications utilised bulk optical
transmitters and receivers, developed to extremely robust,
space qualified standards [5], [6], [7]. Attaining the same levels
of reliability with a system based on integrated photonics
remains a challenge, however the potential benefits in size,
weight and power—which are particularly costly in space—
are large. Silicon photonics provides a cost-effective and
scalable solution for terrestial quantum key distribution (QKD)
nodes, as well as potentially enabling large-scale quantum
network tasks in the future, for example by the preparation
and distribution of large entangled states [47], [48].

In this paper, we give an update on the state of the art
of silicon quantum photonics. As a foremost reference, we
point to ref. [13], which provides an excellent introduction
to the field up to 2016. More general reviews of integrated
quantum photonic platforms can be found in refs. [14], [49],
while hybrid integration and solid-state emitters are adressed
in refs. [50], [51], [52].

The review is structured as follows: Sec. II details the
state-of-the-art in silicon quantum photonic components—
passives, modulators and detectors. Sec. III introduces photon
pair generation in silicon waveguides and reviews recent
developments in photon pair source engineering for spectral
purity and heralding efficiency, as well as recent results in the
integration of solid-state single photon emitters with silicon-
based waveguide circuits. In Sec. IV we discuss processing
quantum information in silicon photonic circuits and review
large-scale and multiphoton capability as well as applications
in machine learning and boson sampling, towards a linear
optical quantum computer. Sec. V discusses silicon photonics
for quantum communications technology, focusing on the
achievements of a wide variety of communications protocols,
and an outlook for future quantum networks. In Sec. V-C
we highlight silicon as an enabling technology for quantum
sensing applications. Finally, in Sec. VI we give an outlook the
future of the platform and provide a list of research programs
for today’s challenges which will enable future scaling, before
concluding.

TABLE I
State-of-the-art losses of silicon photonic components. Thermo-optic and
Pockels-based Modulator losses can approach linear waveguide losses by
sufficiently separating metal elements from the waveguide mode. Similarly,
losses in 2 x 2 directional couplers follow linear waveguide loss: for 100
upmum length, losses of less than 0.003 could be possible [60]. Likewise,
filter losses can be extrapolated as combinations of these components.

II. COMPONENTS
A. Passive components

Maximising photon transmission is paramount to the scal-
ing of quantum photonics. For this reason, scaling quantum
information processing in silicon photonics relies on the devel-
opment of ultra-low-loss passive components. These include
fiber-to-chip couplers, 2 x 2 couplers, cross intersections, mul-
timode and polarisation components, pump rejection filters,
and low-loss delay-lines. Scaling quantum photonic systems
requires the utmost performance from these components, with
minimising loss the top priority. Table I contains a list of state-
of-the-art losses for these components.

Fiber-to-chip couplers are essential, as their loss signifi-
cantly restricts the scale of today’s on-chip quantum photonic
systems. Silicon devices primarily use one of two kinds of
coupler: lateral couplers based on spot-size converters (SSCs,
Fig. 1a) [66] , and vertical couplers based on sub-wavelength
gratings [72]. SSCs have the advantage of low polarisation
dependency and large coupling wavelength bandwidth and are
usually based on single [66], [54] or dual inverse tapers [73].
Realizing low-loss SSCs requires detailed structures based
on complicated fabrication process, as well as excellent die
cleaving. Less than 1 dB coupling loss has been reported
for coupling with lensed fibers [54], [74] and single mode
fibers [66]. Further decreasing the coupling loss is challeng-
ing since the length of the SSCs—typically a few hundred
micrometers long—where sidewall roughness from imperfect
fabrication causes scattering loss.

Grating couplers are widely used in integrated photonics
as their vertical coupling nature supports wafer scale test-
ing. Grating couplers can be designed with long adiabatic
taper [58], but can also feature focusing for a compact
footprint [75]. For both types, light scattering from sidewall
roughness is nontrivial. Standard grating couplers are typically
polarisation dependent and bandwidth limited, restricting the
use of these degrees of freedom to encode quantum infor-
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Fig. 1. Components for silicon quantum photonics. (a) Low-loss cantilever coupler [66] and (b) detail of a photonic crystal grating coupler [67] (waveguide
runs to the right) for coupling with standard single mode fiber. The photonic crystal modulates the effective index of the waveguide to create a grating, which
directs the light out of plane. A metal mirror on the underside of the grating coupler ensures high-transmission to single mode fiber. (¢) Four second-order
ring resonator filters demultiplex the single photons (blue, red) from the bright pump light (green) used to generate them via spontaneous four wave mixing.
(d) Transmission spectrum of the filters of (c) showing 95 dB of pump rejection, so that single photons may be detected [68]. (¢) An ultra-low-loss cross
intersection fabric [65]. Here, engineering of subwavelength nanostructures which support Bloch waves are used to reduce the insertions loss to 0.01 dB per
crossing. (f-g) Extremely low-loss waveguides based on (f) shallow-etched silicon ridge waveguide [60] achiving a loss of 2.7 dB/m by minimising side-wall
scattering and (g) silica edge mode waveguide [63] achieving 0.04 dB/m loss. Here, the optical mode is contained within the edge of the silica wedge, which
is air clad and supported by a silicon pillar. Etch duration is optimised for smoomth silica surfaces, minimising side-wall scattering. (h) Detailed structure of
an optimised through-waveguide thermo-optic phase modulator with 130 KHz bandwidth [69]. (i) Low-loss mode conversion between a silicon waveguide
and a thin-film lithium niobate waveguide is achieved via an inverse taper. The lower figure shows three modal cross sections at the begining, middle and end
of the taper. (j) This structure formed part of a 70 GHz hybrid modulator [70]. (k) Hybrid silicon-BTO integration [71]. Here, a silicon waveguide is fabricated
on top of a layer of BTO to form a ring resonator. The large pockels coefficient of BTO enables modulation the the phase in the ring with a bandwidth of

30 GHz. The lower inset shows the cross-section of the BTO and Si hybrid integration.

mation. One potential solution is two dimensional grating
couplers, which are able to couple orthogonal polarisation of
light into separate waveguides (Fig. 6b) [76], [77], however,
these structures suffer from increased loss. Efficient grating
couplers have historically been a challenge due to power
leakage in the substrate [58], [78], [79]. Further reducing the
loss requires directed emission from the grating, which has
been demonstrated with distributed Bragg reflectors [80] and
metal layers underneath the grating (Fig. 1b) [67], [81], [82],
[56], achieving down to 0.5 dB loss. However, the addition
of a metal mirror is a specialised processing technique with
limited availability and process compatibility. Other solutions
for directing waveguide emission are being developed, for
example 0.9 dB loss has been achieved by optimising the
apodisation of fill factor and grating period, as well as the
waveguide height and partial etch depth [57]. Ref. [55] exhibits
an impressive 0.36 loss dB grating coupler on a commercial 45
nm process with HSQ-topped waveguides and two partial etch
depths, using a Bloch-Floquet band-structure type optimisation
[83]. Finally, a 3D polymer coupler showing coupling loss of
1 dB was recently demonstrated [59].

Mach-Zehnder interferometers (MZIs) are a fundamental
to manipulating light in silicon photonics, and consist of

two modes joined by two 2 x 2 couplers (either multimode
interferometers or directional couplers) with an enclosed phase
modulator, forming a programmable interferometer. Identi-
fying the two modes with the {|0),|1)} basis states of a
qubit, MZIs equipped with three phase modulators implement
arbitrary single qubit gates (Fig. 5b). MZIs with mismatched
internal path-lengths result in a sinusoidal wavelength filter,
useful for splitting single photon wavelengths. As a choice of
2 x 2 coupler, MMIs have the advantage of large fabrication
tolerance, and low insertion losses of less than 0.2 dB has
been reported [64]. Directional couplers—typically tens of
microns long—can exhibit reduced loss when compared to
MMIs, typically only suffering from standard waveguide prop-
agation losses, i.e. from sidewall roughness. However, they
also exhibite increased fabrication sensitivity as they rely on
small, 200-500 um gap between the waveguides, to which the
coupling and bandwidth is exponentially sensitive to, though
it has been shown that this sensitivity can be alleviated by
subwavelength structures [84], [85].

In silicon waveguides, polarisation and spatial mode are
both available carriers of quantum information, with coher-
ent conversion—recently demonstrated [86]—enabling new
functionality, for example interfacing with fiber networks and
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dense information coding. Polarisation multiplexers can be
realised by polarisation dependent directional couplers which
exploit the differing coupling constants of TE and TM modes,
leading to bandwidths which can be more than 100 nm [87].
Mode (de)multiplexers can be also realised by directional
couplers [88], [89]. So far, up to eight modes, including two
polarisations, have been demonstrated [89]. Here, the cross-
mode coupling is sensitive to fabrication tolerance, though a
taper in the coupling region alleviates this somewhat [90].

In quantum photonic devices, pump light used to generate
single photons must be removed before those single photons
can be detected. Today, this is typically achieved with off-
chip components. However, future integration of single-photon
detectors necessitates on-chip pump removal. Over 100 dB of
extinction—with minimal losses in the single photon bands—
is required. Similar filters can also be used to separate classical
and quantum channels in quantum communications networks.
To this end, cascaded microring resonators forming coupled
resonator optical waveguides (CROWSs) [91] and cascaded
asymmetric MZIs [92] have been used to achieve more than
50 dB extinction on a single chip. Here the filtering ratio
was limited by pump light scattered into the chip substrate—
particularly significant due to the low —5 dB efficiency of the
grating couplers used.

In 2018 single photon generation and pump rejection were
demonstrated together on a single chip for the first time [68].
Here, four second-order ring resonator filters isolates the signal
and idler bands from pump (Fig. lc,d). Other recent results
include cascaded grating-assisted contra-directional couplers
with extinction ratio more than 70 dB in silicon nitride [93],
and a third-order ring resonator with extinction ratio more
than 80 dB [94] (also in silicon nitride), and the use of two
chips to produce more than 100 dB of extinction [91], [92],
[95]. Meanwhile, increases to source efficiency lessen the
requirement [96].

In quantum photonic circuits, it is often unavoidable to have
waveguides cross one another, particularly when using path-
encoded qubits [97]. Here, crosstalk can produce qubit errors,
and thus is a key metric. Promising waveguide crossers based
on MMI structures [19], [98], shaped waveguides [99], [100],
[101], tilted waveguides [102], [103], subwavelength grat-
ings [104], and by inverse-design [105], have been reported,
with typical insertion losses of less than 0.2 dB. Today, Bloch
mode structures exhibit the best performance, with sub 0.03
dB loss (Fig. le) [65], [106], and —35 dB crosstalk or less.
Refs. [107] and [108], published in 2020, review waveguide
CTOSSers.

Typical propagation losses of silicon nanowaveguides are
around 2 dB/cm, which is prohibitive for scaling quantum ap-
plications. Thanks to developments in fabrication technology
such as oxidization [109], [110], etchless waveguide fabrica-
tion [111], Hydrogen thermal annealing [112], and shallow
waveguides [113], [60], propagation loss has been significantly
reduced, with a record-low loss of 2.7 dB/m (Fig. 1f) [60].
Reducing propagation loss further will require these side-
wall smoothing techniques to be combined [109]. Hybrid
integration with silicon nitride waveguide or small-angle
wedge silica waveguides are other options under development,

with extremely low propagation loss of 0.123 dB/m [62]
and 0.037 dB/m [63] demonstrated, respectively (Fig. 1g).
Ultra-low-loss delay lines are a critical component for
(de)multiplexing technology [114], [115], [116]. Delay lines
are discussed further in Sec. III-C om the context of multi-
plexing for deterministic single photon sources.

B. Optical modulators and switches

Today, thermo-optic phase modulators (Fig. 1h) [117], [69]
remain the only low-loss, small-footprint, phase shifters avail-
able silicon photonics. These can be implemented with p
or n doped silicon connecting with the waveguide [118] or
with metal heating elements suspended close to the waveg-
uide [117]. Though dopant-based thermo-optic modulators
can have larger bandwidths due to their proximity with the
waveguide, the charge carriers introduced induce excess loss.
Furthermore, thermo-optic modulators have maximum oper-
ating speed in the kilohertz range, placing severe restrictions
on their application to feed-forward and multiplexing tech-
niques, needed for scalable quantum photonics. Modulators
and switches based on plasma dispersion effect are attractive
due to the CMOS compatible fabrication process and high-
speed up to tens of GHz [119]. However the plasma dispersion
effect effect is weak and results in low efficiencies, large
device footprint and power consumption.

Modulators based on the Pockels effect are more promis-
ing, thanks to their low loss and femtosecond response
time [120]. Thin-film lithium niobate (LiNbOj3, TFLN) and
titanate (BaTiO3, BTO) modulators and switches have gained
significant attention. Historically, fabricating TFLN waveg-
uides is a challenge, but thanks to recent progress in manufac-
turing [121], [122] it is now emerging as a desirable integrated
photonics platform [123], [124], [125], with state-of-the-art
loss at 2.7 dB/m [126], [61]. Meanwhile, high-speed, low-
loss and low-driving voltage modulators and switches have
been demonstrated [127], [128], [129], [130], and low-loss
integration to silicon photonics (via wafer bonding) has been
shown with negligible decrease in performance [70], [131],
[132], making this platform very attractive for quantum ap-
plications (Fig. li-j). For example, phase modulation rates of
over 70 GHz have been demonstrated with hybrid TFLN ridge
waveguides, where the silicon to TFLN transition is achieved
with a low-loss taper [70], [131], resulting in a switching
voltage length product of VL = 2.2 Vem. In TFLN, high-
efficiency fiber coupling is a challenge, whereas hybridisation
with silicon—where efficient light coupling options exist—
can be achieved with virtually zero loss using inverse tapers
(Fig. 1i). Similar results have been achieved with silicon
nitride waveguides in ref. [133], where the authors hint at
heterogeneous integration with CMOS electronics. Indeed,
TFLN on silicon presents an attractive route to fast-clock-
rate electronic-photonic co-integration, with CMOS-voltage
compatible switching already demonstrated [129] alongside a
2 cm MZI switch with 0.5 dB loss.

BTO, with its ultra-high Pockels coefficient, is another
attractive option, and BTO-Si hybrid modulators have been
demonstrated up to 50 GHz (Fig. 1k) [71], [134], and at
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Fig. 2. Integration and scalability of SNSPDs. (a) A silicon nitride wafer
with an SNSPD is bonded to a rudimentary silicon waveguide circuit by
micromanipulation [140]. (b) An integrated Hanbury-Brown and Twiss exper-
iment on silicon using an electrically driven carbon nanotube photon source
and waveguide integrated SNSPDs [141]. (c) Photon number resultion in a
standard SNSPD by analysing peak height; o is mean photon number [142].
(d,e) SNSPDs integrated in a photonic crystal cavities decrease recovery time,
increase wavelength selectivity, and decrease form factor [143], [144]. (f)
Signal multiplexing and number resolution via pulse timing analysis in an
row of of SNSPDs wired in series [145].

cryogenic temperatures [135]. However, BTO is typically
amorphous, resulting in larger excess loss, and currently has
poor fabrication availability. In silicon nitrite, similar results
have been obtained using lead zirconate titanate (PZT) [136].

Finally, it is possible to equip pure silicon with a y(®
by inducing symmetry breaking deformations to its lattice
structure [137]. Recently the DC Kerr effect was used to mod-
ulate phase at up to 1 GHz in silicon waveguides [138], also
at cryogenic tempertures [139]. Here, p-i-n junctions create
strong electric fields to distort the crystal lattice, breaking its
symmetry—though free carrier absorption resulted in a phase-
dependent loss of up to 1 dB/cm.

C. Single photon detectors

Single photon detectors are an essential component of
photonic quantum technologies. Opaque below around 1100
nm, silicon photonics are typically optimised for telecom-
munication bands, typically at around 1530 — 1565 nm to

align with the maxima in single mode fiber transmission.
At these wavelengths, there are limited options for single-
photon detectors, though InGaAs detectors offer a relatively
inexpensive solution [146], [147]. However, the efficiency of
InGaAs detectors is typically lower than 10%. Maximum count
rates can be measured in MHz and the dark-count rate is
typically a few hundred Hz. These find applications in short-
medium link quantum communication scenarios where their
loss may be budgetable.

Though room-temperature operation is preferable for practi-
cality and cost, superconducting nanowire single photon detec-
tors (SNSPDs), which work at cryogenic temperatures (typi-
cally lower than 4 K) provide excellent performance [148],
[149]. Systems with efficiencies of up to 95.5% [150] are
commercially available, exhibiting darkcount rates of less than
less than 100 Hz and recovery times which enable more than
107 detections per second [151]. Today’s commercial SNSPD
systems have enabled much progress in modern silicon quan-
tum photonics experiments. However, these are necessarily off-
chip and fiber coupled—an inherent source of loss. To move
forward, on-chip integration of SNSPD systems is required.

To this end, SNSPDs have been demonstrated on silicon
waveguides in a travelling wave configuration [152], [153]
with close to unity efficiency [154], showing great promise
for integration. One impressive demonstration comes from
transferring a membrane of silicon nitride containing SNSPDs
onto silicon waveguides via micro-manipulation, which the
authors use to perform an on-chip ¢(?)(¢) experiment with an
integrated beamsplitter, establishing the photons single-ness
(Fig. 2a) [140]. Though less intrinsically scalable than litho-
graphically patterned SNSPDs, this technique enables the ad-
dition of SNSPDs to any air-clad silicon circuit. More recently,
detectors have been written on a commercial silicon photonic
device, using custom thin-film techniques (Fig. 9c) [155],
pointing the way to scalable patterning of SNSPDs on silicon
waveguides, though further work is needed to improve the
—6 dB grating coupler efficiency shown. Silicon waveguide
SNSPDs have been also integrated with on-chip light sources:
an LED [156], and a carbon nanotube emitting single photons
(g (0) = 0.49, Fig. 2b) [141]. These impressive demonstra-
tions are able to show single photon operation by virtue of
featuring electrically driven light source, circumventing the
need to remove pump light such that the device’s detectors
are not overwhelmed.

Detector recovery times, usually around 50 ns in commer-
cial systems is a key metric limiting data rates (see Sec. III-C).
Reducing the long detector length—usually required for ef-
ficient photon absorption—is one route to faster operation.
Silicon photonic crystal cavities have been used to enhance
absorption of a short detector, demonstrating recovery times
around 500 ps [143], [144] (see Figures 2d,e). Cavities and
can also provide ultra-narrow wavelength specificity which,
though not desirable in some applications, may find application
in frequency multiplexing. Similarly, detector jitter (temporal
resolution) forms a current limitation in quantum communica-
tions, and will form a bottleneck in ultra-fast temporal mul-
tiplexing using TFLN or BTO modulators. Recently, record-
low 3 ps resolution was demonstrated with a 5 pm detector
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and cryogenic electronics, exposing intrinsic jitter processes
of SNSPDs on a silicon substrate [157] . The low jitter of
these SNSPDs, made from RF-bias sputtered niobium nitride
films, is found to be due to their quasi-amorphous small-
crystal structure, and performed 2-3.5 better than competitor
materials such as WSi.

In some applications, such as Gaussian boson sampling [23]
and schemes for universal photonic quantum gates [158], pho-
ton number resolving detectors are needed. For example, num-
ber resolution can be achieved by space- or time-multiplexing
SNSPDs [159], [160], [161], [162], [163] in a monolithic
device. Though not demonstrated on the silicon photonic
platform yet, these techniques rely on processing of the
electronic detector pulses, and so are in principle transferable
to any platform. Spectral multiplexing of SNSPDs has also
been demonstrated [164], for example with a broadband chip-
scale single-photon spectrometer covering visible and infrared
bands [165], with applications to frequency-domain source
multiplexing. This device comprises a pulse time-of-flight
measurement on a long SNSPD and features a 7 nm detection
resolution and over 200 wavelength detection channels. The
technique was originally developed in ref. [166] to produce
a single photon camera with area 590 effective pixels in
286 x 193 um?. One promising application comes from photon
number resolution achieved with a single conventional SNSPD
by processing of its output pulses (Fig. 2c) [142]. Though
only resolution up to n = 4 is shown, this is a simple path
to empowering multiplexed photon pair sources—in which
n > 3 events are very unlikely—to discard multiphoton events
(see Sec. II-C). Titanium-based superconducting transition-
edge detectors (TESs) [167], [168] offer the premier solution
number-resolution, with excellent discrimination up to 15
photons in real time by pulse-area analysis [169]. However,
TESs suffer from KHz max repetition rates, limiting their
applicability.

As systems are scaled up, multiplexing the readout of
many SNSPDs will be required, due to constrained thermal
budget [173]. One recent demonstration shows single-channel
readout of all 136 one- and two-photon events across 16
detectors, as well as photon number resolution (Fig. 2f) [145].
Cryogenic signal processing and multiplexing techniques are
undergoing rapid development in the context of SNSPD arrays,
where up to 32 x 32 pixels demonstrated with row-column
signal multiplexing [174]. Another promising avenue is to use
optical data transfer via fiber out of the cryostat. Recently,
ref. [175] demonstrated a modulator driven directly by a
nearby integrated SNSPD—a powerful capability for signal
multiplexing as well as high-speed multiplexing technologies.

One potential alternative to bulky and expensive cryogenic
comes from silicon-germanium single photon avalanche de-
tectors, which can be waveguide coupled [176] and have
recently been demonstrated to be 38% efficient at 1310 nm at
125 K [177]. These devices currently suffer from large dark
counts in the 10* range and timing resolution of hundreds
of picoseconds. With further improvements, non-cryogenic
operation will be attractive to many quantum applications.

III. WAVEGUIDE PHOTON PAIR SOURCES

The quality of photon pair sources determines both the
error rates and scalability in of quantum photonic technology.
The ideal photon source is deterministic, pure and indistin-
guishable. That is, when activated it will produce a single
photon with unity probability and that photon will not be
entangled to any other system or be in a superposition of
number basis. Additionally, subsequent photons from the same
source will be identical in every degree of freedom but
time (indistinguishability). Finally, it must be repeatable—
photons emitted from independent copies of the source must
be indistinguishable. The quality of interference between two
photons determines their error rate when used as qubits, and
is determined by the visibility 0 < V' < 1 of a heralded Hong-
Ou-Mandel interference experiment [178] with four detected
photons'. Note that two-photon HOM interference between
a single photon pair is not sensitive to photon purity [179].
Heralded HOM visibilities indicate a gate-level errors in
quantum photonic information processing, and so for fault-
tolerance visibilities of over 0.999 will be required for fault-
tolerant quantum computation [41]. In the near term, increased
HOM visibilities effectively allow larger numbers of photons
to interfere [180], for example in boson sampling [181]. The
efficiency of a photon source, that is, the probability p that a
photon is emitted to its application, combined its transmission
from application through to detector, 7, and repetition rate R
determine its scalability—n-photon data rate scales as Rn"p"
for n sources.

Photon sources in silicon quantum photonics are based on
spontaneous four-wave mixing (SFWM), where two photons
from a bright pump field are converted into an energy- and
momentum-conserving photon pair by the x(® nonlinearity
of crystalline silicon waveguides. The photons of this pair are
historically named the signal and idler photons. The quantum
state generated is known as a squeezed vacuum state:

N
) = VI—[E2 > (=8)" Inn) si- (1)
n=0

Which is normalised for N — oo and ¢ = ie*8(¢) tanh |(]
for squeezing parameter ( o< I? for pump power I. For
small &, |¢) is dominated by vacuum, with an O(§) two-
photon component. Four-photon and above components, which
are < O(&?), can be made small by controlling the pump
laser power. This state can be approximated as a photon pair
source with probability of emission p ~ £2, with multiphoton
component O(p?). This trade off between brightness and
multiphoton noise (photon number impurity) is characteristic
of nonlinear sources in general, with typical brightnesses in
the 0.05 < p < 0.1 range, depending on application. In
modern quantum photonics experiments, the n-photon data
rate Rn"p™, is dominated by p.

In silicon quantum photonics, delivery of identical coherent
pump pulses to multiple sources is achieved by coupling
phase-stable and single-mode waveguides. Today, HOM inter-
ference visibility is limited by spectral purity and multiphoton

'For true single photon sources, such as solid state emitters, this is a two-
photon experiment.
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Fig. 3. Photon pair sources, quantum interference and purity. (a) A simple silicon waveguide source. Here, a 340 nm silicon wafer enables phasematching for
photon pair generation at 2.1 pm [170]. (b) A multimode waveguide source enables a gaussian phasemathcing profile via the convolution of TMO and TM1
modes with different group velocities [171]. (c) The JSA of produced by (b) with and without (inset) a group delay between pulses. With delay, the spectral
purity was 0.99 without narrow filtering. (d) Scaling of conflicting definitions of HOM fringe visibility found in the literature. V' corresponds exactly to
distinguishability and standard HOM dip visibility, while C' and V' are overly favourable. (¢) Record on-chip heralded HOM interference with 0.96 visibility
in silicon [171]. (f) Joint spectrum and marginal spectra of and of a high spectral purity bulk optical source with near-gaussian shaped nonlinearity, used
to produce heralded HOM interference with 0.984 visibility [172]. Note the logarithmic scale of the JSA, required to view the suppressed sinc-shaped side

lobes.

contamination (number-basis impurity), with 0.98 overlapped
spectra possible with standard SOI lithographic process [182].
Remaining spectral deviations are caused by fabrication tol-
erances and can be asymptotically improved by improved
lithography.

The purity P € [0, 1] of a quantum state is a measure of the
degree to which a photon is entangled with any other system,
and is evaluated as trp? for a state with density matrix p. Pure
states (P = 1) are completely unentangled, while mixed states
P < 1 have entanglement with another system. For example,
if one photon is spectrally entangled with another photon, it’s
wavelength is equally determined by its partner system, and
therefore is in a mixed state when considered individually—
it can not interfere deterministically with another photon and
P = (¢|1) < 1. Equally, we say the photon is distinguished
from other photons by the entanglement it possesses.

In the single photon emitter literature, purity is also used to
describe the number-basis deviation of a photonic state, where,
for for example, the state |¥) = «|l1) + 3|2) is said to have
purity |a|? < 1, since this is a key figure of merit of the single
photon emitter. Note that in the quantum information sense,
|¥) has Purirty P = 1 Since single emitters are engineered
to produce precisely one photon, spectral entanglement with
another photon is not a key issue—though entanglement
to the emitter system will appear as distinguishability in a
HOM measurment. Meanwhile in nonlinear photon pair source
literature in purity is generally used to refer to a state’s (lack
of) entanglement. Instead, terms such as multiphoton noise
or contamination are used to refer to number basis deviation
(photon singleness), which is an inherent property of the
squeezed vacuum state from which photon pairs are generated,
as discussed above, and is as such well-understood.

HOM visibility quantifies spectral distinguishability, num-

ber basis deviation (multiphoton terms), as well as unwanted
entanglement of the photons, and as such is the gold stan-
dard determining photon quality. However, heralded HOM
experiments are time consuming and resource intensive, and
do not indicate the cause of the lack of interference. When
developing single photon sources, rapid characterisation of
their properties is a must. The number-basis deviation of a
photonic state is established by the second order correlation
function g(?) (¢), typically in a Hanbury-Brown and Twiss mea-
surement. A ¢(?)(0) = 0 indicates a single photon state, but
is not sensitive to impurity from unwanted entanglement. For
nonlinear photon pair sources, a heralded ¢(*)(t) is measured,
while an unheralded ¢(*)(¢) measurement (without filtering)
obtains the spectral purity of the source [183] (for non-
resonant sources). Meanwhile the magnitude (but not phase) of
photon pair source’s joint spectral amplitude (JSA, Fig. 3c,f),
which dictates its spectral purity, can be rapidly obtained
by stimulated four-wave mixing [184], [179], or chromatic
group dispersion time-of-flight [185] measurements. Recent
extensions of this technique have enabled measurement of
the phase, gaining knowledge of the full JSA [186]. This
was achieved by engineering a coherent phase reference beam
with which to interfere the output of the stimulated emission
tomorography. Similarly, the JSA of a silicon ring resonator
was recently measured using straight waveguide as a nonlinear
phase reference [187]. Finally, the spectral overlap of two
photon pair source’s JSAs corresponds exactly to the contrast
of reverse HOM (rHOM) interference [171].

A. Quantifying quantum interference

Recently, there have been examples of conflicting definitions
of heralded HOM interference visibility in the integrated
photonics literature [188], [18], [189]. We will now de-mystify
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this phenomena, and derive an expression which is both
physically motivated and corresponds values given in other
quantum photonic experiments.

In a standard HOM interference experiment, two photons
are incident on a beamsplitter. The time of arrival of one
of the photons is adjusted to find the point of synchrony,
where photon coincidence and the output of the beamsplitter
is minimised due to maximised quantum interference. In this
traditional HOM experiment, the visibility is defined:

a—2b

2)

Where a is the coincidence reference level (far from syn-
chrony), and b is the coincidence minimum. Far from syn-
chrony, the photons scatter probabilistically, and so the refer-
ence level corresponds to half the rate of experimental trials.
Importantly, for single photons, Vizom = |[{t1|t2)]?, the
overlap of the quantum states of the photons [190], which
is the level of indistinguishability in all degrees of freedom
bar time-of-arrival, which has been fine-tuned This quantity
can be interpreted as the probability—upon measurement—
that the photons interfered at the beamsplitter.

However, in integrated photonics equal time-of-arrival is
naturally achieved by path-length matched waveguides, and so
HOM interference can be measured in an MZI, which acts as
a tunable beamsplitter. Here, in the swap or bar configuration
of the MZI, all experimental trials lead to coincidence. Thus
the maxima of the fringe experiment corresponds to twice
the reference level of the dip experiment. Meanwhile, the
minima of the fringe occur when the MZI implements a 50:50
beamsplitter, and is equivalent to the minimum of the dip.
Therefore in a HOM experiment using an MZI, the following
expression should be used:

Viaom =

a—28 a—b
o

3)

Viiom =

Where o = 2a is the fringe maximum and 5 = b is the fringe
minimum (when tuning the MZI phase) [18].

Some examples in the literature use a different expression
to quantify HOM interference in a MZI, which we name
‘contrast’ for ease of discussion:

c=2"0 4)
a+f
Both definitions of visibility, as well as the naive V' = aa;ﬂ

are a monotonic figures of merit of quantum interference, how-
ever, neither C' and V' appear physically motivated. In fact,
for completely distinguishable photons, V' = 1/2 and C' = 1/3,
whereas Vizom = [(¢1]12)]? = 0, though C' does converges
to Vizowm for highly indistinguishable photons. Fig. 3d shows
the scaling of V, C' and V' with distinguishability C' finds use
in other source characterisations: the contrast of a two-photon
rHOM fringe corresponds is equal to the overlap of the two
source’s JSAs [171].

B. Source geometry and photon purity

Repeatable sources of SFWM have been paramount in the
emergence of large-scale silicon quantum photonic circuits.

A length of waveguide is all that is required to produce
photon pairs—as demonstrated in the first demonstration in
2006 [191]. A staticly-tuned filter, for example a ring res-
onator or asymmetric MZI, can be used to split the non-
degenerate photons into two qudits, while degenerate photons
(generated using two pumps in what would otherwise be the
signal and idler channels) can be split by tHOM interfer-
ence [179]. However, simple waveguide sources have severely
limited spectral purity. Energy conservation (which asserts
Wp, + wp, = ws — w;) causes the photons to be strongly
anticorrelated in frequency, though a wavelength-broad pump
relaxes this constraint, introducing width to the band of
anticorrelation. These correlations are spectral entanglement
between the photons and is quantified by photon spectral purity
0 < P <1 (an single, unentangled, photon is pure).

Momentum conservation (which asserts k(w),, +k(w)p, =
k(w)s+ k(w;)) produces the phasematching component of the
the JSA, which can be used to tame the correlations from
energy conservation. For example, a recent innovation is to
implement a gaussian shaped nonlinearity via engineering the
domains in a periodically-poled potassium titanyl phosphate
(ppKTP) crystal. This technique was recently demonstrated in
bulk optics, achieving Viiom = 0.984 (Fig. 3f) [192], [172].
In contrast, the usual, ‘top-hat’ nonlinearity produced by a
discrete nonlineariy produces sinc-shaped JSA, and typically
acts to reduce spectral purity.

Straight waveguide sources are often used in combination
with off+chip pump rejection filters to isolate a symmetric
portion of a JSA, leading to an apparent increase in spectral
purity, and interference visibility. Typically, fiber filters (for
example designed for wavelength division multiplexing) are
used to isolate channels close to the pump, with Vizon = 0.80
demonstrated via 0.7 nm filters with 1.8 nm wide pump
pulses [18]. However, this filtering has fundamental disadvan-
tages: firstly the crucial photon rate is reduced, and secondly
the presence of one photon can no longer be used to herald
(guarantee the presence of) its partner. This reduction in
heralding efficiency implies a strict limit on the effectiveness
of source multiplexing.

One approach to produce pure photons in silicon photonics
is with ring resonators [200]. These resonances act to enhance
the SFWM process at specific wavelengths, and can be engi-
neered to produce a more symmetric JSA. Spectral purity up to
0.93 theoretically possible with simple ring resonators [201],
[179], [195], though demonstrations were initially limited to
Viom = 0.67 [188]. Utilising photon pairs from more than
one ring resonator demands accurate process and control, as
the shape and positions of the resonances (given by the ring’s
coupling, loss, and optical path length) are very sensitive
to fabrication imperfection—resonances widths are typically
around 100 pm. Though the position of the resonances can
be tuned by modulating the phase inside the ring, crosstalk
and other environmental factors such as temperature are a
issue for scalability (resonances drift by as much as 80
pmK ! [188]). Despite this, high-quality overlap between four
ring resonator sources across a large set of on-chip phase
configurations has been demonstrated by using an extensive
crosstalk characterisation strategy [77]. Recently, a device was
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Fig. 4. Modern ring resonator photon pair sources. (a) A 2D array of
ring resonators with topologically protected edge modes is used to generate
photon pairs [193]. (b) PID feedback from a photodiode and controller is a
scalable solution to stabilise ring resonances for robustness to environmental
noise and cross talk [194]. (c) Asymetric MZI coupling provides tuning of
the signal and idler @ factors with respect to the pump [195]. A JSA of
spectral purity of 0.95 was measured using this structure by a stimulated
FWM measurement [196]. (d) A MZI-coupled ring resonator. Here, double-
pulse scheme is used to lower the () factors of the signal and idler resonances
with respect to the pump, increasing photon spectral purity, as prescribed in
ref. [197]. A spectral purity of 0.98 is measured via stimulated FWM [198].
(e) A dual-ring scheme used to suppress unwanted resonances in a dual-
pump scheme for squeezed light generation [199]. A single ring’s regularly
spaced resonances preserve energy conservation for FWM to occur between
all resonances. Here, the auxiliary ring is engineered to split resonances such
that energy conservation is not present for all but the desired FWM process

demonstrated that used a photodiode and a PID feedback loop
to stabilise resonances achieved stability of less than 1% of
linewidth drift under exacerbated noise (Fig. 4b) [194]. The
approach is scalable, given the photodiode and logic can be
implemented locally—either with electronic co-integration, or
in an adjacent, or flip-chip-bonded CMOS die (Fig. 5c¢).
However, purities greater than 0.93 are required for scaling
beyond a few photons. In ring resonator sources this can be
achieved by shaping the signal and idler resonances with re-
spect to the pump, for example by multi-ring structures [202],
or asymmetric MZI coupling (Fig. 4c) [195]. In this technique,

the pump resonance linewidth is broadended (lowering the
associated quality factor) with respect to the signal and idler
resonances. Recently this scheme was experimentally investi-
gated, with purities of up to 0.95 and a heralding efficiency of
52% [196], and subsequently implemented on a silicon device
generating and manipulating entanglement of two photonic
qutrits [203]. Another approach is to use a split-pulse scheme
manipulate the light dynamics inside the ring [197]. Here,
the first half of the pulse has opposite phase to the first,
effectively de-exciting the pump resonance. This effectively
lowers the pump resonance quality factor, achieving a similar
result to [195]. This scheme was recently explored with an
MZI coupled ring resonator (Fig. 4d), achieving a maximal
spectral purity of 0.98 measured via stimulated emission
tomography [198], though purity-rate trade off was observed.

Two-dimensional arrays of ring resonators exhibit topo-
logically protected edge states, which may be one route to
systematically reduce the effect fabrication-induced disorder
on device performance. Originally considered for delay lines
and photon storage, [204], topological effects have now been
measured using a silicon ring resonator array [205] and applied
to photon pair production (Fig. 4a) [193], though the device’s
large size and the presence of other resonant modes currently
limits applicability.

Recently, a source based on multimode waveguides was
demonstrated (Fig. 3b,c.,e), with record Vyom = 0.96%,
spectral purity P = 0.99 and a spectral overlap 0.99 [171]
between separate sources. In this passive scheme, a pump
pulse is split into two waveguides, and one of them undergoes
a delay of 13 ps (about 1 mm). Subsequently, a multimode
coupler transforms the modes of the two waveguide modes into
the TMO and TM1 modes of a wide crosssection waveguide. In
this waveguide the group velocity of the TM1 mode is greater
than the TMO mode, and so the delayed TM1 mode pulse
catches up with and overtakes the TMO mode pulse. With
gaussian pulses the nonlinear interaction between the pump
pulses has a gaussian shape, required for separable photon
generation. The finite (90%) intrinsic heralding efficiency of
the source comes from propagation losses inside the source,
which may be improved in the future by sidewall smoothing
techniques (see Sec. II-A), or shorter pulses. Importantly, the
authors discuss routes for improvement, claiming that heralded
HOM interference of greater than 99.9% should be possible
with 4 nm lithographic precision, and truly gaussian pulses.

C. Multiplexing for deterministic photon generation

Photon output probability, p, is the leading factor holding
back multiphoton devices—in which rates scale as p"—both
today, and in the NISQ era ahead. Eventually loss tolerant
bounds of around 0.99 generation and transmission product
must be met [45], [41], escaping the exponential curse. Today,
multiphoton experiments in silicon photonics based on SFWM
have 0.01 < p < 0.05.

One solution is to multiplex the output of m pair photon
sources: using the idler photon to heralded the presence of a
signal photon and routing that signal photon via a switching
network to a single output (Fig. 5a) [206], [207]. Ignoring
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losses, p = 1 is asymptotically reached as m is increased.
However, a loss of just 1 dB per switch limits the economy of
the technique to just a few multiplexed sources [208]. For this
reason, demonstrations of multiplexing have shown modest
enhancements of p of around a factor of £ = 2 [209], [210],
[211], [212], including demonstrations using silicon waveg-
uides [213], [214]. Note that sources which are orthogonal
by any degree of freedom can be multiplexed, for example,
photons in different time bins (Fig. 5¢) [207].

A recent bulk optical breakthrough demonstrates enhance-
ments up to 2 = 28 for low pump powers (low base p), and
E = 10 at high p by temporal multiplexing via a ultra-low-loss
photon storage loop. The experiments peak output probability
was p,, = 0.67 (to optical fiber) [114]. Other techniques,
like multiplexing in frequency modes [215], offer density, but
require frequency conversion, which today is costly and in-
efficient. These may be combined to multiplicatively increase
the number of multiplexed modes.

To multiplex pair photon sources in silicon photonics, a fast,
low-loss switch is required, such as the solutions based on
hybrid integration of TFLN and BTO (see Sec. II-B). These
modulators achieve modulation speeds of tens of GHz and
have losses limited by propagation losses (as low as 2.7 dB/m).
A time loop multiplexing device operating a 10 GHz requires
a delay line of just 0.8 cm of silicon, enabling a switch-loop
transmission of —0.05 dB (98.8%), equalling the loss of the
storage loop of ref. [114]. Meanwhile, scaling up to more than
50 GHz may be possible [70], [71].

The dominant loss in this technology will due to the
detection-to-switch-activation latency, forming a barrier to
multiplexed photon probability. Ref. [114] demonstrated a
switching latency of 100 ns (via an FPGA), which would
require prohibitive waveguide lengths. Routing photons off
chip to low-loss optical fiber is one option, however with
state-of-the-art grating couplers this represents a maximum
heralding efficiency of 0.85, even with no other losses con-
sidered. Still, the potential improvements from today’s single
digit efficiencies is a large one.

In the future, ultra-low latencies must be achieved by close
integration of silicon logic, for example by directly wirebond-
ing, or flip-chip bonding a CMOS logic circuit (Fig. 5d).
With these techniques electronic latencies of 1 ns or lower
may be achieved. 1 ns corresponds to around 8 cm of silicon
waveguide delay line, which could have a transmission of —0.2
dB (95%) with state-of the art silicon waveguides. Delay and
storage losses could be reduced further by use of silica or
silicon nitride hybrid integration, which potentially offer up to
an order of magnitude improvement to propagation loss (see
Sec. II-A). Low-loss optics in a monolithic electronic-photonic
platform will enable the ultimate in low-latency and scaling,
with recent progress in classical silicon photonics showing
great promise [32], [26], [31]. Today, post-photonic processing
steps typically degrade optical performance, making low-loss
operation a challenge. Meanwhile, photon pairs have been
generated in the silicon layer of a CMOS platform [216].

The same feedforward capability that enables multiplexing
also enables the two-qubit KLM gate [217], as well as adaptive
measurement, a key ingredient of measurement-based com-
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Fig. 5. Multiplexing and classical logic. (a) Spatial multiplexing of pair
photon sources to increase photon probability p — py,. The non-degenerate
photon pairs are split by wavelength and one of the pair (the herald) is sent to
a detector. If a herald photon is detected, it’s partner photon enters an optical
delay while a logarithmic switch network is activated to route the photon
to the source output [206]. (b) A three-phase MZI implements an arbitrary
unitary on a single path-encoded qubit, and a reconfigurable two-qubit gate
can implement either a controlled-Z or a fusion by postselection [218]. (c)
Temporal multiplexing with a photon storage loop [207], [114]. Here, time
bins take the place of spatially separate sources as in (a). Using just one
optical delay leads to loss scaling linearly—rather than logarithmically—with
the number of multiplexed modes. (d) Electronic photonic co-integration via
flip chip bonding is an enabling technology for classical silicon photonics. 3D
integration techniques such as this are a clear route to reducing the latency of
the logic in a multiplexing scheme, and thereby improving efficiencies[30].

puting. Meanwhile, hierarchical multiplexing of photons and
entanglement generation enables the linear optical quantum
computer architecture of ref. [42] (see Section IV.)

D. Engineering nonlinear sources

Though it provides a powerful and easy-to-use route for
single photon production, silicon’s x(® non linearity has
some limitations. At 1550 nm, the generation of free elec-
trons by two-photon absorption (TPA) and subsequent free-
carrier absorbtion places limits on the heralding efficiency
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of SFWM-based photon pair sources [219], for example a
photon generation rate of p = 0.01 implies an intrinsic
heralding efficiency of 0.96 [219], [13]. To reach loss tolerant
thresholds around 0.99, p must be reduced by an order of
magnitude to p = 0.001. While low p also reduces multiphoton
noise (also necessary for fault tolerance), the number of
multiplexed sources needed to produce a deterministic single
photon rapidly grows to infeasible levels [208]. One solution
is operate where two photons do not have enough energy to
excite and electron across the bandgap of silicon, that is, at
wavelengths of 2.1 pm or greater, in the mid infrared. Recently
quantum interference was demonstrated in the mid-infrared in
specially engineered silicon waveguides, showing the potential
to banish TPA? (Fig. 3a) [170].

TPA is not the only deleterious nonlinear effect experienced
as the pump and single photon fields co-propagate. Self- and
cross-phase modulation of the pump and single photons, as
well as dispersion and absorption from free carrier all play a
role. Modelling these effects is nontrivial, especially in ring
resonators where large field enhancements produce complex
dynamics [221]. Here, nonlinear, thermal and carrier alter
the ring’s resonant conditions, leading to distortions of the
resonances and subsequently of the generated photons’ JSA.
A recent theoretical investigation in to these effects in straight
waveguide sources found that these effects do not play a large
role in the spectral purity of the emitted single photons—
spectral purity can even be increased by nonlinear pump
broadening [222]. Meanwhile, ref. [223] details an efficient,
split-step Fourier method for simulation of four-wave mixing,
with a prescription for including silicon-specific effects such
as TPA.

E. Hybrid integration of single photon emitters

Semiconductor quantum dot single photon sources [52]
show great promise for future integrated quantum photonic
technology. High-performance hybrid integration of these
systems—typically III-V semiconductors—with a mature inte-
grated photonics platform is a long-standing goal of the field.
These sources have been under development for over two
decades, and in recent years have attained key performance
metrics. For example, advances in cavity design and pulse
engineering have boosted indistinguishability to over 0.99 and
transmission to single mode fiber to up to 0.15 [224]. Mean-
while, the emission mode coupling factor, (3, can be as high
as 0.98 [225] to suspended AlGaAs waveguide structures, or
0.65 in free space [224], giving access to the regime of strong
coupling between light and matter. Other innovations, such as
wavelength tunability by electronic integration or by induced
strain have also been utilised to produce HOM interference
between independent quantum emitters [226], [227]—a crucial
capability for scalability.

The most mature quantum dots photon sources typically
emit around 900 nm, however, silicon is opaque below around
1100 nm. Therefore, other solutions must be found to couple
with silicon waveguides, and furthermore to be compatible

’Interestingly, this was the first quantum interference in the mid-infrared
across optics [220].

with terrestrial quantum communications systems, which rely
on the high-transmission window of optical fibers around
1550 nm. Quantum dots at telecommunications wavelengths
have been demonstrated [228], [229], [230], though the tech-
nology is less mature, with distinguishability and bright-
ness metrics lagging behind their near-infrared counterparts.
However, recent demonstrations of integration with silicon
nitride waveguides—which is transparent across into the visi-
ble band—show promise. Other techniques, such as quantum
frequency conversion, can be used to reach the 1550 nm band:
two-photon interference between initially distinguishable, ap-
proximately 900 nm photons emitted from independent quan-
tum dots were recently interfered after frequency conversion
to the telecommunications band [231].

There has also bee much progress in integrating quantum
dots with waveguide circuits. In one demonstration nanopillar
cavities containing quantum dots were be placed on a substrate
using a micromanipulator, and silicon nitride waveguides are
subsequently lithographically defined to encapsulate it [232],
[233]. The vertically pumped dot achieved a ¢(® (0) = 0.07,
and has a good coupling to the waveguide mode of 5 = 0.24,
though simulations imply coupling of up to 0.9 is possible.
Due to its change in environment, the emission of the source
shifts by several linewidths, which may be a hurdle to operat-
ing multiple indistinguishable sources. A followup [234] result
demonstrates piezo-electric strain tuning of the sources as a
possible route to wavelength control and thereby scalability.
A waveguide quantum dot source with photonic crystal back-
reflector has been used to demonstrate similar functionality
on silicon waveguides at around 1300 and 1410 nm [235],
including an on-chip splitter used to measure the photon’s
g®(0) = 0.33 and a coupling factor of 3 = 0.32. A similar
result using silicon waveguides is achieved in refs. [236],
[237], with emission at 1150 nm and a g(®(0) = 0.3

Using an advanced lithographic process, ref. [238] demon-
strates a tapered waveguide of GaAs directly on top of a
silicon nitride waveguide. Here, pump light in the silicon
nitride waveguide adiabatically couples to the GaAs waveg-
uide, which hosts a selection of InAs quantum dots. Resonant
enhancement is provided by either a photonic crystal cavity
in the GaAs waveguide, or a GaAs ring resonator, achieving
a coupling of f = 0.20 and a ¢ (0) = 0.13 for the pho-
tonic crystal. Native integration with low-loss silicon nitride
waveguides provides one pathway scalability—if the optical
properties (emission spectra, purity) can be controlled (perhaps
via improvements in processing or in-built strain or electrical
tunability).

Meanwhile, various other quantum emitters show promise
for waveguide integration. For example, carbon nanotube
photon sources [141], or quantum dots in 2D materials [239].
Ref. [240] describes the coupling of of 16 arrays of 8 diamond
vacancy single photon sources with AIN waveguides, showing
0.05 < g (0) < 0.5 and 50 GHz of wavelength tunability
across the 128 samples. Here, tapered diamond waveguides
containing silicon and germanium vacancy centers are ver-
tically pumped to produce single photons into the coupled
waveguide, achieving 0.01 < ¢ (0) < 0.5 across 128
samples. Though these centers emit in the visible band and
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couple to AIN waveguides, the work demonstrates the maturity
of micromanipulation techniques for placing structured arrays,
which may be applied to other systems, such as 1550 nm sil-
icon carbide vacancy sources or to silicon nitride waveguides.

IV. QUANTUM INFORMATION PROCESSING

The last two years has seen an explosion of progress
in large-scale silicon quantum photonic experiments. In this
section we will examine these devices and their applications.

A. Encoding quantum information in silicon waveguides

Any two distinct states of a single photon can comprise a
qubit—a good qubit is one with a long lifetime and which
can be controlled with high fidelity and speed. The dominant
qubit encoding used for quantum information processing in
silicon photonics is path encoding in two waveguides. Here,
the |0) and |1) states of the qubit correspond to a single photon
occupying the first and second waveguide respectively, and is
generalised to qudits by using d waveguides. Local unitary
operations on path qubits are implemented by using a three-
phase MZI (Fig. 5b) which have been demonstrated to have
less than -66 dB of intrinsic nois [241], [242]. Meanwhile, the
generalisation to for d dimensional is provided by a universal
interferometer, for example the Clements scheme [243]. With
no demonstrated single-photon nonlinearity on the platform,
two-qubit gates are currently limited and rely on postselection,
or on heralding (consuming photons). Other qubit encodings,
such as polarisation [244], [245], [246], frequency, higher-
order modes [247], time bins [248] have been explored, but
are less common for information processing.

B. Large-scale circuits and Multiphoton capability

The attraction of silicon photonics comes from its scala-
bility. Once a technique for generating a pair of qubits is
established [182], [179], scaling the number components on
a design is relatively simple (given loss-budgeting). Commer-
cially available V-groove fiber arrays and multichannel ana-
logue electronics have enabled the rapid emergence large-scale
quantum photonics. For example, the demonstration of 15-
dimensional entanglement using a device with simultaneously
operated 15 photon pair sources® and over 500 passive compo-
nents (Fig. 7h) [19]. Similarly, a universal two-qubit processor
was implemented via a postselected photonic decomposition
of SU(4) (Fig. 7g) [251]. This processor featured 0.92 fidelity
two-qubit gates and was used to demonstrate NISQ algorithms,
such as quantum approximate optimization algorithm, and an
efficient simulation of directed quantum walks—albeit with
two qubits. This improves on a smaller-scale circuit based on a
postselected controlled-Z gate (Fig. 5b) implemented between
a pair of degenerate photons which achieved state fidelities of
0.8 and above [252].

Though off-chip quantum interference between silicon
sources was shown in the early days of the field [257],

3 Arrays of 128 photon pair sources of 0.9 indistinguishability have also
been demonstrated in silica[249], though at most three have been demonstrated
simultaneously [250].
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Fig. 6.  Silicon quantum photonic circuits with multiphoton capability.
(a) A four-photon device generating every type of four-qubit graph state.
Here, fidelities were limited to 0.68 and 0.78 by 0.80 visibility HOM
interference and low photon-flux due the use of standard, non-optimised
components [18]. (b) Chip-to-chip quantum teleportation via generation of a
four-photon entangled resource. A ring resonator source is shown in the inset,
along side a 2D grating coupler for path-to-polarisation conversion [77]. (c)
A silicon chip generating up to eight degenerate photons for boson-sampling
with a fixed unitary implemted with a MMI [23].

[258], on-chip multiphoton capability—that is, the generation,
interference, entanglement and control of multiphoton states
in silicon waveguides—is the first step to scaling up. On-chip
heralded HOM interference was demonstrated for the first time
between photons generated in two independent ring resonator
sources [188] in 2018, achieving a visibility of Viom = 0.67.
The success of this experiment relied on careful tuning and
crosstalk mitigation in the photon-generating ring resonances
(see Sec. III). Subsequent demonstrations have implemented
photonic circuitry to entangle up to four photons in path-
encoded qubits. For example, a reconfigurable postselected
entangling gate [218] was used to programmably generate
both cluster and GHZ resource graph states (Fig. 6a) [18]—
resources for measurement-based quantum information proto-
cols. The generation of graph states from nonlinear sources
and postselected entangling gates was studied in ref. [218],
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Fig. 7. Large-scale silicon quantum photonics and machine learning. (a) A large scale universal photonic chip. Here, a 3 X 26 mesh of connected MZIs allow
the implementation of arbitrary linear optical unitary transformations. The top and bottom of the image are device’s 194 wirebonds, demonstrating complex
package required for operating large scale circuits. This universal linear optical circuit was used as a testbed for numerous experiments such as quantum
transport simulations [242] and interactions in a coherent Ising machine [253], whose layout is shown in (b). Here, the chip implements the matrix Cj;. (c)
Quantum Hamiltonian learning: A classical optimiser learns the Hamiltonian of an unknown quantum system with no a priori information via a quantum
simulator [254]. (d) Optimising Hamiltonian parameters with a silicon photonic quantum co-processor [22]. (e) Microraph of a 32 x 32 silicon photonic switch
with an average loss of 10.8 dB. The device’s 1024 phase modulators are addressed via a vertical interposer [255]. (f) Algorithm for modelling vibronic
spectra of molecules with a universal optical circuit [37]. (g) Schematic for universal quantum photonic processor which computes 2-qubit quantum logic via
the Cartan decomposition [251] This decomposition allows any two-qubit unitary (SU(4) martrix) can be written as a sum of four local unitaries [256]. The
device utilises parallel MZIs to implement local unitaries which are later combined.. (h) Photograph of A large-scale silicon quantum photonic device featuring
16 SFWM photon pair sources and over 500 passive components [19]. This device was used to generate a bell state of d = 15 qudits, 2215 |ig)/ V15, and

served as a testbed for demonstrating nonlocality and steering in high dimensions.

revealing that most graph states are not accessible, echoing
the call for the development of deterministic technology. A
similar experiment produced GHZ entanglement as a resource
for quantum teleportation between remote devices[77] using
ring resonator sources (Fig. 6b). A four-photon |®T) ® |®T)
state was also recently generated via a silicon waveguide [259].

In any quantum photonic device, photon throughput deter-
mines the eventual data rate, while the computational space
accessed by n qudits of dimension d is d". Doubling d (equiv-
alent to adding a qudit) roughly results in circuit transmission
n — n? for a d-dimensional local unitary [243], while adding
a photon source with efficiency p incurs a cost np. Today,
with p < 0.2, increasing d is an attractive route to larger state
spaces—though optimum values of n and d depend on the
exact photonic design and its loss.

C. The NISQ era and beyond

Quantum simulations and machine learning-enabled quan-
tum information processing are poised to be major applications
of quantum technology especially in the NISQ era [260],
[261], [262]. Many of these applications have natural photonic
implementations, with quantum optical neural networks [263],
variational (hyrbid quantum-classical) algorithms [264], opti-
mization algorithms [251] and coherent Ising machines [40]
being prominent examples. Recently a silicon photonic circuit

featuring controlled unitary was used to implement a Bayesian
extension of the quantum phase estimation algorithm, enabling
increased robustness and phase precision [265], and was used
to simulate a hydrogen molecule. These methods were adapted
into a new variational* protocol to find eigenstates of a
Hamiltonian, which the authors name WAVES [266]—though
good ansatze are required for efficient operation. A related
problem was also addressed, where the Hamiltonian of a
nitrogen vacancy (NV) center in diamond was learned [22].
Here, single photon data from the NV centre was compared
to data from the chip, which acts as a quantum co-processor,
simulating the NV system. This technique exhibited the ability
to detect that new terms may be needed in the Hamiltonian
(Fig. 7d), and has since been extended to learn a Hamiltonian
with no prior form (Fig. 7c¢) [254]—though here the quantum
co-processor was simulated.

Recently, a single 3 x 26 universal silicon photonic pro-
cessor (Fig. 7a) has been used to model quantum particle
transport experiment by single photon quantum walk (with
laser light) [242] as well as in a counterfactual communication
experiment with single photons [267]. The same device was
also used as a proof-of-principle recurrent Ising machine

4In variational quantum algorithms, a set of parameterised quantum gates
(i.e. those reconfigurable in the photonic circuit) is subject to classical
optimisation and repeated to find a solution (for example, the ground state of
a Hamiltonian).
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experiment [253]—a promising optical analogue to quantum
annealing in the solid state (Fig. 7b) [268]. Here, all-to-
all connections provided by the universal unitary enable the
encoding of arbitrary four-spin Ising problems which are
inefficient to encode in quantum annealers [269]. Though a
100 spin device was recently demonstrated using time-bin
encoding using optical fiber [270], future silicon photonic
implementations should enable large speed ups with parallel
processing. This circuit was also used to study an advanced
calibration method where physical imperfections (for example
non 50:50 beamsplitter reflectivities) are ‘calibrated out’ using
a nonlinear optimisation, resulting in 10 dB improvements to
measured process fidelities [271]. Finally, the same device was
used to learn a the ‘black box’ unitary implemented in a boson
sampling experiment via a variational method, given known
input and output samples [21].

Outside of qubits, boson sampling® is a computational
task that is prominent in quantum information literature as
a route to demonstrations of quantum advantage, and has
a variety of computational applications [37], [39]. Sampling
from the distribution of measured output positions produced
by bosons traversing a unitary matrix (linear optical network)
is known to be of exponentially complexity [272], [273],
whereas lossless physical implementations using photons are
trivially subject to linear scaling. Gaussian boson sampling is
a promising route to applications in the NISQ era, enabling a
host of graph-based computations as well as the computation
of molecular vibronic spectra (Fig. 7f) [39], [37]. Recently,
states of up to eight degenerate photons were generated in a
recent scattershot and Gaussian boson sampling experiment,
featuring a fixed optical unitary implemented with a fixed
multimode interference region (Fig. 6¢) [23]. Meanwhile, a
recent bulk-optical demonstration of boson sampling demon-
strated 20 photons (up to 14 simultaneously detected) in a
60 mode fixed interferometer using photons demulitplexed
from a quantum dot source, stepping towards the demon-
stration of quanutm advantages [15]. To compete, a silicon
photonic implementation must drastically reduce loss, for
example by inclusion of sidewall smoothing techniques in
advanced fabrication processes (See Sec. II-A and Table I).
Meanwhile, a 32 x 32 silicon photonics switch with average
loss of 10.8 dB was recently demonstrated (Fig. 7e) using
a vertically bump-bonded interposer accessing the device’s
1024 phase shifters [255], though this device—a result of
photonic interconnect research—Ilacks phase control required
for implementation of arbitrary optical unitaries [243], its scale
and low-loss is enabled by techniques which are transferable
to silicon quantum circuits.

Silicon quantum photonics is also leading candidate plat-
form for linear optical quantum computation, with recent
theoretical results closing the gap between today’s devices
and large-scale, fault-tolerant quantum computers. The leading
architecture is based on the deterministic production of per-
colated resource states for measurement-based quantum com-
puting via hierarchical multiplexing of single photon sources
and entanglement generation [42]. When more than one layer

Ssee ref. [181] for a comprehensive review of boson sampling.

Fig. 8. Ballsitic linear optical quantum computing architecture. (a) A 3D
universal lattice resource state is produced from 3-photon GHZ states via
probabilistic fusion operations. Shown here is a single plane of the 3D state,
with green qubits linking through the Z direction to white qubits. [42]. (b)
A 2D unit tiling implementing (a) [41]. (c) The result: an imperfect lattice
is produced, where logical qubits are defined on percolated paths through the
lattice. Here, the X direction is equivalent to photon time-of-flight.

of multiplexing is used, a theory of ‘relative multiplexing’ has
been developed to provide the optimal scheduling of resources
across the whole device [274]. Interesting, the number of
components that each photon travels through in this archi-
tecture is independent of the total device size (Fig. 8b)—a
key requirement for scalability (cf. n-photon boson sampling
which requires each photon to traverse O(n) components,
resulting in exponential losses O(n™)). Probabilistic gates are
used to fuse deterministically mulitplexed three-qubit GHZ
states (Fig. 8a,c), resulting in a lattice resource state with
randomised connections. In the limit of infinite lattice size,
results from percolation theory ensure that logical, error-
correctable qubits exist throughout. Recently, this architecture
has been simulated at scale and has been shown to be robust
at finite sizes [275], and meanwhile tolerance to photon loss
in resource states has been demonstrated [45]. Though we
observe great progress in the last five years, the challenges
of building such a device [41]—which we summarise in
Sec. VI—remain daunting.

V. QUANTUM COMMUNICATION

Quantum communication is the faithful transfer of generic
quantum states between remote locations [276]. Quantum
communications use a variety of qubit encodings, with time-
bin, polarisation and spatial modes utilised, depending on
application. During the last five years, there have been many
achievements in this area, including entangled distribution over
1200 km [277], long distance quantum key distribution [278],
underwater quantum communication [279], [280] and large-
scale quantum and classical multiplexing [281], [282]. All
of these demonstrations used bulk-optical components, which
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limit applicability—integrated photonics instead offer a route
to cost-effective QKD, deployed at scale.

A. Quantum key distribution

Quantum key distribution (QKD) uses measurement-
induced collapse of superposition states to detect eavesdrop-
pers on a quantum communications link, enabling a secure
cryptographic keys to be generated between two remote loca-
tions. To be compatible with telecommunications technology
and to minimise loss, operation should be at 1550 nm, with
secret key generation rate and link distance desirable figures of
merit. Today, in the absence of quantum repeaters [288], link
distance is limited by channel loss. Recently there have been
multiple demonstrations using integrated silicon optics with
weak coherent states [246], [283], [287] (Figures 9a,d.e.f). In
particular, focusing on a discrete variables approach, ref. [283]
achieves chip-to-chip quantum key distribution using silicon
photonics at 1550 nm. In this work various quantum key distri-
bution protocols were demonstrated (COW, BB84-polarisation
encoding and BB84-time-bin encoding) by exploiting 10 GHz
bandwidth carrier-depletion modulation. These were com-
bined with DC-operated thermo-optic modulators to minimise
phase-dependent loss errors. In the same direction, two field-
trial experiments, one over free-space in daylight conditions
(Fig. 9f) [287] and one in fiber [289], have recently been
realised using integrated photonics employing weak coherent
states at telecommunications wavelengths. Here, the use of
silicon photonics enabled the experiments high secret key
rates and increased the stability of the system, particularly by
correcting for polarisation drift. One recent innovation comes
from a polarisation-based QKD transceiver device, where the
same circuit traversed in different directions gives provides
transmitter or receiver functionality [20].

Increasing secret key rates is crucial for developing quantum
communications networks. Taking inspiration from classical
telecommunication technology, secret key rate can be ex-
panded by multiplexing, for example space division multi-
plexing was recently demonstrated by use of a multicore fiber
(Fig. 9e) [286]. In this experiment, keys were generated by
a parallel silicon photonics transmitters, and coupled to a
multicore fiber by a circular grating coupler array, with a
similar silicon chip featuring parallel receiver used to de-
code the stream of qubits. High-dimensional quantum key
distribution has been recently demonstrated using a techno-
logically similar approach: four-dimensional quantum states
were transmitted over a few meters of multicore fiber [290],
where different fiber cores corresponded to the different basis
states of a photonic qudit. More recently, this transmission
distance was extended to kilometer length scales using phase-
locked loops [291], [292]. SNSPDs are among the most
costly and least portable resource in quantum photonics—
their availability is often a bottleneck in quantum photonics
research. Time multiplexing detectors between multiple users
alleviates this, and was recently demonstrated in a QKD setting
with a silicon chip [293].

Thus far we have discussed discrete variable QKD, however,
other qubit formats can also be used, for example continu-
ous variable (CV) QKD has recently gained attention [46],

[294]. This format is preferred for short links (< 100 km),
due to limited signal-to-noise ratio at long distance. Silicon
quantum photonics has application here, too, with scalable on-
chip homodyne detection, based on high-quantum efficiency
photodiodes [295]. Recently, a silicon chip has been employed
to generate a gaussian modulation scheme reaching an secret
key rate of 0.14 kbps over 100 km of fiber (Fig. 9d) [285]. A
local oscillator and the quantum signal—which have orthog-
onal polarisation—were coupled together into an optical fiber
before demultiplexing and measurement through homodyne
detection on the device. Recent theoretical advances in CV
QKD have proved a the same level of security as in the
discrete variable approach [296], [46], setting the stage for
future developments on silicon and otherwise.

Measurement-device-independent (MDI) protocols allow
the creation of a quantum key without relying on a trusted
receiver, improving security. Toward this goal, 0.46 visibil-
ity Hong-Ou-Mandel interference—crucial for MDI protocols
and limited to 0.5 for coherent states [297], [298]—was
recently demonstrated (Fig. 9b) [284]) between two inte-
grated distributed feedback lasers on discrete silicon chips—
simultaneously with a result using indium phosphide de-
vices [299]. Recently a silicon chip integrating SNSPDS
directly patterned on to a lithographically defined silicon
photonic chip was demonstrated, with application to untrusted
MDI QKD nodes (Fig. 9c) [155].

Being an indirect bandgap material, silicon lacks accessible
light source technolog. Future application of silicon photonic
QKD links will depend on the availability of efficient light
sources for the generation of weak coherent pulses on the
platform. Though progress is being made [300], today, solu-
tions based on hybrid techniques are prevalent, for example by
flip-chip bonded III-IV devices [301], [284]. For example, a
silicon photon pair source pumped by a silicon photonic with
heterogeneously integrated laser [302] has been reported.

B. Future quantum networks

Though QKD enables the sharing of a secret key between
precisely two parties, more general communication scenarios
require non-classical states as resources [48], [47]. For ex-
ample, distribution of entangled states enables two quantum
states, to be ‘teleported’ between the remote locations. In this
way, it is possible to interconnect multiple and different users
around the world, who can utilize non-classical correlation
for various applications, from digital transaction and secure-
communications to coordination agreements protocols [303].

The first chip-to-chip transportation of quantum states was
achieved with two silicon photonic devices via coherent path-
to-polarisation state conversion grating coupler (Fig. 6b) and
optical fiber link [76]. More recently, a four-photon GHZ
state was generated on-chip before being partially distributed
and being used to teleport a quantum state between discrete
chips [77]. These works extend the overall range of quantum
applications using silicon photonics, and light the way for
quantum networks based on silicon photonic technology.

Meanwhile, the ‘holy grail’ of limitless quantum commu-
nications via quantum repeaters, will be enabled by many of
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Fig. 9. Silicon photonics for quantum communications. (a) Silicon photonic chips implementing a range of quantum key distribution protocols [283]. (b) HOM
interference between weak coherent pulses—a necessary feature of MDI QKD—generated via hetero-integration of III-IV InP on silicon photonics [284]. When
interfering coherent light, the maximum achievable visiblity is 0.5—this result (0.46) is within theorectical boudns for efficient MDI QKD. (c) Integrated relay
server for MDI QKD, featuring SNSPDs patterned on an a commercial silicon photonic platform (bottom) featuring photonic crystal grating couplers (top)
[155]. (d) Experimental setup of a continuous-variable chip-to-chip QKD protocol [285]. (e) Space division multiplexing with silicon integrated photonics [286].
(f) Daylight free-space quantum key distribution using silicon photonic circuits [287].

the same technologies required for scaling quantum photonic
information processors. In fact, the mechanics of a quantum
repeater—teleporting a qubit from one location to another—
are a core feature of measurement-based quantum computa-
tion. All-photonic repeater schemes use graph states [47]—
recently demonstrated in silicon photonics [18]—in a scheme
that has been illustrated in bulk optics [304]. Eventually, the
transmission of quantum data between quantum computers
will require quantum interconnects between computer and
network qubits. These will likely require integrated photonics,
and will form the basis of an entanglement-based quantum
internet [303], [305].

C. Quantum sensing

High-fidelity state generation and manipulation also opens
the door to quantum sensing applications. For example, NOON
states, which exhibit phase sensitivity beyond the standard
quantum, or shot noise, limit (x VN samples), and are instead
subject to Heisenberg scaling (ox NN samples) [306], [307].
Meanwhile, graph states—resources for measurement-based
quantum protocols—have also been demonstrated to beat the
standard quantum limit, and demonstrate robustness to both
dephasing and loss noise [308]. A system based on these states
of single photons may be useful for applications where too
much light might be damage or alter the sample. Otherwise,
brighter states of light may be more useful.

Squeezed states of light are one of the most promising states
for quantum sensing [309], [309], [310], as they are both bright
and provide quantum enhanced sensitivitiy in their squeezed
quadrature. Today the foremost application of squeezed states
in gravitational waves detectors—the world’s most sensitive
interferometers [10], [11], [311]. Recently, on-chip homodyne
detection was demonstrated for the first time by using a silicon
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photonic chip [295], with immediate application to Gbps
generation of quantum random numbers [312]. This scalable
approach could enable the implementation of dozens or hun-
dreds of parallel homodyne detectors in the near future. Here,
close integration of electronic control and readout (on the same
die, or directly bonded) will enable increased data rates and
detection bandwidths. Homodyne detectors are also key com-
ponent of continuous variables quantum information (CVQI)
architectures, based on squeezed states [313], [314], which,
like single-photon-based processing, is enabled by adaptive
measurements and feed-forward [315]. The large state spaces
demonstrated in these architectures also relies on a time-
multiplexing approach [313], [314]. Featuring pure sources,
high-fidelity optics, and fast switching, the requirements for
the two technologies are strikingly similar Though so far
efforts integrating CVQI have focused on silicon nitride [44],
[316], techniques such resonance-selective FWM via dual-ring
structures (Fig. 4e) are transferable [199], [317]. Meanwhile,
a nonlinear interferometer was recently demonstrated on a
silicon photonic chip [318], with application to imaging and
spectroscopy at a wavelengths with limited detection technol-
ogy [319], [320], [321].

VI. FUTURE SCALING AND OUTLOOK
A. Technical challenges in silicon quantum photonics

Today, silicon quantum photonics is being advanced by
research around the world. It is unclear which techniques
and platforms the silicon quantum photonic community will
converge to as the field progresses, but for rapid progress,
developments in theory and applications must inform fabrica-
tion process, and vice versa. Here, we give an overview of the
the main technological hurdles in silicon quantum photonics
together with possible routes to progress.
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1) Truly Gaussian pump pulses: Most theoretical models
demonstrating near-unity purtiy assume gaussian pump pulses
with deviations known to cause reductions in spectral purity.

2) High-resolution lithography: Spectral deviations in
lithographically printed sources are typically due to finite fab-
rication tolerances—improvement will come from increased
availability of high-resolution lithography.

3) Ultra-low-loss components & delay lines: Today’s
ultra-low-loss components—based on sidewall smoothing
techniques—will enable significant near-term scaling, if they
are combined with advanced silicon photonics platforms fea-
turing phase modulators and efficient grating couplers. Further
ahead, hybrid silica or silicon nitride delay lines could enable
the next generation of multiplexed photon sources and feed-
forward capability

4) Fast, low-loss switches: Fast, low-loss switches, together
with low-latency electronic control logic form the basis of
feed-forward technology and truly scalable quantum photon-
ics, enabling photon multiplexing for deterministic photon
sources, as well as adaptive measurement-based quantum pro-
tocols. Recent developments in hybrid TFLN and BTO devices
are poised to make this breakthrough, with loss reductions
continally reaping benefits in scale.

5) Electronic-photonic co-integration: With BTO or TFLN
switching technology logic latency (and associated loss of
delayed photons) will be the bottleneck to scalability. Directly
connected (flip-chip or wirebonded) electronic logic will em-
power the next generation of silicon photonic scaling, with
efficient monolithic integration a long term goal.

6) Pump rejection: On-chip pump rejection has seen good
progress, needed for the integration of SNSPDs. Here, con-
tinued work to minimise loss in the single photon channels
is important. Advanced processing discussed above, will en-
able further progress, with more efficient sources with larger
channel separation also serving.

7) Thin-film superconductor on advanced silicon photonics:
Given effective pump-rejection integration of SNSPDs with a
low-loss, high-speed silicon photonics platform is a must to
reach truly large-scale silicon quantum photonics.

8) Signal multiplexing & thermal budgeting: Cryogenic
integrated photonics (for integrating SNSPDs) comes with
severe power dissipation and input/output channel limitations.
Low-power phase modulation, signal multiplexing, and cryo-
genic logic in will be enabling technologies.

B. Outlook

There is concurrent work on all of these challenges, and,
as discussed in the above sections, great progress has been
made in the last five years on all of them. Moving forward, the
outstanding challenge is their combination and integration to a
single platform. This will facilitate ever-lower loss and latency,
and engender continued increases in complexity, scale—and
most importantly—meaningful capability in quantum photonic
technology. How can this be achieved? A recurrent theme
is lithographic process and device fabrication, which are the
enabling technologies underpinning silicon quantum photon-
ics. Complete integration is the goal, with every advance on

the road enabling new ground-breaking applications. Some
results—such as those discussed above—we can anticipate
eagerly, some breakthroughs are not foreseen here. With more
focus than ever on quantum technology, the coming years
are poised to see unprecedented advances in silicon quantum
photonics.
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