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Abstract

Photonics is poised to play a unique role in quantum technology for computation, communications and sensing. Meanwhile,
integrated photonic circuits—with their intrinsic phase stability and high-performance, nanoscale components—offer a route
to scaling. However, each integrated platform has a unique set of advantages and pitfalls, which can limit their power. So far,
the most advanced demonstrations of quantum photonic circuitry has been in silicon photonics. However, thin-film lithium
niobate (TFLN) is emerging as a powerful platform with unique capabilities; advances in fabrication have yielded loss metrics
competitive with any integrated photonics platform, while its large second-order nonlinearity provides efficient nonlinear
processing and ultra-fast modulation. In this short review, we explore the prospects of dynamic quantum circuits—such as
multiplexed photon sources and entanglement generation—on hybrid TFLN on silicon (TFLN/Si) photonics and argue that

hybrid TFLN/Si photonics may have the capability to deliver the photonic quantum technology of tomorrow.

Keywords Quantum photonics - Quantum information - Quantum communications - Lithium niobate (LN) - Silicon
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1 Introduction

Quantum technology has captured the imagination of sci-
entists and engineers around the world and is poised to play
a key role in the blossoming of the information age in the
twenty-first century. Today, we are in the era of noisy inter-
mediate scale quantum (NISQ) technology [1], where quan-
tum devices demonstrably outperform traditional computers
at some specific tasks [2—4]. Progress in quantum technol-
ogy is increasingly rapid—the coming decade will reveal
both the power of quantum information processing, and the
extent of the challenges we face to develop the architectures,
nanofabrication techniques, and algorithms needed for large-
scale quantum computation and networks.

Photonics remains at the leading edge of quantum
technology development, with recent demonstrations of
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satellite-based quantum communications, loophole-free
Bell tests, and demonstrations of quantum advantage [5—10].
Meanwhile, integrated quantum photonics—often seen as
the key to scalability—is rapidly advancing in performance
and complexity. Nearly all integrated photonics platforms
have been used to demonstrate quantum capability [11],
with different platforms excelling at different applications.
Of particular note is silicon quantum photonics [12, 13],
which has seen by far the most activity, across communi-
cations [14, 15], computation [16, 17], and sensing [18].
Today, however, progress in silicon quantum photonics is
limited by slow or lossy modulation [19].

2 Hybrid thin-film lithium niobate on silicon
photonics

Thin-film lithium niobate (TFLN) has emerged via recent
progress in fabrication [20, 21] as a photonics platform
with a unique set of capabilities for high-speed applica-
tions [22-24]. While bulk and diffuse-waveguide LN have
long been the workhorses of telecommunication technolo-
gies, TFLN waveguides offer nanometer-scale confinement,
reducing device size, nonlinear thresholds, and switching
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voltages by orders of magnitude—while commensurately
increasing modulation frequencies. With a refractive index
of n=2.2, TFLN circuits are reasonably dense, but still
require an order of magnitude larger bend radius (~ 100 pm)
than silicon circuits (~ 10 pm), which features n=3.5.

Historically, chemical vapor deposition [25], pulsed
laser deposition [26], molecular beam epitaxy [27], and
RF sputtering [28] have been all be used to fabricate TFLN
waveguides. However, none of these is able to achieve high-
quality structures in crystalline TFLN. Recently, “smart-cut”
technology [26, 29] provided the breakthrough to enable the
production of commercial LN on insulator (LNOI) wafers.
Instead of growing or depositing LN, the “smart-cut” pro-
cess consists of first using high-dose ion beams (Het or H)
to produce a clean cleaving plane, then wafer bonding to
the carrier substrate, thermal annealing to split the original
LN substrate along the cleavage plane, and finally polishing
for increased smoothness. The “smart-cut” method is able
to prepare the single crystalline TFLN on a large area of
insulator. Today, wafers up to 6 inch are commercially avail-
able from companies such as NanoLN, Partow Technologies,
NGK Insulators, and SRICO.

TFLN offers numerous distinct advantages when
compared to other platforms for photonic integrated cir-
cuits. Modulation speeds of over 100 GHz [30-33] and
V.L =2.8 V-cm [30] have been demonstrated via group-
velocity matched electro-optic phase-shifters, leveraging the
large y® nonlinearity inherent to LN. Meanwhile, recent
advancements in processing have produced ridge wave-
guides with loss as low as 2.7 dB/m [34]—a critical figure
for quantum applications. Waveguide geometry can be used
to control the guided mode’s dispersion properties and to
engineer nonlinear phenomena. For example, a photonic
molecule simulator [35], frequency combs [36], coherent
modulation [37], and an integrated spectrometer [38] have
all recently been demonstrated. As with bulk LN, periodic
inversion of the ferroelectric crystal domain can be used
to tailor a TFLN waveguide’s nonlinearity profile [39-42],
increasing process efficiencies [40]. This is achieved by
applying strong alternating electric fields on a microm-
eter scale. Here, increased geometrical precision enables
more precisely engineered nonlinear profiles, for example,
increased purity of nonlinearly generated photon pairs. Effi-
cient thermal modulation has also been shown via introduc-
ing thermally isolating voids in the surrounding substrate.

Silicon photonics is a reliable and mature platform
for integrated optics [44]. However, simultaneously low-
loss and high-speed modulation and switching remains
a core challenge. Traditional microheater-based ther-
mal switches suffer from inefficient and slow operation,
while high-speed plasma-effect [45] and carrier-depletion
based modulators suffer from intrinsic phase-dependent
optical loss due to their free carriers [46]. Meanwhile,
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however, synergy with the information technology sec-
tor has bestowed ever greater efficiency for passive com-
ponents. Examples include — 0.6 dB loss per grating
coupler [47-49], — 0.3 dB/cm propagation loss [50, 51]
and — 0.1 dB loss per cross-intersection, ideal for quantum
applications. Until recently, the spectral purity of photon
pairs generated in silicon waveguides was considered a
core challenge in silicon quantum photonics. However,
recent demonstrations boast 95% purity from ring resona-
tor sources [52], and >98% from a source based on mul-
timode phase matching [53]. Meanwhile, theory shines a
light on improvements beyond 99% [54, 55].

ybrid TFLN/Si photonic devices are constructed by wafer
bonding TFLN circuits on top the silicon waveguide layer,
spaced with a layer of silicon dioxide of around 100 pm
thickness. Recently, scientists have also achieved crystalline
silicon thin film and TFLN hybrid wafers by the smart-cut
method [26, 29]. This enables efficient coupling between the
silicon and TFLN waveguide modes by means of inverted
tapers on the silicon and TFLN layers, forming a vertically
spaced adiabatic coupler. This adiabatic mode transition can
be low-loss (—0.19 dB) and single-mode [56, 57], though
requires precise placement of the LN wafer. High quality,
precision etching of TFLN remains a challenge, resulting in
grating coupler efficiencies that lag behind other platforms.
Today, the state of the art is— 3.5 dB transmission [58-60].
Here hybridization with silicon’s sub-dB grating couplers
[47-49] offers a large increase in efficiency.

Few platforms for integrated optics can compete with
TFLN’s loss and modulation speed metrics. However, other
platforms have specific advantages. For example, platforms
based on III-V semiconductors, such as Indium phosphide
(InP), gallium arsenide (GaAs), aluminum gallium arsenide
(AlGaAs), and their hybrids, offer on-chip optical amplifica-
tion via their direct bandgap, and therefore allow the integra-
tion of single-wavelength lasers. As high refractive index
materials, they feature a high-optical confinement and small
device footprint, similar to silicon. Meanwhile, integration
with silicon devices is also possible via flip-chip bonding
and heterogeneous growth and integration techniques [61].
Modulation bandwidths up to 67 GHz (V,=1.5 V) have been
shown in InP, approaching the speeds of TFLN [62], though
propagation loss metrics lag behind. AlGaAs offers large
intrinsic x® and x nonlinearities, and does not suffer
from two-photon absorbtion. While AlGaAs typically suf-
fers from large propagation loss, sidewall passivation tech-
niques have demonstrated losses as low as 1 dB/cm [63].
III-V semiconductor-based Plasmonic modulators can reach
speeds over 500 GHz, however the loss associated is too
large for quantum applications, typically greater than 5 dB
[64]. Integrated graphene [65], meanwhile, may provide a
route to ultra-high nonlinearities. Finally, silicon nitride pho-
tonics suffers from similar efficiency and speed constraints



Frontiers of Optoelectronics (2022) 157

Page 3 of 7 7

to silicon, but requires a considerably larger footprint for
equivalent circuitry.

3 Dynamic quantum photonic circuits

Dynamic quantum photonic circuitry (DQPC)—involving
quantum measurement and feed-forward drive informa-
tion processing—are vital to large-scale quantum photonic
technologies, and require fast, low loss photonic circuitry,
as well as low-latency detection-logic and fast switching,
as shown in Fig. 1. These same requirements enable appli-
cations across quantum photonic technologies. Applied at
scale, DQPC yields linear optical quantum computation
(LOQC), continuous variables (CVs) quantum computing
[66—69], as well as unlimited-distance quantum communi-
cations via quantum repeaters [70]. In these schemes, quan-
tum protocols (algorithms, communications channels, etc.)
are implemented via local adaptive measurements on large
entangled resource states. These lattice-like quantum states,
whose entanglement structure (represented as a graph) pro-
vide error or loss tolerance to their protocol when measured
with the correct adaptive algorithm. In many architectures
these resource states are themselves built using DQPC.

3.1 Photon source multiplexing

Photon source multiplexing is one of the elementary exam-
ples of a dynamic circuit. Silicon’s spontaneous four-wave
mixing (SFWM) photon pair sources are probabilistic; they
rely on the postselection of photon pairs from a squeezed
vacuum state with a probability necessarily p <0.1. This
results in exponentially poor scaling of success for multi-
ple sources, and places limitations on resource state gen-
eration [71]. Photon source multiplexing, however, offers a
clear path to determinism, whereby fast, low-loss switches
dynamically route a single photons from many multiplexed
photon pair sources to one output. These sources can be

wafer-chip bonded thin-film lithium niobate
with GHz modulation

dense silicon photonics with )
pure photon pair sources

fibre array /#

separated by any photonic degree of freedom, for example,
space, time, or frequency [72-77].

Optical loss strongly suppresses advantage in multiplex-
ing schemes, and only recently have significant enhance-
ments of photon probability been measured. Here, a low-
loss bulk-optical system multiplexed up to 40 time bins,
culminating in a photon output probability of 67% with the
second-order correlation function g(0)=0.28, indicating
considerable two-photon component [75]. So far, however,
integrated examples are limited to off-chip switching [76,
77]. In contrast, solid-state emitters, such as quantum dots,
have demonstrated up to 57% output probability to opti-
cal fiber [78, 79]. However, the best examples of quantum
dot based sources emit photons with wavelengths around
800 nm, far from the vital telecommunications O- and
C-bands, and require bulky and expensive cryogenic opera-
tion. Meanwhile, DQPC—and therefore high-speed and low
loss modulation—is required for measurement-based quan-
tum protocols, no matter where the photons come from. To
complete the stack, heralded entangling gates can be mul-
tiplexed using precisely the same techniques and technol-
ogy in order to generate large entangled resource states for
error- and/or loss-tolerant quantum protocols [80, 81, 67].

Using state of the art loss metrics (see Table 1), a rela-
tively modest repetition rate of 10 GHz implies the opti-
cal transmission of a temporal storage loop to be as low as
— 0.05 dB per round trip. Meanwhile SFWM based photon
pair sources have been demonstrated in silicon with repeti-
tion rates of up to 10 GHz [82]. A simple model [75] shows
that multiplexing based on a silicon waveguide source and
single temporal loop in the TFLN layer could produce a pho-
ton with probability around 60%. With the output clocked
to the recovery time of a single superconducting nanowire
single photon detector (around 50 ns recovery for commer-
cial devices) an on-chip single photon flux of 12 MHz is
achieved, which is comparable with state-of-the-art solid-
state sources before coupling to the application (e.g., inte-
grated photonics). Reducing detector deadtime to 1 ns [83]
could yield an on-chip rate of 300 MHz. Spatial multiplexed

electronic control I/O

integrated logic circuit for dynamic
circuits, directly wirebonded

Fig. 1 Future TFLN/Si device package designed for dynamic quantum photonic circuits and featuring direct wirebonding for low-latency logic
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Table 1 State-of-the-art component metrics in TFLN and silicon pho-
tonics

Device/component Figure of merit References
TFLN modulator bandwidth 110 GHz [30]
TFLN modulator loss —-0.5dB [31]
TFLN modulator V, L 2.8 V-cm [31]
Si/TFLN mode converter loss —0.19 dB [33]
TFLN propagation loss —2.7dB/m [34]

Si propagation loss —2.7dB/m [50, 51]
TFLN side coupler —1.32dB (TE) [86]
TFLN grating coupler —-3.5dB (TE) [58, 59]

Si grating coupler —0.36 dB (1200 nm),  [48, 49]

—0.5dB (1550 nm)

sources, requiring n detectors for n multiplexed sources,
show even more promising results, at the cost of additional
resources and device footprint. Heralded entangling gates,
such as type-I and type-II fusion have success probabilities
greater than 50% (c.f., less than 10% for photon pair gen-
eration), and so are less technically demanding to multiplex
than sources.

To increase the efficiency in DQPC, and move toward
quantum photonic systems-on-a-chip, the detect-switch
latency must be reduced. Current implementations based on
field programmable gate array logic demonstrate latencies of
around 100 ns, or around 20 m of photon storage in optical
fiber, which is infeasible on chip. To improve this, devices
could be placed inside a cryostat with single photon detec-
tors, which is enabled by the minute power dissipation of
TFLN’s electro-optic modulation technology. Furthermore,
direct wire-bonding of the photonic integrated circuit to a
dedicated electronic logic chip [84] could yield latencies of
around 1 ns. Eventually, electronic/optical co-integration in
silicon may reduce this yet farther.

4 Concluding remarks

Hybrid TFLN/Si offers dense, high-performance optics
combined with low loss and ultra-fast modulation, and will
undoubtedly play a key role in the development of photonic
information processing—both quantum and classical—as
the technology becomes available to end users. Other plat-
forms, such as Si/BTO [85], and strained silicon show simi-
lar potential, though speed and loss and speed metrics lag
behind those of TFLN, and demonstrations so far have relied
on specialized silicon wafer production, rather than versatile
wafer bonding techniques. In the coming years, quantum
photonics will continue to benefit from parallel development
of integrated photonics and electronics, driven by society’s

@ Springer

demand for bandwidth and connectivity, while quantum-
specialized processes will provide the state-of-the-art as
we progress through the NISQ era of quantum information
processing.
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