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ABSTRACT

In today’s world, electronic information processors are ubiquitous. This disser-
tation explores an alternative paradigm of processing information using nanopho-
tonics. We develop and investigate nanophotonic lithium niobate circuits leveraging
strong y® nonlinearity for information processing. We demonstrate promising
performance of nanophotonic circuits as building blocks of unconventional com-
puting architectures that exploit the rich classical and quantum dynamics inherent
to optics. Additionally, we introduce a new class of ultrafast nanophotonic sources,
enabling novel opportunities for information processing. Ultimately, this disserta-
tion puts forth the building blocks of next generation ultrafast photonic information
processors in lithium niobate nanophotonics which may lead to photonic advantage.
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Chapter 1

INTRODUCTION

1.1 Photonic Information Processing: When Nanophotonics Meets Strong
Nonlinearity

Inside any smartphone or computer processor today, are billions of transistors
that conduct the flow of electrons to process information. What if we replace those
electrons with streams of light? What if instead of an electronic integrated circuit,
we make a photonic integrated circuit that not only routes light but manipulates or
prepares it to enable information processing? What advantages could such photonic
information processors offer that electronic circuits cannot, and what new possibili-
ties could they unlock beyond the capabilities of previous optical technologies? This
dissertation is devoted to answering these questions by developing and exploring
nanophotonic devices, circuits, and systems with strong nonlinearity for information
processing.

Two key terms throughout this thesis are nonlinearity and nanophotonic. Non-
linearity enables complex operations where the outputs are not merely scaled and/or
summed responses of the inputs. As Stainstaw Ulam put it, “using a term like non-
linear science is like referring to the bulk of zoology as the study of non-elephant
animals.” The information-processing opportunities are immense. Nanophoton-
ics involves tightly confining light within nanometer-scale waveguides, offering
the immediate benefits of miniaturization and portability, and paving the way for
scalability. Additionally, these waveguides provide unprecedented control over the
dispersion of propagating light, which, as we will explore later, is a powerful design
parameter.

In the world of electronics, transistors provide nonlinear manipulation of current.
Their compact size and the unparalleled maturity of the silicon industry facilitate
their dense integration into today’s smartphones and computers. However, pho-
tonics lacks an equivalent platform that combines nonlinearity, nanometer-scale
dimensions, and scalability. This dissertation takes a step toward achieving this
trifecta in optics by developing a platform called nanophotonic PPLN (Periodi-
cally Poled Lithium Niobate). This platform combines strong nonlinearities with
nanophotonic waveguides, enabling devices that outperform their electronic coun-
terparts in terms of speed [|1,2]. It also supports information processing applications
where the data is already in the optical domain. In terms of scalability, we have
succeeded in extending these devices to the circuit and system levels, demonstrating
that photonics can excel in certain information processing tasks [3} [4]. This transi-
tion from off-chip to on-chip optical information processors mirrors the shift in the
1960s when transistors replaced bulky vacuum tubes in electronics. It remains to
be seen whether this nanophotonic PPLN platform will have a similar revolutionary
impact.

It is here that I should clarify the two classes of optical information processors
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that will be presented in this dissertation. The first encompasses computing ap-
plications, spanning from logic gates to specialized NP-hard problem solvers. For
example, we have demonstrated all-optical activation functions for deep learning|[ 1],
and large-scale time-multiplexed OPOs for recurrent neural networks[5]. The sec-
ond category focuses on optical sources that enable information to be generated
and processed in optics. We have created versatile tools including multi-octave fre-
quency combs [6, 7] and electrically pumped tunable continuous-wave sources [8]].
Potential applications are astrocombs and breath analyzers. A common argument
for optical information processing is that data, ranging from optical clocks to lidar,
is often inherently optical. This second class aims to improve optical sources to
facilitate optical information processing, whether in terms of bandwidth, required
pulse energy, or even quantum enhanced.

The remaining sections of this introduction will delve into the intricacies of
the nanophotonic PPLN platform. Section [I.2] will describe the developments in
optics that led to nanophotonic PPLN. While this platform is often considered a
recent trend, this section will describe how nanophotonic PPLN has evolved out of
pursuits from multiple different fields of optics, and argue that as the convergence
point of all these disciplines, it represents a significant milestone in optics. Rome
was not built in a day, and neither was nanophotonic PPLN. Section[I.3]will provide
a more in-depth exploration of nanophotonic PPLN and answer what it is, how it is
fabricated, and what does it enable that was previously not possible in photonics?
In Section [I.4] my main contributions to the platform of nanophotonic PPLN will
be described, along with an overview of the remaining chapters of the thesis.
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1.2 Light-Matter Interactions Paving the Way to Nanophotonic PPLN

Nanophotonic PPLN is to optics what a Grand Prix winning F1 race car is to
automobiles. It is a cutting edge material platform, the result of over six decades of
continuous development — seven if you consider that LN was first synthesized in
1949. Just as the design of a modern race car is motivated by multiple factors such
as drag, weight, and handling, nanophtonic PPLN is the result of streamlining how
light interacts with matter. To fully appreciate just how advanced this platform is,
this section will review the driving forces that led to nanophotonic PPLN through
the lens of light-matter interactions.

Here will focus on three types of light-matter interactions: how matter generates
intense light, how intense light interacts with matter, and how matter manipulates
light — corresponding to the fields of lasers, nonlinear photonics, and integrated
photonics, respectively. As illustrated in Fig. [I.1] goals and advancements within
each of these fields have either led to or been influenced by the nanophotonic PPLN
platform. In the case of nonlinear photonics, it was the need of ever higher nonlinear
conversion efficiencies and the drive for scalability. For integrated photonics, it was
the demand for all-optical complexity. Regarding lasers, not only do they serve as
the optical sources driving nanophotonic PPLN devices, but new laser sources are
now emerging based on this platform. In what follows, we will delve into these
developments in greater detail.

1.2.1 Demand for Higher Nonlinear Efficiency

In nonlinear optics, there has always been an urgent need to enhance light-
matter interactions, aiming for ever-higher nonlinear conversion efficiencies. This
is illustrated in the second timeline from the top in Fig. When light of sufficient
intensity interacts with a dielectric medium, nonlinear electromagnetic phenomena
occurs. Denoting the dipole moment per unit volume as P, and the applied electric
field as E, this response is commonly expressed by the power series

P(1) = e [ VE(W) + x VB0 + x VB (1) + - |

PO+ PP (1) + P (1) +- -

(1.1)

where y ™ denotes the n'™ order nonlinear optical susceptibility. Classically, this
nonlinear susceptibility is viewed as the response of an electron driven by an electro-
magnetic field, E4, in an anharmonic potential well created by the interatomic field
in the solid. Nonlinear optical behaviors that conserve both energy and momentum
are called parametric processes. This dissertation largely concerns itself with y(?
parametric processes, the strongest order of nonlinearity.

For an electron to be driven beyond its quadratic minimum of the interatomic
potential and demonstrate nonlinear behavior, a light source with sufficient power
spectral brightness is required’] The first light source to reach this regime was
Maiman’s ruby laser in 1960 [[15]. This is the starting point of the timeline in

'Py/Pyis ~ E/E4. E4 is 108 V/cm. When focused, the early Ruby Lasers produced electric
fields on the order of 10° V/cm [16]. More detailed treatments can be found in [[10} 88} 82]].
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Fig. [[.I] A year later, Franken et al. had already demonstrated second harmonic
generation (SHG), and the field of nonlinear optics was born [16]. However, the level
of nonlinearity Franken observed was so weak, that the editor of Physics Review
Letters mistook the faint spot on the image of the photographic plate that evidenced
SHG as an undesirable smudge, and airbrushed it out. For the next six decades,
the field of nonlinear optics would be in a constant pursuit for ways to increase the
nonlinear efficiency to explore new nonlinear phenomena, unlock new regimes of
operation, and find practical applications for this new field.

The normalized conversion efficiency for SHG, sy, in a waveguide is defined
as Pyu/(Piy - L)?, and expressed as,

NsHG = (é)(a)z)

where € is the vacuum permittivity, ¢ the speed of light in vacuum, w the first
harmonic (FH) frequency, des the effective nonlinear coefficient, Ak the phase
mismatch, L the length of the nonlinear medium, A the effective mode area, and n
and n; are the effective indices at the FH and SH, respectively [[75,(76]]. The equation
for focused Gaussian beams in bulk is treated in detail by these other references [|89,
21, 88|, but retains many of the key characteristics of eq. for the purpose of
this discussion. This equation already suggests the many ways that SHG efficiency
can be improved. The first term in eq. [[.2]is made up of fundamental constants.
The second indicates that higher conversion efficiencies can be expected at shorter
wavelengths, as long as deleterious effects such as photorefractive damage and
pump-induced absorption?| can be navigated. The third term is material-dependent
and, for a given wavelength, can be used as a nonlinear optical figure of merit. The
following term indicates that tighter mode confinement improves nsx G, and the final
phase-matching term shows that without proper consideration towards matching the
phase velocities of the first and second harmonic frequencies, the SHG process can
quickly become a zero-sum game. We will now delve deeper into how to enhance
these various terms.

2
deﬂ

n%nz

Ao\ . o (AKL
(A—(Zu) s1mc (T) (12)

Material Development

The nonlinear figure of merit, represented by the third term in eq. [I.2] was among
the earliest terms to be enhanced. In his original experiment, Franken focused a ruby
laser on a quartz crystal. Compared to what is available to us today, Franken was
using a poor nonlinear optical material in its bulk form with no efforts towards phase
matching. It did not help that his laser source was a highly multimode millisecond
laser with poor beam quality. It comes as no surprise that Franken reported a
total power conversion efficiency of only “a fraction of a percent” of the few kW
at his disposal [16]. Already by 1962 however, new nonlinear crystals were being
explored. As cataloged in Fig. quartz was soon replaced by KDP, ADP, and even

2Pump-induced absorption includes two-photon absorption [90], green-induced infrared absorp-
tion (GRIIRA) [91]] and blue-light-induced infrared absorption (BLIIRA) [92].
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lithium niobate. Systematic studies of the nonlinear figures of merit, transparency
windows, and damage thresholds were conducted and tabulated [93} 90, |94, 95, 96].
A key breakthrough in developing new nonlinear materials occurred when Miller
determined that the nonlinear susceptibility corresponds to the third power of the
linear susceptibility by a factor now referred to as the Miller’s delta [97]. It is also
worth noting that y(? is a third-rank tensor and as such is only present in mediums
lacking inversion symmetry.

Phase matching

Efforts to match the phase velocities of the constituent waves, described by the
final term in Eq. [I.2] have proven to be a challenge spanning decades. In 1962,
Giordmaine demonstrated the concept of birefringent phase matching (BPM)[|17],
which became the primary modality for phase matching over the following two
decades [98] [99]]. This is indicated by the region shaded in green in Fig. [L.1]
Birefringent materials can support two orthogonal polarization eigenmodes called
the ordinary and extraordinary polarizations. The latter’s phase velocity can be
tuned by the angle of propagation and leads to angle phase matching, or “critically
phase matched” BPM. When the phase-matching direction is perpendicular to the
optical axis, “noncritically phase matched” BPM occurs. Such BPMing schemes
vastly enhanced sy compared to that of Franken and was the main mode for phase
matching over the first two decades of nonlinear optics.

From the very early days of nonlinear optics however, it was recognized that
there were other techniques to tune the relative phases of waves in a nonlinear optical
measurement. Quasi-phase matching (QPM) gathered perhaps the most excitement.
In QPM, the nonlinear susceptibility of the medium is periodically modulated such
that at every coherence length interval the phase relation between the constituent
waves are reset and continuous energy flow from the pump to signal wavelength
is achieved. Compared to BPM, QPM allows for phase matching over the entire
transparency window of a material, and as the input and output waves can share
the same polarization, the diagonal terms of a material’s nonlinear susceptibility
are also accessible. These diagonal terms can often be larger than the off-diagonal
terms, as is the case with the d33 term for lithium niobate. In principle, QPM also
allows for very long nonlinear interaction lengths.

Experimentally achieving efficient Quasi-Phase Matching (QPM) spanned over
two decades, as depicted in the light green shaded oval in Fig. [I.I] Early demon-
strations of the concept date back to 1976 when lasers were passed through stacks of
phase-corrected GaAs plates [29] — a material that was largely inaccessible to non-
linear optics beforehand as it lacked birefringence. In the early 1980s, this method
evolved with the growth of specialized crystals featuring domain inversions in var-
ious nonlinear optic materials [31, 32]]. Despite advancements, these approaches
suffered from significant losses. It was not until 1986 that what some consider the
first demonstrations of QPM in its modern form were realized [33]]. The introduction
of electric field poling in the early 1990s [36] further enhanced second harmonic
efficiencies using QPM and rigorous tuning and tolerance studies were conducted
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[100]. The technique was soon extended to bulk crystals and new methods of 3D
structures have been explored [101]]. In fact, the pursuit to find alternative ways to
phase match continues to today, and some examples include [102, (103} [104].

Effective Mode Area

The last term to address in equation [I.2] is the effective mode area. In the
development of QPM, we had already seen the first breakthrough towards decreasing
Aer. In 1974, the potential to decrease A.q emerged with the discovery that Ti
dopants could be indiffused into LN, creating a core region of higher refractive
index to guide light [105]. Over a decade later, proton exchange techniques were
introduced, yielding waveguides with lower losses [106]. These transitions are
depicted in Figure labeled as ‘bulk’ and ‘Weakly Conifining Wgs.” Notably,
ridge waveguides were initially considered impractically lossy, a perception that has
evolved over time. This era of weakly confining waveguides led to effective areas
of ~ 50 um? and second harmonic efficiencies on the order of 90 %/W-cm? at 1560
nm [107, 108]]. For reference in bulk crystals driven by focused Gaussian beams
Aefr 18 ~ 100s-1000s of ,um2 and second harmonic efficiencies at 1550 nm are ~ 0.6
%/W-cm [90, [109]]. Note that in the case of bulk materials, SHG efficiencies are
often reported in terms of %/W-cm. This is because earlier findings revealed that
using a confocally focused beam rather than a collimated one leads to higher overall
power conversion. In essence, in bulk it is preferable to intentionally operate with
a crystal length surpassing the Rayleigh range, thereby sacrificing the L? term to
increase the Pl.zn term [21, 89 Nanophotonic PPLN further reduces the Ag term
to approximately 1.6 um?”, with measured 5spg reaching as high as 2600 %/W-cm?
[110].

1.2.2 Summary

We have hereby shown how nanophotonic PPLN is the result of optimizing every
term in nsyg, including those for material properties, phase matching, and effective
mode area. In addition to reducing the waveguide dimensions to sub-wavelength
scales, nanophotonic PPLN maintains QPM capabilities, thereby unlocking the d33
term of LN for nonlinear interactions. It is because of all of these advancements that
nanophotonic PPLN can generate multi-octave frequency combs with three orders
of magnitude less power compared to other integrated photonic platforms, the topic
of Chapter [6]

Several additional techniques merit attention for enhancing overall power con-
version efficiency and exploring new operational regimes. While not explicitly
accounted for in Eq. resonators significantly contribute to these goals. In the
early stages of nonlinear optics, it was observed that total power conversion could
be augmented by employing a resonant cavity, allowing for multiple passes of light
through the nonlinear medium. This insight paved the way for innovations such as

3To get a sense for this improvement with some numbers, Bjorkholm demonstrated a 400-fold
increase in second harmonic power from a 1 cm long ADP crystal using optimal focusing compared
to a collimated beam [21]].
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the optical parametric oscillator (OPO) and resonant enhanced SHG [24, 23]]. These
early works are marked with the dashed line in Fig. [[.T]and denoted as ‘Resonant
Enhancement.” Furthermore, the utilization of femtosecond pulses and dispersion
engineering for temporal confinement, in addition to the spatial confinement offered
by nanophotonic waveguides, has not been discussed. This topic will be addressed
in section

1.2.3 New Lasers, New Nonlinear Optics

Thus far, our focus has been on enhancing the efficiency of light-matter inter-
actions. However, another approach to accessing new regimes of operation is to
generate more intense sources of light, namely by developing higher power lasers. In
fact, nonlinear optics has played a pivotal role in the advancement of lasers [[111]], as
evidenced by the interaction between the first and second topmost time axes in Fig.
[I.1] Nonlinear-optic innovations such as Q-switching[[86]], mode-locking [[87], and
optical parametric chirped pulse amplification (OPCPA) [41] have enabled the pro-
duction of higher intensity pump pulses with shorter pulse widths, allowing access
to previously unreachable regimes due to insufficient peak power. These examples
underscore the symbiotic relationship between laser technology and nonlinear op-
tics. Since the inception of the ruby laser, the development of new lasers has often
facilitated progress in nonlinear optics, and vice versa. Today, a new class of on-chip
lasers have been developed on the thin-film lithium niobate (TFLN) platform [80,
112]]. It will be interesting to see what new nonlinear optics they will enable.

1.2.4 Scaling Up Nonlinear Optics

Another impetus behind the development of the nanophotonic PPLN platform
arises from the drive to explore large-scale nonlinear systems, as illustrated in the
orange-shaded section of Fig. [[.I] This endeavor extends beyond mere volume
manufacturing and component miniaturization; it aligns with a recent academic and
industrial push to delve into large-scale time-multiplexed nonlinear systems in pho-
tonics. This initiative traces back to early experiments with optical Ising Machines
utilizing free-space, bulk OPOs [113] 49]. However, tabletop time-multiplexing
schemes proved challenging to scale, prompting a transition to fiber-based systems
[SOL|S1]]. Despite achieving impressive sizes of 100k time-multiplexed OPOs [52],
these setups are constrained by their reliance on measurement feedback, a protocol
predominantly executed in electronics. Such hybrid methodologies often compro-
mise the inherent advantages of optical processing, prompting the exploration and
advancement of all-optical systems. Recent investigations have also expanded be-
yond Ising problems to encompass other challenges such as the XY-problem [114]
and artificial neural networks [5}[115].

Nanophtotonic PPLN is the perfect platform to study such all-optical systems.
The tight spatial confinement of modes outlined earlier, not only enables compact
device dimensions and enhances nonlinear interactions but also opens avenues for
crafting extensive circuits cascading numerous components. With bending radii|

“The exact acceptable minimum radius is geometry, wavelength, and application dependent.
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below 50 um, it is possible to integrate fully programmable linear interferometers
and detectors, all on a single chip. In contrast, weakly-guiding waveguides require
millimeter-scale bending radii, which hinder the dense integration of components
such as interferometers and resonators. Recent advances in TFLN, including high-
speed electro-optic modulators (EOMs) [[116] and integrated single-photon detectors
[117], promise a path for scalable classical and quantum information processors.
We will explore these possibilities in further detail in Chapters[7/and [3]

1.2.5 Integrated Photonics: Stronger Nonlinearity for Greater Functionality

A similar drive for nanophotonic PPLN also emerged from the integrated pho-
tonics community. Key demonstrations in this field are illustrated along the second-
from-bottom timeline in Fig. [[.1] As indicated there, the field had gotten significant
mileage out of solely linear components and had even demonstrated meshes of
MZlIs for optical deep learning applications [61]. For all-optical demonstrations
however, an optical source of nonlinearity was required®} While some integrated
photonic systems have been demonstrated using coupled y ) resonators [73], these
approaches often rely on high-Q cavities, imposing significant fabrication con-
straints. Nanophotonic PPLN offers considerably more gain without the need for
high-Q cavities, making it well-suited for large-scale time-multiplexed all-optical
networks. We have already seen early demonstrations of 70-node time-multiplexed
OPOs on this platform [4].

1.2.6 Conclusion

To conclude, nanophotonic PPLN is the result of multiple needs in optics. The
need for higher nonlinear efficiency, the need for more scalability, and the need
for increased complexity in integrated photonics to name a few. Throughout this
journey, lithium niobate has undergone numerous transformations, evolving into its
current advanced form. Hopefully the earlier analogy of nanophotonic PPLN to an
F1 race car now makes more sense. In fact, this comparison is particularly apt as the
first year an F1 Grand Prix was held was 1950, the year after LN was first synthesized.
While it might seem like a long time since Maiman’s demonstration of the laser,
it is worth noting that this period still falls within the span of a single professional
career. In 1960, Professor Amnon Yariv had already completed his graduate studies
and was working at Bell Labs. He joined Caltech’s faculty in 1964 and continues to
actively contribute to the field today [118]]. In this context, nonlinear optics is still a
relatively young discipline, and it is truly exciting to consider what can be achieved
with this platform in the generations to come.

More information is provided in Fig.

>This is the opposite approach from measurement feedback, with the linear computation per-
formed in optics and the nonlinear computation with electronics. While this does take advantage of
the best of both worlds, opto-electronic conversions are expensive both in terms of energy and speed.
If the number of electro-optic and opto-electronic conversions scales with the computation size, the
advantages of such hybrid systems quickly disappear.
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1.3 The Nuts & Bolts of Nanophotonic PPLN

Now that we have examined the pursuits in optics driving the demand for the
nanophotonic PPLN platform, here we will explore the platform in detail. Specif-
ically, we will review the key design opportunities it offers of mode-, QPM-, and
dispersion-engineering as well as velocity matching with RF signals.

Lithium niobate refers to the thin layer of material on which we precisely etch
a few-hundred-nanometers-tall ridges that guide light. In this unpoled state, the
platform is called thin-film lithium niobate (TFLN). Periodic poling is the means by
which we prepare certain segments of LN to interact light of targeted wavelengths
in a nonlinear manner. By adding cladding, electrodes, and wirebonds we can add
active components such as electro-optic modulators (EOMs) and heaters. The basic
fabrication process flow is shown in Fig. [I.2]

Clean Pole Etch Polish Active Components
i \. \\

T

\ $ %
Si02 1

/Electrode Finger

/Domain Wall

Electrode Wall 25 um

Figure 1.2: Fabrication steps. A more detailed description of the process can be
found in [6].

Light propagates through these waveguides via the spatial modes supported by
the structure. Figure[I.3h illustrates an example of the fundamental transverse elec-
tric (TE) mode in a typical structure. The modes that a waveguide can support
depend on its geometry and injected wavelength. Practically, the most convenient
parameter to adjust is the top width of the waveguide, as shown in the plots in Fig.
[I.3b. With this mode landscape in mind, mode crossings and hybridizations can be
utilized for mode conversion, coupler design, and diagnosing certain nonlinear op-
tical processes. However, designing tapers that cross mode hybridizations requires
careful consideration. The tight mode confinement provided by these waveguides
allows for significantly tighter bending radii compared to weakly confining waveg-
uides, enabling the creation of intricate structures. Figure[I.3c exemplifies this, and
has been used to demonstrate nanophotonic PPLN optical parametric oscillators
(OPOs) with on-chip resonators[6].

Periodic poling enables quasi-phase matching of distinct wavelengths, facilitat-
ing efficient wavelength conversions within this platform. As discussed in Section
[[.2.1] E-field poling marked a significant milestone in the development of QPM.
Although E-field poling becomes increasingly challenging as the poling period
shortens, we have successfully extended this method to poling periods as short as
2 um for 406 to 812 nm spontaneous parametric down conversion (SPDC), as il-
lustrated in figure [I.4p [I19]. In figure [[.4b, we QPM-engineered a poling period
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Figure 1.3: Mode engineering. a shows the fundamental TE mode of a typical
waveguide structure. b shows that supported waveguide modes as the top width of
the waveguide is swept. The geometry of the mode in a is marked by the blue cross.
¢ shows the waveguide bending loss as a function of radius and wavelength.

defect that induced a phase shift, enabling switching between second harmonic
generation (SHG) and optical parametric amplification (OPA). This results in a
nanophotonic switch [2]. Additionally, we have utilized chirped poling periods
to achieve broadband supercontinuum generation (SCG), producing a UV-visible

comb [[7]].

a b c
i) 573 () (iii)
Chirped periodically
poled lithium niobate
waveguide (top view)

I N mE

«~——L=6.6mm——>

(i) w=1,800nm
h =350 nm

(ii)

dol bbb
T Poling Defect

T A g
T
10 lectrode

Waveguide (end view)

Figure 1.4: QPM engineering. a (i) illustration of a periodically poled nanopho-
tonic PPLN waveguide for SPDC with a pump at 406 nm. (ii) a second harmonic
microscope image of the poled region. The poling electrodes are the black fingers
at the top and bottom of the figure, and the black regions in the middle are the
domain walls between the periodically poled areas. b second harmonic microscope
image of the poling defect engineered for an all-optical switch. ¢ (i-ii) illustrations
showing the concept design of chirped poling along with (iii) images of the poled
region from the actual device. Figures taken or adapted from 7.

Nanophotonic PPLN waveguides provide tight mode confinement, allowing
small changes in device geometry to significantly alter the effective indices for
propagating light. This capability is essential for dispersion engineering, a feature
predominantly reserved for nanophotonics. As illustrated in Fig[I.5p, adjusting the
waveguide dimensions enables precise tuning of the group velocity mismatch (GVM)
and group velocity dispersion (GVD) of the wavelengths involved. As shown in Fig.
[1.5b (i) and (ii), this tuning is not possible for bulk LN. One particularly interesting
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Figure 1.5: Dispersion engineering. a Dispersion landscape as a function of etch
depth and top width for the design in Fig. [I.3] b (i) GVM and (ii) GVD comparison
between dispersion engineered TFLN and bulk LN. Note that while the curve for
TFLN can be tuned, the one for bulk is fixed. (iii) comparison of the gain bandwidth
between a near-zero dispersion engineered PPLN and bulk PPLN. Adapted from
[120]. ¢ measured ultrabroad spectra out of the device in Chapter [6] compared
against absorption lines of atoms, ions, and molecules.

region is the near-zero dispersion regime, where the GVM and GVD of the pump
and signal are close to zero. This regime allows for ultrabroad, strong gain, with a
gain bandwidth significantly broader than that of bulk materials. Figure [T.5p (iii)
illustrates how a near-zero dispersion engineered nanophotonic PPLN waveguide
can take full advantage of the bandwidth of fs pulses, compared to that in the bulk.
We will explore this regime in greater detail in the following chapters. Figure
[I.5k presents measured multi-octave spectra from a near-zero dispersion engineered
waveguide. The broadband spectra and comb sources demonstrated throughout this
dissertation will have significant potential for sensing and spectroscopy applications
in physics, chemistry, and biology, as evidenced by the absorption lines of various
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atoms, ions, and molecules.

Finally, velocity matching between the phase velocity of an RF wave and the
group velocity of an optical wave enables efficient, high-speed electro-optic modu-
lation. While using conventional weakly confining waveguides electro-optic modu-
lators (EOMs) operating at up to 40 GHz with approximately 8 V half-wave voltage
(V) are commercially available for C-band wavelengths, the tighter mode con-
finement of TFLN allows for advanced group velocity engineering. By combining
TFLN with silica cladding, which has a lower dielectric constant compared to LN
and thus increases the phase velocity of the RF wave, along with microstructured
electrodes to reduce microwave losses, 50 GHz EOMs with a V; of 1.3 V have been
demonstrated (121, |62, |122]. Additionally, Phase Sensitive Innovations claims to
have demonstrated electro-optic modulation in the 100-500 GHz range. Figure [I.6]
showcases designs and actual images of RF EOMs fabricated in-house, which were
operated at 10 GHz to demonstrate an all-optical mode-locked laser (MLL). These
TFLN EOMs are ultra-compact, allowing for easy cascading into Mach-Zehnder
interferometer (MZI) mesh structures or incorporation into periodically poled non-
linear circuits. This opens a path towards ultrafast, electronic programming of
all-optical circuits using CMOS drivers, the applications of which will be explored
in Chapter 7]

g b

1.0

Ground

Signal

Ground

Figure 1.6: Velocity matching. a Simulated electric field distribution from an
EOM on a device with silica cladding and b a false colored SEM of the fabricated
electrodes. ¢ shows the full device with RF probes being employed to provide the
RF signal. Figures a and b were taken from [80].
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Figure 1.7: Key contributions. Projects that have resulted in a first co-author
manuscript by the time of this dissertation are labeled with a 7.

In the previous sections, the design concepts of nanophotonic PPLN were re-
viewed, and its role as a solution to many earlier pursuits in optics was described.
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Here, my own contributions to the platform will be outlined, and an overview of the
remaining chapters in this dissertation will be provided.

Starting with some context, as illustrated in the bottom time axis of Figure @,
TFLN wafers from NanoLN became commercially available in the early 2010s.
Following the demonstration of high-Q (~10°) microdisks in 2014 [126], by 2017
it was demonstrated that low-loss nanophotonic waveguides can be fabricated on
TFLN [60]], and the stage was set for nonlinear optics research. The missing piece
of E-field poling for QPM was soon developed, and in 2018 an ultra-high SHG
efficiency of 2500 %/W-cm? was measured at 1550 nm in a poled nanophotonic
PPLN waveguide[/75]. Coinciding with the start of my graduate studies, a device
from the same chip was injected with ~100 fs pulses at 2 um, demonstrating how the
combination of dispersion engineering with ultrashort pulses can unlock ultrabroad
nonlinear interactions on this platform[76].

During my graduate studies, I added to this library of nonlinear photonic pro-
cesses and in turn used these to demonstrate optical devices, circuits, and systems.
This progression in complexity is summarized in Fig. It is here that I should
clarify that when I joined the Nonlinear Photonics Group at Caltech, we were just
beginning to work with this platform. We still had no idea how to design, fabricate,
or measure any of the ideas we had in mind. Once we had developed the basics, we
were able to work our way slowly up the ladder in Fig. Each new rung required
a new round of development to allow us to meet the requirements for increasingly
complex circuits with lower tolerance to error. In the following I will review this
progression one at a time.

1.4.1 Capabilities

Before we could dive into practical demonstrations of nonlinear optics, we first
had to develop all the building blocks to work with nanophotonic PPLN. Broadly
speaking we needed to invent tools, recipes, and procedures to design, fabricate,
and measure devices on this platform. My major contributions towards these efforts
are highlighted in the top panel of Fig. Even once we had developed our initial
procedures, I found myself often returning to this design, fabricate, measure cycle to
improve our quasi-phase-matching tolerances and later to develop new components
such as ultra-broadband couplers, EOMs, and heaters.

My initial contributions to this platform began with measurements. During
the Covid lockdown, with Alireza periodically checking in to make sure I had not
blinded myself, I constructed my first free-space chip-coupling setup. These mini-
mally dispersive, femtosecond pulse coupling setups, combined with our dispersion-
engineered waveguides, enabled us to explore spatiotemporal confinement in nonlin-
ear optics in a way that was previously very challenging. However, deterministically
achieving phase matching with this setup proved to be a significant challenge. In
our initial experiments, we often worked with chips containing hundreds of devices,
each with slight design variations. My task was to identify which, if any, exhibited
phase matching. Nonlinear effects were frequently obscured by noise from poor-
quality poling, dreadful facet polishing, and sub-optimal coupling. Additionally,
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without precise measurements of the waveguide dimensions, which often deviated
significantly from our designs, we could not rely on our simulations to guide our
efforts. In fact, we were not even sure what proper phase matching would look
like. Over the years, I have developed numerous methods to find and tune phase
matching.

My next major involvement focused on fabrication. One of our significant
challenges was the inability to close the loop between simulation, fabrication, and
measurement because we lacked precise knowledge of what we had fabricated.
Key questions included: What is the etch profile? What is the thin film thickness,
uniformity, and quality? What tools are best for accurately measuring these metrics?
Gradually answering these questions has helped us bridge the gap between design
and measurement. For example, in the context of QPM, I can now predict with
reasonable certainty which device will be phase matched. Closing the loop has
also been invaluable in developing new components such as pulley and adiabatic
couplers.

I'have also dedicated considerable time to developing and optimizing fabrication
recipes. These include techniques and jigs for mechanical polishing, integrating ac-
tive components, working with sapphire substrates, and most importantly, improving
device tolerances to quasi-deterministically fabricate phase-matched devices with
precise dispersion parameters. Along the way, I have explored new resists and ini-
tiated the investigation of adding chemistry to our typically mechanical waveguide
etch, via atomic layer etching (ALE) [127].

The final challenge was to establish appropriate design protocols for our chips.
For example, how many devices should be placed on a chip to allow for QPM,
given our fabrication tolerances? What basic set of mode, loss, and dispersion
simulations need to be run to settle on a device geometry? What design protocols
should we follow to increase yield and avoid the limitations imposed by the various
fabrication steps? A subset of these design protocols are shown in Figures [I.3]and
[[.5] Additionally, a significant portion of my time was dedicated to simulating the
dispersion characteristics of waveguides and documenting their landscape as a func-
tion of device geometry, wavelength, and substrate. These maps have empowered
us to forecast intriguing regimes of operation, akin to our rendition of Mendeleev’s
periodic table. In the remaining chapters we will review the many new opportunities
dispersion-engineering has allowed.

1.4.2 Nonlinear Components

Once we had a basic set of capabilities we immediately started developing
nonlinear components. Some of these are cataloged in the second tier from the top
of Fig. For example, combining the power of the near-zero dispersion regime
with fs pulses, we have been able to demonstrate multi-octave supercontinuum
generation (SCG) extending from the UV-NIR starting with 1, 1.55, and 2um
sources, an example of which was shown in Fig. [I.5c. While most of our work
thus far has been performed on a silica substrate, by developing the nanophotonic
PPLN on sapphire substrate platform we soon hope to extend our SCG to the MIR.



17

We have also demonstrated SHG from each of these sources to efficiently generate
a tunable UV source as short as 355 nm [124].

Arguably the most pivotal nonlinear building block was our demonstration of
dispersion-engineered optical parametric amplification (OPA) [77]]. This strong,
broadband, and phase-sensitive gain element served as the cornerstone for many
subsequent device and circuit-level demonstrations. Optical parametric generation
(OPQG) is a high gain OPA that is seeded by vacuum fluctuations. It splits (or “cuts”
[88]]) one pump photon into two photons. OPA and OPG will be extensively covered
in Chapter 2]

To underscore the significance of OPA, it is crucial to address the recurring
misconception that OPA is merely “the inverse of SHG.” This misunderstanding
has been a persistent challenge throughout the review process. In reality, the unique
characteristics of OPA make it a vital component for circuit-level demonstrations.
While SHG and OPA share similar phase matching conditions, the distinct behaviors
of OPA have historically made it more challenging to observe in experiment. This
is evidenced by the historical gap between the first experimental demonstrations of
SHG and those of OPA/OPG in the early days of nonlinear optics (see Fig. [I.1).

The practical challenges of OPA/OPG can be attributed to two main factors. First,
there is a stark difference in turn-on behavior. SHG exhibits a quadratic dependence
on effective nonlinearity, length, and input power, whereas OPA/OPG shows an
exponential dependence. For instance, the exponential turn-on behavior of OPG is
akin to that of a diode, a characteristic absent in SHG. This means that suboptimal
device characteristics and parasitic nonlinearities can be more detrimental (or even
prohibitive) for OPA/OPG compared to SHG. Second, OPA/OPG’s response to
dispersion and phase mismatch differs markedly from SHG. Although the phase
matching condition is similar for both processes, their phase matching behaviors
and dispersion effects vary significantly. In SHG, the phase matching bandwidth is
primarily dominated by the GVM between the fundamental and second harmonic
waves. In contrast, for a degenerate OPA, the bandwidth is mainly influenced by
the GVD of the signal, while GVM predominantly affects the gain magnitude. This
means that a slight GVM in SHG can alter the spectral behavior (phase matching
bandwidth), whereas in OPA, a slight GVM can drastically reduce the measurable
gain. Consequently, dispersion engineering plays a more critical role in OPA.
Similarly, OPG is highly sensitive to GVM, as a large GVM limits the exponential
growth of spontaneously generated photons.

Another key attribute of OPA is its ability to provide both phase-sensitive and
phase-insensitive gain. Degenerate OPA is inherently phase-sensitive, whereas non-
degenerate OPA can operate in a phase-sensitive mode (when pump, signal, and idler
are present) or a phase-insensitive mode (with only pump and signal at the input).
These modes of operation enable important functionalities that are not achievable
with SHG alone, as we shall see below.
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1.4.3 Unitary Devices

With a comprehensive library of nonlinear building blocks at our disposal, we
advanced to device-level demonstrations, as illustrated in the third tier from the
top in Fig. This phase was particularly exciting, as it allowed us to utilize
nonlinear optics in ways that would captivate a broader audience. 1 am reminded
of a conversation with Professor Mohammed Hassan, who was strongly opposed to
developing ever faster optical sources merely for their own sake. His motivation for
advancing ultrafast temporal resolution electron imaging tools (i.e., Attomicroscopy)
was to record movies of quantum electron motion in action, “to see the quantum
world.” Similarly, our goal in developing the nanophotonic PPLN platform was not
merely to push the limits of pulse energy and bandwidth in nonlinear optics, but to
explore the broader potential of optical advantages for information processing.

For example, in single-pass configurations utilizing the properties of SHG and
OPA, we have demonstrated femtojoule femtosecond all-optical activation functions
[1]. While their immediate applications to deep learning will be thoroughly exam-
ined in Chapter 3] they exemplify how optics can deliver ultrafast nonlinearities.
Since 2003, the clock rates of electronics have remained largely stagnant, hovering
around 3-5 GHz. Even with overclocking and liquid nitrogen cooling, Intel’s latest
Core 19-14900KS has only managed to push this to 9.12 GHz. In contrast, optics
can easily achieve clock rates exceeding 100 GHz. To fully harness these ultra-
fast speeds, an ultrafast all-optical activation function is essential, underscoring the
importance of this device.

In terms of information processing enablers, we have leveraged single-pass
nanophotonic PPLN devices to explore innovative optical sources. For example,
using a QPM-engineered chirped poling design, we generated a UV-Vis frequency
comb [[7]. This same chip is being utilized to advance dual-comb spectroscopy in
the UV, with pioneering efforts led by the Scott Diddams group [[128]]. Originally,
the chip was intended for astrocomb applications but fell short due to input energy
requirements. Moving forward, improving oft-chip to on-chip coupling will be a
crucial barrier to overcome.

Our precise engineering of specific non-zero dispersion parameters has enabled
soliton-based schemes to achieve 2-3 times pulse compression, resulting in 30-40
fs pulses [125]. These ultrashort pulses not only open new avenues for fundamental
research in extreme nonlinear optics but also hold significant value for advancing
time-multiplexing techniques, which will be discussed in detail in Chapter 7]

1.4.4 Single-Pass Circuits

Advancing to the fourth tier from the top in Fig. we encounter single-pass
circuits. For the purposes of this dissertation, we define circuits as systems com-
prising two or more nanophotonic components. For instance, our all-optical switch
consists of a poling defect sandwiched between SHG and OPA units, along with an
additional coupler [2]. Similarly, our few-cycle vacuum squeezing circuit includes
a squeezer unit and an amplifier unit with an intervening filter [3]. These circuits
will be explored in detail in Chapters 4] and [5] respectively. The transition from in-
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dividual devices to integrated circuits marked a significant milestone, representing
the first step towards dense on-chip networks, a distinct advantage of nanophotonic
PPLN over its bulkier predecessors.

To provide more context on our comparison with previous nonlinear platforms
in quantum optics, let us delve into our squeezing experiment as an example. In this
study, we generated and measured 4.9 dB of squeezing using nanophotonic PPLN
waveguides. However, recent work by the Furusawa group achieved over 6.3 dB
of squeezing using a large-mode area PPLN waveguide [129]]. Their waveguide
mode has a cross-sectional area of approximately 32.5 um?, much larger than our
nanophotonic waveguides with a cross-sectional area of about 1.26 um?. Due to
the tight spatial confinement in our nanophotonic devices, the nonlinear interaction
is significantly stronger. For example, the normalized SHG efficiency reported by
Kashiwazaki et al. [129] is approximately 60% W~!' cm™2 at 1.5 um, while our
estimated SHG efficiency is 1000% W~ cm~2 at 2 um. Consequently, large-mode
waveguides typically require longer device lengths to achieve similar squeezing
levels, resulting in larger device footprints and posing challenges for dense chip-
scale integration. These longer interaction lengths also lead to higher propagation
losses; for instance, Kashiwazaki et al. reported 16% loss for a 45 mm device.
Such high losses are particularly detrimental in quantum photonics, especially for
highly squeezed states required for fault-tolerant thresholds (e.g., ~10 dB squeezing
with photon losses < 0.10). Conventional large-mode LN devices struggle to
achieve such low losses. In contrast, our Squeezer OPA device is only 2.5 mm
long. Notably, LN nanophotonics have demonstrated propagation losses as low as
2.7 dB/m [130], enabling generation of squeezing levels suitable for fault-tolerant
thresholds in continuous-variable quantum information processing.

The tight spatial confinement of the modes in nanophotonics also provides the
opportunity for fabricating large-scale quantum circuits with many components such
as fully programmable linear interferometers and single-photon detectors within the
same chip. This is enabled by tight bends in nanophotonics, which enables realiza-
tion of substantially smaller linear components compared with large-mode integrated
photonics. In large-mode waveguides, typically millimeter scale bending radii are
required, limiting the dense fabrication of other components such as interferometers
and resonators on one chip. On the other hand, similar to other nanophotonic plat-
forms, LN nanophotonics can accommodate bending radii smaller than 50 ym, and
thus realization of many components within the same chip, as exemplified by our
small-scale nanophotonic circuit. Complementary recent advances in nanophotonic
LN, such as high-speed electro-optic modulators [116]] and integrated single-photon
detectors [[117], promise a path for scalable fault-tolerant ultrafast quantum infor-
mation processors.

1.4.5 Resonant Circuits

By combining a resonator to these circuits with nonlinear elements, we have been
able to explore cavity nonlinear dynamics at various time scales. These are shown
in the second from the bottom tier in Fig. For example, by combing fs pulses
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with a near-zero dispersion engineered OPO, we have been able to demonstrate a
multi-octave OPO that exploits a mechanism called Temporal Self-Cleaning (TSC)
[6]]. This will be treated in detail in Chapter [0} The mechanisms of broadly tunable
laser sources using ps and ns pumping schemes have been explored in [79] and [78],
respectively. In these schemes where a broad range of tuning is required, it has been
found that operating off from zero dispersion is beneficial. Recently we have also
started exploring CW pumped tunable OPOs [J]].

It should be noted, however, that we are only beginning to uncover the possibil-
ities offered by the rich dynamics of OPOs. For example, we have discovered that
nanophotonic PPLN enables dispersion engineering beyond the second order, facil-
itating extreme on-chip pulse compression through the walk-off soliton mechanism
[131]. Additionally, it provides a fertile ground for exploring various other soliton
dynamics that were previously unattainable due to limitations in engineering the
dispersion terms [132].

Finally, we have demonstrated a new class of lasers on this platform. As de-
scribed in section lasers and nonlinear optics share a symbiotic relationship.
It will be interesting to see what information processing opportunities this new class
of integrated sources [133} |134, 112, 80, [135]] provide. For example, in the near
future we can imagine using these sources to directly pump the single-pass and
resonant devices in Fig.

1.4.6 Systems

During a recent visit to Caltech, William Dally, Chief Scientist and Senior Vice
President of Research at NVIDIA Corporation, made an insightful observation. He
noted that while it is relatively straightforward to showcase individual devices that
compute faster than their NVIDIA counterparts in isolation, the real challenge lies
in developing systems capable of surpassing the performance of an entire NVIDIA
GPU. This realization has served as a driving force behind our efforts to integrate our
extensive library of devices and circuits into cohesive systems that retain a distinct
optical advantage.

We have explored a number of pursuits for this during my dissertation, a few
of which are shown in the bottom tier of Fig. [I.7] In Chapters [7] and [§] we will
review our progress towards demonstrating large scale networks of time-multiplxed
OPOs, and the computational advantages of these schemes. In fact we have recently
demonstrated a recurrent neural network (RNN) based on an on-chip OPO [5] that
operates with a 10 GHz clock rate. Here, the RNN solved a number of tasks including
time-series prediction, nonlinear distortion equalization, and classification of noisy
waveforms, all at a clock rate that would have been extremely challenging for
electronics. We believe such demonstrations pave the way for large scale all-optical
nonophotonic y® information processors.

For optical computing there are many dimensions to choose from to store and
process information, such as space, frequency, and time. Why then, choose time-
multiplexing for optical computing? One of the main reasons why many have opted
for time-multiplexing is because it is uniquely suited to exploit the properties of
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existing optical nonlinearities[113,|52]]. Optical nonlinearities when combined with
ultrafast pulses can operate in the fs regime with near-instantaneous refresh rates| 1,
2|], ideally suited for treating trains of pulses with GHz repetition rates. While it is
difficult to make many identical copies of these nonlinearities or to make them treat
multiple wavelengths equally, time-multiplexing has already demonstrated photonic
networks with as much as 100k nodes using a single nonlinear element[52]. Time-
multiplexed optical computers have the additional advantage that their inputs/outputs
—be it optical communications or LiDAR — often already are in the form of a train of
optical pulses. While time-multiplexed photonic computer architectures originally
began as optical analogs of electronic computer architectures|136], recently there
has been a large emphasis on designing architectures that are geared towards op-
tics. Many non-von Neumann schemes have been explored/demonstrated, including
complex optimization solvers (Ising Machines[113}, 49], Hyperspin machines[|137])
and artificial neural networks (deep learning[/138|], neuromorphic computers[51],
reservoir computers[139], cellular automata[140]). Furthermore, with the recent
advances made in integrated photonics, there are increasing opportunities to make
time-multiplexed photonic systems that show significant advantages over electronics.
A few notable components are 100 GHz electro-optic modulators[62], fs all-optical
activation functions[1, |2], and on-chip synchronously pumped OPOs[79]]. It will be
interesting to see what complex circuits emerge as a result of these efforts.
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2.1 Abstract

Strong amplification in integrated photonics is one of the most desired optical
functionalities for computing, communications, sensing, and quantum information
processing. Semiconductor gain and cubic nonlinearities, such as four-wave mixing
and stimulated Raman and Brillouin scattering, have been among the most studied
amplification mechanisms on chip. Alternatively, material platforms with strong
quadratic nonlinearities promise numerous advantages with respect to gain and
bandwidth, among which nanophotonic lithium niobate is one of the most promising
candidates. Here, we combine quasi-phase matching with dispersion engineering
in nanophotonic lithium niobate waveguides and achieve intense optical parametric
amplification. We measure a broadband phase-sensitive on-chip amplification larger
than 50 dB/cm in a 6-mm-long waveguide. We further confirm high gain operation
in the degenerate and non-degenerate regimes by amplifying vacuum fluctuations
to macroscopic levels, with on-chip gains exceeding 100 dB/cm over 600 nm of
bandwidth around 2 um. Our results unlock new possibilities for on-chip few-cycle
nonlinear optics, mid-infrared photonics, and quantum photonics.

2.2 Introduction

Amplification is an important element of a wide range of optical systems, from
computing [[1] and sensing [2] to quantum information processing [3] and com-
munications [4]. In integrated photonics, achieving intense amplification remains
an important challenge. In silicon-based platforms, significant attention has been
focused on cubic nonlinearities to realize amplification through four-wave mixing
(FWM) [5, |6], stimulated Raman scattering (SRS) [7]], and stimulated Brillouin
scattering (SBS) [8]. Despite recent promising advances, the weak nature of these
nonlinearities and the adverse effects of other competing nonlinearities hamper the
amount of gain and bandwidths associated with these mechanisms. Another option
providing gain on integrated platforms is the semiconductor optical amplifier (SOA).
SOAs have evolved in the past decades as one of the leading optical gain mecha-
nisms [9, 10]], and heterogeneous integration of III-V SOAs with other platforms,
especially silicon, has been one of the most active research directions in integrated
photonics [10]. However, their limited bandwidth and integration challenges hin-
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der their utilization in several applications, such as those that require accessing
gain in multiple places on a chip. Furthermore, semiconductor gain is not phase-
sensitive, limiting its use in quantum and communication applications that require
noiseless amplification, e.g., processing of quantum microcombs [ 11]] and few-cycle
squeezed vacuum [|12]]. Hence, an integrated platform with a native gain mechanism
that enables intense and phase-sensitive optical amplification of ultra-short pulses
can address several of the current challenges in photonics.
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Figure 2.1: Parametric amplification in dispersion-engineered PPLN waveg-
uides. a, In degenerate optical parametric amplification through three-wave mixing
in a y® medium, energy is transferred from the pump at w) to signal at w,/2,
providing amplification for the signal. When the relative phase between pump and
signal changes by m, the flow of energy reverses, resulting in deamplification of the
signal. b, In a PPLN waveguide, group velocity dispersion (GVD) leads to pulse
temporal spreading with a decrease in peak power and gain, while group velocity
mismatch (GVM) causes temporal walk-off between the pump and signal pulses re-
ducing their interaction. Hence engineering the waveguides for low GVD and GVM
is necessary to maximize the OPA performance. ¢, Simulated relative gain spectrum
for the three dispersion cases shown in b in a 6-mm-long waveguide with 75-fs pump
pulses, along with the simulated GVM (with respect to the pump at 1045 nm) and
GVD. The dispersion-engineered lithium niobate waveguide (blue trace) exhibits
low GVM between the pump at 1045 nm and the signal around 2090 nm, and low
GVD for both wavelengths, and it has a top width of 1,700 nm, an etch depth of 350
nm and total thin-film thickness of 700 nm. The orange trace represents a waveguide
with low GVM but large GVD (900-nm top width, 680-nm thickness, 420-nm etch
depth), while the green trace is for a waveguide with low GVD but large GVM
(3-um top width, 750-nm thickness, 150-nm etch depth). d, Electric field profiles
of the fundamental quasi-TE modes for the dispersion-engineered waveguide at the
pump and signal wavelengths.

Quadratic nonlinearities provide an alternative path for achieving strong opti-
cal amplification through three-wave mixing [13, |14]. Such processes have been
extensively used in bulk optical systems leading to amplification at wavelengths
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where other gain mechanisms are not easily available [15,|16]]. Recently, integrated
photonic platforms with strong quadratic nonlinearities have attracted significant
attention since they can provide a range of functionalities unavailable in other plat-
forms [17, |18, 19, 20]. Examples of these processes include second harmonic and
supercontinuum generation [21, 22], electro-optic modulation [23, [24], quadratic
parametric oscillators [25] 26]], and bright sources of entangled photons [27]. De-
spite the recent significant progress, realization of intense optical amplification in
quadratically nonlinear integrated photonics has remained elusive.

In integrated photonics, strong quadratic nonlinear interactions have been en-
abled by tight spatial confinement of the waveguide modes and the possibility to
provide momentum conservation through modal [28] or quasi-phase matching 21,
22]. Further enhancement has also been achieved by utilization of appropriate res-
onators [25, 26], however, resonant dynamics associated with the cavity lifetime
are typically not appropriate for amplification in many applications as they limit the
gain bandwidth.

In this work, we present an integrated, high-gain, broadband, traveling-wave,
optical parametric amplifier based on quadratic nonlinearities. We show phase-
sensitive amplification by operating the amplifier at degeneracy. The large paramet-
ric gain of our device is enough to amplify quantum fluctuations to macroscopic
levels, therefore allowing the amplifier to function as an optical parametric generator
of infrared radiation. Our design strategy is based on quasi-phase matching com-
bined with spatio-temporal confinement of pulses in dispersion-engineered lithium
niobate waveguides; a combination that is not easily available on other nonlinear
photonic platforms.

2.3 Device Design and Fabrication

We focus on optical parametric amplification (OPA) at degeneracy through three-
wave mixing in a y? waveguide (Fig. ). As shown in Fig. , for efficient
short-pulse OPA, negligible group velocity dispersion (GVD) at the signal and pump
wavelengths (w; and w),) are required to preserve the temporal confinement of these
pulses and hence their high peak intensities along the waveguide. Additionally,
in quadratic parametric processes, the group velocity mismatch (GVM) between
the pump and signal frequencies needs to be minimized so that both pulses travel
together along the waveguide, maximizing their parametric interaction. The effects
of GVD and GVM on the OPA gain spectrum are shown in Fig. [2.Ic for a 6-
mm-long waveguide for three different waveguide geometries. These numerical
simulations confirm the importance of dispersion engineering for maximizing the
gain and bandwidth of OPA around degeneracy.

We design our waveguides for degenerate OPA of signal wavelengths around 2
um, with a pump centered at 1045 nm. The GVD and GVM we obtain is marked
as “dispersion-engineered” in Fig. [2.Ic, where we also show the corresponding
curves for non-zero GVD and non-zero GVM cases. For a 35-fs-long signal pulse,
the optimized waveguide has a dispersion length of more than 30 mm at 2090 nm,
and a walk-off length between the pump (1045 nm) and the signal (2090 nm) of
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Figure 2.2: Small-signal gain of the degenerate OPA. a, Short-pulse OPA mea-
surement setup; we use ~75-fs pump pulses and ~35-fs signal pulses (generated
from a free-space OPO) to characterize the OPA in a dispersion-engineered PPLN
waveguide. The insets show an SEM image of the chip facets after polishing and
a second-harmonic microscope image of the periodic poling before waveguide fab-
rication. BS: beam splitter, OPO: optical parametric oscillator, LPF: long pass
filter, DL: optical delay line, PZT: piezoelectric transducer, ND: variable neutral
density filter, DM: dichroic mirror, Obj.: reflective objective, TEC: thermoelectric
cooling stage, FC: fiber coupler, OSA: optical spectrum analyzer. b, Top: triangu-
lar voltage driving the PZT in the delay line. Bottom: measured detector output
with and without the pump. Ripples demonstrate phase-sensitive amplification of
the entire signal pulse. ¢, Measured signal spectrum with and without the pump.
Scanning the signal phase while acquiring the spectrum produces ripples due to the
phase-sensitive nature of the amplification. d, Measured gain versus pump pulse
energy along with the expected exponential behavior. Input signal pulse energy in
the waveguide is fixed at 0.2 fJ. e, Measured gain versus input signal pulse energy
for 1 pJ pump pulse energy showing evidence of gain saturation over the entire range
of signal energies measured.

almost 100 mm. In comparison, other cases in Fig. [2.1c correspond to a waveguide
with non-zero GVD, which has a dispersion length of 2 mm at 2090 nm, and a non-
zero GVM waveguide with a 1 mm walk-off length. Beyond temporal confinement,
nanophotonic waveguides also enable sub-wavelenth spatial confinement. Fig. 2.1d
shows the profiles of the fundamental quasi-TE modes of the waveguide for the
pump and signal wavelengths. The similarity of both field distributions produces a
large modal overlap and a strong nonlinear interaction (see Section[2.6.1) leading to
intense amplification.

With this dispersion-engineered waveguide, where pump and signal pulses co-
propagate at the same group velocity with negligible linear distortion, one can
approximate the parametric process with a continuous wave model [22] (see also
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Figure 2.3: Measurements in the large-gain regime through optical parametric
generation. a, OPG spectra for different pump energies. Dashed line is average of
100 numerical simulations using a semi-classical quantum noise seed in a nonlinear
envelope model (see Section[2.6.4). The OPG power is referenced to the noise floor
of the analyzer. b, OPG pulse energy versus pump pulse energy in the waveguide for
a 6-mm-long device. ¢, Extracted gain versus pump pulse energy showing values
exceeding 100 dB/cm. d, Measured normalized OPG spectra in linear units as a
function of chip temperature. e, Simulated normalized gain in linear units as a
function of signal/idler wavelength and quasi-phase matching poling period offset
from nominal (see Section[2.6.1).

Section [2.6.3)). At degeneracy, the pump frequency is twice the signal frequency,
leading to phase-sensitive amplification. A signal with the correct phase with
respect to the pump (Fig. [2.1p) is amplified by a factor of exp(2gL) in a device of
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length L. The gain parameter is g = \/ NPpump — (Ak /2)2, where Ppymp is the pump
power, 77 1s the nonlinear efficiency, and Ak is the phase mismatch after quasi-phase
matching (Ak = B, — 2B, — 2n/A), with a constant poling period A. When the
relative phase between signal and pump is changed by =, the device transitions from
a degenerate OPA to a second harmonic generator with energy flowing from the
signal to the pump (Fig. [2.1h), resulting in de-amplification of the signal by a factor
of exp(—2gL).

To fabricate the device, we use a commercial wafer INANOLN), with a 700-nm-
thick X-cut MgO-doped LN thin-film on 2-um-thick SiO,. We start with periodic
poling of the chip followed by waveguide patterning and dry etching with Ar*
plasma. Insets of Fig. [2.2a show a scanning electron microscope (SEM) image of
a pair of waveguides near the chip facet, and a second-harmonic microscope image
of the periodic poling before waveguide etching. Additional fabrication details are
included in Section

2.4 Results and Discussion
24.1 Optical Parametric Amplification

We measured the small-signal gain of a 6-mm-long dispersion-engineered pe-
riodically poled lithium niobate (PPLN) waveguide with the setup shown in Fig.
[2.2a. The chip temperature was set to 15 °C using a thermoelectric cooling stage
(TEC) to optimize the phase matching condition. The OPA pump pulses are ~75-
fs-long, from a mode-locked fiber laser centered at 1045 nm. The signal pulses
are ~35-fs-long centered at 2090 nm generated from a table-top degenerate optical
parametric oscillator [29]]. The pump and signal pulses are coupled into the same
PPLN waveguide using a reflective objective. The phase difference between pump
and signal is scanned by a piezoelectric transducer (PZT) in a delay arm, and the
transmitted signal is measured with a 2 um detector followed by an oscilloscope
(Fig. 2.2b). The ripples show the entire pulse being amplified and de-amplified as
the phase of the signal is scanned. We also measured the spectra with an optical
spectrum analyzer (OSA) for the two cases of pump on and pump off (Fig. 2.2c),
with an acquisition time for the OSA being much longer than the periodicity of
the phase scan. The ripples in the spectrum with the pump on again confirm the
phase-sensitive amplification of the broadband signal.

We also scan the pump power and record the maximum gain in the measured
spectra. Figure [2.2[d shows this gain along with the expected exponential response
exhibiting a maximum parametric gain of ~30 dB (~50 dB/cm) on the chip for a pump
pulse energy of just 1.2 pJ in the waveguide. The agreement with the theoretical
estimate suggests that the low-pump-depletion approximation is still valid and larger
gain values are available by a further increase in pump energy (Section [2.6.3).

Figure [2.2¢ shows the behavior of gain vs input signal energy for a pump pulse
energy of 1 pJ. The decrease in gain over the entire measured range indicates that
the gain is already saturating even for input signal energies as low as 0.2 {J, which is
the lowest energy that we could accurately measure in our setup. This suggest that
the amplifier can provide larger levels of gain for signal energies in the aJ range. We
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explore this possibility in the next section.

2.4.2 Optical Parametric Generation

To measure the largest possible bandwidth and unsaturated gain in our dispersion-
engineered PPLN waveguides, we removed the input signal (leaving only vacuum
fluctuations present near the 2 um signal wavelength). When the gain of an OPA
is large, spontaneously generated signal photons can grow to macroscopic levels in
a process known as parametric superfluorescence or optical parametric generation
(OPG), with an expected number of photons at the output given by [30] (n) =
sinh?(gL) ~ 0.25exp(2gL). For a fixed device length, the rate of growth of OPG
pulse energy versus pump pulse energy can be used to extract the OPA gain as
follows. The number of OPG photons is (n) = sinh?(gL), which for parametric
gains larger than ~10 dB can be approximated well by 0.25exp(2gL). The OPG

energy is proportional to (n), so we have Eopg = aexp(2gL) = a exp(b\/Epump),
where a is the overall detection efficiency (including output coupling losses) and
b is a constant that depends on factors such as the input coupling losses, pump
peak-to-average power ratio, waveguide length, and waveguide nonlinear efficiency.
We have also assumed that ¢ ~ \/nPpump < +/Epump Within the gain-bandwidth.
The measured OPG energy can be fitted to an exponential versus /Epump to extract
a and b. This leads to an estimated OPA gain for degenerate operation given
by Gy = exp(2gL) = Eopg/a (see Section for a comparison between this
simplified model and full short-pulse simulations). This method of characterization
has the additional advantage of not requiring a coherent input signal, hence the
output pulses reveal the full gain bandwidth of the amplifier. Removing the input
signal also maximizes the dynamic range of operation of the OPA, eliminating gain
saturation effects for a large range of pump levels up to the OPG threshold. For
larger pump energies, it is possible to operate the OPG in the saturated regime where
high efficiency broadband downconversion can be followed by spectral broadening
[31].

We characterized our 6-mm-long waveguide through an OPG measurement
using the setup from Fig. [2.2h without the input signal path to the chip (more details
in Section [2.6.7). Figure [2.3p shows several measured output spectra for different
pump pulse energies along with a simulated spectra from a wideband nonlinear
envelope equation solver seeded with semi-classical quantum noise (see Sections
2.6.2) and 2.6.4). The total measured gain bandwidth (at 10 dB below the peak)
exceeds 600 nm. The output OPG pulse energy as a function of the pump pulse
energy in the waveguide is displayed in Fig. [2.3b. The exponential growth of the
signal as a function of pump pulse energy is used to accurately extract the parametric
gain as described above.

The extracted gain is shown in Fig. 2.3k, exceeding 66 dB on the chip for the
6-mm-long waveguide (110 dB/cm) with less than 6 pJ of estimated pump pulse
energy in the waveguide. The departure from the exponential trend at higher pump
powers happens before the 10% pump depletion level (see Section [2.6.4) and it is
likely the result of other nonlinear effects that become relevant at high gain regimes,
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tering; SRS: stimulated Raman scattering; Er": Erbium doped LN waveguide;
FWM: four-wave mixing; SOA: semicondutor optical amplifier; Cy?: Cascaded
three-wave mixing.

including loss through parasitic green generation and scattering. Further studies
are necessary to identify and inhibit such processes, but it is important to note that
these issues do not limit the use of the amplifier since gain levels beyond 50 dB are
reached before entering this region.

Figure[2.3d shows the measured OPG spectrum as a function of the chip temper-
ature. This measurement is compared with the theoretical OPA gain as a function of
poling period shown in Fig. 2.3 (see Section[2.6.1), confirming the transition from
broadband degenerate to narrowband non-degenerate regime, which happens above
30 °C in the experiment. Achieving OPG in the non-degenerate regime confirms
having a phase-insensitive parametric gain with similar magnitude (~100 dB/cm),
which can be a useful on-chip resource for quantum and classical photonics [32,
33].

2.5 Conclusion

We have demonstrated an on-chip optical parametric amplifier, with gain lev-
els exceeding 30 dB for weak input femtosecond pulses, and 60 dB for vacuum
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fluctuations, over more than 600 nm of bandwidth around 2 um, using a waveg-
uide that is only 6-mm-long. Furthermore, we have shown that we can operate
the amplifier near degeneracy to obtain phase-sensitive amplification. Our results
represent a paradigm shift for on-chip optical amplifiers, as shown in Fig. [2.4] This
extraordinary performance of quadratic OPA is achieved by combination of disper-
sion engineering and quasi-phase matching leading to strong nonlinear interactions
owing to spatio-temporal confinement of the pump and signal pulses.

The magnitude of the OPA gain we obtain exceeds the reported gain by cubic
nonlinearities and is comparable to what can be achieved with SOAs. The OPA
bandwidth is significantly broader than other mechanisms. Currently, the maximum
measured gain per unit length is limited by the maximum pump pulse energy that
we can safely couple into the waveguide, since the input coupling loss is ~25 dB.
(see Section Improving the coupling loss by more than 10 dB seems feasible
by developing integrated spot converters [34]. Such improvement can lead to a
gain of more than 150 dB/cm putting the on-chip OPA in direct competition with
the largest single-mode SOA gains reported. Further enhancement can be achieved
by improving the poling duty cycle, depth, and fidelity [35]]. Parametric sweeps
confirm that our dispersion engineering is not too sensitive to fabrication variations
in waveguide width and etch depth (see Section[2.6.6). Studying the noise behavior
of the OPA will be the subject of future work. Combined with other linear and
nonlinear functionalities available on thin-film LN, the presented intense OPA can
open unprecedented opportunities in integrated photonics, for instance for quan-
tum information processing, mid-infrared sources, optical computing, femtosecond
frequency combs and laser ranging.

2.6 Supplementary Information

In this supplementary document, we include background theory on CW paramet-
ric amplification in waveguides as well as details on the nonlinear single envelope
simulations for OPA and OPG. We also include additional fabrication and charac-
terization details and a companion table for Fig. [2.4] of the main text.

2.6.1 CW Parametric amplification theory

We briefly review here the CW theory of degenerate parametric amplification, in
which a strong pump field at frequency w), interacts with a signal field at frequency
ws = wp /2. In the limit of no loss, the coupled wave equations are

dA .
po_ —iKA?e’AkZ, (2.1)
0z
dA :
6; = —ikALA e Ak (2.2)

where A, and A; are the pump and signal complex envelopes, normalized such
that |A;]* is the power carried by the pulses, Ak = Bp — 285 — 2/ A is the phase
mismatch, and « is the nonlinear coupling coefficient, which is related to the second
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harmonic normalized efficiency n by

272
g i = 2slen 23)
2 3A o :
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Here, deg = (2/m)d33 for periodic quasi-phase matching with 50% duty cycle,
ds3 = 20.5 pm/V for a pump centered at 1045 nm, and A.¢ is the effective area of
the nonlinear interaction, given by [22],

([ (ews xhjus) 'dS)Z/(ewp Xth) .dS

_ 7
%k
‘f Zijik dijkei,wpej,wsek,wsdxdy‘

where e, are dimensionless transverse mode profiles scaled such that the peak value

Aeft = (2.4)

of (eﬂ X h;) - Z 1S unity, and d; ik 18 the X(z) tensor normalized with respect to d33.
Note that a large overlap integral (denominator of A.g) leads to a small effective
area and a stronger nonlinear interaction (large ).
Assuming no pump depletion, the signal equation of motion reduces to
0A;
0z
where y = —ikA, can be made real by an appropriate definition of the pump
absolute phase. This equation can be solved by separating the signal into its real
and imaginary parts (i.e., its quadratures), A; = A| +iA», yielding for the real part:

— _iKApAzje_iAkZ — ,)/A;‘e—iAkZ’ (2.5)

A1(z) = A1(0) [cosh(gz) + g sinh(gz) | exp(iAkz/2) + A2(O)§—§ sinh(gz) exp(iAkz/2),
(2.6)

where we have introduced the parametric gain parameter g = \/ ly|* = (Ak/2)? =

\/npp — (AK/2)2.
In the large gain regime, nP, > (Ak/2)%,v/g ~ 1 and Ak/2g ~ 0, so the power
of the real quadrature grows as

A1) = GlALO = 1410 exp(2g2) ~ [A1(0) exp(2Pp2),  2.7)

with a power gain G ~ exp(2 anz).

For the case of non-degenerate operation, if only the pump and the signal are
present at the input, then an idler will be generated with the right phase to produce
signal amplification. In that case the amplification is not phase-sensitive and the
gain is given by:

G = L sinh?
= — sinh (g2), (2.8)
8
where g and y are the same as in the degenerate case, but the phase mismatch is
Ak = B, — Bs — Bi — 2n/A. This gain expression was used to generate Fig. on

the main paper.
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2.6.2 Single envelope simulation

We used a method similar to that described in [[36] to simulate quadratic interac-
tions over a large bandwidth using a single envelope in the frequency domain. We
write a spectral component of the electric field propagating in the z-direction on a
single waveguide mode as:

E(x,y,w) = A(z,Q)e(x, y, w)e_i('BO_“’O/VWf)Z, (2.9)

where w and Q = w — wy are the optical and envelope angular frequencies, wy is
the simulation center frequency, Sy is the waveguide propagation constant at wy,
Vref 18 the simulation reference frame velocity, x, y are the transversal waveguide
coordinates, e(x, y, w) is the mode transversal field distribution, and A(z, w) is the
complex amplitude of the field that evolves during propagation. Note that A(z, w) is
a rapidly-varying envelope, i.e., it includes the phase factor e "A(©)? acquired during
linear propagation. Furthermore, A(z, w) is an analytic signal, i.e., it only contains
positive frequencies (A(z, w < 0) = 0).

We obtained an equation of motion for A(z, £2) by ignoring counter-propagating
terms (which are usually phase mismatched), and assuming a constant nonlinear
coeflicient and mode overlap integral, both of which are weak functions of frequency
away from any material resonances. No limitations are placed upon the maximum
spectral bandwidth of the simulation. The resulting propagation equation is,

0A . Q «a iwen Xy
Fr i|B(w) = Po i3 3

Tolad(z.0e/0 + 2a(z, na*(z, e 0, 2.10)

A d(z)

where d(z) = %1 is the sign of the quadratic nonlinear coefficient that is modulated in
quasi-phase matching, a(z, t) is the time domain representation of A(z, Q), ¢(z,1) =
wot — (Bo — wo/vrer) 2, o 1s the Fourier transform in the Q variable. The effective
nonlinear coefficient X is defined as:

Xo = Z)(l(jzlz / ej (wr)ej(wr)er(wr —wy)dS, (2.11)
ijk
where )(l.(jzlz is the quadratic nonlinear susceptibility tensor, j, k,[ are Cartesian

components of the corresponding vectors, and w; and w, are two suitable chosen
frequencies, e.g., the signal and pump frequencies in our case.

The time domain terms inside the Fourier transform of Eq. (6.3) represent the
processes of sum frequency generation (oc a(t)z) and difference frequency genera-
tion (cc a(t)a(t)*), which combined can predict all classical second order interac-
tions, such as second harmonic generation and parametric amplification. Since A(z)
is fast varying, carrier dynamics can be resolved. In particular, phase mismatch is
automatically included and the term d(z) can be used to accurately simulate different
quasi-phase matching gratings. This also means that the spatial domain needs to
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be sampled finely enough to resolve these dynamics. We solve the evolution equa-
tion (6.3)) with the split-step Fourier technique using the fourth-order Runge-Kutta
method for the nonlinear step.

We used a combination of commercial software (Lumerical Inc.) and custom
built effective-index routines to solve for the waveguide modes and generate the
dispersion characteristics shown in Fig. [2.Tf.d of the main text.

2.6.3 Small-Signal OPA Simulation

We simulated optical parametric amplification for the dispersion-engineered
2.5-mm-long waveguide described in the main text, including quasi-phase matching
through a periodic modulation of d(z). As the input, we used a 100-fs-long pump
pulse centered at 1045 nm, and a 35-fs-long signal pulse centered at 2090 nm, both
with a hyperbolic secant profile. The output power spectral density (PSD) for three
pump power levels, with a fixed input signal level, are shown in Fig. 2.5h. For
the largest pump pulse energy shown, significant spectral broadening is observed
at both, the pump and signal wavelengths, revealing a strong non-linear regime
similar to [22]. Figure 2.5pb shows the gain as a function of the pump energy for
three different input signal levels as well as the CW theory and measured data.
Pump depletion and spectral broadening effects make the gain deviate from the
theoretical CW prediction at large pump and signal power levels (to calculate the
gain, the output signal energy is integrated from 1,600 nm to 3,000 nm). At low
pump power levels, the pulsed gain curve follows the CW theory as expected for
dispersion-engineered waveguides according to the argument provided in the main
paper. Note that a low signal level is necessary in order to extract the maximum
gain from a strong pump. It is for this reason that to characterize the maximum gain
of our waveguides we performed measurements on the OPG regime, with no input
signal except for vacuum fluctuations.

2.6.4 OPG simulation

In the main text we argue that operating the amplifier in the OPG regime (with a
strong pump and no input signal) provides a practical way of extracting the gain of
the amplifier avoiding saturation effects and also revealing its full gain-bandwidth.
In this section we support these claims with semi-classical simulations of parametric
generation.

Seeding the OPA with an input noise having an energy of half-a-photon per
frequency mode, and a uniformly distributed random phase, has been known to
provide the same average signal output power as the quantum mechanical solution
[37]. Thisisequivalent to neglecting thermal excitations and modeling the remaining
vacuum fluctuations as complex Gaussian random variables with zero mean and a
half-a-photon variance [38]. Fig. [2.6p shows the simulated average output power
(integrated from 1,600 nm to 3,000 nm) for the 6-mm-long dispersion-engineered
waveguide, along with the expected curve from the CW theory and our measured
data. The simulation deviates from the theory at pump energies larger than 4 pJ due
to efficient parametric generation (OPG) producing pump depletion (also shown in
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Figure 2.5: Numerical simulation of small-signal optical parametric amplifica-
tion. a, Power spectral density at the output of a 2.5-mm-long, dispersion-engineered
waveguide showing low distortion parametric amplification for pump energies of
0.1 pJ and 1 pJ, and spectral broadening for a pump energy of 10 pJ. The 100-fs-long
pump is centered at 1045 nm and the 35-fs-long signal is centered at 2090 nm. The
input signal energy is fixed at 5 fJ. b, Simulated gain as a function of pump power
for three different input signal levels along with the prediction from the CW theory
and the measured values (from main paper Fig. [2.2k). It is evident that the CW
theory is valid for this dispersion-engineered waveguide before gain saturation and
spectral broadening effects start dominating at high pump power levels. The maxi-
mum measured gain was limited by input coupling losses, and improving the input
coupling by 10 dB leads to small-signal gains exceeding 150 dB/cm, putting the
on-chip OPA in direct competition with the largest single mode SOA gains reported.

Fig. [2.6p). The simulations results shown in Fig. [2.6p are the ensemble average of
100 simulations, each simulation producing a different result due to the stochastic
nature of the input signal. This is illustrated in Fig. [2.6b., where the output spectra
OPG for a pump energy of 3 pJ is shown for the first 20 simulations along with the
average of 100 simulations.

2.6.5 Device Fabrication

We used a commercial wafer (NANOLN), with a 700-nm-thick X-cut MgO-
doped LN thin-film on 2-um-thick SiO,. The fabrication process begins with
periodically poling the chip. The poling electrodes (15 nm Cr/55 nm Au) were
patterned using e-beam lithography, e-beam evaporation and metal lift-off. Then
~300 V pulses were applied across the electrodes to produce periodic domain
inversion over a 6-mm length with a period of ~5 um. We visually inspected the
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Figure 2.6: Numerical simulation of optical parametric generation. a, Simulated
OPG energy as a function of pump energy along with the CW theory and measured
data. The pump is a 100-fs-long hyperbolic secant pulse center at 1045 nm. The
results are the average of 100 simulations. In each simulation, the input signal
is a realization of a complex Gaussian random variable with zero mean and half-
a-photon variance. The simulation results deviate from the CW theory for pump
energy levels above ~4 pJ beyond which efficient parametric generation occurs and
the no-pump-depletion approximation is no longer valid. The simulated pump
depletion level (Popg/Ppump) is shown on the right hand axis. b, Output power
spectral density for 20 OPG simulations illustrating its stochastic nature, as well as
the average for 100 simulations.

poling quality using second harmonic microscopy (an example image is shown in
an inset of Fig. 2.2p. The metal electrodes were removed by chemical etching. The
waveguides were patterned by e-beam lithography using hydrogen silsesquioxane
(HSQ) as the e-beam resist. The pattern was transferred to the LN layer by dry
etching with Ar* plasma. Finally, the waveguide facets were polished to reduce the
coupling losses.

2.6.6 Dispersion Engineering Maps

After selecting a thin-film thickness of 700 nm, the width and etch depth of
the waveguide can be varied to create maps of GVD at 2 um and GVM between
the 1 yum pump and 2 um signal. We can also factor-in the waveguide length and
pulse width by the following procedure. The GVM between the signal and pump
defines a walk-off length given by Loy = 7/GVM, where 7 is the pulse width. If
the waveguide width is Ly, then we want to minimize the ratio Lyg/Lgym. A map
of this ratio, for Ly = 6 mm and 7 = 35 fs, is shown in Fig. S3a, along with
the corresponding contour levels at 0.5 (where the waveguide is half the walk-off
length).

Similarly, a dispersion length can be defined as Lgyq = 72/GVD, and the metric
would be the ratio Lyg/Lgyq. The corresponding map is shown in Fig. , along
with the contour level at 0.25 (where the waveguide is only a quarter of the dispersion
length). For both contours in Fig. [2.7p, the black dot corresponds to our waveguide
geometry.
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Figure 2.7: Dispersion engineering mappings. a, Waveguide length to walk-off
length ratio. b, Waveguide length to dispersion length ratio. Both maps are for a
700-nm thick film, 6-mm long waveguide, and 35-fs pulse width. The black dot
indicates our waveguide design.

2.6.7 Waveguide Characterization

For the OPA measurements we use the setup shown in Fig. [2.2a with both, 1 um
and 2 um pulses, coupled into the waveguide. The 1 um source (the pump) wasa 1 W
Yb mode-locked laser that produces nearly transform-limited 75-fs-long pulses at a
250 MHz repetition rate (Menlo Systems Orange). Part of the pump was sent directly
to the chip, while the rest was fed into a near-synchronously pumped degenerate
OPO [39] to produce 2 um pulses. The 1 ym and 2 um pulses were combined
at a dichroic mirror, and coupled into the waveguides using a reflective objective
(Newport 50102-02). The two pulses were temporally overlapped by adjusting
the optical delay line, and their relative phase was scanned by the piezoelectric
transducer on the delay line. The chip was placed on a thermoelectric cooling stage
(TEC), and the temperature was finely tuned to adjust the quasi-phase matching
condition. The output of the chip was collected with another reflective objective and
the remaining pump power was filtered. A 2 um detector followed by an oscilloscope
was used to monitor the entire signal power without and without the pump beam
(Fig. 2.2b). We used an optical spectrum analyzer (OSA) covering 1200 - 2400 nm
(Yokogawa AQ6375B) with a 2 nm resolution bandwidth (Fig. [2.2k) to characterize
the spectral gain distribution.

For the OPG measurements of Fig. [2.3]of the main text, only the 1 xm path was
used. The output of a 10-W Yb mode-locked laser (Menlo Systems Orange High
Power 10) with 100-fs pulse length was passed through an optical chopper to reduce
thermally induced damage. The average input power was swept using a variable ND
filter and the output was recorded using the same OSA.

The input/output coupling losses were estimated based on a combination of
linear and non-linear measurements as follows. Comparing the optical power before
and after the chip gives the total loss L, = L; + L,z + L,, where L; is the input
coupling loss, L, is the waveguide loss, and L, is the output coupling loss. We
estimated the waveguide loss, L, to be much less than 1 dB based on Q-factor
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Table 2.1: Comparison of on-chip amplifiers gain and bandwidth
Type Length Gain Signal 3-dB Bandwidth (Signal + Idler) Reference
Absolute Normalized Wavelength Absolute Relative

@ 6mm  62dB  104dB/cm 2090 nm 380 nm (26 THz) 182%  This Work

x? 12mm 100dB  83dB/cm  2700nm 10 nm (1.64 THz) 0.4 % [40]

SOA 1.2mm 255dB 213dB/cm  1575nm 34 nm (4.11 THz) 2.2 % [41]

SOA 2 mm 13dB 65dB/cm  2010nm 75 nm (5.6 THz) 3.7 % [42]

SOA 2 mm 25dB  125dB/cm  1550nm 69 nm (8.1 THz) 4.5 % [10]
FWM y®  4mm 254dB 63.5dB/cm 2170nm 50 nm (3.18 THz) 2.3 % (5]
FWM @&  2cm 45dB  22.5dB/cm  2170nm 150 nm (9.5 THz) 6.9 % [43]
FWM xy® 17cm 139dB 82dB/cm 1550 nm 40 nm (5 THz) 2.7 % [44]

SBS 29cm  52dB  1.8dB/cm 1550 nm < 50 MHz < 0.1 % (8]

SRS 46cm 23dBdB 0.5dB/cm  1545nm 80 GHz <0.1% [45]
Er* doped 3.6 cm 18 dB 5 dB/cm 1530nm 20 nm (2.56 THz) 1.3 % [146]

Cy® 2ecm 383dB 19.2dB/cm 1550 nm +14 THz 7.2 % [47]

measurements in other chips using the same fabrication process. Since the total loss
L, is ~29 dB (at 2 um) we neglect the waveguide loss in what follows.

As explained in Section|2.4.2of the main article, the OPG data can be used to esti-
mate the gain G = exp(2g L) without any knowledge of the input/output coefficients.
This is because this gain depends only on the rate of growth of the OPG power, and
not on its absolute value. We also know that the expected number of photons gener-
ated during OPG is given by (n) = sinh?(gL) ~ 0.25exp(2gL) = 0.25G. Thus, by
estimating G, we are also estimating the average number of photons generated, from
which the OPG power in the waveguide follows immediately: Popg = iw(n) frep.
Comparing this expected power with the measured power gives us a total output
collection efficiency of 5.85 dB at 2 um. This corresponds to 26 % output coupling
efficiency, which compares well with output coupling losses in similar waveguides
estimated by other methods [31]].

Subtracting this output coupling loss from the total throughput loss gives us an
input coupling loss at 2 um of ~23 dB, which is considerably larger than the output
coupling loss. This is expected since only the power coupled to the fundamental
TE mode is considered at the input, while most of the radiated modes are expected
to be collected by the objective at the output. At 1 um, we assume that the output
coupling loss is also 5.85 dB, since we use a low-dispersion metallic collective
objective. The measured throughput loss at 1 ym is ~31 dB, so the input coupling
loss was estimated to be ~25 dB. Note that the input coupling loss at 1 um is expected
to be larger than that at 2 ym due to the corresponding mode sizes.

2.6.8 On-chip amplifier state of the art comparison

Detailed bandwidth and gain numbers used to generate Fig. [2.4] from the main
text and Fig. are available in Table[2.Talong with the corresponding references.
Previous works include only on-chip traveling-wave amplifiers. We have striven to
include the best and most recent results, but not all publications report enough data
to extract 3 dB bandwidth values and could not be added to the comparison. To
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Figure 2.8: Comparison of the gain and bandwidth of quadratic OPA in

dispersion-engineered LN waveguides with other gain mechanisms in inte-
grated photonics. This is an alternative representation of the data in Fig. [2.4]
of the main text using relative bandwidth as the horizontal axis.

estimate the bandwidth of the FWM cases we have added together the signal and
idler bandwidths.
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Chapter 3

ALL-OPTICAL ULTRAFAST RELU FUNCTION FOR
ENERGY-EFFICIENT NANOPHOTONIC DEEP LEARNING

Gordon H.Y. Lif, Ryoto Sekine', Rajveer Nehra®, Robert M. GrayT, Luis Ledezma,
Qiushi Guo, and Alireza Marandi, “All-optical ultrafast ReLU function for energy-
efficient nanophotonic deep learning,"| Nanophotonics, 12, 847-855 (2022).

R.S. fabricated and phase-matched the device, and developed a new facet-polishing
procedure.

T denotes equal contributions

3.1 Abstract

In recent years, the computational demands of deep learning applications have
necessitated the introduction of energy-efficient hardware accelerators. Optical neu-
ral networks are a promising option; however, thus far they have been largely limited
by the lack of energy-efficient nonlinear optical functions. Here, we experimentally
demonstrate an all-optical Rectified Linear Unit (ReLU), which is the most widely
used nonlinear activation function for deep learning, using a periodically-poled
thin-film lithium niobate nanophotonic waveguide and achieve ultra-low energies
in the regime of femtojoules per activation with near-instantaneous operation. Our
results provide a clear and practical path towards truly all-optical, energy-efficient
nanophotonic deep learning.

3.2 Introduction

Over the past decade, deep learning has revolutionized many important applica-
tions including computer vision, speech recognition, and natural language process-
ing [1]. However, the explosive growth of modern deep learning models has quickly
outpaced improvements in conventional von Neumann computing architectures and
ushered in the use of dedicated hardware accelerators. The quest for ever-faster
and more energy-efficient hardware for deep learning began with exploiting the
graphics processing unit (GPU), then application-specific integrated circuits such
as Google’s tensor processing unit (TPU), and more recently the development of
non-von Neumann analog architectures [2, 3]. Naturally, photonics has attracted
attention as a promising candidate due to its potential for massive parallelism and
ultrafast operation [4]]. Indeed, optical neural networks (ONNSs) have been experi-
mentally demonstrated in a variety of platforms including free-space optics [} 6,7,
8,19, 10, 11]], optical fiber [[12, 13,14, |15, |16, 17], and photonic integrated circuits
(1819, 20} 21} [22].

In general, deep neural networks require two major types of computations: (1)
linear operations in the form of matrix multiplications and convolutions, which repre-
sent the synaptic connections of the network, and (2) nonlinear activation functions,


https://www.degruyter.com/document/doi/10.1515/nanoph-2022-0137/html
https://www.degruyter.com/document/doi/10.1515/nanoph-2022-0137/html

57

which represent the neuron activations. ONNs excel at performing energy-efficient
linear operations in the optical domain, which forms the bulk of computations for
deep learning. However, a major remaining roadblock is achieving scalable energy-
efficient nonlinear activation functions, which comprises a smaller but essential
part of the deep learning workload. Thus, the majority of ONN implementations
still opt to utilize digital electronics to perform the nonlinear activation functions.
In doing so, the optoelectronic and analog-to-digital conversion typically imposes
significant speed and energy limitations. On the other hand, the demonstrated all-
optical approaches based on various processes [17, |13} [19} [7, 23] 24, 25] are still
too energy-intensive and/or slow compared to electronics. This is because pho-
ton—photon interactions are typically weak and require either high light intensities
or high-Q resonant cavities, both of which are undesirable for scalable computing
purposes. An all-optical, ultrafast, and energy-efficient nonlinear activation function
is yet to be demonstrated to unlock the full capabilities of ONNs. Such a function
should also be compact, highly scalable, and compatible with existing deep learning
models.

In this work, we propose and experimentally demonstrate the first photonic de-
vice, to the best of our knowledge, that satisfies all the aforementioned criteria for
an all-optical nonlinear activation function. It implements the Rectified Linear Unit
(ReLU) function, defined as ReLU(x) = max(0, x), which is one of the most widely
used nonlinear activation functions for deep learning. The widespread adoption of
the ReLU function was essential in sparking the deep learning revolution due to its
favorable properties for backpropagation training and simple implementation in dig-
ital electronics [1]]. However, its optical implementation has remained challenging
and posed a major hurdle for the real-world applicability of ONNss.

3.3 Methods
3.3.1 Principle of operation

The operating principle of our device is illustrated in Fig. We encode the
signal information into the coherent optical field of pulses centered at frequency
2w, with positive values represented by ¢, = +m/2 phase states, and negative
values represented by ¢», = —m/2 phase states. By co-propagating the signal
pulses with bias pulses centered at frequency w, with fixed input power and phase
at ¢, = +7/2, we can induce different nonlinear optical effects for the two possible
@2, signal phases depending on the value of the phase relationship 2¢,, — ¢2,,.-
For the positive signal values with phase ¢,,, = +7/2, the phase relationship yields
2¢w—p2, = +m/2. This induces second harmonic generation (SHG), which is a y(?)
nonlinear optical process that converts two photons of frequency w into a photon of
frequency 2w, hence depleting w and amplifying 2w. Conversely, for the negative
signal values with phase ¢,, = —n/2, the phase relationship yields 2¢,, — ¢z, =
3n/2 — —n/2. This induces degenerate optical parametric amplification (DOPA),
which is the inverse process of SHG that converts a photon of frequency 2w into
two photons of frequency w, hence depleting 2w and amplifying w. By judiciously
choosing the length and bias power, we can achieve the desired shape of the ReLU



Negative input (DOPA)

Figure 3.1: Operating principle of the all-optical ReLLU function using a nonlinear
photonic waveguide. (A) For positive inputs with phase of ¢, = +1/2, the phase
relationship between the signal and bias is 2¢,, — ¢2,, = 7/2, which causes SHG
that depletes w and amplifies 2w. (B) For negative inputs, ¢,, = —r/2, the phase
relationship 2¢,, — ¢2, = 371/2 — —n/2 causes DOPA that amplifies w and depletes
2w.

function. We emphasize that our approach utilizes coherent parametric processes
which allows us to implement both positive and negative values (i.e. the information

is encoded in the field amplitude), unlike previous optical
and optoelectronic methods based on incoherent

absorption processes that can only implement positive values (i.e. the information
is encoded in the optical power).

3.3.2 Device design

To implement the y(?-based ReLU function, we use a periodically poled thin-
film lithium niobate (PPLN) nanophotonic waveguide that exploits the strong and
instantaneous y? optical nonlinearity of lithium niobate and tight spatial con-
finement of the waveguide modes to enhance the nonlinearity [30]. Additionally,
careful qausi-phase matching and dispersion engineering enables ultra-broadband
and low-energy interactions over mm-long propagation lengths, further enhancing
the nonlinear optical processes using femtosecond laser pulses [31], 32 [33]]. Im-
ages of the device are shown in Fig. 3.2l The PPLN nanophotonic waveguide is
L = 2.5 mm long and was fabricated on a 700 nm thick X-cut MgO-doped lithium
niobate thin-film on 2-um-thick SiO; with lithium niobate substrate by dry etching
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Figure 3.2: Images of the PPLN nanophotonic waveguide. (A) Scanning electron
microscope image of the ridge waveguide. (B) Two-photon absorption microscope
image of the PPLN ferroelectric domains with poling period of 5 um. (C) Simulated
electric field distributions of the fundamental TE modes at 1045 nm (2w) and
2090 nm (w).

with Ar* plasma, achieving smooth ridge side-walls with slant angle of 6 ~ 60° as
shown in Fig. [3.2(A). The waveguide was electrically poled with a period of 5.17
um, as shown in Fig. [3.2(B), to ensure efficient SHG and DOPA. Dispersion engi-
neering of the fundamental TE mode of the ridge waveguide, shown in Fig.[3.2(C),
allows for negligible group velocity mismatch and group velocity dispersion of w
and 2w pulses centered at 1045 nm and 2090 nm, respectively. This enforces good
temporal overlap of the pulses over the entire PPLN propagation length. The ideal
parameters found from simulation were a ridge top width of w = 1700 nm and etch-
depth of & = 350 nm. See for further details about fabrication and dispersion
engineering of PPLN nanophotonic waveguides.

3.4 Results
3.4.1 Femtojoule ReLU function

The measured response of the all-optical ReLU is shown in Fig.[3.3| The nonlinear
function given by the PPLN was measured using a free-space chip characterization
setup. The source at 1045 nm (signal) was a Yb:fiber mode-locked laser producing
75-fs long pulses at a 250-MHz repetition rate (Menlo Systems Orange). The same
laser pumped a homemade degenerate optical parametric oscillator to generate the
pulses at 2090 nm (bias). The 2w and w pulses were coupled into and out of
the PPLN using reflective objectives focused on the waveguide facets. Finally, the
relative phase of the 2w signal and w bias was set using a delay arm, and the power
varied using a tunable attenuator. See Supplementary Section [3.7.1] for further
details about the experimental setup.

Our experimental results show good agreement with the ideal ReLLU function
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(R? = 0.9895), and demonstrates energy-efficient signal pulse energies in the regime
of femtojoules per activation. Note that the important feature of the function
is its nonlinear shape, since scaling/shifting the horizontal/vertical directions can
be accomplished with linear optical transformations. In theory, the ideal ReLU
function requires an arbitrarily long PPLN and low bias pulse energy. However,
in practice we must choose the bias pulse energy so as to best approximate the
ReLU function given our fixed device length. Thus, there are small discrepancies
around E»,,(0) = 0, since neither the SHG nor DOPA processes sufficiently saturate
at the ultra-low energies. The maximum cutoff pulse energy is determined by
the onset of supercontinuum generation from strong back-conversion processes,
which undesirably degrades the pulse shape. To verify that the expected device
response matches our physical picture of the operating principle, we also performed
nonlinear pulse propagation simulations of the PPLN nanophotonic waveguide. See
Supplementary Section for more details about the simulation methods.
Remarkably, we show that the PPLN nanophotonic waveguide can also approx-
imate other commonly used variants of the ReLLU function, simply by tuning the
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Figure 3.3: Output signal pulse energy versus input signal pulse energy for both
negative and positive inputs. There is good agreement between the ideal ReLU
function (dashed black line), simulation (dashed blue line) and experimental results
(red circles) for a bias pulse energy of E,,(0) = 270 fJ, and signal pulse energies of
femtojoules per activation.
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Figure 3.4: Other variants of the ReLLU function can be approximated by tuning the
bias pulse energy. For example, the (a) ELU function using bias pulse energy of
E,(0) =450 fJ and (b) GELU function using bias pulse energy of E,(0) = 910 fJ.
Ideal function curves are shown by the dashed black lines, and experimental results
with red circles.

bias pulse energy. For example, the Exponential Linear Unit (ELU) defined as
ELU(x) = x if x > 0 and ELU(x) = exp{(x)} — 1 if x < 0, which has been shown to
outperform the ReLLU function in certain cases [34]], is achieved using a bias pulse
energy of E, (0) = 450 fJ as shown in Fig. [3.4(A). In addition, we also implement
the Gaussian Error Linear Unit (GELU) defined as GELU(x) = x®(x) where ®(x)
is the Gaussian cumulative distribution using a bias pulse energy of E,,(0) = 910 fJ
as shown in Fig. 3.4(B). The GELU function is used extensively in Transformer
networks for natural language processing, which are regularly amongst the largest
deep learning models [35]]. Thus, our all-optical PPLN nanophotonic waveguide
implementation gains greater real-world applicability by being compatible with a
wide range of existing deep learning models, especially the largest models where
energy efficiency is paramount. Indeed, compatibility has been problematic in pre-
vious implementations of optical [/, |17, 23, 24} 25] and optoelectronic [11, (14,
15, 26, 29] nonlinear activation functions, which do not reflect the most commonly
used functions in digital electronic neural networks. By alleviating this problem,
we expand the potential functionality of ONNs by avoiding the need to train new
specialized models.
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3.4.2 Ultrafast time response

Ideally, the time per activation should be near-instantaneous due to the ultrafast
)((2) nonlinearity in lithium niobate. However, in practice, the response time is
limited by the finite phase-matching bandwidth as well as non-zero group velocity
mismatch, group velocity dispersion, and higher-order dispersion terms. To deter-
mine the response time of the device, we used the pump—probe technique commonly
used to characterize all-optical switches [32, 36, 37] (see Supplementary Section
[3.7.4] for more details). In this case, the pump pulse is the w pulse and the probe
pulse is the 2w pulse. We measured the ultrafast ReLU dynamics by varying the
time delay between the w and 2w pulses at a fixed pulse energy. Fig. [3.5]shows the
intensity envelope of the pump—probe signal as the time delay is varied as well as
the autocorrelation of the input w pulse.
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__ 08¢ |
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Figure 3.5: Pump—probe ultrafast timing measurements of the ReLLU dynamics. The
autocorrelation (yellow circles shifted vertically for clarity) of the input w pulse is
well-explained by a Gaussian profile (purple line) with FWHM of (56.4 + 1.5) fs.
The pump—probe signal obtained at a fixed pulse energy (blue circles) is fit (orange
line) by convolving the input autocorrelation with exponential growth and decay for
positive and negative time delays, respectively. The best fit yields a rise time of
(18.9 + 1.9) fs and a fall time of (28.4 + 1.1) fs.
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3.4.3 Simulated Deep Learning Performance

One distinct advantage of our approach is that, unlike previous all-optical [19]
and optoelectronic [21] nonlinear activation functions, it can faithfully reproduce
the ideal ReLLU function, which uses both positive and negative values. Therefore,
we can leverage the large number of existing pretrained deep learning models that
use the ReLLU function (or its variants) for nonlinear activations. Although ONNs
have been demonstrated that accurately reproduce linear operations such as matrix
multiplication and convolution, the use of atypical nonlinear activation functions in
the optical domain has required the training of new custom deep learning models
[38, 39]. To improve upon this, we simulated the performance of the all-optical
ReLU function when used as part of a pretrained convolutional neural network
(CNN) for the prototypical task of MNIST handwritten digits image classification
[40]. The MNIST dataset contains 28 X 28 pixels gray-scale images of handwritten
digits with 50,000 training samples and 10,000 test samples. We used a standard
CNN architecture (see Supplementary Section for full details) containing
convolutional layers and ideal ReL.U layers followed by a fully-connected layer and
softmax classification output. The pretrained CNN achieved an ideal test accuracy of
99.13%. Next, the ideal ReLLU layers were replaced with custom layers representing
the experimentally measured ReLLU response (after proper shifting/scaling) without
changing any of the other layers. This caused a slight drop in test accuracy to 98.8%
due to the slight deviations between the experimentally measured and ideal ReLU
functions. To remedy this, the CNN was then fine-tuned by training for only 2
epochs (the CNN sees each sample once per epoch) to regain the ideal pretrained
model accuracy of 99.13% as shown in Fig. [3.6] Fine-tuning is necessary for
any analog hardware implementation due to unavoidable fabrication errors, noise
and other nonidealities encountered [41]]. Note that this method requires far less
time compared to previous proposals for training new custom ONN models, which
required >25 training epochs [38| [39]. Therefore, our all-optical ReL.U provides
the missing link to allow ONNs to take advantage of existing pretrained models.
We note that the softmax classification layer is yet to be faithfully implemented in
an ONN which accounts for a small portion of the computation compared to the
convolutions, matrix multiplications and ReL.U nonlinear activations.

3.5 Discussion
3.5.1 Comparison of energy and time per activation

In this section, we compare the PPLN nanophotonic waveguide to other optical
[13L117,(19L 23], optoelectronic [11} 14} 15,16l 21} 26l 27,28} 29], analog electronic
[42,143]44], and digital electronic [45]] nonlinear activation functions to demonstrate
the state-of-the-art performance of our device. In this case, the appropriate figure
of merit is the energy-time product, which properly accounts for both the energy
consumed and time taken per activation. To quantify the energy per activation, we
follow the convention in [39], as being the energy needed to generate a 50% change
in the power transmission with respect to the transmission with null input. In this
case, our device has an energy per activation of ~16 fJ. The bias pulse energy is not
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Figure 3.6: Simulated deep learning performance of the experimentally measured
all-optical ReLU function for MNIST handwritten digits image classification. (A) A
pretrained CNN was used where the ideal ReLU layers are replaced with custom lay-
ers representing the experimentally measured ReLLU response (after shifting/scaling)
then fine-tuned by training for 2 epochs (batch size of 128) to improve the test accu-
racy (blue line) back to the ideal pretrained model accuracy (dashed black line). (B)
Confusion matrix on the MNIST task for the final network, which achieved 99.13%
test accuracy.

included since it is not destroyed and can, at least theoretically, be reused for many
signal pulses. This is because the bias pulse is not dissipated as heat, unlike the
case often encountered for absorption-based processes. Assuming perfect phase-
matching and that positive/negative values occur equally likely, then the bias pulse
should be amplified/deamplified equally likely by the processes of DOPA/SHG,
respectively. The time per activation is given by the signal pulse width of ~75 fs,
owing to the near-instantaneous y® nonlinearity of lithium niobate as explained
in Section Therefore, we achieve an energy-time product of 1.2 x 10727 J s.
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The energy and time per activation of our device is compared to other experimental
demonstrations in Fig.

We attempted to consider device-level metrics wherever possible to provide a
fair comparison, however, we acknowledge that this was not always possible for
nonlinear activations as part of complete networks since fan-out and cascadability
constraints impose additional energy and time costs. Despite this, the outstanding
metrics of our device represents a significant breakthrough for optical nonlinear
activation functions. For state-of-the-art digital electronics, such as the NVIDIA
A100 Tensor Core GPU [46] based on 7-nm process node [47], we generously
assume that the ReLU function consumes ~1 fJ per activation, and occurs in a
single 1 GHz clock cycle. We see that, although our device still has an order of
magnitude greater energy per activation, the time per activation is four orders of
magnitude faster. Hence, we achieve an energy-time product that is three orders of
magnitude better than state-of-the-art digital electronics. Our numerical simulations
(Supplementary Section predict that the PPLN nanophotonic waveguide can
realistically achieve a ReLU-like response with sub-femtojoule energy per activation.
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Figure 3.7: Comparison of energy and time per activation of this work (red star)
to previous all-optical (red circle), optoelectronic (blue square), analog electronic
(green diamond), and digital electronic (magenta triangle) nonlinear activation func-
tions. The numeric labels show reference numbers and dashed black lines show the
energy-time product contours.
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This would even surpass the energy efficiency of state-of-the-art digital electronics.
We attribute the discrepancy between our experimental results and the theoretically
predicted limits for the energy scale to the imperfect phase-matching and fabrication
error of our device. Itis worth mentioning how these device-level metrics potentially
translate to those of complete neural networks. In this case, additional system-level
energy costs such as laser wall-plug efficiency and transport losses can significantly
increase the effective activation energy. However, we note that the same is also true
in digital electronics such as GPUs where electrical data movement energy costs
can exceed the actual switching energy by several orders of magnitude [48].

3.5.2 Potential network architectures

So far, we have demonstrated how PPLN nanophotonic waveguides can im-
plement all-optical, ultrafast, energy-efficient nonlinear activation functions, which
forms only one building block of a full neuron. In this section, we briefly discuss
how our device can be integrated into a complete ONN architecture. Interestingly,
DOPA and SHG are theoretically noiseless amplification/deamplification processes.
Therefore, the all-optical ReLU function should not contribute additional noise to a
photonic neural network. In principle, the all-optical ReLU is compatible with most
existing ONN architectures that can accurately implement linear operations such
as matrix multiplication and convolutions. However, in practice, the speed bottle-
neck will likely be the encoding of information into the required coherent optical
amplitudes. In this case, PPLN nanophotonic waveguides can be monolithically
integrated with high-speed electro-optic modulators in thin-film lithium niobate,
demonstrated to achieve bandwidths beyond 100 GHz [49]. Furthermore, the light
sources can also be integrated on-chip using thin-film lithium niobate optical para-
metric oscillators [S0]. Therefore, all the fundamental building blocks needed for a
complete ONN in thin-film lithium niobate already exist. Given the rapid increases
in scalability of thin-film lithium niobate photonics, we are confident that a com-
plete ONN can be demonstrated in the near-future. One potential approach is to use
Mach-Zehnder interferometer meshes [ 18] or photonic tensor cores with waveguide
cross-bar arrays [20] to implement the linear matrix multiplications, then cascaded
into PPLN nanophotonic waveguides to perform nonlinear activations. Another
promising method is to use a time-multiplexed architecture similar to ones demon-
strated for coherent Ising machines [51]] or photonic reservoir computers [14, |15].
See Supplementary Section for more detailed descriptions and schematics of
potential integrated lithium niobate nanophotonic neural networks for deep learning.

A valid concern is harnessing the full capabilities of the all-optical ReL.U func-
tion. It is challenging to fully exploit the ultrafast time response of the nonlinear
optical processes since current interfacing electronics is currently limited to GHz
bandwidths [48]]. However, this should not automatically preclude the use of ultra-
fast nonlinear optics for optical computing. For example, coherent Ising machines
[51] and optical signal processing [52], which require optical input and optical
output, are prime candidates for near-term applications. In the future, all-optical
computing hardware using such parametric ultrafast nonlinear activation functions
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may operate with THz clock rates. Crucially, the all-optical ReLU is cascadable
since DOPA/SHG are inherently energy-conserving, i.e. the output is sufficiently
energetic to serve as the input trigger for at least one other neuron. If multiple
outputs are desired, i.e. fan-out, then intermediate amplification is needed, which
can be provided by the same type of PPLNs demonstrated. Therefore, in principle,
the bottleneck of optoelectronic conversion and analog-to-digital conversion can be
bypassed.

3.6 Conclusion

In conclusion, we have demonstrated an all-optical ultrafast ReLU function
using a PPLN nanophotonic waveguide. It has an energy per activation of ~16
fJ and time per activation of ~75 fs, thus achieving a state-of-the-art energy-time
product of 1.2 X 10727 J s. Furthermore, we demonstrated how the same device can
be used to implement other common variants of the ReLLU function, and showed
how it can exploit existing pretrained deep learning models to greatly reduce training
time. Given the simplicity of our device, and the rapid improvements in scalability
of thin-film lithium niobate photonics, we envisage that it will be able to replace
periphery digital electronic circuits for calculating nonlinear activations in ONNs.
Therefore, we have presented a clear and practical path towards truly all-optical,
energy-efficient photonic deep learning.

3.7 Supplementar Information
3.7.1 Experimental setup

The experimental setup for the optical ReLU measurements is depicted in
Fig. 3.8 The pump laser is a mode-locked Yb-fiber laser which provides 70 fs
pulses at 1045 nm with up to 1 W average power at a 250 MHz repetition rate
(Menlo Systems Orange A). The laser output is then split into two paths. The first
path is sent to a synchronously pumped degenerate optical parametric (SPDOPO)
oscillator based on periodically-poled lithium niobate (PPLN) which is used to ef-
ficiently generate pulses at 2090 nm[53]]. The OPO is locked using a "dither and
lock" scheme, facilitated by the Lock-In + PID application for Red Pitaya [54, 55].
A variable ND filter is added to the output of the OPO to control the 2090 nm
power sent to the device. The second 1045 nm path is sent to a delay stage. Course
adjustment of the delay is done through manual tuning of the stage position and
micrometer arm while fine adjustment is performed using a piezoelectric actuator.
This delay enables temporal overlap of the two paths, and fine adjustment is used
to change the relative phase of the fundamental and second harmonic for the OPA
process. Like the other path, a variable ND filter is also placed along this path for
adjusting the 1045 nm power. The two paths are recombined at a dichroic mirror
with high transmission at 1045 nm and high reflectivity at 2090 nm before going to
the device.

Focusing to and coupling from the device is done using a reflective objective
(Newport 50102-02). Temperature tuning of the device for fine adjustment of the
quasi-phase matching condition is done using a thermoelectric cooling stage (TEC).
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Figure 3.8: Experimental Schematic for all-optical ReLU measurements. The
pump laser at 1045 nm is first split into two paths. One beam is used to pump
our SPDOPO above threshold generating signal at centered at 2090 nm. The other
beam is guided to a delay stage and further overlaps with the 2090 nm OPO signal
at a dichroic mirror. Both beams are then coupled in and out from the chip using
high NA reflective objectives. Next, the waveguide output is filtered with a short
pass filter for filtering out the 2090 nm followed by splitting 1045 nm into two
paths. Both of the 1045 nm beams are coupled into multimode fibers; one beam
is measured by the OSA while the other beam is used to lock the delay stage.
PBS: Polarizing beamsplitter, HWP: Half-wave plate, DM: Dichroic mirror, Obj.:
Reflective objective, VND: Variable neutral-density filter, LPF: Long-pass filter,
SPF: Short-pass filter, FC: Fiber Coupler, OSA: Optical spectrum analyzer, PD:
Photodetector, OPO: Optical parametric oscillator.

The output of the chip is short-pass filtered around 1700 nm to remove all remaining
signal at 2090 nm and then split into two paths. The signal on one path is measured
with a detector and used for feedback to the delay stage. A “dither and lock” scheme,
similar to that used for the OPO, is employed here to lock the relative phases of the
two inputs to switch between amplification and deamplification in the OPA process
[54.|55]. The second path is coupled to fiber and sent to an optical spectrum analyzer
(OSA) for measuring the output power and spectrum (Yokogawa AQ6370D).

3.7.2 Device fabrication and characterization

For our devices, a wafer with 700 nm of X-cut MgO-doped LN on top of 2 um of
SiO; was used. 15 nm of Cr underneath 55 nm of Au were then e-beam evaporated
and patterned via e-beam lithography to form poling electrodes. 300V pulses
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were used to pole the chip, and the quality was confirmed using second harmonic
microscopy. Waveguides were subsequently patterned on the chip using hydrogen
silsesquioxane (HSQ) as the e-beam resist and 15 nm of Ti as an adhesion layer.
They were dry etched with Ar* plasma in an inductively-coupled plasma reactive-
ion etcher (ICP-RIE), and the remaining resists and side-wall re-deposition were
removed using Buffered oxide etchant (BOE) and RCA-1. Finally, the waveguide
facets were mechanically polished.

In Fig. [3.9] we display the measured spectrums of 2w, w and their non-linear
interaction in the waveguide. (a) and (b) show the input spectrums of 2w and
w, respectively and (c) shows the evolution of 2w pulse as the phase difference
is modulated. We can see that for the positive signal values corresponding to the
phase relationship 2¢,, — ¢2,, = 7/2, the 2w signal grows due to SHG process while
depleting the w pulse. On the other hand, for the phase relationship 2¢, — ¢>, =
—n/2, the w pulse grows due to optical parametric amplification, thereby depleting
the 2w as evident from the dip in the spectrum.

We now estimate the input and output coupling efficiencies of our device. A
detailed discussion is provided in previous work on optical parametric generation
(OPG) and amplification (OPA) [33] 56[]; here we outline the main steps. For a
degenerate OPG process in the high parametric gain regime, the generated average
photon-number in an ideal case is given by

(N) ~ %eZL‘/"_P, 3.1)

where P, L and n are pump power, interaction length, and non-linear interaction
efficiency. In the presence of experimental imperfections such as off-chip coupling,
coupling to optical fibers, and detection inefficiencies, the average photon-number
is given as

(N) ~ %&LWTP, (3.2)
where all optical losses on the OPG signal are combined in 7; parameter and 77,
quantifies the non-linear interaction strength and the input coupling efficiency of our
second harmonic signal. From our measured data for OPG power, we determine the
average photon number for various values of the second harmonic pump. By fitting
the data, we can extract the 77 and 17, parameters. In Fig.[3.10] the measured average
number of photons are displayed with respect to the input pump power. From the
fit, we extract n; =~ 0.20, i.e., the estimated output coupling loss is about 7 dB,
which shows a good agreement with our previous paper [33, 56]. Given the total
coupling loss measured at low power, we then determine the input coupling loss as
the difference between total and output coupling losses. We note that coupling losses
< 1 dB per facet have been reported for thin-film lithium niobate photonics [57],
which is promising for large-scale circuits.

3.7.3 Simulation method
We numerically solved an analytical nonlinear envelope equation (NEE) in the
frequency domain using a split-step Fourier technique to simulate the pulse propaga-
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Figure 3.10: Number of signal photons as the input pump power is varied. The

red points are experimentally measured data for several values of pump power and
the black curve shows the exponential fit used for estimating the output coupling

efficiency, i.e., the n; parameter in Eq.

tion and nonlinear dynamics in the waveguide. The nonlinear step was implemented
using fourth-order Runge-Kutta method. We obtained the NEE by ignoring counter-
propagating modes, which are usually phase mismatched, and assuming a constant
nonlinear coefficient across the entire simulation bandwidth. The fundamental and
second harmonic pulses were assumed to have a transform-limited, hyperbolic-
secant profile. The NEE is given by:

0A Q (wepX
a’:|A_la)8() Od(Z)

e =@ - = - -

To {a? (2.0 +2a(z,0a" (2. 0e 7P} (33)

where A(z, w) is the complex amplitude of the field during propagation, a(z,t) is
the time domain representation of A(z,Q), ¢(z,t) = wot — (Bo — wo/Vrer)z, Po is
the waveguide propagation constant at frequency wg, £ = w — wo is the envelope
frequency, w is the optical frequency, « is the attenuation constant, d(z) = +1 is the
instantaneous sign of the nonlinear coefficient due to quasi-phase matching, ¥ is
the Fourier transform in €, and Xj is the effective nonlinear coefficient.

To simulate the ReLU response of our experimental device, shown in Fig. [3.3]
in the main text, we assumed @ =~ 0.1 dB/cm and used the following waveguide
geometry obtained from atomic force microscope measurements: waveguide top
width of 1768 nm, ridge height (etch depth) of 377 nm, and a total lithium niobate
thin-film thickness (before etching) of 713 nm. We use the effective nonlinear
coeflicient as a fitting parameter to match the experimental data and inferred a value
of Xo ~ 0.36 x 10712 V2, which is about ~ 1/3 of its ideal value.
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Figure 3.11: Simulated ReL.U-like nonlinear activation function with sub-femtojoule
energies achieved using bias pulse energy of E,,(0) = 10 fJ and ideal PPLN param-
eters.

Given the fabrication error and imperfect phase-matching of our device, we
could only experimentally achieve an energy of ~ 16 fJ per activation. However,
Fig. shows the simulated ideal performance of a PPLN with length L = 2.5 mm,
ridge top width of w = 1700 nm, etch-depth of # = 350 nm, and bias pulse energy of
E,(0) = 10 fJ. We see that it can achieve a ReLLU-like function with sub-femtojoule
energy per activation.

3.7.4 Fitting of pump-probe signal
The input autocorrelation was fit using a Gaussian profile:

—12

620-2

G(t) = , (3.4)

oVN2r

where o is related to the FWHM by FWHM = 20 V21n2. The exponential function
with characteristic decay time of 7 = 1/4 is defined as:

F(t)=e™. (3.5)
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The convolution between G (t) and F'(t) is defined as:

(1 —1)?

(1) = F(t)  G(1) = — / Ty 207 a4 (3.6)
oVN2x Jo

We fit the pump-probe signal with exponential growth and decay functions for posi-
tive and negative time delays, respectively, convolved with the input autocorrelation
by using the analytical formula for Eq. [3.6}

I(tl) — %e—/l(l/—O'z/l/Z)

— 0'2/1)]
1+ f 9 (3'7)
. ( V2

200

2 ) .
where erf(x) = — f * ¢=2 dz is the error function.
\r /0

3.7.5 Convolutional neural network architecture

The pretrained convolutional neural network (CNN) architecture is shown in
Fig.[3.12] The CNN was trained on the MNIST handwritten digits image classifi-
cation [58]] using stochastic gradient descent with momentum (SGDM) with initial
learn rate of 0.01 and batch size of 128. For fine-tuning after the ideal ReLLU layers
were replaced with custom layers representing the experimentally measured ReLU
response, the initial learn rate was decreased to 0.001.

Name Type Activations Learmables
imageinput Image Input 28=28x1

conv_1 Convolution 28=28=8 1=8
batchnorm_1 Batch Normalization | 28=28x8 Offset 1x=1=§
Batch normalization with 8 channels S ale lxl 8
relu_1 RelU 28=28%8

maxpool_1 Max Pooling 14x14x=8

Convolution 14=14x16

l__:a.'c!~n0n-.1_2 Batch Normalization | 14x14x16

relu_2z2 RelLU 14x14x16

max ?F"Dl_—_? o Max Pooling TxT=16

3 Convolution 7x7x32

batchnorm_3 Batch Normalization | 7=x7=32

re.:u_3 RelU TxT=32
Fully Connected 1x1x18 Weights 19x1568

Bias 18=1

Softmax 1x1%19 -

softmax

classoutput

Figure 3.12

Classification Qutput | -

: Pretrained convolutional neural network architecture.
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3.7.6 Potential integrated photonic neural networks

A promising approach to integrating the all-optical ultrafast ReLU into a com-
plete ONN is to monolithically integrate it with high-speed electro-optic modulators
in thin-film lithium niobate nanophotonic circuits. Fig.[3.13|shows two examples of
how this can be accomplished. One method, shown in Fig.[3.13(a), uses a spatially-
multiplexed approach. It consists of a mesh of Mach-Zehnder inteferometers, akin to
those demonstrated in silicon photonics [18]], to perform linear operations, directly
followed by an array of PPLNs to perform the ReLLU activations. Therefore, in this
approach, each neuron represents a separate PPLN and the entire neural network
layer is computed in a constant time step. Subsequent layers are identical in structure
and can be directly cascaded following the array of PPLNs. The bias pulse can be
directly fed to each PPLN using out-of-plane couplers as shown in Fig. [3.13(a), or
by using in-plane photonic crossbar switches. The bias and signal pulses can be
decoupled using wavelength-division multiplexing (WDM) filters either on-chip or
off-chip.

The second method, shown in Fig. [3.13b), uses a time-multiplexed approach
based on a single photonic neuron folded in time with feedback-modulated delay
loops [59]. In this architecture, each delay loop at each time step represents a
different synaptic connection in the neural network layer. By properly updating
the feedback modulators at each time step, the required linear operations can be
achieved. Therefore, only one PPLN performing ReLU activations is needed to
represent all neurons, but the number of delay loops and time steps to compute
each neural network layer equals the number of synapses for each neuron. This
architecture may be advantageous in that it relaxes the experimental constraints for
fabricating and controlling a large number of PPLNs like in the spatially-multiplexed
method.

Given the relatively long (~mm) length of the PPLN, but ultrafast response time,
it is desirable to employ a time-multiplexed approach for scalability. Furthermore,
although we show the use of free-space coupling here, this can be eliminated
through the monolithic integration of thin-film lithium niobate lasers [60]], and
integrated detectors [61]. This is substantially more complicated than any previously
demonstrated thin-film lithium niobate photonic circuit [33] 62, 63, |32], but rapid
improvements in fabrication quality/tolerance in thin-film lithium niobate photonics
promise a path toward a monolithically integrated photonic neural network in the
near future.
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Figure 3.13: Potential integrated photonic neural networks using the all-optical
ultrafast ReLU function. (a) Spatially-multiplexed design based on a mesh of Mach-
Zehnder interferometers performing linear operations, directly cascaded into an
array of PPLNs performing the ReLLU activations. (b) Time-multiplexed design
based on feedback-modulated delay loops performing linear operations and the
PPLN performing ReLU activations, acting as the single photonic neuron folded in
time.
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T denotes equal contributions

4.1 Abstract

Optical nonlinear functions are crucial for various applications in integrated pho-
tonics, including all-optical information processing[ 1], photonic neural networks|2,
3|] and on-chip ultrafast light sources[4, 5|]. However, the weak native nonlinearity
of most nanophotonic platforms has imposed barriers for such functions by neces-
sitating large driving energies, high-Q cavities or integration with other materials
with stronger nonlinearity. Here we effectively utilize the strong and instanta-
neous quadratic nonlinearity of lithium niobate nanowaveguides for the realization
of cavity-free all-optical switching. By simultaneous engineering of the dispersion
and quasi-phase matching, we design and demonstrate a nonlinear splitter that can
achieve ultralow switching energies down to 80 fJ, featuring a fastest switching time
of ~46 fs and a lowest energy—time product of 3.7x10727J-sin integrated photonics.
Our results can enable on-chip ultrafast and energy-efficient all-optical information
processing, computing systems and light sources.

4.2 Introduction

Photons are known to be excellent information carriers. Yet, the quest for all-
optical information processing — a technology that can potentially eliminate the lim-
itations on the bandwidth and energy consumption of electronic and opto-electronic
systems — is generally deemed to be challenging because optical nonlinearities are
usually weak. All-optical switching using cubic (y®)) nonlinearities[6, (7] and
saturable absorption[8} 9} 10] in semiconductor materials typically requires pulse
energies on the order of picojoules or beyond. Such energy requirements hinder
their widespread utilization for any applications, as they necessitate bulky and power-
hungry light sources. To lower the energy requirement of all-optical switching, one
approach consists of enhancing the optical nonlinearity in optical cavities. However,
this enhancement is accompanied by a cavity photon lifetime, which unavoidably
increases the switching times and typically leads to low bandwidths of up to tens of
gigahertz[ 1} (11} 12} |13, |14, |15, |16]. Therefore, all-optical switching in solid-state
photonic platforms faces a performance trade-off between the energy per bit and the
switching time[17], making the energy-time product an apt figure of merit[18]]. A
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Figure 4.1: Device design and operating principle. a, Illustration of the QPM
engineering in periodically poled lithium niobate (PPLN) waveguide. The poling
defect (a longer ferroelectric domain with a length L = A) shifts the phase difference
between the FH and SH by n. As a result, the poling defect switches the SHG to
DOPA in the second half of the PPLN waveguide. The insets illustrate the phase
relation and the direction of energy transfer between the FH and the SH. b, Schematic
of the integrated nonlinear splitter device and its operation in the off state when the
input FH pulse energy is low. ¢, Simulated evolution of the FH and SH optical power
along the main waveguide for the off-state, in which the transmittance of the FH is
low (15%). d, Schematic of the integrated nonlinear splitter device and its operation
in the on state when the input pulse energy is high. e, Simulated evolution of the
FH and SH optical power along the main waveguide for the on state, in which the
transmittance of the FH is high (85%). The simulations in ¢ and e assume an input
pulse of 46 fs at 2,090 nm and device parameters of a 2.5-mm-long SHG region,
a 3.5-mm-long DOPA region and 85% outcoupling of the FH by the directional
coupler.

promising path towards a better energy—time product is the utilization of stronger
and instantaneous nonlinearities, such as the quadratic nonlinearity (y?).
Compared to the ¥ nonlinearity, y? nonlinearity in non-centrosymmetric
materials requires lower light intensities by many orders of magnitude. When the
phase-matching condition is achieved and in the absence of substantial dispersion,
nonlinear optical interactions can grow substantially as a function of propagation
length, thus circumventing the need for resonant enhancement and compromising
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switching speed. Recently, thin-film lithium niobate (TFLN) has emerged as a
promising integrated photonic platform. TFLN-based nanophotonic waveguides
exhibit strong y? nonlinearity and a high normalized nonlinear frequency conver-
sion efficiency in the continuous wave (c.w.) regime (>1000%/W-cm?)[19, 20, 21,
22| that is not easily attainable in bulk material platforms, thanks to the strong spa-
tial confinement of the waveguide modes as well as quasi-phase matching (QPM).
Additionally, the tight spatial confinement of the waveguide modes allows disper-
sion engineering[23] 24, [25]], which enables temporal confinement of interacting
waves over long interaction lengths, leading to further enhancement of the nonlinear
processes using ultrashort pulses.

4.3 Results

Here we achieve cavity-free all-optical switching in an integrated LN nonlin-
ear splitter, which cascades two distinct phase-matched y(® nonlinear processes:
second-harmonic generation (SHG) and degenerate optical parametric amplifica-
tion (DOPA). Simultaneously, dispersion engineering of our device allows spatio-
temporal confinement of the pulses over the length of the device, leading to ultralow-
energy (femtojoule) and ultrafast (femtosecond) all-optical switching with a high
extinction ratio. It is worth noting that the design and operating principle of our
device are fundamentally different from the all-optical switches based on nonlinear
directional couplers in micro-waveguides[26]. In those devices, the switching orig-
inates from the perturbation of the evanescent coupling due to phase-mismatched
x® nonlinearity and self-phase modulation of the input pulses[27, 28], whereas
in our device the switching mechanism arises from the phase-matched wavelength
conversions and the spectral selectivity of the linear directional coupler, leading
to a record-level performance (Supplementary Section provides a detailed
comparison).

The main element of our all-optical switch is a QPM-engineered LN nanopho-
tonic waveguide. Figure [@.Tp illustrates the concept of this QPM engineering.
A uniform periodically poled LN waveguide (with periodicity A) is perturbed by a
‘poling defect’, that is, an isolated ferroelectric domain of length L = A in the middle
of the waveguide. Although the poling period is designed for phase-matched SHG,
the poling defect locally changes the phase relationship between the first-harmonic
(FH) and the second-harmonic (SH) waves by A¢ = ¢o,, — 2¢,, = 7 (ref. [29]).
Because the direction of power flow between the FH and the SH is dependent on
the relative phase between them, the 7 phase shift due to the poling defect switches
the nonlinear process from SHG to DOPA, in which the generated SH serves as the
pump to amplify the FH.

In addition to the QPM-engineered main waveguide, our all-optical switch is
composed of a neighbouring linear directional coupler, as sketched in Fig. 4.Tb and
d. The linear directional coupler evanescently couples out most (85%) of the FH,
while leaving most of SH freely propagating in the main waveguide. This whole
device exhibits a strongly intensity-dependent splitting ratio. When the input FH
intensity is low (in the off state shown in Fig. #.1p), most of the input FH does not
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Figure 4.2: Integrated nonlinear splitter and its linear optical characteristics.
a, SEM image of the fabricated nonlinear splitter. Scale bar, 20 um. The device
has a 2.5-mm-long SHG region and a 3.5-mm-long DOPA region. The directional
coupler has a coupling length of 70 ym and a gap of 650 nm between the waveguide
top surfaces. b, 2D AFM scan on LN waveguide. ¢, SH microscope image showing
the inverted domains and the poling defect along the waveguides. d, Simulated
GVM (red) between the FH and SH and GVD (blue) for the quasi-transverse electric
(quasi-TE) modes of the dispersion-engineered LN waveguide. The optimized
waveguide has a top width of 1,650 nm, an etching depth of 350 nm and a total
thin-film thickness of 700 nm. The waveguide exhibits low (0.4 fs mm~') GVM
between the pump at 1,045 nm and the signal around 2,090 nm, and low GVD for
both wavelengths. Inset: electric field distributions of the fundamental quasi-TE
modes for the dispersion-engineered waveguide at 1,045 nm and 2,090 nm. The
black dashed line in the main plot denotes zero GVM. Black dashed arrows mark
the FH and SH wavelengths. e, Measured (red symbols) and simulated (blue solid
curve) outcoupling ratio of the directional coupler as a function of the wavelength.
In d and e, the dotted lines correspond to the regime where mode crossing between
the fundamental TE mode and the second-order transverse magnetic mode occurs,
which is distant enough from the SH central wavelength and is not expected to affect
the device operation.

convert to SH, and hence is directed by the linear coupler to the drop port. This is
illustrated by the simulated power evolution of both the FH and the SH in the main
waveguide in Fig. [.Tc. In this off state, the transmittance of the FH in the main
waveguide (through port) is low. However, when the input FH intensity is high (or
in the on state as shown in Fig. {.Tld, e), due to the efficient SHG at the beginning
of the waveguide, most of the FH can convert to the SH, which remains in the main
waveguide after passing through the coupler, and negligible FH is directed to the
drop port. In the second half of the main waveguide, the poling defect switches
the SHG process to DOPA, through which most of the SH converts back to the
FH. As shown in Fig. @, in the on state, the device favours transmission of the
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FH to the through port, because most of the input pulse energy can be ‘stored’ in
(that is, converted to) the SH, which is unaffected by the linear coupler. Because
the FH transmission strongly depends on the input pulse energy of the FH, the
intensity-dependent nonlinear splitter functions as an all-optical switch.
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Figure 4.3: Ultra-low energy nonlinear optical transmission in the integrated
nonlinear splitter. a, Top: output pulse energy of the 2,090-nm FH from the drop
port as a function of on-chip input average power/pulse energy. Bottom: normalized
transmittance (101og(T /Tp,,—0)) of the FH from the drop port. b, Top: output pulse
energy of the FH from the through port as a function of input average power/pulse
energy. Bottom: normalized transmittance (101log(T/Tp, —0)) of the FH from the
through port. In both a and b, the blue solid lines are simulation results. Black
symbols are the measured data. The insets illustrate the ports at which we collected
the data. ¢, Measured output FH spectra at the through port (blue) and the drop port
(red) in the on state (top) and the off state (bottom). The input FH pulse energy
is 500 fJ for the on state and 7 fJ for the off state. In the on state, the dip in the
spectrum of the drop port, which does not persist in the through port or in the off
state, is further strong experimental evidence for the interplay of SHG and DOPA in
the switching mechanism. d, Simulated output FH spectra at the through port (blue)
and the drop port (red) in the on state (top) and the off state (bottom), corresponding
to the measurements in ¢. In both ¢ and d, the spectral dips are labelled by red
arrows.

We fabricated the nonlinear splitter on a 700-nm-thick X-cut MgO-doped LN
thin film on a 2-pm-thick SiO; layer on top of a LN substrate (NANOLN). Details
about the periodic poling, the waveguide patterning and etching are provided in
the Methods. As shown in the scanning electron microscope (SEM) image in Fig.
M.2a and the atomic force microscope (AFM) image in Fig. .2p, the Ar-based dry
etching process yields smooth waveguide sidewalls (with surface roughness of ~1
nm) and a sidewall angle of ~60°. The top width of the main waveguide and the
etching depth are measured to be 1,650 nm and 350 nm, respectively, with an error
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of +5 nm. In Supplementary Section 4.6.7] we discuss how the variation of the
waveguide top width, etching depth and the thin-film thickness affect the nominal
poling period and the device performance consistency. The inverted ferroelectric
domains and the poling defect along the main waveguide are shown in the SH image
in Fig. d.2c. Based on the simulation shown in Fig. [4.T, the device is designed to
have a 2.5-mm-long SHG region and a 3.5-mm-long DOPA region. Such a design
can ensure that both the SHG and DOPA process are efficient enough, which in turn
leads to low switching energy and high switching contrast in the on state.

To achieve ultralow-energy and ultrafast operation, we engineer the dispersion of
the LN ridge waveguide and minimize both the group velocity dispersion (GVD) and
the group velocity mismatch (GVM) between the FH and the SH[24]]. Negligible
GVD at the FH and SH wavelengths preserves the temporal confinement of these
pulses and hence their high peak intensities along the waveguide, thereby ensuring
efficient short-pulse and low-energy SHG and DOPA. Additionally, negligible GVM
between the FH and SH waves guarantees that both FH and SH pulses travel together
along the waveguide. As shown in Fig. 4.2d, in the dispersion-engineered waveg-
uide, the fundamental quasi-transverse electric (TE) modes at the FH (2,090 nm)
and SH (1,045 nm) have a very low GVM of 0.4 fs mm~!. In addition, the GVD for
both the FH and SH waves are as low as 40 fs?’mm~! and 114 fs>’mm™", respectively.
For a 46-fs-long input pulse at 2,090 nm, the optimized waveguide has a dispersion
length of more than 50 mm. The walk-off length (pulse length divided by GVM),
representing the propagation distance after which the pump and SH pulses acquire
a temporal separation equal to their pulse width, is 115 mm. Remarkably, Fig. [#.2d
also shows that, around 2,090 nm, there exists a large wavelength window within
which the GVM is close to zero. Therefore, choosing the operating wavelength
to be around 2,090 nm can ensure reliably achieving low GVM in the presence of
fabrication imperfections.

To ensure that the coupling ratio of the directional coupler is resilient to fabri-
cation errors, we adopt an adiabatic design in which the main waveguide is uniform
with a fixed width, while the coupler waveguide width is adiabatically tapered[30].
The detailed geometry of the directional coupler is discussed in Supplementary
Section Figure 4.2p shows the wavelength-dependent coupling ratio, which
is the ratio between the output power at the drop port and the input power. Owing to
the large mode area difference between the fundamental TE modes at 2,090 nm and
1,045 nm, the 70-um-long directional coupler exhibits a large coupling ratio of over
85% for wavelengths beyond 2,090 nm and a small coupling ratio of less than 5%
for wavelengths below 1,045 nm. The measured (red symbols) results around 2,090
nm agree well with the simulation results (blue solid curve). We did not perform the
coupling ratio measurement around 1,045 nm because the external input light can
be coupled to higher-order spatial modes around 1,045 nm, which strongly affects
the accuracy of the measurements.

We characterized the nonlinear optical behaviour of the device using 46-fs-long
pulses at 2,090 nm from a synchronously pumped degenerate optical parametric
oscillator (OPO) with a repetition frequency of 250 MHz. The characterization of
the 2,090-nm pulses is elaborated in Supplementary Section {.6.3] By measuring
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the nonlinear splitter devices with different poling periods, we found that 5.11 um
is the optimal poling period for realizing QPM, which is in good agreement with
the theoretical period of 5.08 um. The experimental details of optimizing the QPM
condition are discussed in the Methods and Supplementary Section 4.6.5] At the
optimum QPM condition, we measured the output power of the FH both at the
through port and the drop port. The detailed calibration of the input/output coupling
loss of our waveguide is discussed in Supplementary Section[4.6.6

As shown in Fig. [4.3p, the normalized transmittance from the input to the drop
port, defined as 1010g(7'/Tp,,—0), shows a clear reduction (~7 dB) when the on-chip
input FH pulse energy increases from 0 to 600 fJ. This behaviour is well captured by
the simulation (blue solid line). Such a reduction in the transmittance is a result of
the strong depletion of FH waves during the SHG process, because the directional
coupler only couples out the FH in the first half of the main waveguide. The time-
domain nonlinear dynamics of the SHG process is elaborated in Supplementary
Section VIII. Because the energy is conserved during the frequency conversion
process, based on the measured 7 dB (80 %) depletion of the FH shown in Fig.
and assuming that the propagation loss of the FH is far less than its depletion, we
estimated that an input FH pulse energy of 600 fJ in the waveguide converts to a SH
pulse energy of 480 fJ.

The normalized transmittance of the FH from the input port to the through port
increases by more than 5 dB as the input pulse energy increases, as shown in Fig.
3b. This behaviour is opposite that of the transmittance to the drop port, which
confirms that the poling defect indeed switches the SHG to the DOPA process in
the second half of the main waveguide, thereby converting the generated SH back
into the FH. The experimental result agrees well with the simulation (blue solid
line), despite showing a slightly lower peak transmittance, which can be ascribed
to the slightly lower SHG efficiency in the first half of the device or the imperfect
phase shift imposed by the poling defect. Based on the results shown in Fig. 4.3p,b,
we can deduce that the largest parametric gain in the DOPA region is more than
12 dB at an input FH pulse energy of 600 fJ, which translates to a gain per unit
length of 34 dB/cm given that the DOPA region is 3.5 mm long. Notably, this result
is consistent with our recent parametric gain measurement on a similar QPM LN
waveguide, which exhibits a gain per unit length of 35 dB/cm when pumped with
~500-1J, 1,045-nm pulses[24]. Moreover, the measured output FH power from the
main waveguide agrees well with the simulation.

The interplay of SHG and DOPA in the all-optical switching mechanism is also
evident from the output spectra. In Fig. we compare the measured output FH
spectra at the drop port and the through port. Ultrashort pulses from mode-locked
lasers often have a temporal/spectral shape that can be described with a squared
hyperbolic secant (sech?) function. When the device is subjected to 500 fJ of input
pulse energy (in the on state), the output spectrum at the drop port (red) deviates
from the initial sech® spectral shape, showing spectral dips around 1,920 nm and
2,250 nm, which indicate a strong depletion of the FH. However, the output spectrum
at the through port (blue) does not show such dips at high input pulse energies and
has a spectral shape similar to the sech? function, which indicates the recovery of
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Figure 4.4: Femtosecond, femtojoule all-optical switching. a, Experimental set-
up for the femtosecond all-optical switching measurement. Approximately 46-fs
pulses at 2,090 nm generated from a free-space OPO are used to characterize the
device. Pump and probe fields with relative time delay At are injected into the
waveguide via the objective lens. Probe transmission depends on whether the two
pulses excite the device simultaneously or at different times. LPF, long-pass filter;
MM, motorized mirror; PZT, piezoelectric transducer; NDF, neutral density filter;
BS, beamsplitter; OBJ, objective lens; LIA, lock-in amplifier; PD, photodetector.
b, Measured dynamics of the on state at the through port. The input pump pulse
energy (Epump) 1s 80 fJ. ¢, Measured dynamics of the on state at the drop port. Epymp
is 20 fJ. The insets illustrate the ports at which we collected the data. d, Relative
probe signal power at the through port as a function of pump pulse power (energy).
e, Relative probe signal power at the drop port as a function of pump pulse power
(energy). The 3-dB switching energies at the through port and the drop port are 80
fJ and 20 fJ, respectively.

the FH power. When the device is in the off state (Fig. 4.3, bottom panel), the
output spectra measured at the through port and the drop port both have sech? shapes
because of the weak nonlinear conversion in the off state. Similar behaviours can
also be seen in the simulated output spectra for the on state (Fig. 4.3d, top panel)
and the off state (Fig. [.3d, bottom panel). In Supplementary Section [4.6.8] we
provide a detailed analysis of the nonlinear dynamics that explains the origin of the
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spectral dips. We also explain how the spectral dips are indicative of the power
flow direction. The slight difference between the simulated and the experimental
spectra can be attributed to a slight difference of pulse shapes after the depletion
in the temporal domain due to complexities such as the chirp of the input pulses,
the group delay dispersion accumulated along the waveguide propagation, or the
non-zero GVM between the FH and SH. It is worth noting that when the input pulse
energy exceeds 600 {J, the input FH exhibits substantial spectral broadening during
the SHGJ[23]], and the phase relation between the FH and SH changes. This leads
to a lower parametric gain of the DOPA (details are presented in Supplementary
Section [4.6.8).

We further characterize the all-optical switching dynamics and the switching
energy of the nonlinear splitter device using a degenerate pump—probe technique,
similar to the measurement technique used in ref.[I8]. As shown in Fig. .4, a
beam containing ~46-fs-long pulses centred at 2,090 nm generated from a table-
top degenerate OPOJ[31] is split into two beams by a beamsplitter in a Michelson
interferometer. One beam with a weak optical fluence (3 fJ, 770 nW on-chip average
power) is used as the probe beam, and another beam with a high/tunable optical
fluence and adjustable time delay (controlled by a motorized delay stage) is used
as the pump beam. In the measurement, we couple the output of the Michelson
interferometer, which contains both pump and probe beams, to our chip, and switch
the transmission of the probe signal by controlling the power of the pump pulse.
Additionally, we employ the lock-in modulation and demodulation scheme at 80 Hz
to acquire the output probe signal only, rather than acquiring both the pump and
probe signals. To suppress the interference between the pump and probe beams,
we use a piezoelectric transducer in the optical path of the probe and modulate the
phase of the probe pulses at 350 Hz, which is much faster than the integration time
(1 s) of the lock-in amplifier.

The dynamics of the on state for the probe signal is measured at the through
port and the drop port as plotted in Fig. [.4p,c, respectively. At the through
port, we observe that the probe pulse is clearly appearing when the pump pulse
temporally overlaps with it, whereas at the drop port the probe pulse is eliminated.
To extract the rise and fall times of the switching mechanism, we fitted the data with
exponential growth and decay functions for relative time delays At < 0 fs and At >
0 fs, respectively, convolved with the autocorrelation of the input pulse, which was
approximated by a Gaussian profile with a full-width at half-maximum of 65.2 fs
(Supplementary Section[4.6.3|provides details). For the measurement at the through
port (Fig. [4.4b), the best fit yields a switching rise time of 5.1+1 fs and a fall time
of 18.1+£2.9 fs. The measurement at the drop port shows a switching rise time of
1.75+0.86 fs and a fall time of 11.0+2.15 fs.

Although, in our current experiment, the switching time is limited by the exit
pulse length of 46 fs, our results in Fig. B.4p indicate that the intrinsic switching time
(or response speed) of our device is ~18 fs. This means that if the input pulses have
fall times shorter than 18 fs, the switch will not operate efficiently and will distort
the pulses at the output. Despite the instantaneous quadratic nonlinearity, the entire
all-optical switch still has a finite response time due to the non-zero GVM, GVD
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and the finite QPM bandwidth, making switching for shorter pulses challenging.
We have confirmed with numerical simulations that the asymmetry in the switching
dynamics shown in Fig. 4.4p,c could be caused by the interplay of several dispersion
mechanisms, such as GVM and GVD.

The measured ultrafast switching also indicates that the slow dynamics com-
monly observed in LN and other materials, such as the photorefractive effect[32]
and photothermal effect[33]] are absent, primarily due to the low photon energies
of the input FH and the generated SH, the ultralow input pulse energy and the
non-resonant nature of the switch. We have also ruled out the intensity-dependent
index change (Kerr effect) of the LN waveguide as the possible mechanism for
the switching and nonlinear transmission characteristics[34]], given the fact that no
switching behaviour and power-dependent transmission were observed on a similar
device without poling in the main waveguide.

Figure .4d, e shows the extinction ratio between the on and off states of the
switch for both output ports at At = 0. We estimated a switching pump energy
of 80 fJ (20 fJ) for the through port (the drop port) at the 3-dB contrast level.
Within 500 {J of input pulse energy, we obtain a switching contrast of over 5 dB
in the through port and a switching contrast of over 8 dB in the drop port. Such
a high switching contrast is difficult to realize using the saturable absorption in
semiconductors[|10] and low-dimensional materials[35, 36, 37] without coupling
them to optical cavities, because it, in general, requires very high optical fluence
to excite a substantial portion of electrons from the valence band to the conduction
band. It is worth noting that the extinction ratio of our device can be further
enlarged to be more than 10 dB at low energy by engineering the coupling ratio of
the directional coupler (see Supplementary Section {.6.10] for details).

4.4 Discussion

In summary, we have demonstrated on-chip all-optical switching based on the
strong instantaneous nonlinear response of an LN nano-waveguide, with simulta-
neous dispersion and QPM engineering. In Fig. 4.5 we compare our device with
existing on-chip all-optical switches in terms of the intrinsic switching time and
the switching energy. Our device features a fastest switching time of ~46 fs, cor-
responding to the largest operational bandwidth of 9.6 THz, as well as an ultralow
3-dB switching energy of 80 fJ. Moreover, our device shows the state-of-the-art
switching energy—time product of 3.7 x 107>’ J's. Our nonlinear splitter also en-
ables the simultaneous realization of switch-on and switch-off operations as well as
a large extinction ratio of over 5 dB when subjected to less than 500 fJ of input pulse
energy. Moreover, although our current device is designed for operation at 2,090
nm, the same concept can be applied to telecommunication wavelengths such as
1,550 nm. In Supplementary Section[4.6.11] we describe the waveguide design and
dispersion engineering for 1,550 nm. Operating the device at a shorter wavelength
can also reduce the required lengths for the poling regions due to a larger effective
nonlinearity[38]].

We envision that the femtojoule switching energy and the terahertz bandwidth
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Figure 4.5: Performance comparison of various on-chip all-optical switches
operating at room temperature. The data points show the intrinsic switching
time and switching energy per bit for switches based on a photonic-crystal (PhC)
cavity, ring cavity, inter-subband transition (ISBT) and graphene loaded plasmonic
waveguide (GrPWG). Our device features a state-of-the-art on-chip switching time
of ~46 fs and a low switching energy—time product of 3.7x 10727 J s. The references
in this plot are included in Supplementary Section [4.6.9]

of our all-optical switch can enable new opportunities for terabit per second (Tbps)
all-optical information processing in optical time-division multiplexing (OTDM)
systems for communication and computing. In Supplementary Section [4.6.12] we
describe the potential applications of our switch for energy-efficient Tbps channel
demultiplexing and channel insertion, which are challenging tasks for conventional
all-optical switches with more than picosecond switching times. In addition, our
switch can also directly interface with the recently developed LN-based on-chip
pulsed light sources, such as Kerr soliton microcombs[39, 40, 41]] and electro-optical
combs[42]] for on-chip ultrafast information processing[43]]. As another important
application, our device can serve as an energy-efficient and ultrafast mode-locking
element for developing chip-scale mode-locked lasers on TFLN that can generate
~100-fs ultrashort pulses (Supplementary Section 4.6.12). The ultrahigh speed,
low-energy operation and the larger modulation depth of our device are essential
for ultrashort pulse generation, self-starting mode-locking and long-term stability
of the generated laser pulses.
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4.5 Methods
4.5.1 Device fabrication

We fabricated the nonlinear splitter devices on a 700-nm-thick X-cut MgO-doped
LN thin film on 2-um-thick SiO; on top of a LN substrate (NANOLN). We first
patterned the poling electrodes (15-nm Cr/55-nm Au) with varied electrode finger
periodicities using electron-beam lithography. The electrodes were then formed by
electron-beam evaporation and metal liftoff. We performed the ferroelectric domain
inversion (periodic poling) by applying several 380-V, 5-ms-long pulses at room
temperature with the sample submerged in oil. We visually inspected the poling
quality using a SH microscope. Next, we removed the electrodes by wet chemical
etching, and patterned the waveguides using electron-beam lithography. The pattern
was transferred to the LN layer by Ar* plasma etching. Finally, the waveguide facets
were polished to enable good light-coupling efficiencies.

4.5.2 Optical measurements

For the linear and nonlinear optical measurements, we employed a free-space
light-coupling set-up, as shown in Fig. d.4p. The 1,045-nm source is a I-W Yb
mode-locked laser that produces nearly transform-limited 75-fs-long pulses at a
250-MHz repetition rate (Menlo Systems Orange). The output 1,045-nm beam was
fed into a near-synchronously pumped degenerate OPO [44] to produce ~46-fs-long
pulses centred at 2,090 nm. Detailed characterization of the 2,090-nm pulses is
discussed in the Supplementary Section[4.6.3] The output 2,090-nm beam was split
into two beams by a beamsplitter in a Michelson interferometer. The two beams
were then recombined and coupled into the nonlinear splitter chip by a reflective
objective (Newport 50102-02). The average off-chip input power was calibrated by
a thermal power meter (Thorlabs PM16-401). The input/output coupling losses at
2,090 nm were estimated to be 21.6 dB/4 dB. For the power-dependent transmittance
measurements in Fig. 3] only one output beam from the Michelson interferometer
was used. The chip was placed on a thermoelectric cooling stage. To adjust the
QPM condition, temperature tuning was used (Supplementary Section {.6.5). For
the results in Fig. 4.3}, b, the output power was measured by an optical spectrum
analyser covering 1,200-2,400 nm (Yokogawa AQ6375B) with a 2-nm-resolution
bandwidth. For the result in Fig. 4.4b—e, the output power was measured by an IR
2-um photoreceiver (Newport 2034).

4.5.3 Numerical simulations

We used commercial software (Lumerical) to solve for the waveguide modes as
well as to obtain the dispersion characteristics shown in Fig. 4.2k. In the simulation,
the anisotropic index of the LN was modelled by the Sellmeier equations[45]. For
the nonlinear optical simulation, we solved an analytical nonlinear envelope equation
in the frequency domain using a split-step Fourier technique to simulate the pulse
propagation and nonlinear dynamics in the waveguide[46]. The nonlinear step
was solved with a fourth-order Runge—Kutta method. Details regarding the single-
envelope simulation are provided in Supplementary Section
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4.6 Supplementary Information

4.6.1 Comparison with nonlinear directional coupler presented in Ref.[26]
Here, we want to emphasize that both the design and operating principle of

our all-optical switch are fundamentally different from those reported by Schiek et

al. [26]. We also explain why our device operating principle leads to significant

improvement in the device performance compared this work.

Schiek et al.
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Figure 4.6: Comparison of device design and operating principle.

As shown in Fig. 4.6] the nonlinear directional coupler (NDC) device presented
by R. Schiek et al. has two neighboring PPLN waveguide with a very long coupling
region. Because the coupling region is long, the input FH can be coupled back
and forth between the two neighboring waveguides. Both of the PPLN waveguides
operate in large phase-mismatched (Ak ~ 167) second harmonic generation (or
effective )((3)) regime. (Ak = 1.8 X (219 - T/°C)) and the device is operating at
210 °C (see page 2 of Ref.[26]). The phase-mismatched SHG produces an effective
x® nonlinearity and self-phase modulation on the input FH pulse. The intensity-
dependent self-phase modulation of the FH further perturbs the evanescent coupling
ratio of the FH pulse, thus leading to the switching behavior.

In sharp contrast, in our device as shown in Fig. {1.6] we employed phase-matched
SHG and DOPA processes separated by the “poling defect” in the waveguide. In
the first section of our device, energy flows monotonically from the input pulse
towards its second harmonic, while on the second section of our device, energy flows
monotonically from the second harmonic towards the fundamental. Therefore, there
is no self-phase modulation of the FH pulse in our device. The wavelength selective
directional coupler still operates as a linear splitter over its length (i.e. we do not
perturb its operation due to the propagation of the modes). Instead, the switching
behavior of our device is enabled by the phase-matched frequency conversion and
frequency dependent output coupling. Here, we explain why our device operating
principle leads to significantly better performance.
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Power efficiency: the fundamental difference in operating principle described
above leads to dramatic performance difference between our device and the NDC by
Schiek et al. Compared to phase-matched y(? processes presented in our work, the
all-optical switch based phase-mismatched y ) nonlinearities requires much higher
input power. We want to emphasize that even if we implement the NLDC approach
in nanophotonic LN platform with the same device length and waveguide geometry
as our case, the device performance will still be much inferior to our device.

To ensure a fair comparison, we compare the peak power requirements if both
designs are implemented on the same nanophotonic PPLN platform and operate at
2090 nm. The NDC demonstrated by Schiek et al. requires more than 50 W of
peak power in 50-mm-long diffused waveguides at 1550 nm. In previous work,
Schiek et al. report a normalized nonlinear efficiency (1) of 60%/W/cm? for their
waveguides at 1550 nm [26]], which is typical of those large-mode waveguides.
To estimate the required power of their design in our PPLN platform and at our
wavelength, we first consider the wavelength difference. Since 7 scales as w* [38],
at 2090 nm n will be reduced to 18%/W/cm? for the Ti-diffused waveguides, while
our nanophotonic platform provides 1 ~ 1100%/W/cm? at these wavelengths[[19].
Therefore, implementing such a NDC in LN nanophotonic platform would benefit
from a 61-fold larger normalized nonlinear efficiency at the same wavelength.

Second, we consider the length difference. The NDC mechanism is based on
self-phase-modulation due to phasemismatched y® nonlinearities. In the limit of
large phase mismatch, with the same amount of Ak L, the phase shift scales linearly
with normalized nonlinear efficiency and power, and quadratically with the device
length, i.e. ®gpys o« nPL? (Equation 6 in Ref.[27]). By implementing NDC on our
nanophotonic PPLN platform with the same length as our device (~6 mm), L? is
smaller by a factor of 69. Therefore, to realize the same amount of phase shift with
the same amount of Ak L, the NDC design demonstrated by Schiek et al. still requires
a peak power level of above 56 W if it is implemented in our nanophotonic PPLN
platform. In our device, however, we have experimentally demonstrated all-optical
switching with only ~1.5 W of peak power (80 fJ of 46 fs pulse) in a 6-mm-long
waveguide. This illustrates that just the operating principle of our device leads to
more than an order of magnitude improvement in the power requirement compared
to the NDCs design. The fundamental reason behind this is that the phasematched
interactions are more efficient than the phase-mismatched interactions employed in
NDCs.

Bandwidth: Another important disadvantage of using phase-mismatched y
nonlinearity is the attainable bandwidths. As highlighted in Page 3 of Ref.[26]: “...
the wavelength dependence of the phase-mismatch yields different effective nonlin-
earities for the different spectral components which introduce a kind of nonlinear
dispersion.” In other words, to enable large bandwidths (and femtosecond switch-
ing), the nonlinear effect should have a flat response over the entire pulse bandwidth.
In our work, we achieve this through dispersion engineering and operating in the
phase-matched case with low group velocity mismatch between the pump and the
second harmonic. As shown in Fig. we can achieve a flat phase-matching spec-
trum over the pump bandwidth even for a 46-fs input pulses and hence all-optical
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Figure 4.7: Comparison of input pulse envelop (grey) and the nonlinear response
(blue) for phase-matched y® process in dispersion-engineered LN waveguides (the
operation principle of our design).

switching with minimal distortion.
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Figure 4.8: Comparison of input pulse envelop (grey) and the nonlinear response
(blue) for phase-mismatched y? process leading to effective y® (the operation
principle of NDC).

On the other hand, Fig. 4.8 shows the phase matching plot for the Ti-diffused
waveguide device described in Ref.[26], which operates far from phase matching in
order to obtain self-phase modulation of the input pulses. Even though the pulse is
9-ps long and the entire pulse bandwidth is far from the phase matching peak, there is
still considerable dispersion, with different parts of the pulse spectrum experiencing
different effective v values. This leads to the pulse distortions and asymmetries
described in Ref.[26] even for 9-ps pulses.

These fundamental spectral dependencies in phase-mismatched effective y
processes indicate that it may not be even possible to achieve distortion-free all-
optical switching with femtosecond pulses using the NDC design. By using the
same mismatch (AkL = 167) as Ref.[26]], we compare in Fig. 4.9|the cases of a 9-ps
pulse and a 46-fs pulse in dispersion-engineered nanophotonic waveguides. In this
scenario, the pulse spectrum is closer to the phase matching peak, so the effective
x® function is even more dispersive than the previously reported experiment (in-
dicating that even a 9-ps pulse would undergo more severe distortions for an NDC
implemented in our nanophotonic platform compared to the old platform). This
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Figure 4.9: Comparison of input pulse envelop (grey) and the nonlinear response
(blue) for phase-mismatched y(® process in dispersion engineered nanophotonic
LN waveguides.

results in even more distortion for 46-fs pulses, as expected. The simple solution is
to operate even farther away from phase-matching, which will decrease the effective
x® coefficient. Therefore, even in the presence of dispersion engineering, it is not
clear (and likely impossible) how to achieve femtosecond, femtojoule performance
with the NDC design implemented in state-of-the-art nonlinear photonic platforms.

4.6.2 Design of the adiabatically tapered directional coupler

During the device fabrication process, the waveguide width, height, and cou-
pling gap can vary. As a result, the effective index n.g of the waveguide, as well as
the coupling strength between the waveguides, will change. The coupling efficiency
of the conventional directional coupler, which has neighboring waveguides of iden-
tical size, usually suffers from poor tolerance to fabrication errors and can hardly be
used as broadband component[30]. Here we adopt an adiabatically tapered direc-
tional coupler design[30], which ensures broadband operation and good tolerance
to fabrication errors. Figured.10[shows the design of the directional coupler, which
is composed of a tapered top waveguide (linearly tapered from W; to W, and a
non-tapered bottom waveguide with a width of Wj. The dimensions, including Wy,
W,, Wy, the coupling length L and the coupling gap are labeled in the figure. The
gap is fixed throughout the tapered region. Note that the etched LN waveguide has
~ 60° slant angle, the geometry shown in Figure[4.10|corresponds to the top surface
of the etched ridge waveguide. For an adiabatic coupler shown in Figure {.10] the
power coupling efficiency ¢ can be estimated by the Landau-Zener formula[30, |47]:

g2
2rg 271) @1

=1- e =z
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where the coupling strength g equals to the half of the n.g index difference between
the even mode and the odd mode at the center of coupler, the dneg/d7z is the changing
rate of the neg when varying the waveguide width along the propagation direction z,
and A is the wavelength. For very small g, light can hardly be coupled to neighboring
waveguide since { = 0, while for large g the coupling efficiency ¢ ~ 1.
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Figure 4.10: Design of the adiabatically tapered directional coupler. The directional
coupler is composed two neighboring waveguides. The top width of the top waveg-
uide is linearly tapered from W; = 1.55 um to W, = 1.75 um, whereas the bottom

waveguide is not tapered, with a constant top width of Wy = 1.65 um. The coupling
length L is 70 um.
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Figure 4.11: Coupling efficiency as a function of coupling length for 2090 nm and
1045 nm light. When the coupling length is is 70 pum, the coupling efficiency for
2090 nm and 1045 nm are 85 % and 5 %, respectively.

Based on Eq. [.I] in Fig. M.TI] we plot the coupling efficiency ¢ of the
adiabatically tapered directional coupler with the design parameters shown in Fig.
4.10l When the coupling length is 70 um, the coupling efficiency for the fundamental
TE mode at 2090 nm and the fundamental TE mode at 1045 nm are 85 % and 5
%, respectively. By performing a frequency dependent analysis (Fig. f.2c in the
main text), we have verified that the coupler is broadband around 2090 nm, and has
a low coupling ratio for light at 1000 nm. Fig. 4.12]shows a 3-D FDTD (Lumerical)
simulation of the wave propagation for the fundamental TE mode at 2090 nm and
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1045 nm. Due to the large difference in the mode sizes, the fundamental TE mode at
2090 nm can be efficiently coupled from the bottom waveguide to the top waveguide,
while the fundamental TE mode at 1045 nm mostly remains in the bottom waveguide.
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Figure 4.12: Simulated light field propagation for a A = 2090 nm and b 4 = 1045
nm. Fundamental TE mode at 2090 nm can be efficiently coupled from the bottom
waveguide to the top waveguide, while the fundamental TE mode at 1045 nm mostly
remains in the bottom waveguide.

4.6.3 Characterization of input pulses

The quantitatively analysis of our switching device including the nonlinear dy-
namics, the input/output coupling loss, the switching time and energy necessitates
an accurate measurement of the input pulses. In Fig. #.13p, we plot the measured
spectrum of input pulses (red solid line). By comparing it with the spectra of
30-fs, 35-fs and 40-fs pulses centered at 2.09 um, we found that the 35-fs pulse
has the best agreement with our experimental spectrum. We also performed the
interferometric autocorrelation measurement of the input pulses, as shown in Fig.
M.13p. The Gaussian fitting of the peaks of the autocorrelation has a FWHM of
65.2 fs, indicating that the actual pulse length is close to 46.2 fs. The slightly longer
pulse length obtained from the autocorrelation measurement indicates that the input
pulse is chirped, presumably due to the dispersive elements in our setup such as the
pellicle, the long-pass filter and the neutral density (ND) filter. The relation between
temporal profile of the pulse before (a(z)) and after (a”(¢)) the dispersive element
is given by[48]]

” -182L d2
Hx\1+j—=——|alt 4.2
a()(+12dt2tl() (42)
where L is length of the dispersive medium and 3, is the group velocity dispersion
(GVD) of the dispersive medium. Based on the results in Fig. Sla and b, we can
estimate a total group dispersion delay (GDD) of 8L = +362 fs?>. We determine

the sign of GDD in section[4.6.5]

4.6.4 Single envelope simulation
We used a method similar to that described in [49] to simulate quadratic interac-
tions over a large bandwidth using a single envelope in the frequency domain. We
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Figure 4.13: a, Measured spectrum of input 2.09 um pulses (red) compared with
the spectra of 30- (green), 35- (blue) and 40-fs (orange) pulses. b, autocorrelation
of the input pulses. The Gaussian fit (black) of the envelop of the interferometric
autocorrelation has a FWHM of 65.2 fs.

write a spectral component of the electric field propagating in the z-direction on a
single waveguide mode as:

E(x,y,w) = A(z,Q)e(x, y, a))e_i(ﬁ(’_‘“(’/vf"f)z, 4.3)

where w and Q = w — wy are the optical and envelope angular frequencies, wy is
the simulation center frequency, By is the waveguide propagation constant at wy,
Vref 18 the simulation reference frame velocity, x, y are the transversal waveguide
coordinates, e(x, y, w) is the mode transversal field distribution, and A(z, w) is the
complex amplitude of the field that evolves during propagation. Note that A(z, w) is
a rapidly-varying envelope, i.e. it includes the phase factor e #(“)Z acquired during
linear propagation. Furthermore, A(z, w) is an analytic signal, i.e., it only contains
positive frequencies (A(z, w < 0) = 0).

We obtained an equation of motion for A(z, £2) by ignoring counter-propagating
terms (which are usually phase mismatched), and assuming a constant nonlinear
coeflicient and mode overlap integral, both of which are weak functions of frequency
away from any material resonances. No limitations are placed upon the maximum
spectral bandwidth of the simulation. The resulting propagation equation is,

0A Q l_a

. ia)E()XO
rri i|B(w) = Po . g

Fofa (@ 0e ) + 2a(z,na" (z.0e "0, @44)

A—

d(z)

where d(z) = +1 is the sign of the quadratic nonlinear coefficient that is modulated in
quasi-phase matching, a(z, 7) is the time domain representation of A(z, Q), ¢(z,t) =
wot — (Bo — wo/Vvref)z, Fo 1s the Fourier transform in the Q variable. The effective
nonlinear coefficient X is defined as:

Xo = ZX,FJ-ZIB / e;(wr)ej(w2)er (w1 — wy)dS, (4.5)

ijk
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where )(l.(].zlz is the quadratic nonlinear susceptibility tensor, j, k,[ are Cartesian

components of the corresponding vectors, and w; and w, are two suitable chosen
frequencies, e.g., the signal and pump frequencies in our case.

The time domain terms inside the Fourier transform of Eq. (6.3)) represent the
processes of sum frequency generation (oc a(t)2) and difference frequency genera-
tion (cc a(t)a(t)*), which combined can predict all classical second order interac-
tions, such as second harmonic generation and parametric amplification. Since A(z)
is fast varying, carrier dynamics can be resolved. In particular, phase mismatch is
automatically included and the term d(z) can be used to accurately simulate different
quasi-phase matching gratings. This also means that the spatial domain needs to
be sampled finely enough to resolve these dynamics. We solve the evolution equa-
tion (6.3 with the split-step Fourier technique using the fourth-order Runge-Kutta
method for the nonlinear step.

4.6.5 Deterministically finding the quasi-phase-matching condition

In this section, we introduce the experimental methods that we used to determin-
istically find the quasi-phase-matching condition. Although we can determine the
required poling period for a particular LN waveguide cross-sectional geometry by
performing the numerical simulations, the fabrication errors in terms of the waveg-
uide width, height, and the variation of the thin film thickness can shift the nominal
poling period. To account for the fabrication errors, we fabricated 20 nonlinear
splitter devices on the same chip including 20 poling periods ranging from 4.97 ym
to 5.17 pm. The shift between consecutive poling periods is 10 nm. By monitoring
the second harmonic generation of all the devices at the output coupler ports, we
found that a period of 5.11 um is closest to quasi-phase-matching.

In addition, we used a thermoelectric cooler (TEC) underneath the chip to change
the temperature of the device and coated thin organic materials, thereby fine-tuning
the refractive index and the nominal poling period of the LN waveguides[50].
Based on our earlier experiments[24], we found that 1 °C temperature increase of
LN nanophotonic waveguide can offset the nominal poling period by ~ 0.2 nm.
Therefore, one can account for the 10-nm poling period interval by applying ~ 50
°C temperature change to our device. Since the output coupler evanescently couples
out ~ 85% of FH power right after the SHG process, by monitoring the FH power
out of the outcoupler, we can have a knowledge on the efficiency of the SHG process
and the amount of phase mismatch, which are essential for determining the optimal
operating temperature of the device.

Fig. shows the simulated output FH power at the drop port as a function
of input FH power. When the phase mismatch is zero (App=0 nm, black), the output
FH power exhibits a strong saturation as input FH power increases, since the SHG
process depletes the FH power strongly. Also, the output FH power is low since most
of the FH is converted to the SH, which is not strongly coupled out. When the input
power is higher (e.g. beyond 30 mW), the saturation becomes less pronounced due
to the back-conversion from the SH to FH, which will be discussed in the following
sections. When the phase mismatch increases, the output-input becomes steadily
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closer to a linear relation since less FH will be depleted. Experimentally, using the
5.11-um poling period device, we observed a similar trend, as shown in Fig. {.14p.
When the device temperature is either too high (> 70 °C) or too low (< 50 °C),
the output-input curves exhibit insignificant saturation of FH and higher output FH
power. By comparing the experimental curves with the simulation, we found that
the optimal temperature range for achieving phase-matching is 60-65°C.
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Figure 4.14: Deterministically finding the quasi-phase matching condition a,
simulated output FH power at the drop port as a function input FH power and the
phase mismatch. App denotes the offset to the nominal poling period (pp). b,
measured output FH power at the output coupler as function of input FH power and
temperature.

4.6.6 Calibration of the input/output coupling loss

Quantifying the input/output coupling loss during our LN nonlinear splitter
measurement is critical for determining the on-chip input pulse energy and evaluating
the device efficiency as an all-optical switch. Although we can accurately measure
the total loss (throughput), it is still difficult to disentangle the losses imposed by
the input coupling, the waveguide propagation and the output coupling. In our
earlier optical parametric amplification (OPA) measurements[24]] of a similar LN
nanophotonic waveguide on the same free-space light coupling setup we used in this
work, we have extrapolated that the input coupling loss is ~ 25 dB and the output
coupling loss is ~ 5.8 dB. In our free-space coupling scheme, the input coupling
has much lower efficiency compared to the output because we need to couple a free
space beam to the single fundamental TE mode in the LN waveguide, whereas on
the output side nearly all the outcoupled light can be collected by a large objective
and then be readout by the detector. Here, we determine the input/outcoupling loss
in our measurements by comparing the simulated phase-matched SHG process with
the measurement results.

In Fig. the black symbols show the measured output FH power at the
the drop port as a function of input FH power. The power values are measured off
the chip. The total loss we experimentally measured is 26.6 dB. Assuming there is
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~ 1 dB waveguide propagation loss, the total coupling loss is ~ 25.6 dB. In Fig.
|15k, we also plot the simulated results with different combinations of input/output
coupling losses. The simulation assumes 46.2 fs of chirped 2.09 um input FH pulses
with a GDD of 362 fs?, according to the analysis in section It can be seen
from Fig. that the simulation with 21.6 dB input coupling loss and 4 dB
output coupling loss has the best agreement with the experimental results (green
solid line). Moreover, it is clear from Fig. [4.15p that only the positive GDD can
lead to good agreement with the experimental results.

60 T T T T T 60

50 |- 50 O Experiment
—— Simulation (21.6 dB, 4 dB, GDD=0 fs?)
—— Simulation (21.6 dB, 4 dB, GDD=362 fs?)

—— Simulation (21.6 dB, 4 dB, GDD=-362 fs?)

O Experiment
Simulation (22.1 dB, 3.5 dB)
40 - |—— simulation (21.6 dB, 4 dB)
—— Simulation (20.8 dB, 4.8 dB)
—— Simulation (20 dB, 5.6 dB)

40

30 - 30

—

20 - 20

10

Off-chip output average power (uW)
Off-chip output average power (uW)

10+ o caod

L L L L L
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Off-chip input average power (mW) Off-chip input average power (mW)

Figure 4.15: Determining the input/output coupling loss. a. Measured (black
symbols) and simulated (solid lines) output FH power at the the drop port as a
function of input FH power. The simulation assumes different combinations of
input/output coupling losses, while the total coupling loss is fixed at 25.6 dB. b.
Measured (black symbols) and simulated (solid lines) output FH power at the drop
port. The simulation results assuming a GDD of input pulse of 362 fs?, 0 2 and
-362 fs% are shown in green, red and blue. All simulations assume 21.6 dB/4 dB
input/output coupling losses.

4.6.7 Device fabrication variation and device operating wavelength tuning
By optimizing the voltage, electric pulse duration and shape, the yield for suc-
cessful and uniform periodic poling is higher than 90 %. Such a poling condition can
work for poling period ranging from 2.5 um to 6 um. We defined our poling pattern
through electron-beam lithography, and it has negligible error in poling periods.
The nominal poling period for quasi-phase-matching critically depends on the
geometry (waveguide width, etching depth, thin-film LN thickness, and sidewall
angle). Fig. below shows our simulation of the nominal poling period as a
function of etching depth and top width of the LN waveguide. In summary, the
nominal poling period is shifted by 0.7 nm if the top width is shifted by 1 nm; the
nominal poling period is shifted by 1.2 nm if the etching depth is shifted by 1 nm;
the nominal poling period is shifted by 5 nm if the thin film is shifted by 1 nm.
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We found the phase-matching condition is most sensitive to variation of the total
thin-film thickness.

Our e-beam patterning process of HSQ resist can result in a fabrication error of
5-10 nm in terms of waveguide widths. During the dry etching, we carefully monitor
the remaining LN thickness by using the white light interferometer (Filmetrics). We
can well control the etching depth, with an error within 5 nm. The sidewall angle
of approximately 60° is set by the physics of the dry etching process, so it does not
vary considerably from chip to chip. Usually, for the neighboring devices fabricated
on the same chip, their performance is very similar, and their slight difference can
be compensated by temperature tuning. However, when they are far apart on the
chip, their performance can be quite different. This is because of the variation of
the total thin-film LN thickness on the chip.
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Figure 4.16: a. Dependence of nominal poling period on the etching depth and the
top width of the waveguide. b. Dependence of GVM on the etching depth and the
top width of the waveguide.

By globally tuning the device temperature using a TEC, the variation of waveg-
uide width, and etching depth and their effects on the nominal poling period can be
compensated. We have experimentally explored such temperature tunability using
another device, which is a straight periodically poled lithium niobate waveguide
with a similar geometry [24]. As shown in Fig. below, by comparing the
experimental result and the simulation, we found that tuning the device temperature
from 10 °C to 55 °C is equivalent to shifting the nominal poling period (or the
operating wavelength) of the device by 8 nm. The figure also shows that while the
temperature is important for achieving phase-matched processes, the operation is
not very sensitive to temperature and a change of chip temperature in the order of
tens of degrees would not prohibit operation.

We believe that with the advancement of thin-film LN manufacturing, the device
consistency over the chip will be greatly improved. Also, implementing on-chip
electro-thermal heaters [51]] will greatly help reduce the device variation and increase
the operating wavelength tuning range.
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Figure 4.17: a Measured normalized optical parametric gain spectra in linear units
as a function of chip temperature. b Simulated normalized optical parametric gain
in linear units as a function of signal/idler wavelength and quasi-phase-matching
poling period offset from nominal.

4.6.8 Nonlinear dynamics

In this section, we discuss the ultrafast and the strong nonlinear dynamics of the
FH and SH pulses in our device. The nonlinear dynamics in the time domain can
help us understand the spectral features we experimentally observed, as well as the
operating regime for all-optical switching. We also show that when the input pulse
energy is below 600 fJ, the temporal shape of the FH pulse is minimally perturbed
at the through output in both on- and off- states.

A. Nonlinear dynamics in the SHG region

We first discuss the nonlinear dynamics in the first 2.5-mm-long SHG region.
Figure[d.1§]left panels show the simulated “snapshots” of the FH (red) and SH (blue)
pulses right after the SHG process (before the poling defect) under various input
pulse energies (4 fJ to 2 pJ). The right panel show the corresponding spectra. Due
to the very small GVM (-0.41 fs/mm), it can be seen that the FH and SH pulses are
still temporally overlapped after the 2.5-mm-long SHG process, showing negligible
temporal walk-off. As shown in Fig. .18 a and b, during the conversion process,
the FH pulse is slightly broadened since the higher intensity part of the FH pulse
has higher SHG conversion efficiency, and the wings of the FH pulse has a lower
conversion efficiency.

Further increasing the input FH pulse energy results in stronger depletion of the
FH pulse. The strong depletion can even lead to a temporal dip in the FH pulse, as
shown in Fig. [4.18|c. The corresponding spectrum, which is the Fourier transform
of the pulses in the time domain, also shows the spectral dips around the center
wavelength (2090 nm) of the FH pulse.

In the presence of a temporal dip, the output FH pulse can be regarded as
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Figure 4.18: Ultrafast nonlinear dynamics in the SHG region. a-g Left: simu-
lated time-domain output of the fundamental (FH) and the second harmonic (SH)
under various input pulse energies. The FH and SH pulses are represented by the
red and the blue pulses. Right: simulated output spectra under various input pulse
energies (blue solid lines). The dashed lines are the spectra of input pulses. The
spectral features around 700 nm and 522 nm correspond to the sum frequency gen-
eration (SFG) between FH and SH and the forth harmonic of the FH.

being split into two neighboring pulses, which are shorter than the input FH pulse.
Therefore, some spectral broadening can be seen (Fig. [4.18|c). By further increasing
the input FH energy, the higher intensity part of the two neighboring FH pulses can
still transfer energy to the SH, thus leading to the generation of additional temporal
dips and further broadening of the spectrum (Fig. d-g).

B. Nonlinear dynamics in the entire device

Figure [4.19]illustrates the ultrafast nonlinear dynamics in the entire device. By
comparing it with Fig. it is evident that after the poling defect and the 3.5-
mm DOPA section, the depleted FH pulses (red pulses) recovers in power, without
showing obvious temporal dips. Such power recovery is more pronounced when
the input pulse energy is higher since both the SHG and DOPA processes become
stronger, as revealed by Fig. [4.19)a-e. It can be seen that the recovery of the FH
power also eliminates the spectral dips around 2.09 ym. In addition, during the
DOPA process, the FH extracts the power from the SH. As a result, the SH pulse
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Figure 4.19: Ultrafast nonlinear dynamics in the entire nonlinear splitter device.
a-g Left: simulated time-domain output of the fundamental (FH) and the second
harmonic (SH) under various input pulse energies. The FH and SH pulses are
represented by the red and the blue pulses. Right: simulated output spectra under
various input pulse energies (blue solid lines). The dashed lines are the spectra of
the input pulses. In the simulation, the device has a 2.5-mm-long SHG region, a 3.5-
mm-long DOPA region, 85% (5%) of outcoupling of the FH (SH) in the directional
coupler. We also assume the propagation loss of FH and SH are both 1 dB/cm.

(blue) can be depleted. When the DOPA process is strong enough, temporal dips
can occur on the SH pulse, as shown in Fig. 4.19|c-f. This results in the spectral dips
and the spectral broadening around 1045 nm. Therefore, compared to the results
shown in section A, it is evident that the occurrence of temporal and spectral dips is
indicative of the power flow direction between the FH and the SH.

Figure 4.20|shows the spectra that we experimentally collected both at drop port
and the through port. When the input pulse energy is less than 600 fJ, at the drop
port (Fig. 4.20p), spectral dips (labeled by the white arrows) can be found around
2.09 um, whereas the no clear spectral dips can be found around 1.045 ym. This
indicates the power is flowing from the FH to the SH. At the through port, spectral
dips (labeled by the white arrows) can be found around the 1.045 ym and no spectral
dips can be found around 2.09 pym, which means that the power is flowing from
the SH to the FH. However, when the input pulse energy exceeds 600 fJ, the power
flow directions discussed above are no longer valid, as spectral dips and significant
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spectral broadening emerges around 1.045 ym in Fig. F.20a. This behavior is a
result of the power flowing back from the SH to the FH in the 2.5-mm-long SHG
region, which will be elaborated in the following section.
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Figure 4.20: Measured output power spectral density output at the drop port (a)
and the through port (b) as a function of the input pulse energy (Ej,). The spectral
dips are labeled by the white arrows. The dashed white line separates the all-optical
switching regime and the spectral broadening regime. Note that in (a) the power
of the SH spectrum is much lower than the power of the FH spectrum due to much
lower out-coupling ratio (~5%).

C. Operating regime for the all-optical switching

In the main text, we discussed the nonlinear transmittance at low input FH
pulse energies (0-600 fJ). Here in Fig. #.21]a and b. we plot the measured power
dependent transmittance when the input pulse energy is varied from 0 to 1400 fJ
(black symbols). The blue solid lines are the simulated results, showing good
agreement with the experimental results. In the simulation, we assumes 35 fs input
pulses with chirp at 2.09 ym. The device has a 2.5-mm-long SHG region, a 3.5-
mm-long DOPA region, 85% (5%) of outcoupling of the FH (SH) in the directional
coupler. We also assume the propagation loss of the FH and the SH are both 1
dB/cm.

The regime that the nonlinear splitter can function as an all-optical switch is
highlighted by the yellow color. When the input FH pulse energy exceeds 600 {J,
the strong depletion of FH during the SHG process leads to the splitting of FH pulse
and therefore significant spectral broadening, as shown in section A. Meanwhile,
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the phase difference between the FH and the SH is altered. As a result, in the SHG
region, the SH energy can even flow back into the FH, which is evident by the
increased FH transmission at higher input pulse energy shown in Fig. #.2Th. The
change of the phase difference between the FH and SH during the SHG process can
also lower the parametric gain of the DOPA. This explains why the transmittance
of the FH at the through port is no longer increasing, as shown in Fig. @#.2Tp. Fig.
M.21] ¢ shows the simulated power evolution of the FH and the SH along the entire
device. Clearly, when the input pulse energy is high (e.g. 1200 fJ), significant
back-conversion can happen in the SHG region.
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Figure 4.21: Nonlinear optical transmission in the integrated nonlinear splitter
a, Upper panel: average output power of 2.09 ym FH from the drop port as a
function of on-chip input average power/pulse energy. Lower panel: normalized
transmittance of the FH at the drop port. b, Upper panel: average output power
of FH from the through port as a function of input average power/pulse energy.
Lower panel: normalized transmittance of the FH from the through port. In both
a and b, the blue solid lines are the simulation results. The black symbols are the
measurement results. The regions highlighted in yellow are the all-optical switching
regimes. ¢, Simulated evolution of the FH and the SH optical power along the main
waveguide at various input pulse energies.

4.6.9 Performance comparison of on-chip all-optical switches

Figure {.22] summarizes the switching time and energy per bit of various all-
optical switching devices. The references are labeled in the figure. To make a
fair comparison, here we mainly focus on comparing on-chip all-optical switches
operating at room temperature.
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Figure 4.22: Performance comparison of various on-chip all-optical switches oper-
ating at room temperature. The data points dictate the switching time and switching
energy per bit for switches based on photonic crystal (PhC) cavity[ 1} |12} 13, 52],
ring cavity[53}, |11, 54, |14} |55]], inter-subband transition (ISBT)[8, |56, 57, 58],
and graphene loaded plasmonic waveguide (GrPWG)[18]]. Our device features the
record-low switching energy-time product of 1.4 x 10727 J-s, representing around
an order of magnitude improvement over the previous all-optical switch based on
graphene-loaded plasmonic waveguides.

4.6.10 Toward higher switching contrast

In the device presented in this work, the maximum switching contrast is limited
by the coupling ratio of the directional coupler, which is 85 % at 2090 nm. This
gives rise to 15% of remaining FH transmission in the “off-state”. Therefore, the
maximum switching contrast can be achieved in the current device is 8 dB (100%
divided by 15%).

However, the switching contrast can be enlarged to be more than 10 dB at low
energy by engineering the coupling ratio of the directional coupler. Fig. {.23]il-
lustrates the design. As shown in Fig. [4.23p, the switch is still of 6-mm-length,
containing a 1.4 mm SHG region and 4.6 mm DOPA region. Moreover, the di-
rectional coupler is designed to have 99.5% output coupling at 2.09 um and 15%
output coupling at 1.045 um (according on Fig. {.1T). The numerical simulation
results of this design are shown in Fig. 10 b and c. Using 46.2 fs pulses at 2.09
um as input, the switching contrast is more than 20 dB within 600 fJ energy. The
energy required for achieving 10 dB switching is 136 fJ. To further lower the 10
dB switching energy, one can consider operating the device at a shorter wavelength
[38]] or prolonging the SHG and DOPA regions.
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Figure 4.23: a. Schematic of chip-scale integrated mode locked lasers based on
TFLN all-optical switch and erbium doped LN waveguide. b. Evolution of the pulse
in the time domain for 300 roundtrips simulated by a split-step Fourier method. The
mode-locking is self-starting from the amplified spontaneous emission (ASE) noise.
The simulation assumes a modest small signal gain of 7 dB in the erbium doped
LN waveguide region and a net normal group velocity dispersion (GVD) of 150
fs>/mm in LN waveguide and a group velocity mismatch (GVM) of 10 fs/mm in the
periodically poled LN region. c¢. In the steady-state, the integrated mode locked
laser can emit 107 fs ultrashort pulses at 1550 nm.

4.6.11 Dispersion engineering at telecommunication wavelengths

In the main text, the design and operation our device at 2.09 um are mostly mo-
tivated by the current practical considerations regarding nanophotonic LN platform.
These practical considerations include the ease of dispersion engineering, avoiding
other potential parasitic nonlinear processes such as photorefractive effect, and hav-
ing a very low material loss for LN. However, in principle, the same device concept
can be achieved at other wavelengths, for example telecommunication wavelength
around 1550 nm.

In Fig. 4.24] we show a carefully designed waveguide geometry for 1550 nm,
in which the GVD and GVM can also be close to zero. Our numerical simulations
suggest that the switch, which still contains a 2.5-mm-long SHG region and a 3.5-
mm-long DOPA region and 85 % output coupling of the FH, can operate with pulses
as short as 50 fs, and a 3 dB switching energy as low as 18.8 fJ. It is worth noting
that at 1550 nm, the 3 dB switching energy can be much lower than that at 2090 nm
(~80 fJ). This is because at a shorter wavelength, the effective nonlinearity of LN
waveguide becomes much larger due to better field confinement and the wavelength
dependence of LN’s nonlinear coefficient[38].
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Figure 4.24: a. Dispersion engineered waveguide geometry at 1550 nm. b. Electric
field distributions of the fundamental quasi-TE modes for the dispersion-engineered
waveguide at 1550 nm and 775 nm. ¢. Simulated group velocity mismatch (GVM)
between the quasi-TE modes of the dispersion-engineered LN waveguide at 1550
nm and 775 nm. At 1550 nm, the GVM is 7.4 fs/mm. d. Simulated group
velocity dispersion (GVD) for the quasi-TE mode of the dispersion-engineered LN
waveguide. At 1550 and 775 nm, the GVD is -20 fs2/mm and 246.8 fs2/mm,
respectively. e. Simulated average output power of 1550 nm FH from the through
port as a function of input average power/pulse energy. f. Normalized transmittance
of 1550 nm FH at the through port. The required pulse energy for 3 dB transmission
modulation is 18.8 fJ. For simulations shown in e and f, the input 1550 nm pulse
length is 50 fs.

4.6.12 Applications of femotosecond, femotojoule all-optical switch
A. Terabit/s (Tbps) information processing

One of the most promising architectures that can benefit from our all-optical
switch is optical time-division multiplexing (OTDM)[59, |60]. While generating
high data rate (>100 Gbps or Tbps) optical signals has been feasible using electronic
and opto-electronic components, for instance for telecommunication, processing
such optical signals with Tbps rates has remained challenging. The all-optical
switch demonstrated in this work can be the missing piece in enabling all-optical
signal processing in time-multiplexed systems, not only for communication appli-
cations but also for optical computing platforms. Here we briefly show how such
time-multiplexing is achieved in current experiments with fast data rates. We also
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briefly discuss the shortcomings of previously demonstrated all-optical switches to
process such optical signals. We also emphasize that with the recent advances in
nanophotonic lithium niobate, such a multiplexing (and demultiplexing) architec-
ture can be realized on a single chip, with compatibility with digital computers.
Our all-optical switch enables an unprecedented and practical path to perform all-
optical signal processing with THz clock rates, which has been beyond the reach of
electronic, optoelectronic, and optical systems so far.

Transmitter Receiver

N
40 Gbit's
receiver

| Base rate (40 GHz)

[ S .
: fs pulse Amplifi

' Data link
E (Fiber/free-space)

40 Gbit's
receiver

Figure 4.25: Schematic of an OTDM system. The transmitter is based on optical
delay lines to generate aggregated Tbps optical signals using GHz electrooptic (E-
O) modulators from Gbps electronic signals. The receiver part can demultiplex the
aggregated Tbps signal into Gbps signal, which can be detected by Gbps optical
receivers. E-O Mod.: electro-optic modulator, DEMUX: demultiplexing.
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Figure 4.26: Schematic of a channel DEMUX using an all-optical switch. Different
signal channels (at the same wavelength) are represented by different colors of
pulses. The DEMUX uses a control pulse train at the base bit rate to “pick up” the
target channel. The demultiplexed channel can then be read out by Gbps optical
receivers.

As shown in Fig. [4.25] with optical delay lines, OTDM time-multiplexes ul-
trashort optical pulse trains at a base bit rate (e.g. 40 Gbps) to form a composite
bit stream with a much higher bit rate of Nx40 Gbps, where N is the number
of channels. Realizing Tbps OTDM transmitter on thin-film lithium niobate plat-
form is highly promising, given the recent advancements made on high repetition
rate femtosecond pulse generation in thin-film lithium niobate platform, as well as
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electro-optic modulators. However, such a high bit rate poses significant challenges
for signal processing using conventional optoelectronic devices. One prime example
is demultiplexing (DEMUX) in the receiver part. It is known that optical receivers
(photodetectors) can only resolve the Gbps data rate. Therefore, the OTDM sys-
tem requires all-optical switches to “pick up” individual Gbps channels from an
aggregated Tbps data stream, as illustrated in Fig. 4.26]

To enable Tbps DEMUX or information processing, a switch must have a switch-
ing time shorter than 1 ps. However, realizing Tbps information processing is impos-
sible with conventional all-optical switches and integrated all-optical switches with
optical resonator structures, although they can be more compact. This is because of
the following reasons:

* Long switching time imposed by high-Q resonators. A resonator with a
very modest Q factor of 10,000 has a photon lifetime of 11 ps. As summarized
in Fig. [4.5]in our main text, existing all-optical switches with cavity structures
(i.e. Photonic crystal (PhC) cavities and ring cavities) all have a switching time
longer than 10 ps. Therefore, an all-optical switch with picosecond switching
time is not fast enough to achieve Tbps data rate information processing. Also,
an all-optical switch with 10s of picosecond switching time does not offer a
significant speed advantage over conventional electro-optic modulators.

* Speed limitations of carrier-based switches. While there are impressive
demonstrations of all-optical switches with the help of carriers in semicon-
ductors, it is worth noting that in many of such switches, the slow carrier
dynamics imposes a limit on switching speed. Hence, our use of instanta-
neous parametric nonlinearity is an important ingredient in achieving a switch
with potentially 10s of THz of speed.

* Importance of low-energy operation With such a high bit rate, it is important
to note that operation in the fJ is critical for a switch. For instance, a 10-Tbps
switch at 100 fJ switching energy corresponds to requiring 1 W of average
power.

As application examples, the all-optical switch presented in this work can enable
fJ energy/bit and Tbps DEMUX and channel insertion, which are illustrated in Fig.
At the through port, the device can demultiplex the channel by serving as an
AND logic gate. Here we assume both the clock and the Tbps signal have 40 fJ/bit
energy. Without the clock pulse train, the pulse energy measured at the through
port is 40 fJx15% x 1.4 = 8.45 fJ, where 1.4 corresponds to 1.5 dB transmission
enhancement according to the results shown in Fig. #.3b in the main text. When
the pulses in the clock and signal are temporally overlapped, according to our
measurement result shown in Fig. a, the resulting pulse energy measured at the
through port is 80 fJx15% x 2.34 = 28 {J. To further increase the contrast between
the targeted channels and the non-targeted channels, one can employ a design with
higher switching contrast, which is shown in Supplementary Information section
4.6.10
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Figure 4.27: Illustration of optical channel demultiplexing (AND logic gate) at the
through port and new channel insertion (OR logic gate) at the drop port using the
all-optical switch demonstrated in this work.

At the drop port, the device can be used for channel insertion by serving as an
OR logic gate. This allows the insertion of channels without significantly disturbing
other existing channels. Here we still assume both the clock and the Tbps signal
have 40 fJ/bit energy. Without the clock pulse train, the pulse energy measured
at the drop port is 40 fJx15% x 0.74 = 25 {J, where 0.74 corresponds to -1.5 dB
transmission reduction. When the pulses and in the clock and signal are temporally
overlapped, according to our measurement result shown in Fig. }.3h in the main
text, the resulting pulse energy measured at the through port is 80 fJx15% x 0.53 =
36 1], where 0.53 corresponds to -2.7 dB transmission reduction.

B. On-chip generation of ultrashort light pulses

As another important application, the all-optical switch demonstrated in this
work can serve as an energy-efficient and ultrafast artificial saturable absorber for
developing chip-scale mode-locked lasers on thin-film lithium niobate (TFLN).
Recently, significant advancement has been made on integrating laser gain medium
on TFLN [61]], including semiconductor gain medium and solid-state gain medium
including Er and Yb ions [62, |63 64, |65, 63]. However, for making integrated
femtosecond lasers, realizing an ultrafast and energy-efficient mode-locking element
is still elusive.

Since our device shows a very superlinear Py versus Pj, relation that occurs at
a low input pulse energy (Fig. .3p in the main text), it can function as an ultrafast
and energy-efficient artificial saturable absorber for mode-locking, i.e. by offering
higher transmission to higher intensity pulses, and offering lower transmission to
lower intensity pulses.

In the figure below, we illustrate an example of how we can utilize our all-optical
switch in developing chip-scale mode-locked lasers. The laser cavity is composed
of a gain region made of a long LN waveguide doped by solid-state gain medium
including such as Er or Yb ions, two on-chip wavelength-division multiplexers
(980/1550 WDMs), and an all-optical switch device. By pumping the erbium-
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doped LN waveguide by a 980 nm diode, amplified spontaneous emission (ASE)
signal at 1550 nm will be generated. The WDM guides the 1550 nm ASE signal to
the laser cavity and the residual 980 nm pump out of the chip. The all-optical switch
will serve as an energy-efficient and ultrafast saturable absorber which favors the
resonance of high-intensity short pulses, while rejects low intensity long-pulse or
CW operation. Therefore, after many roundtrips, the effective saturable absorption
of our switch in the cavity can lead to steady-state ultrashort pulse mode-locking.
Fig[4.28|b and ¢ show the numerical simulation of laser mode-locking by split-
step Fourier method (SSFM). The erbium doped gain medium was modeled using a
method described in Ref.[66]. The simulation assumes a modest small-signal gain
of 7 dB in the erbium-doped LN waveguide region, a cavity free spectral range
(FSR) of 10 GHz, a normal group velocity dispersion (GVD) of 150 fs*/mm in LN
waveguide and a group velocity mismatch (GVM) of 10 fs/mm in the periodically
poled LN region, and a 0.2-mm-long length of SHG region and a 0.2-mm-long
length of DOPA region. We seeded the gain region with random noise as the initial
condition in order to emulate the mode locking process. As shown in Fig. b, the
mode-locking can be self-starting from the amplified spontaneous emission (ASE)
noise. In the steady state, the laser can emit ~100 fs ultrashort pulses at 1550 nm

(Fig. B.28|b).

a 1550 nm pulses
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Figure 4.28: a. Schematic of chip-scale integrated mode locked lasers based on
TFLN all-optical switch and erbium doped LN waveguide. b. Evolution of the pulse
in the time domain for 300 roundtrips simulated by a split-step Fourier method. The
mode-locking is self-starting from the amplified spontaneous emission (ASE) noise.
The simulation assumes a modest small signal gain of 7 dB in the erbium doped
LN waveguide region and a net normal group velocity dispersion (GVD) of 150
fs?/mm in LN waveguide and a group velocity mismatch (GVM) of 10 fs/mm in the
periodically poled LN region. c¢. In the steady-state, the integrated mode locked
laser can emit 107 fs ultrashort pulses at 1550 nm.

The energy and speed of our all-optical switch offer a promising path for making
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high efficiency high rep-rate ultra-short pulse on-chip sources. The low energy
operation and the larger modulation depth of our device are essential for low lasing
thresholds, self-starting mode-locking, and long-term stability of the generated laser
pulses. The high speed of our device makes it possible to generate ultrashort pulses
100 fs, which is challenging to achieve using semiconductor saturable absorbers
typically with picosecond relaxation time. Unlike the passive pulse generation
mechanisms (such as Kerr frequency combs) such a mode-locked laser can enable
the generation of ultrashort pulses with high peak powers, which can be essential
for future nonlinear photonic devices and circuits.



116

References

[1] Kengo Nozaki et al. “Sub-femtojoule all-optical switching using a photonic-
crystal nanocavity”. In: Nature Photonics 4.7 (2010), pp. 477-483.

[2] Gordon Wetzstein et al. “Inference in artificial intelligence with deep optics
and photonics”. In: Nature 588.7836 (Dec. 2020), pp. 39-47. urL: https:
//doi.org/10.1038/s41586-020-2973-6.

[3] Farshid Ashtiani, Alexander J. Geers, and Firooz Aflatouni. “An on-chip
photonic deep neural network for image classification”. In: Nature 606.7914
(June 2022), pp. 501-506. urL: https://doi.org/10.1038/s41586-
022-04714-0.

[4] Katia Shtyrkova et al. “Integrated CMOS-compatible Q-switched mode-
locked lasers at 1900nm with an on-chip artificial saturable absorber”.
In: Opt. Express 27.3 (Feb. 2019), pp. 3542-3556. urL: https://opg.
optica.org/oe/abstract.cfm?URI=o0e-27-3-3542.

[S] Neetesh Singh, Erich Ippen, and Franz X. Kirtner. “Towards CW mode-
locked laser on chip &#x2013; a large mode area and NLI for stretched
pulse mode locking”. In: Opt. Express 28.15 (July 2020), pp. 22562-22579.
URL: https://opg.optica.org/oe/abstract.cfm?URI=o0oe-28-15-
22562,

[6] Gustavo Grinblat et al. “Ultrafast sub-30-fs all-optical switching based on
gallium phosphide”. In: Science Advances 5.6 (2019), eaaw3262.

[7] Yuanmu Yang et al. “Femtosecond optical polarization switching using a
cadmium oxide-based perfect absorber”. In: Nature Photonics 11.6 (2017),
p- 390.

[8] Norio lizuka, Kei Kaneko, and Nobuo Suzuki. “All-optical switch utiliz-
ing intersubband transition in GaN quantum wells”. In: IEEE Journal of
Quantum Electronics 42 (2006), pp. 765-771.

[9] R Takahashi, Y Kawamura, and H Iwamura. “Ultrafast 1.55 um all-optical
switching using low-temperature-grown multiple quantum wells”. In: Ap-
plied Physics Letters 68.2 (1996), pp. 153-155.

[10] GIJ Spiihler et al. “Semiconductor saturable absorber mirror structures with
low saturation fluence”. In: Applied Physics B 81.1 (2005), pp. 27-32.

[11] Vilson R Almeida et al. “All-optical switching on a silicon chip”. In: Optics
Letters 29.24 (2004), pp. 2867-2869.

[12] Takasumi Tanabe et al. “Fast all-optical switching using ion-implanted sili-
con photonic crystal nanocavities”. In: Applied Physics Letters 90.3 (2007),
p- 031115.

[13] Xiaoyong Hu et al. “Picosecond and low-power all-optical switching based
on an organic photonic-bandgap microcavity”. In: Nature Photonics 2.3
(2008), pp. 185-189.

[14] Alejandro Martinez et al. “Ultrafast all-optical switching in a silicon-nanocrystal-
based silicon slot waveguide at telecom wavelengths”. In: Nano Letters 10.4
(2010), pp. 1506-1511.


https://doi.org/10.1038/s41586-020-2973-6
https://doi.org/10.1038/s41586-020-2973-6
https://doi.org/10.1038/s41586-022-04714-0
https://doi.org/10.1038/s41586-022-04714-0
https://opg.optica.org/oe/abstract.cfm?URI=oe-27-3-3542
https://opg.optica.org/oe/abstract.cfm?URI=oe-27-3-3542
https://opg.optica.org/oe/abstract.cfm?URI=oe-28-15-22562
https://opg.optica.org/oe/abstract.cfm?URI=oe-28-15-22562

117

[15] Mehmet Fatih Yanik et al. “All-optical transistor action with bistable switch-
ing in a photonic crystal cross-waveguide geometry”. In: Optics Letters 28.24
(2003), pp. 2506-2508.

[16] Zhen Chai et al. “Ultrafast all-optical switching”. In: Advanced Optical
Materials 5.7 (2017), p. 1600665.

[17] Mohammad Taghinejad and Wenshan Cai. “All-optical control of light in
micro-and nanophotonics”. In: ACS Photonics 6.5 (2019), pp. 1082—-1093.

[18] Masaaki Ono et al. “Ultrafast and energy-efficient all-optical switching with
graphene-loaded deep-subwavelength plasmonic waveguides”. In: Nature
Photonics 14 (2020), pp. 37-43.

[19] Cheng Wang et al. “Ultrahigh-efficiency wavelength conversion in nanopho-
tonic periodically poled lithium niobate waveguides”. In: Optica5.11 (2018),
pp. 1438-1441.

[20] Jie Zhao et al. “Shallow-etched thin-film lithium niobate waveguides for
highly-efficient second-harmonic generation”. In: Optics Express 28.13 (2020),
pp- 19669-19682.

[21] Jia-Yang Chen et al. “Ultra-efficient frequency conversion in quasi-phase-
matched lithium niobate microrings”. In: Optica 6.9 (2019), pp. 1244—1245.

[22] Ashutosh Rao etal. “Actively-monitored periodic-poling in thin-film lithium
niobate photonic waveguides with ultrahigh nonlinear conversion efficiency
of 4600% W~! cm™2”. In: Optics Express 27 (2019), pp. 25920-25930.

[23] Marc Jankowski et al. “Ultrabroadband nonlinear optics in nanophotonic
periodically poled lithium niobate waveguides”. In: Optica 7.1 (Jan. 2020),
pp.-40-46. urL: https://www.osapublishing.org/optica/abstract.
cfm?uri=optica-7-1-40 (visited on 01/18/2020).

[24] Luis Ledezma et al. “Intense optical parametric amplification in dispersion-
engineered nanophotonic lithium niobate waveguides”. In: Optica 9.3 (Mar.
2022), pp-303-308. urL: https://opg.optica.org/optica/abstract.
cfm?URI=optica-9-3-303.

[25] Marc Jankowski et al. “Quasi-static optical parametric amplification”. In:
Optica 9.3 (Mar. 2022), pp. 273-279. urL: https://opg.optica.org/
optica/abstract.cfm?URI=optica-9-3-273.

[26] R Schiek, AS Solntsev, and DN Neshev. “Temporal dynamics of all-optical
switching in quadratic nonlinear directional couplers”. In: Applied Physics
Letters 100.11 (2012), p. 111117.

[27] R. DeSalvo et al. “Self-focusing and self-defocusing by cascaded second-
order effects in KTP”. In: Opt. Lett. 17.1 (Jan. 1992), pp. 28-30. uURrL:
https://opg.optica.org/ol/abstract.cfm?URI=0l1-17-1-28.

[28] Roland Schiek. “All-optical switching in the directional coupler caused by
nonlinear refraction due to cascaded second-order nonlinearity”. In: Optical
and Quantum Electronics 26.4 (Apr. 1994), pp. 415-431. urL: https:
//doi.org/10.1007/BFO0304246.

[29] Katia Gallo et al. “All-optical diode in a periodically poled lithium niobate
waveguide”. In: Applied Physics Letters 79 (2001), pp. 314-316.


https://www.osapublishing.org/optica/abstract.cfm?uri=optica-7-1-40
https://www.osapublishing.org/optica/abstract.cfm?uri=optica-7-1-40
https://opg.optica.org/optica/abstract.cfm?URI=optica-9-3-303
https://opg.optica.org/optica/abstract.cfm?URI=optica-9-3-303
https://opg.optica.org/optica/abstract.cfm?URI=optica-9-3-273
https://opg.optica.org/optica/abstract.cfm?URI=optica-9-3-273
https://opg.optica.org/ol/abstract.cfm?URI=ol-17-1-28
https://doi.org/10.1007/BF00304246
https://doi.org/10.1007/BF00304246

118

[30] Xiang Guo, Chang-Ling Zou, and Hong X Tang. “70 dB long-pass filter on
a nanophotonic chip”. In: Optics express 24.18 (2016), pp. 21167-21176.

[31] Alireza Marandi et al. “Cascaded half-harmonic generation of femtosecond
frequency combs in the mid-infrared”. In: Optica 3.3 (2016), pp. 324-327.

[32] Haowei Jiang et al. “Fast response of photorefraction in lithium niobate
microresonators”. In: Optics Letters 42.17 (2017), pp. 3267-3270.

[33] Judson D Ryckman et al. “Photothermal optical modulation of ultra-compact
hybrid Si-VO 2 ring resonators”. In: Optics Express 20.12 (2012), pp. 13215-
13225.

[34] N Finlayson et al. “Picosecond switching induced by saturable absorption in
a nonlinear directional coupler”. In: Applied Physics Letters 53.13 (1988),
pp. 1144-1146.

[35] Wei Li et al. “Ultrafast all-optical graphene modulator”. In: Nano Letters
14.2 (2014), pp. 955-959.

[36] Qiaoliang Bao et al. “Atomic-layer graphene as a saturable absorber for
ultrafast pulsed lasers”. In: Advanced Functional Materials 19.19 (2009),
pp- 3077-3083.

[37] SzeY Setetal. “Laser mode locking using a saturable absorber incorporating
carbon nanotubes”. In: Journal of Lightwave Technology 22.1 (2004), p. 51.

[38] Marc Jankowski, Jatadhari Mishra, and Martin M Fejer. “Dispersion-engineered
x® nanophotonics: a flexible tool for nonclassical light”. In: Journal of
Physics: Photonics (2021).

[39] Yang He et al. “Self-starting bi-chromatic LiNbO3 soliton microcomb”. In:
Optica 6.9 (2019), pp. 1138-1144.

[40] Zheng Gong et al. “Near-octave lithium niobate soliton microcomb”. In:
Optica 7.10 (2020), pp. 1275-1278.

[41] Zheng Gong et al. “Soliton microcomb generation at 2 ym in z-cut lithium
niobate microring resonators”. In: Optics Letters 44.12 (2019), pp. 3182-
3185.

[42] Mian Zhang et al. “Broadband electro-optic frequency comb generation in a
lithium niobate microring resonator”. In: Nature 568.7752 (2019), pp. 373—
377.

[43] Wim Bogaerts et al. “Programmable photonic circuits”. In: Nature 586.7828
(2020), pp. 207-216.

[44] Marc Jankowski et al. “Temporal Simultons in Optical Parametric Oscil-
lators”. In: Phys. Rev. Lett. 120 (5 Feb. 2018), p. 053904. urL: https:
//link.aps.org/doi/10.1103/PhysRevLett.120.053904.

[45] David E Zelmon, David L Small, and Dieter Jundt. “Infrared corrected Sell-
meier coeflicients for congruently grown lithium niobate and 5 mol.% mag-
nesium oxide—doped lithium niobate”. In: JOSA B 14.12 (1997), pp. 3319-
3322.

[46] C. R. Phillips et al. “Supercontinuum generation in quasi-phasematched
waveguides”. In: Optics Express 19.20 (Sept. 2011), pp. 18754-18773. urL:
https://www.osapublishing.org/oe/abstract.cfm?uri=oe-19-
20-18754 (visited on 02/18/2019).


https://link.aps.org/doi/10.1103/PhysRevLett.120.053904
https://link.aps.org/doi/10.1103/PhysRevLett.120.053904
https://www.osapublishing.org/oe/abstract.cfm?uri=oe-19-20-18754
https://www.osapublishing.org/oe/abstract.cfm?uri=oe-19-20-18754

[47]
[48]
[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

119

Curt Wittig. “The Landau- Zener Formula”. In: The Journal of Physical
Chemistry B 109.17 (2005), pp. 8428-8430.

Andrew Weiner. Ultrafast optics. Vol. 72. John Wiley & Sons, 2011.

CR Phillips et al. “Supercontinuum generation in quasi-phasematched waveg-
uides”. In: Optics Express 19.20 (2011), pp. 18754—18773.

Dieter H Jundt. “Temperature-dependent Sellmeier equation for the index
of refraction, n e, in congruent lithium niobate”. In: Optics letters 22.20
(1997), pp. 1553-1555.

Fuwan Gan et al. “Maximizing the thermo-optic tuning range of silicon
photonic structures”. In: 2007 Photonics in Switching. IEEE. 2007, pp. 67—
68.

Chad Husko et al. “Ultrafast all-optical modulation in GaAs photonic crystal
cavities”. In: Applied Physics Letters 94.2 (2009), p. 021111.

Tarek A Ibrahim et al. “All-optical switching in a laterally coupled microring
resonator by carrier injection”. In: IEEE Photonics Technology Letters 15.1
(2003), pp. 36-38.

Michael Waldow et al. “25ps all-optical switching in oxygen implanted
silicon-on-insulator microring resonator”. In: Optics Express 16.11 (2008),
pp- 7693-7702.

Jason S Pelc et al. “Picosecond all-optical switching in hydrogenated amor-
phous silicon microring resonators”. In: Optics express 22.4 (2014), pp. 3797—-
3810.

GW Cong et al. “Low-saturation-energy-driven ultrafast all-optical switch-
ing operation in (CdS/ZnSe)/BeTe intersubband transition”. In: Optics ex-
press 15.19 (2007), pp. 12123-12130.

Takasi Simoyama et al. “Absorption dynamics in all-optical switch based on
intersubband transition in InGaAs—AlAs—AlAsSb coupled quantum wells”.
In: IEEE Photonics Technology Letters 19.8 (2007), pp. 604—606.

Yan Li et al. “Ultrafast all-optical switching with low saturation energy via
intersubband transitions in GaN/AIN quantum-well waveguides”. In: Optics
express 15.26 (2007), pp. 17922-17927.

Dave M Spirit, Andrew D Ellis, and Pete E Barnsley. “Optical time division
multiplexing: Systems and networks”. In: IEEE Communications Magazine
32.12 (1994), pp. 56-62.

TD Vo et al. “Photonic chip based transmitter optimization and receiver
demultiplexing of a 1.28 Tbit/s OTDM signal”. In: Optics express 18.16
(2010), pp. 17252-17261.

Camiel Op de Beeck et al. “III/V-on-lithium niobate amplifiers and lasers”.
In: Optica 8.10 (2021), pp. 1288-1289.

Qiang Luo et al. “On-chip ytterbium-doped lithium niobate microdisk lasers
with high conversion efficiency”. In: Optics Letters 47.4 (2022), pp. 854—
857.

Yuan Zhou et al. “On-chip microdisk laser on Yb 3+-doped thin-film lithium
niobate”. In: Optics Letters 46.22 (2021), pp. 5651-5654.



[64]

[65]

[66]

120

Zhaoxi Chen et al. “Efficient erbium-doped thin-film lithium niobate waveg-
uide amplifiers”. In: Optics Letters 46.5 (2021), pp. 1161-1164.

Minglu Cai et al. “Erbium-doped lithium niobate thin film waveguide am-
plifier with 16 dB internal net gain”. In: IEEE Journal of Selected Topics in
Quantum Electronics 28.3 (2021), pp. 1-8.

Nam Quoc Ngo et al. Ultra-fast fiber lasers: principles and applications
with MATLAB® models. CRC Press, 2018.



121
Chapter 5

FEW-CYCLE VACUUM SQUEEZING IN A NANOPHOTONIC
CIRCUIT

Rajveer Nehra', Ryoto Sekine’, Luis Ledezma, Qiushi Guo, Robert M. Gray,
Arkadev Roy and Alireza Marandi, “Few-cycle vacuum squeezing in nanophoton-
ics," Science, 377, 1333-37 (2022).

R.S. fabricated the device, contributed to the optical characterization, and partici-
pated in the writing of the manuscript.

T denotes equal contributions

5.1 Abstract

One of the most fundamental quantum states of light is the squeezed vacuum, in
which noise in one of the quadratures is less than the standard quantum noise limit.
In nanophotonics, it remains challenging to generate, manipulate, and measure such
a quantum state with the performance required for a wide range of scalable quantum
information systems. Here, we report the development of a lithium niobate—based
nanophotonic platform to demonstrate the generation and all-optical measurement
of squeezed states on the same chip. The generated squeezed states span more than
25 terahertz of bandwidth supporting just a few optical cycles. The measured 4.9
decibels of squeezing surpass the requirements for a wide range of quantum infor-
mation systems, demonstrating a practical path toward scalable ultrafast quantum
nanophotonics.

5.2 Introduction

Quantum information processing offers great promise for computation, secure
communication, metrology, and sensing. Many physical platforms such as nuclear
spins, superconducting circuits, photonics, trapped ions, quantum dots, and neutral
atoms have widely been explored in the pursuit to build quantum information proces-
sors [1]. Among these, photonics stands out because of its potential for scalability,
room-temperature logical operations, and ease of encoding quantum information in
both discrete and continuous variables [2]].

In continuous-variable (CV) quantum photonics, information is encoded in con-
tinuous amplitude and phase values of the quantized electromagnetic field. The
single-mode and multimode squeezed states are widely used for various applica-
tions, including quantum-enhanced interferometry such as in the Laser Interferome-
ter Gravitational-Wave Observatory [3|], microscopy [4], and quantum teleportation
[S]. Moreover, highly entangled CV quantum states, that is, cluster states [6, 7, 8],
serve as a universal resource for one-way quantum computation.

Typically, such high-quality CV states are generated from a single- or two-mode
squeezed vacuum produced using quadratic (y?)) parametric processes either in
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bulk crystals or waveguides with large (~10-100 ,umz) mode areas [8, 9, (10, (6} [7]].
Although such experiments using bulky discrete components have been successful in
demonstrating small- and medium-scale quantum circuits, it is desirable to achieve
CV quantum states with comparable qualities in nanophotonics to enable large-scale
integrated quantum circuits.

In nanophotonics, silicon nitride (SiN) and silica platforms have been used for
many quantum photonic experiments, such as entangled photon-pair generation,
squeezing, error correction, and small-scale Gaussian boson sampling [[11} |12, |13]].
However, their inherently weak cubic (y®)) nonlinearity typically necessitates using
high—quality factor resonators, which imposes limitations on accessible squeezing
levels and bandwidths. Despite advances, the measured squeezing levels have so
far remained around 2 dB in nanophotonics (see supplementary materials, section
[5.5.9).

On the other hand, the measurements in CV quantum systems have typically
relied on balanced homodyne detection using highly efficient and low-noise pho-
todetectors, which are limited to bandwidths in the mega- to gigahertz range [14].
Moreover, in nanophotonics, the loss associated with transferring the microscopic
quantum states from a tightly confined mode to a photodetector has imposed barriers
in the measurement capabilities of such states [15,16,17]. A potential solution for
these measurement challenges lies in all-optical measurement schemes based on a
noiseless phase-sensitive amplifier with sufficiently large gain [18} |19} 20, 21]] that
can eliminate the bandwidth limitations of homodyne detection and the sensitiv-
ity to detection losses. However, achieving such large gains (>30 dB) over broad
optical bandwidths is challenging in nanophotonics with cubic nonlinearity [22].
Such an all-optical measurement allows one to exploit the entire optical bandwidth
of quantum fields and thereby paves a practical path toward ultrafast all-optical CV
quantum information processors using time- and frequency-multiplexed schemes [0,
7, 8]

Recently, lithium niobate (LN) nanophotonics has opened promising avenues
in optical communication, sensing, and computation owing to its extraordinary
optical, electrical, and acoustic properties [23]. A combination of subwavelength
confinement of the optical mode, strong y (?) nonlinearity, high-fidelity quasi-phase-
matching by periodic poling, and dispersion engineering for longer interaction
lengths has enabled devices outperforming the traditional LN devices [24} 25, 26].

5.3 Results

In this work, we used a nanophotonic circuit in LN to experimentally demon-
strate the generation and all-optical measurement of an ultra-short-pulse squeezed
vacuum as the building block of scalable CV quantum nanophotonics. Our circuit
combines two dispersion-engineered phase-sensitive optical parametric amplifiers
(OPAs) [24], (Fig.[5.1). The first OPA generates a microscopic squeezed vacuum,
which is then amplified with a high-gain OPA to macroscopic levels within the same
nanophotonic chip. The resulting macroscopic field carries information about the
microscopic squeezed state, which can be measured with a high tolerance to loss.
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Figure 5.1: Illustration of the generation of a squeezed vacuum and its all-
optical measurement in nanophotonics. Phase-space distributions (filled ellipses)
of (A) phase-quadrature squeezed vacuum, and its amplification in the (B) anti-
squeezed and (C) squeezed quadratures. The black circle in (A) represents the
microscopic vacuum state, and black ellipses in (B) and (C) correspond to the
macroscopic vacuum state amplified in Q and P quadratures, respectively. (D)
Sketch of our nanophotonic device consisting of the squeezer OPA, tapered adiabatic
coupler, and measurement OPA. When pumped, the squeezer OPA generates a
squeezed vacuum state, which is selectively coupled into an adjacent waveguide. It
is subsequently amplified by the measurement OPA to macroscopic power levels.
The measurement OPA amplifies the quadrature under measurement to sufficiently
above the vacuum noise, thereby making the measurement insensitive to losses due
to off-chip coupling and imperfect detection. For (A), (B), and (C), we consider 10
dB of squeezing with mean photon number (Ngq.v) = 2, and a 50 dB phase-sensitive
gain in the measurement OPA, thereby amplifying the few-photon squeezed state to
a macroscopic power level.
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The phase-space distributions for the vacuum (black circle) and the phase-
quadrature squeezed vacuum (filled ellipse) are shown in Fig. [5.1] The measurement
OPA selects a certain quadrature of the microscopic squeezed field and amplifies it
to macroscopic levels, in principle without adding any noise. In Fig.[5.IB and C, the
phase-space distributions (filled ellipses) corresponding to amplified anti-squeezed
and amplified squeezed quadratures are shown for two particular pump phases of
the measurement OPA, ¢ pymp 2. We set ¢ pump 1 = 0 and use it as the phase reference
for pump 2.

In the case of Fig. [5.T1B with ¢ pymp2 = 0, the anti-squeezed quadrature (Q)
is amplified while the orthogonal phase quadrature (P) is deamplified such that
the output field is dominated entirely by the Q quadrature, and the P quadrature
can be considered negligible. In such a high-gain amplification regime, the total
average photon number (power) of the output field is (N,) o <QA§sq—amp> ~ 0(10°),
where (N,) and (Qasq_amp) denote the photon number and quadrature operators,
respectively, for the amplified anti-squeezed quadrature. Likewise, by changing
the pump phase of the measurement OPA t0 ¢ pymp2 = 7, the original squeezed
quadrature is amplified to achieve (N_) o <ﬁ§q—amp ~ 0(10%), where (N_) and
(ﬁsq_amp) represent the photon number and quadrature operators, respectively, for
the amplified squeezed quadrature (Fig.[5.1[C). As a result, the macroscopic output of
the measurement OPA provides a direct all-optical measurement for the quadrature
variances of the microscopic squeezed state. Likewise, we determine the quadrature
variances of the microscopic vacuum state by measuring the average photon number
of the macroscopic amplified vacuum state when the squeezer OPA pump 1 is
blocked. The phase-space distributions of the amplified vacuum are represented as
the black ellipses in Fig. [5.1[B and C corresponding to ¢ pymp 2 = 0 and ¢ pump 2 = 7,
respectively. The anti-squeezing (S4) and squeezing (S_) can then be determined as
S.[dB] = lOloglo[(Ni>/(NV)], where (Ny) o (QA%_amp> denote the average photon
number of the vacuum state amplified in the amplitude and phase quadratures,
respectively (Fig. [5.IB and C).

In the ideal case, the squeezing (anti-squeezing) can be determined as

-
sinh” (7, J_rrl)], 5.1)

sinh2r2

where | and r; are the gain parameters for the squeezer and measurement OPAs,
respectively. Sufficient gain (> 33 dB for ~ 11 dB of squeezer OPA gain; supplemen-
tary materials, section @ in the measurement OPA allows a direct measurement
of the phase-squeezed vacuum generated in the squeezer OPA. Crucially, the high-
gain measurement OPA makes our measurement tolerant to off-chip coupling losses
and photodetection inefficiencies as high as ~ 7 dB (supplementary materials, sec-
tion[5.5.4).

In experiments, the squeezer (low-gain) and measurement (high-gain) OPAs of
our circuit are periodically poled with lengths of 2.5 and 5.0 mm, respectively.
The output of the squeezer OPA (microscopic squeezed vacuum) is coupled to the
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measurement OPA through a directional coupler. To make our directional coupler
broadband and less susceptible to fabrication imperfections, we used an adiabatic
design where both of the waveguides are tapered, while keeping the gap constant
throughout the coupler length. The coupler directs the squeezed vacuum to the
adjacent waveguide toward the measurement OPA and keeps the residual pump of
the squeezer OPA in the original waveguide (Fig. [5.ID). The fabricated adiabatic
coupler causes ~30% loss for the squeezed vacuum and leaks ~20% of the squeezer
pump to the measurement OPA. Our numerical simulations suggest that the coupling
performance of the adiabatic coupler can be improved to > 98% for the squeezed
signal and < 5% for the squeezer pump with proper calibration of fabrication steps,
which will lead to better measurement qualities (supplementary materials, section
554).

In our simplified experimental setup (Fig. [5.2]A) the squeezer and measurement
OPAs are pumped by a mode-locked laser (Menlo Systems Orange A) generating
~75-fs-long nearly transform-limited pulses at a 250-MHz repetition rate. The
relative phase between pump 1 (squeezer OPA) and pump 2 (measurement OPA)
pulses is modulated by a piezoelectric transducer (PZT) on the pump 2 arm. At the
output of the nanophotonic chip, the amplified squeezed signal and measurement
OPA pump are first separated using a dichroic mirror and then are detected by two
different optical spectrum analyzers (OSAs; see supplementary materials, section
[5.5.1). In Fig. [5.2]A, we show (i) a false-colored scanning electron microscope
(SEM) image of our nanophotonic circuit, (ii) a zoomed-in SEM image of the
coupler region, and (iii) a false-colored second harmonic microscope image of the
periodically poled region before etching the waveguides.

Figure [5.2B shows an example measurement of our squeezed state. The green
trace shows the output signal of the measurement OPA using an OSA in a zero-
span mode at 2090 nm while keeping both pump 1 and pump 2 on and modulating
the PZT by a 1-Hz ramp signal. To accurately measure the squeezing, we need
to eliminate the effect of residual interference of the two pumps at the output of
the measurement. We achieve this by determining the maximum and minimum
of this residual interference and then calibrating our amplified shot-noise levels by
subsequently varying the power of pump 2 to these maximum and minimum pump
powers while blocking pump 1. These two levels of pump 2 result in a “shot-noise
maximum” and “shot-noise minimum,” as shown in Fig. [5.2B, while the “original
shot-noise” corresponds to the pump 2 level during the squeezing measurement.
Hence, in the squeezing measurement, the shaded area below (above) the shot-noise
minimum (shot-noise maximum) corresponds to squeezing (anti-squeezing) at the
input of the high-gain OPA. We measured a squeezing and anti-squeezing level of
4.2 +0.2 dB and 9.7 + 0.1 dB, respectively, with 0.8 pJ of squeezer OPA pump
energy. A detailed discussion on our shot-noise calibration measurements can be
found in section [5.5.2] of the supplementary materials.

We further characterize the dependence of squeezing at 2090 nm on the pump
power while keeping pump 2 constant and performing the shot-noise calibration for
each power level as shown in Fig. [5.2C. As we increase the pump power in the
squeezer OPA, the level of measured squeezing increases at first. However, above
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Figure 5.2: Generation and measurement of squeezed light in the LN nanopho-
tonic chip. (A) Experimental setup. A mode-locked laser (MLL) is used to pump
the squeezer (pump 1) and measurement (pump 2) OPAs. At the output of the
nanophotonic chip, the amplified squeezed signal (red) and residual pump 2 (green)
are separated using a dichroic mirror (DM) and measured by two different OSAs.
Bottom row shows the following: (i) a false-colored SEM image of our nanophotonic
circuit, (ii) a zoomed-in SEM image of the coupler region, and (iii) a false-colored
second harmonic microscope image of the periodically poled region before etching
the waveguides. (B) Squeezing measurement by an OSA in the zero-span mode at
2090 nm. (C) The squeezing measured at 2090 nm for several values of pump 1
while keeping pump 2 constant. (D) Loss analysis of the squeezing measurements.
The solid (dashed) curves show the degradation of anti-squeezing (squeezing) as
the photon loss increases, and the solid data points correspond to measured values
of minimum and maximum squeezing. (E) The squeezer gain dependence on the
energy of pump 1. Blue points are measured from anti-squeezing, and red points are
directly obtained from optical parametric generation (OPG) measurements. Error
bars are obtained from the statistics of the measurements. PBS, polarized beam
splitter; BS, beam splitter; HWP, half-wave plate; Obj., reflective objective; VND,
variable neutral-density filter; FC, fiber coupler; TEC, thermoelectric cooler.
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0.8 pJ of pump pulse energy, we observe that further increasing the squeezer pump
decreases the level of measured squeezing. The degradation of measured squeezing
at high pump powers may be due to the existence of a small phase noise and relative
chirp between pump 1 and pump 2, which can mix the loss-degraded squeezed
quadrature with the relatively large anti-squeezed quadrature [27]. Additionally,
parasitic nonlinear effects such as the photorefractive effect and nonlinear absorption
mechanisms in the waveguide can also account for the degradation of squeezing at
higher pump powers.

Figure [5.2D shows how squeezing levels degrade in the presence of photon loss
(1 —7n). Analytically, S7[dB] = 10log[(1 — ) + ne**"1], where (1 — 1) determines
the loss experienced by the microscopic squeezed signal and r; is the squeezing
parameter characterizing nonlinear interaction strength (supplementary materials,
section [5.5.5). The solid dots in Fig. [5.2]Care the experimental data points for
the minimum and maximum amount of measured squeezing at 2090 nm. From
these measurements, we estimate the total loss L = 1 — n ~ 0.3 experienced by
the microscopic squeezed signal before being fully amplified by the measurement
OPA. The estimated total loss is mostly dominated by the coupling efficiency of the
adiabatic coupler, which we measured using an auxiliary signal centered at 2090 nm
(supplementary materials, section [5.5.4). From the squeezing and anti-squeezing
measurements in Fig. [5.2D, our inferred squeezing after correcting for losses is
10.48 +0.87 dB with the pump energy of <1 pJ. This paves the way for fault-tolerant
CV quantum processors in LN nanophotonics, as 10.5 dB of squeezing is sufficient
for many architectures, including recent proposals with Gottesman-Kitaev-Preskill
qubit encodings [28]].

Figure 5.2 depicts the gain in the squeezer OPA as a function of pump 1 pulse
energy. The gain for lower pump energies (<2.4 pJ) is determined from the anti-
squeezing measurements, whereas for higher pump energies (>2.4 pJ), we obtain
the gain from a direct measurement of average photon number (supplementary
materials, section [5.5.4). When there is no input seed into the measurement OPA,
the average number of photons in the high parametric gain regime ((N) ~ G/4)
allows us to estimate the gain. The solid curve is the fit that includes the overall
detection efficiency (including off-chip coupling losses and imperfect detection after
the measurement OPA) and the nonlinear strength as fitting parameters. From the
fit, we extract the overall detection efficiency of ng\f,zf;;p ~ 0.20 (supplementary
materials, section[5.5.5]). This level of linear loss puts an upper limit of <1 dB to the
measurable squeezing for a standard balanced homodyne detection. This is not a
limiting factor for our all-optical squeezing measurements, because of the noiseless
amplification by the measurement OPA. Note that such lossy measurements are
even more detrimental for highly squeezed states, as they are extremely sensitive
to losses. This can be seen in Fig. [5.2D, where ~11 of initial squeezing degrades

by ~10 dB in the presence of the detection losses of LTMP = 1 — pofehip _ 5 gq)
overall overall

. . fF-chi .
However, our all-optical measurement is not affected by L. °'F losses owing to

the amplification by the measurement OPA and allows us to measure the squeezing
levels as high as 4.9 dB. Thus, our current measured squeezing is mostly limited
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Figure 5.3: Broadband squeezing measurements. (A to C) Three measurements
over different selected bandwidths of the OSA when the PZT is modulated with a
300 mHz ramp signal. The shot noise traces (blue, gray, and red) were acquired
with pump 1 blocked. (D) Optical parametric generation from the squeezer OPA
(green) and measurement amplifier OPA (blue). Both traces are acquired at ~6 pJ
of pulse energy.

by the coupling loss associated with the on-chip adiabatic coupler, which can reach
with near unity coupling efficiencies through better calibration of fabrication steps,
as suggested by our numerical simulations (supplementary materials, section|5.5.4).

Figures [5.3A, to C shows the measured squeezing over a broad bandwidth.
The amplified shot-noise is calibrated, using the same method as discussed earlier,
over the entire spectrum. Green traces correspond to measurements by the OSA
over three different spectral windows when the PZT is modulated by a slow ramp
signal at 300 mHz. Squeezing is present over the entire spectrum, with a slight
spectral dependence. The measured squeezing is 3.8 + 0.4 dB around 1950 nm,
4.2 +0.2 dB around 2090 nm, and 4.9 + 0.2 dB around 2200 nm. The slight spectral
dependence is attributed to the wavelength dependence of the coupling efficiency
of our adiabatic coupler (supplementary materials, section[5.5.4). We measured the
squeezing bandwidth to be 25.1 THz. The bandwidth is expected to increase to 36.4
THz, as confirmed by the optical parametric generation (OPG) from the squeezer
OPA in Fig.[5.3D. The measured squeezing bandwidth is mostly limited by the slight
mismatch of measurement OPA gain in the wings of the spectrum, as evident from
its OPG signal. Because of this difference in the gain spectrum, the measurement
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OPA does not amplify the squeezed vacuum over its entire generation bandwidth
to macroscopic levels, leading to a reduced measured squeezing bandwidth. These
measurements indicate that our generated squeezed state can occupy a record-level
time window of about four optical cycles (supplementary materials, section [5.5.3).
This temporal window can be shortened further by engineering the dispersion and
quasi-phase matching [29] and may lead to opportunities for studying quantum fields
in the extremely short-pulse regime [30]. Our demonstrated squeezing bandwidth
allows the definition of few-optical-cycle temporal bins in time-multiplexed CV
quantum information processors [6, [7]. As a result, such ultra-short time bins can
be defined in a dense manner for which centimeter-scale on-chip delay lines can be
used for large-scale cluster states on a chip.

5.4 Conclusion

We have demonstrated few-cycle vacuum squeezing and its all-optical mea-
surements in the LN nanophotonic platform. Our on-chip all-optical loss-tolerant
broadband measurements through high-gain phase-sensitive amplification enabled
squeezing measurements over more than 25 THz of bandwidth while providing
measurement purification against the detection losses as high as Lgif;;;p ~ 7 dB.
Combined with the recent advances such as high-speed electro-optic modulators
and integrated single-photon detectors [23]], we envision that our results may enable
scalable ultrafast all-optical quantum information processors in LN nanophotonic
platform.

5.5 Supplementary Information
5.5.1 Experimental Setup

The experimental setup for the generation and all-optical measurement of the
squeezed state is shown in Fig.[5.4] The Squeezer OPA and Measurement OPA are
pumped by a mode-locked Yb-fiber laser (Menlo Systems Orange A) generating
~75-fs-long pulses centered at ~1045 nm at a repetition rate of 250 MHz. The
pump laser is first split into two paths, namely Pump 1 and Pump 2 in Fig. The
first beam (labeled as Pump 2) is sent to a delay stage with a micrometer arm used
for fine adjustments for temporal overlap; coarse adjustments are done by tuning the
position of the delay stage. Depending on the measurement at hand, the second beam
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Figure 5.4: Experimental schematic for all-optical squeezing measurements.
The pump laser is first split into two paths, namely Pump 1 and Pump 2, used
for pumping the Squeezer OPA and Measurement OPA, respectively. The relative
phase between the pumps is modulated by the PZT mounted on the delay stage in
the Pump 2 arm. At the output of the nanophotonic chip, the amplified squeezed
signal and Measurement OPA pump are separated using a dichroic mirror, and
then are detected by optical spectrum analysers (OSAs) for spectral measurements.
PBS: Polarizing beamsplitter, HWP: Half-wave plate, DM: Dichroic mirror, Obj.:
Reflective objective, VND: Variable neutral-density filter, FC: Fiber Coupler, OSA:
Optical spectrum analyzer, PD: Photodetector, OPO: Optical parametric oscillator,
FM: Flip Mirror.

(labeled as Pump 1) is either guided to the chip setup or to a synchronously pumped
degenerate optical parametric oscillator (SPDOPO) used for generating pulses at
2090 nm [31]. For squeezing measurements, both Pump 1 and Pump 2 are spatially
overlapped at a 50:50 beamsplitter (BS), and then are focused to and coupled out
of the nanophotonic chip using high NA reflective objectives (Newport: 50102-02).
Pump powers are controlled using two variable neural density (VND) filters mounted
on both the arms. The relative phase between the Pump 1 and Pump 2 pulses is
modulated by the piezoelectric transducer (PZT) mounted on the delay stage. At the
output of the chip, the amplified squeezed vacuum and Measurement OPA pump
are first separated using a dichroic mirror (DM) with high transmission around 1045
nm and high reflectance around 2090 nm, and then are sent to two different optical
spectrum analysers (Yokogawa AQ6370D and Yokogawa AQ6375B) for spectrum
measurements at 2 nm resolution.

For linear characterization of our device and classical gain measurements of
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the OPAs, we use the SPDOPO output centered at 2090 nm [31]. Pump 1 is used
for pumping the SPDOPO, which is locked using a “dither and lock" technique,
implemented with a Red Pitaya FPGA board [32,33]]. A variable ND filter is added
to the output of the OPO to control the 2090 nm power. For OPA measurements, a
well-attenuated SPDOPO signal is spatially overlapped with Pump 2 at a dichroic
mirror mounted in place of the 50:50 BS. A discussion on device characterization
and OPA gain measurements is provided in Sections[5.5.4| &

5.5.2 Shot-noise calibration measurements

In this section, we discuss our shot-noise calibrations in greater detail. As
discussed in the main text, the design of our adiabatic coupler and its fabrication im-
perfections couples ~20% of the Squeezer OPA pump to the high-gain Measurement
OPA waveguide, which then interferes with Pump 2, resulting in a gain modulation
in the Measurement OPA. In order to accurately determine the amount of squeezing,
we measure this gain modulation by characterizing the interference of the these
two pumps in the Measurement OPA and removing its effect from the squeezing
measurements. Fig.[5.2A is an example of a Pump 1 and Pump 2 interference fringe
(green trace) acquired by an OSA in zero span mode at 1100 nm. While keeping
the Squeezer OPA Pump 1 blocked, we increase (decrease) the Measurement OPA
Pump 2 power to the maxima (minima) levels of the interference fringe, which
corresponds to the blue (red) trace in Fig.[5.2JA. These two power levels of Pump 2
result in the “shot-noise maximum” and “shot-noise minimum” shown in Fig. [5.2B
in the main text. We measure the pump interference in zero span mode at 1100 nm
(the red arrow in the pump spectrum in Fig. [5.2C) to calibrate our shot-noise mea-
surements to ensure that our calibration is not affected by any nonlinear effects in
the Measurement OPA. This is confirmed by the linear transmission measurements,
shown in Fig. [5.2B, at 1100 nm for the Measurement OPA Pump 2 power levels
varying in the range of power levels of the recorded interference fringe.

To further verify our shot-noise calibrations, we recreate the interference pattern
seen in Fig.[5.5]A off-chip and inject it into the Measurement OPA arm while keeping
the Squeezer OPA Pump 1 blocked. InFig.[5.5]D, we show the transmission measured
in zero-span mode at 1100 nm. The interference fringe (green trace) is shown along
with the maximum (blue) and minimum (red) power levels of Pump 2. In Fig.[5.5E,
we show the OSA output for these traces when it was set to zero-span mode at 2090
nm. We can see that the maximum and minimum power levels of the green trace in
Fig.[5.5E stays within the maximum and minimum amplified shot-noise levels. This
is in stark contrast with the squeezing measurements (Fig. [5.2]A and Fig. [5.3]in the
main text) where the green trace goes below/above the shot-noise minima/maxima,
which is due to the amplification of the squeezed and anti-squeezed quadratures of
the original squeezed state generated in the Squeezer OPA.

Next, we calibrate the shot-noise at various values of Pump 2 energy levels.
In conventional balanced homodyne detection (BHD), it is a common practice to
verify the linearity of the shot-noise by adding the linear losses or by increasing the
local oscillator (LO) strength. This verification test ensures that the BHD detection
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Figure 5.5: Shot-noise calibration measurements. (A) The green trace shows the
interference fringe between Pump 1 and Pump 2, measured from the Measurement
OPA. The red and blue traces correspond to the minimum and maximum power
levels of Pump 2 when Pump 1 is blocked. (B) Linear transmission measurements
from the measurement amplifier in zero span at 1100 nm. (C) Input pump spectrum
normalized in linear units. (D) Measured fringes when the Pump 1 and Pump 2
interference is created off-chip with the squeezer pump 1 blocked. (E) Measured
amplified shot-noise levels for different Pump 2 power levels in Fig. D.

system does not add any measurement noise, and the measured quadrature variances
are truly due to the vacuum fluctuations. Mathematically, the measured quadrature
variance of vacuum fields is

£ Xy o |a|*(X5),, (5.2)

where p, is the vacuum state with (Xq%)pv = 1/4. As a result, by adding the losses

(i.e., @ — ypa forn < 1) or by increasing the strength of the LO (i.e., @ — Vka, for
k > 1), one can verify the linearity of the measured shot-noise, thereby confirming
that the BHD does not add any noise during measurements and the measured noise
is the shot-noise limit.

Likewise, one can calibrate the shot-noise of an all-optical measurement in a similar
manner as BHD. In our all-optical measurements with high-gain OPAs, the roles
of the beamsplitter and LO in HD are played by the Measurement OPA and its
pump (Pump 2). In this case, the measured quadrature variance of the sufficiently
amplified selected vacuum quadrature is given by

£*Xy o G(X3),, (5.3)
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Figure 5.6: Shot-noise level measurements at various values of pump energy.

where G = ¢*L7VP s the gain of the Measurement OPA; L is the length of the
Measurement OPA, n is the nonlinear efficiency, and P is the Pump 2 strength. As
a result, the amplified shot-noise level (i.e., the noise of the high-gain OPA) grows
exponentially with the Pump 2 (LO) strength. We verified this by measuring the
amplified shot-noise at various values of Pump 2 energy, as shown in Fig.[5.6] Our
measured normalized shot-noise level (red points) agrees well with the expected
exponential behavior (black curve), as shown in the plot below. A good agreement
with the expected amplified shot-noise solely due to the phase-sensitive amplification
of the vacuum state confirms that the noise added by the Measurement OPA is
negligible as compared to the amplified shot-noise. We then ensured that the
Measurement OPA has sufficient gain. For a direct squeezing measurement, it is
important for the Measurement OPA to amplify the selected quadrature such that it
entirely dominates the energy of the amplified field, and the attenuated quadrature
can be considered negligible. The desired and experimentally measured gain levels
are discussed in depth in Sec.[5.5.5|(see in particular Fig. [5.T1).

5.5.3 Numerical Simulation Methods

In this section, we detail the methods used in our numerical simulations. To
simulate the short-pulse nonlinear dynamics in our devices, we solve a nonlin-
ear envelope equation (NEE) in the frequency domain using a split-step Fourier
method [34], where the nonlinear step is integrated using a fourth-order Runge-
Kutta method. We obtained the NEE by ignoring counter-propagating modes,
which are usually phase mismatched, and assuming a constant nonlinear coefficient
across the entire simulation bandwidth. The NEE is given by:

in()Xo
8

Fo {azej¢(z”) + 2aa*e'j¢(z”)} , (5.4

Q
O - i pw) o i

A —
0z Vref 2

d(z)
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where A(z, w) and a(z, t) are the complex amplitude of the field during propagation
in the frequency and time domain, ¢(z,7) = wot — (Bo — wo/Vrer)z, Po is the
waveguide propagation constant at frequency wg, = w — wy is the envelope
frequency, « is the attenuation constant, d(z) = +1 is the sign of the nonlinear
coefficient that varies along the waveguide due to quasi-phase matching, Fgq is
the Fourier transform in Q-space, and X is the effective nonlinear coefficient. The
pump and signal pulses were assumed to have a transform-limited, hyperbolic-secant
profile. We used a commercial software (Lumerical Inc.) to calculate the waveguide
modes and dispersion parameters used in our numerical simulations.

In Fig.[5.7A, we show the simulated squeezer OPA gain when it is seeded with a
weak coherent pulse (Ja|> < 1) centered at 2090 nm and the relative phase between
the pump and weak signal is varied. For the pump pulse energy of ~ 1 pJ, the
simulated OPA gain of ~ 10 dB agrees well with the measured gain (anti-squeezing)
at the same pump energy levels. We now determine the shortest signal pulse that can
be amplified by our Squeezer OPA in a phase sensitive manner. To determine that,
we vary the pulse width of weak coherent pulse from 15 fs to 100 fs while keeping
the average pulse energy constant for a given pump pulse (~ 75 fs) and monitor the
Squeezer OPA in the time domain. Fig. shows the ratio, R = oy /Tin Of the
FWHM widths of output and input pulses. Numerical simulations suggest that as we
keep reducing the pulse width of the input pulse from 100 fs, the amplified output
pulse width remains short until the input pulse width of ~ 30 fs, which corresponds
to ~ 4 optical cycles. Beyond that point the output pulse width starts to broaden
in the time domain, as evident from R > 1 in Fig.[5.7B. This may be attributed to
stronger detrimental effects caused by a small group velocity dispersion (GVD) and
group velocity mismatch (GVM) in our devices for shorter pulses. These effects
can be minimized by a better management of GVD and GVM through dispersion
engineering. As a result, we find that the shortest pulse that our Squeezer OPA can
amplify while maintaining the pulse shape and offering high gain is ~ 30 fs. The
temporal and spectral evaluations of ~ 30 fs weak coherent pulse seeding the OPA
are shown in Fig. and Fig. [5.7D, respectively. The input pulses are shown in
blue traces and orange traces correspond to output pulses. Dashed yellow and blue
lines in Fig. show the FWHM (|E|> = 1/2) for determining the number of
optical cycles. We see that the amplified pulse retains its shape and contains ~ 4
cycles. Figure[5.7D shows the constant gain of ~ 18 dB over the entire bandwidth for
4 pJ of pump energy. The simulated constant gain bandwidth agrees well with the
measured bandwidth of the optical parametric generation (OPG) from the squeezer
OPA. The OPG signal is produced by amplifying (anti-squeezing) a quadrature while
attenuating (squeezing) the orthogonal quadrature of vacuum field. Therefore, our
generated squeezed vacuum bandwidth supports only a few optical cycles. Ideally,
to measure the squeezing over the entire bandwidth one needs to ensure that the
Measurement OPA has the same gain bandwidth while having the sufficient gain
to amplify the microscopic squeezed vacuum to macroscopic levels, which can be
achieved by dispersion engineering in LN nanophotonics.
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Figure 5.7: Numerical simulations. (A), Simulated Squeezer OPA gain as the signal
phase is varied. (B), The ratio of FWHM bandwidths of output and input signal
pulses for various values of input pulse widths. (C), The electric fields of input
(solid blue) and output (solid orange) signal pulses. Dashed lines are at |E|> = 1/2
for determining the pulse widths at FWHM. (D), Spectrum of the weak coherent
input and amplified output pulses.

5.5.4 Coupler design and characterization

In this section, we discuss our design for adiabatically tapered coupler. In
our design, both waveguides are linearly tapered while keeping the gap constant
throughout the coupling length as shown in Fig. [5.8]A. Such a design offers a
broadband coupling efficiency and is less susceptible to fabrication imperfections.
Due to the adiabatic nature of the coupling process, such a coupler also relaxes the
fixed beat length essential for a conventional non-tapered directional coupler and
prohibits the Rabi-like oscillations of optical field between the pair of waveguides
during propagation. The coupling efficiency of such a coupler given is by the
Landau-Zener formula [35]]:

)
2ng 1 ) 5.5)

c:1_
R

The coupling strength is g = (n, — n,)/2, where n, and ng are the refractive
indices for the even and odd modes at the center of the coupler and dneg/0z
corresponds to the gradient in the refractive index along the propagation length.
From Eq.[5.5] one can see that the coupling efficiency, 7. increases as the coupling
strength, g increases. Due to the large difference in the spatial mode sizes as
seen in Fig.[5.8B, the fundamental transverse-electric (TE) modes around 2090 nm
of squeezed vacuum can be efficiently coupled from the squeezer waveguide to
measurement amplifier waveguide, while the fundamental TE mode around 1045
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Figure 5.8: Design and characterization of adiabatically tapered coupler. (A), shows
the design in which we keep the gap constant and adiabatically vary the waveguide
widths (W) = 1668 nm and W, = 1768 nm) along the propagation length. (B),
Calculated fundamental TE modes at 1045 nm and 2090 nm for the measured
geometry. (C), Measured and simulated coupling efficiency. Solid black and
blue curves correspond to numerically simulated coupling efficiency and losses,
respectively. Shaded regions account for the fabrication uncertainty of +10 nm
in the etching depth. Black and blue dots show the measurements for coupling
efficiency with an auxiliary beam centered around 2090 nm. (D), An AFM image
of the coupler region.

nm of the squeezer pump mostly gets rejected. The numerically simulated coupling
strengths around 1045 nm and 2090 nm are O(107*) and O(1073), respectively.
Figure [5.8C shows the simulated (solid curves) and measured coupling efficiency
and loss (dotted curves) over the measured squeezing bandwidth. The simulated
coupling efficiency (solid black) and loss (solid blue) are obtained using using
Eq. [5.5] where the effective refractive indices are calculated using the eigenmode
solver in Lumerical. We measure the coupling efficiency of 72%°° ™ ~ 0.70 using an
auxiliary signal centered at 2090 nm generated by our SPDOPO and 794> "™ ~ (.20
around 1045 nm using the squeezer pump. The waveguide geometry for numerical
simulations was obtained using atomic force microscopy (AFM). An image for the
coupler region is shown in Fig.[5.8]D. We measured the top widths of W; ~1668 nm
and W, ~ 1768 nm, etching depth of ~ 380 nm, thin-film thickness of ~ 713 nm,
and sidewall angle of ~ 57°.

In the coupling region of L = 400 um, the measured bottom gap in the coupler
region is ~400 nm. While our measured coupling efficiency around 2 ym is ~70%, it
can be significantly improved to ~100%, as suggested by our simulations. Figure[5.9]
shows the numerically simulated coupling efficiencies for the signal at 2090 nm and
pump at 1045 nm. For these simulations, we use the thin-film thickness of 700 nm
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Figure 5.9: Simulated coupling efficiencies, (A) for the signal, (B) for the pump
field.

and etching depth of 350 nm. Top widths of W; = 1750 nm and W, = 1850 nm and
the waveguide ridge angle is ~ 60°. Three traces correspond to the three different
values of bottom gaps of 350 nm, 400 nm, and 450 nm. For a coupler length of
300 um, the coupling efficiencies for signal is >98% while < 5% of the pump is
getting coupled when the coupler gap is of 450 nm. Considering the ultra-low loss
propagation in LN nanophotonics and improved linear coupling of the coupler can
lead to the measurements of squeezing levels suitable for fault-tolerant quantum
information processors.

5.5.5 Quantum formalism for the generation and all-optical measurement of
squeezed states

In this section, we derive the general formalism for the generation and all-optical
measurement of quadrature squeezed vacuum using ultrashort-pulse phase-sensitive
optical parametric amplifiers (OPAs). In our formulation, we define the single-
mode field quadrature operators as Q := (4+a")/V2, P := (@ —a%)/V2i, and
i = 1 such that AQAP = 1/2 for the vacuum state. In the interaction picture, the
effective Hamiltonian for a spontaneous parametric down-conversion process in a
x® waveguide OPA excited by a pulsed pump is given as [36, 37]

H / / dwsdw;S(ws, w;)d (wy)al (w) + h.c., (5.6)

where S(ws, w;) describes the spectral correlations in signal and idler modes de-
scribed by the photon creation operators a!(ws) and dj(wl-), respectively and H.C.
stands for the hermitian conjugate. By utilizing the Schmidt mode decomposi-
tion of the spectral correlation function S(ws, w;)) = X, CmPm(Ws)Wm(w;) with
3 lem|? = 1, one can rewrite the Hamiltonian as

H =&Y (cnAl B+ AnBy), (5.7)
m
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where & determines the nonlinear interaction strength. AI,, and E; are broadband
photon creation operators defined as [38]]

Al = / deosbm(3) (w5) 5.8)

B}, = / dwirm (w)a) (w;), (5.9)

The resultant unitary evolution operator under the Hamiltonian in Eq. is then
given as

0= exp( - % > (cnAl, B, + i AnB) ), (5.10)
m
For brevity, we define r,, := —iétc,, [ = |r,|e'®”, which determines the nonlinear

interaction strength of the m-th pairwise broadband spectral modes. The func-
tions {¢,, (ws)} and {Y,,(w;)} form a complete set of orthonormal functions, i.e.,
f o (ws)d1(wg) = 81, and /t//;; (wi)¥i1(w;) = 61m. As aresult, the Hamiltonian
in Eq.[5.7|can be considered as the effective Hamiltonian of an ensemble of indepen-
dent broadband two-mode squeezers, which further simplifies the unitary operator
since we have [A;, A,,] = 0and [B;, B,y] = 0. Thus, we get

0 = (X) exp(rmA, B, = 17 AnBy). (5.11)
m
We now consider the m-th mode with signal and idler broadband modes described
by the photon annihilation operators A,, and B,,, respectively. In this case, the
unitary operator is
U=exp(rnAl Bl —r: A,B,,). (5.12)
In the Heisenberg picture, the evolution of the broadband operators is given by the
Bogoliubov transformation defined as (37)

Ay — Aycoshr, + ¢ B} sinhr,, (5.13)
B,, — B,,coshr,, + e"‘ﬁ’"ALsinhrm. (5.14)
In the quadrature representation, for ¢,, = 0, Eqs.[5.13]and [5.14] can be written as
O = 0h — (O = 05)e*™ (5.15)
PA + PB 5 (P4 1 PBeFm, (5.16)

where we have used O = (@ +a%)/V2 and P = (@ — a")/V2i for the amplitude and
phase quadratures of the quantum field. From Eqgs.[5.15|&[5.16] we see that the sum
(difference) of phase (amplitude) quadratures is squeezed and the difference (sum)
of the phase (amplitude) quadratures is anti-squeezed. We define Qi = QA + QAﬁ
and P, := P4 + PB. A simple calculation shows that [+, Pz] = 0 and hence, they
can be diagonalized simultaneously. Their shared eigenstate in the limit of r,,, — oo
is the Einstein—Podolsky—Rosen (EPR) state with

Q_|EPR) =0,
P.|EPR) = 0. (5.17)
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In the finite squeezing limit, the EPR state serves as a crucial building block for
many applications in continuous-variable quantum information processing [5, 6, 7,
8. From Eq. one can see that the operators O_ and P, are the nullifiers for the
EPR state and have been widely used for their entanglement verification through the
van Loock-Furusawa criterion in many frequency- or time-multiplexed CV cluster
state experiments [39]. These nullifiers for each pair of modes are typically measured
using multimode balanced homodyne detectors (BHD) with local oscillators (LO)
tuned for each pair of frequency modes using electro-optic modulators (EOMs) [6),
7,18, 110]. While the multimode homodyne measurements have been successful in
small-scale experiments, it can be experimentally challenging when a large number
of modes spanning over THz of bandwidth are involved. Moreover, the nullifier
measurements are inherently limited by the electronic bandwidths of the EOMs,
typically used for creating the LO sidebands to access the individual frequency
modes of the quantum optical frequency comb [8]].

In the photon-number basis, the two-mode squeezed state can be expressed as

W55 =" Cunlnas ng), (5.18)
n=0

where ¢, = tanh"r, /coshr,,. As can be seen from Eq.|5.18] there are photon-
number correlations between the signal and idler modes. The average photon-
number is

(NABY = Tr[pa g (NA + NB)] = 2sinh?r,,. (5.19)

So far, we have used single-mode operators for these derivations. We now adopt to
frequency agnostic two-mode complex quadrature formalism [37, 38,39, 40] where
the two-mode complex quadrature operators can be defined as

XA,B = A + BT = (Q+ + lp_)/\/z
Yap:=iAT—B=(G0_+P,)/V2, (5.20)
Here, we have omitted the mode index m because the formalism is equally valid for

any number of correlated frequency modes [[19]. Similar to single-mode case, one
can then define the generalized two-mode quadrature operator as

Zap = cos¢pXa g +sing¥y g, (5.21)

where X4 p and Y4 p can be thought as the amplitude and phase quadratures of the
two-mode field. Using Eqgs. [5.13] [5.14] [5.20] and [5.21] we can conclude that a
two-mode OPA amplifies the amplitude quadrature X4 p while attenuating the phase
quadrature ?A’ p without any additional noise. Mathematically, we have

Xap — Xape (5.22)
Yap — Yape™. (5.23)

This is similar to a single-mode degenerate OPA where signal and idler photons are
emitted into the same optical mode. In the single-mode case, the Hamiltonian can
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be treated as an effective Hamiltonian of an ensemble of independent broadband
single-mode squeezers [38]]. The resulting unitary evolution can then be simplified
as

0 = (X expl(ruAf? - r;, A2)]. (5.24)

m=1
In the Heisenberg picture, the evolution of the broadband operators is given by the
Bogoliubov transformation defined as [37]]

A, — A,coshry, + e“”ALsinhrm. (5.25)

Rewriting Eq. [5.25]in the quadrature representation for ¢ = 0, we get
Om — Ome™ (5.26)
P, — Pye™™ (5.27)

From Eqs.[5.22][5.23][5.26] and[5.27} one can see that the two-mode complex quadra-
ture representation puts the single-mode and two-mode OPAs at equal footing. In
the two-mode complex quadrature representation, the total average photon-number
turns out to be

(Nag)p o< e (XZ,B?A(A,BhA,B +e (yz,B?A,B%A,B, (5.28)
where p 4 p is the input state to the OPA. In the high-parametric gain regime e? > 1,

the average photon-number is entirely dominated by the amplified quadrature and
the attenuated quadrature can be considered negligible. The amplified quadrature
power is in the macroscopic regime, i.e., it’s sufficiently above the vacuum noise
and can be directly measured with high-tolerance to losses due to oft-chip coupling,
mode-mismatching, and imperfect detection. From Eq. [5.28] we can see that the
quadrature variance of the input state can be determined from a direct measurement
of the average photon-number of the amplified quadrature. For the generation and
all-optical measurement of squeezed vacuum states, one can cascade two such OPAs.
The first low-gain OPA can be pumped to generate squeezed vacuum, which can
then be measured by the second high-gain OPA, as shown in Fig.[5.10]

An ideal case is considered in Fig.[5.10a: OPA 1 is used to generate a squeezed
vacuum state which is then amplified with a high-gain OPA 2. From hereon, We
will call OPA 1 and OPA 2 as squeezer and measurement amplifiers, respectively.
The squeezer phase, ¢; is kept fixed while the measurement amplifier phase, ¢, is
modulated to amplify each quadrature of the squeezed vacuum state. The squeezer
(measurement amplifier) gain is G(2) = e?"1@  In the Heisenberg picture, we find
the evolution of annihilation operators after the first and second OPA. After OPA 1

in Fig.[5.10R, we get

a, = a,coshry + '@ ]sinhry

NG A

a; = d;coshry + €4l sinhry. (5.29)
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Figure 5.10: Generation and all-optical measurement of a squeezed vacuum state.
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squeezed vacuum are considered. The green and red arrows show the pump and
signal-idler modes, respectively. Dashed arrows show the initial vacuum for the

signal and idler modes.

Likewise, after OPA 2

A/

PN iy Art s
ag = ascoshry + €724, 'sinhry

a! = ajcoshry + €'} sinhr,.

As a result, the input operators for signal and idler modes evolve to

a4y — dscoshreg + 1@ sinhreg

4; — dicoshreg + 1@’ sinhreg,
where r.g 1s the effective gain parameter given as

sinhrjcoshry + e/2?sinhr,coshr

I'reff = arctanh —
coshrjcoshry + ei49sinhricoshr, |’

where A¢ = ¢ — ¢». The average photon-number is

(Ny = Tr[|05, 0;)(05, 0;| N = 2sinh?|reg;.

(5.30)

(5.31)

(5.32)

(5.33)

In order to measure the squeezing, we need to compare the quadrature variances
with the vacuum state. To determine the vacuum variances, we block the squeezer
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(OPA 1) pump and measure the average photon-number of the amplified vacuum
(optical parametric generation) from OPA 2. Mathematically, we can set r; = 0 and
¢1 = 0in Eq.[5.32] As a result, the average photon-number of amplified vacuum
state is

(N,) = 2sinh’r,. (5.34)

Thus, Eq. @ determines the amplified shot-noise level, i.e., the variance of the
amplitude vacuum quadrature. It is worth emphasizing the average-photon number
of the amplified vacuum does not depend on the phase of the Measurement OPA
pump, as seen from Eq. [5.34 This is due to the uniform phase distribution of
the vacuum state. However, the high-gain amplification by the Measurement OPA
is performed in a phase-sensitive manner, i.e., the selected vacuum quadrature
is amplified at macroscopic levels while attenuating the orthogonal quadradure,
resulting in ellipse-shaped phase-space distributions shown in Fig. and Fig.
[5.1IC in the main text, which are not distinguishable by power measurements.

For determining the squeezing, we need to compare the amplified vacuum vari-
ance with the amplified squeezed quadrature variance. Thus, we set A¢ = . In this
case, ref in Eq.[5.32)is: reg = r— = |ry — ry|. Therefore, for average photon-number
measurements both the OPAs can be treated as a single OPA with effective gain r_,
leading to

(N.) = 2sinh®r_. (5.35)

Likewise, we set A¢ = 0 for measuring the anti-squeezed quadrature. In this
case, anti-squeezed quadrature of the squeezed vacuum state from OPA 1 is being
amplified by the Measurement OPA. The average photon-number in this case is

(N,) = 2sinh’r,, (5.36)

where we define r,. = |r| + rp|. As a result, the anti-squeezing (S,) and squeezing
(S_) can be calculated as

(N+)

v

. hz .
&] (537)

sinh?r,

For e > ¢! > 1, S.[dB] — 10log,(e*"). It is worth emphasizing that such
an all-optical measurement scheme allows one to measure the quantum fields over
the entire optical bandwidths since both the generation and measurement use the
same nonlinear process.
We now include experimental imperfections due to linear losses and non-unity
detection efficiencies in our model. Losses are modeled by setting up fictitious
beamsplitters with losses modeled with non-unity transmission coeflicients. On-chip
losses on squeezed vacuum are modeled by two beamsplitters denoted by £ (175, 7;),
and off-chip coupling losses and imperfect detection are modeled by L>(#5, 1}),
as shown in Fig. [5.10b, where (575,7;) and (175, 7;) determine the transmission
coeflicients of beamsplitters placed in the path of signal and idler modes.

Similar to ideal case, we employ the Heisenberg picture to find the evolution of
input annihilation operators. Due to on-chip loss L (7, 17;), the operators a; and a;
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transform to

= \nsd + 1 —nad}
a;y = \mid; + 1 —nia;, (5.38)
where dy and 4; are the vacuum modes coupled through the open ports of the

beamsplitters for the signal and idler modes, respectively. After OPA 2, the operators
evolve as

4

a? = a’coshry + e’md;'Tsinhrz

4

a;’ = a;coshry + e[¢2&;'Tsinhr2. (5.39)

Finally, we calculate the evolution under £, (75, 77;)

\/_/A/// \/—/Av
af = f N T (5.40)

The average photon-number is then given as

<N> — TI‘[)]; Ajl// 4 + nl/ Aj/l’ ANI] (5.41)

1

Using Eqgs.[5.29[5.38][5.39] [5.40] and[5.41] we can determine the loss-degraded total

average photon-number for amplified squeezed quadrature (A¢ = m) and amplified
anti-squeezed quadrature (A¢ = 0) as

(N4 = 17, [ (\/7ssinhricoshry + /p;cosrsinhry)? + (1 — 1;)sinh?ry) ]
+n;[(y/n:sinhrcoshry + \/mcosrlsinhrz)2 + (1 - ns)sinhzrz]. (5.42)

By comparing with the average photon-number (Ny) = (7 + nl’.)sinhzrz of the
amplified vacuum, we can calculate the measurable squeezing as

175 [ (\/mssinhricoshr; + \/Ecoshrlsinhrz)2 + (1 — ;)sinh?r,]
(s + n’)sinhzrz

'71 (y/misinhricoshry + \/_coshrlsmhrz)2 + (1 — ny)sinh?r, ] ] (5.43)
(s +1; ")sinh’ry '
Forn, =n;=nandn, =n, =7, Eq. can be simplified to
inh?r + (1 — 77)sinh?
5.[dB] = 10log,, | 7 re *+( _ m)sin 72] (5.44)
sinh“r)

From Egq. we can see that the measured squeezing only depends on losses
on microscopic squeezed vacuum, i.e., losses before the high-gain amplification
by the Measurement OPA. Therefore, our all-optical measurement offers tolerance
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against the off-chip coupling losses and detection inefficiencies. The high-gain
amplification prior to off-chip coupling makes the originally squeezed quadrature
sufficiently above than the vacuum noise, thereby making it robust against the
vacuum contamination due to linear losses. For e?2 > 2", Eq. turns out to
be

S.[dB] = 10log,o[7e**" + (1 - n)]. (5.45)

The first term in Eq. [5.45|amounts to reduced squeezing due to losses on squeezed
vacuum and the second term is the contribution from the vacuum noise. The
measured squeezing degrades with increasing amount of losses, L = 1—n. However,
the measured squeezing remains non-zero for > 0 and having higher initial
squeezing is always advantageous no matter how much the loss is. In Fig.[5.TTA,
we plot the required measurement amplifier gain for measuring several values of
generated initial squeezing without any losses. We find that the larger amount of
initial squeezing requires higher gain, and once the gain is sufficient (for instance >33
dB for ~11 dB squeezing), further increments in the gain do not have any significant
effects on the measurements, as seen from the flat regions in Fig. and B.
Sufficient gain ensures that the measured power is entirely dominated by the selected
amplified quadrature and the attenuated quadrature can be considered negligible.
Note that the measured anti-squeezing levels do not change as dramatically as
squeezing when the Measurement OPA gain is varied. Since the anti-squeezed
quadrature of microscopic squeezed field is already amplified by the Squeezer OPA,
it then requires lower gain to dominate the measured power, as compared to the
originally squeezed quadrature.

Figure [5.11B shows the lossy case with the total losses of L = 1 —n = 0.30
on microscopic squeezed signal. As expected, the measurable squeezing degrades
significantly as compared to anti-squeezing in the presence of losses. Figure[5.11]C
displays the experimentally measured (solid circles) squeezing and anti-squeezing
at 2090 nm as the squeezer pump energy is varied. Our measured values agrees well
with the expected amounts of squeezing and anti-squeezing levels in Fig. [5.11B.
Finally, Fig. [5.11]D shows the measured gain (red points) of the Measurement OPA
as the pump pulse energy is increased. The black curve correspond to the expected
exponential fit, which is in a good agreement with our measured gain.

We now consider the generalized case shown in Fig. [5.I0B. In the high-gain
regime when e22 > ¢2"1, Eq. can be simplified to

1 o Ms1; + N
S[dB] = 10logio| 7 (Vs +VII)e*" 1= = ==+
s i

—————
Added vacuum noise

1 -
3 (VI = V2™

Loss-degraded squeezing Added noise due to asymmetric losses

(5.46)
In contrast to Eq. Eq. has an additional term proportional to e™>! due to
loss asymmetry in the signal and idler modes. Since this additional term mixes the
anti-squeezing term ¢! to the reduced squeezing term, ¢>!, leading to a further
reduction in the amount of measurable squeezing. In fact, the loss asymmetry is
more detrimental at higher initial squeezing levels. Interestingly, for ny, = n; = n,
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Figure 5.11: Required measurement amplifier gain for a given amount of squeezing.
Measurement amplifier gain, (A) An ideal case without any experimental imper-
fections and ((B), realistic case with L = 0.30 optical losses experienced by the
microscopic squeezed vacuum state. (C), Experimentally measured squeezing and
anti-squeezing values as the squeezer pump energy is varied. (D) Gain measure-
ments for the Measurement amplifier at various values of pump energy. Error bars
are obtained from the statistics of the measurements.

the measured squeezing is independent of 7; and 7} provided that the measurement
amplifier has sufficient gain.

Figure[5.12]displays the measured squeezing for a range of losses experienced by
the signal and idler modes. The losses on signal and idler modes are 1 -7 and 1 —7;,
respectively. Figure[5.12]A considers the case where the off-chip coupling losses and
detection efficiencies of signal and idler modes are equal, i.e., 175 = 7} in Fig.
In this case, the measured squeezing levels are completely independent of 7, and
17;, as seen from Eq. We can see that the measured squeezing is optimal along
the diagonal, i.e., for iy = n;, and it degrades quickly with increasing asymmetry in
losses for signal and idler modes. In fact, the squeezing can be entirely suppressed
as seen from the measured squeezing along the anti-diagonal in Fig. [5.12A. It is
worth emphasizing that the loss asymmetry is even more detrimental at higher levels
of initial squeezing due to the larger contribution from e?! term.

In Figure [5.12B, we consider unequal amount of losses for the signal and idler
modes after the amplification. In particular, we choose [n{,n;] = [0.2,0.5]. Re-
markably, the measured squeezing can be improved by carefully choosing 7 and 7’
for a given amount of losses 17, and 17; on the squeezed vacuum state. This is evident
in Fig. [5.12[C which shows the difference of the cases “a” and “b”. For 5, > n;
in Fig. [5.12C, we have AS = S(i7; = 177) — S([n§, 7] = [0.2,0.5]) > 0, thereby



146

i [}, m}] = [0.2,0.5]

1.0 1.0
0.00
0.00
0.9 _1.28 0.9
-1.36
0.8 -2.56 08 -
-3.84 )
-4.08
m0.7 13 m0.7
[ < —-5.44
0.6 —6:40 0.6
-6.80
-7.68
0.5 0.5 -8.16
-8.96
0.4 -10.24 0.4 o
-10.88
-11.52
0. 0.3
03 04 05 06 0.7 08 09 1.0 0.3 04 05 06 07 08 09 1.0
ni ni

AS = S(y = ;) = S([ns,m3] = [0.2,0.5])
1.0

C
0.960
0.768
0.576
0.384
0.192
0.000
-0.192
-0.384
-0.576

-0.768

.3+
03 04 05 06 0.7 08 09 1.0
ni

Figure 5.12: Squeezing degradation under photon loss. (A), When the output
coupling losses and detection efficiencies are equal, i.e., 7 = .. (B), For [n},n}] =
[0.2,0.5] and (C) displays the difference of “a” and “b”.

confirming S([n§,n;] = [0.2,0.5]) > S(i75 = n;). Therefore, a careful selection
of well-calibrated losses on amplified squeezed vacuum allows one to restore the
squeezing lost due to loss asymmetry in signal and idler modes. This is particularly
beneficial for broadband squeezed signal where it is likely to have unequal amount of
losses either due to spectral dependence of linear transmission rates or the detection
efficiencies.

We now estimate the overall detection efficiency, which includes the off-chip
coupling efficiency and the detector efficiency, in our experimental setup. A detailed
discussion is provided in our previous work [41]]; here we outline the essential steps.
The measured average photon-number from a vacuum-seeded OPA is given as

(N)measured = UISinhzr, (5.47)

where the gain parameter is: r = 2L+/17, P for a given pump power P and interaction
length L. The overall detection efficiency is n7;, which includes the total optical
losses due to coupling and imperfect detection experienced by the macroscopic
OPG signal and n; quantifies the nonlinear interaction strength. In the high-gain
regime, we have (N )measured ~ meZL‘/”Z_P /4. We measured the macroscopic average
photon-number generated from the Squeezer OPA for various levels of pump pulse
energy. By fitting the data using Eq. [5.47] we extract the n; and 1, parameters.
We obtain the overall detection efficiency of 71 ~ 0.20, which agrees well with our
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previous estimations [41], 42]. The measured data and fit are shown in Fig. [5.2E of
the main text.

Thus far we have considered the Measurement OPA to be an ideal OPA with the
noise figure NF = 0 dB , i.e., during the amplification process no additional noise
is being added by the OPA. We now turn our attention to the added noise by the
Measurement OPA. We characterize the added excess noise using the phase-sensitive
amplification efficiency, nopa parameter, which combines all the imperfections
such as losses and the phase noise during the amplification process [43]]. Since
the imperfections in the the Measurement OPA degrade the amount of measured
squeezing, nopa can be treated as a linear loss channel, which brings in the vacuum
noise, and can be modeled by a fictitious BS with transmission of 7op,. In this
simplified model, the amplified quadrature is given by

X’ = VGnoraX™ + VG (1 ~ nora) X gy (5.48)
where X(V)P 18 the quadrature operator for the added vacuum noise. We then include

the losses due to off-chip coupling and detection inefficiencies after the amplification.
As a result, the loss-degraded amplified field quadrature is

X’ = \/E(\/G?]OPAXHI + \/G(l - UOPA)XSPA) + V (1 - nl)le9 (549)

where 77; and XZV correspond to the overall losses after amplification and the vacuum
quadrature, respectively. From Eq. one can define the effective quadrature
measurement efficiency as

_ Gnopani
Gnoean + G(1 —nopa)n + (1 —n;)

Neft (5.50)

We now consider the limiting cases of the Measurement OPA gain. Firstly,
when the Measurement OPA has no gain, i.e., G = 1, the effective efficiency is
e = Nopan;- In this case, the Measurement OPA acts as a linear loss channel
with transmission 17opa, resulting in the overall loss of 77.¢. Secondly, when G > 1
and nopa > 7y, the effective detection efficiency of the quadrature measurement
approaches the overall efficiency of the OPA, i.e., e — nopa. In the Fig.[5.13] we
consider the effective quantum efficiency of our all-optical measurement for many
values of NFs of {0, 1,1.5,3} dB (mopa = {1,0.8,0.7,0.5}) at a given value for
the overall detection efficiency of n; = 0.2 after the amplification. Here we chose
n; = 0.2 because of our measured off-chip coupling efficiency. We find that the
effective detection efficiency of all-optical measurement approaches to nopa for a
sufficiently large gain. We note that the levels of gain were measured from our
high-gain OPA, as shown in Fig.[5.TID.

As aresult, we see the overall quantum efficiency of an all-optical measurement
through a high-gain phase-sensitive OPA is ultimately determined by the NF of
the OPA. While the measurement can be made tolerant against the losses after the
high-gain amplification, the quantum efficiency is limited by the OPA NF and it is
desirable to have NF — 0, particularly beneficial for measuring highly squeezed
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states, which are extremely sensitive to photon losses. In Fig. [5.14] we plot how
the squeezing and anti-squeezing degrade as the photon loss (L = 1 — feffective)
increases. We see that 30 dB (blue) of initial squeezing degrades by ~20 dB with
10% photon loss, while 10 dB (red) squeezing only degrades by ~3 dB.
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Figure 5.14: Squeezing degradation with the photon loss.

5.5.6 Device fabrication

Our devices are fabricated using a wafer with 700-nm-thick X-cut MgO-doped
LN on 2-um-thick SiO, from NANOLN. The fabrication process begins with period-
ically poling the chip. The poling electrodes (15 nm Cr/55 nm Au) were patterned
using e-beam lithography, e-beam evaporation and metal lift-off. Then ~ 300 V
pulses were applied across the electrodes resulting in periodic domain inversion
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over the regions of 2.5 mm and 5.0 mm lengths for the Squeezer and Measurement
OPAs, respectively. To account for fabrication imperfections, we varied the poling
periods from 5.17 pum to 5.32 um with a step size of 5 nm. The poling quality is
inspected using second-harmonic microscopy, shown in Fig. [5.2]A (iii) of the main
text. Next, the device were patterned using e-beam lithography using hydrogen
silsesquioxane (HSQ) as e-beam resist and 15 nm of Ti as an adhesion layer [42,
44]|. The pattern was transferred to the LN layer by dry etching with Ar* plasma in
an inductively-coupled plasma reactive-ion etcher (ICP-RIE). The remaining resists
and side-wall re-deposition were removed by the buffered oxide etchant (BOE) and
RCA cleaning. Finally, the waveguide facets were mechanically polished to improve
the coupling efficiencies. The fabrication quality is inspected using SEM, example
images are shown in Fig. [5.2]A (i and ii) in the main text.

5.5.7 Measurement of the amplifier gain

In this section, we discuss our parametric gain measurements for the Mea-
surement OPA with an auxiliary weak coherent signal generated by our 2 ym SP-
DOPO. We optimize the phase matching by ensuring the maximum amplification/de-
amplification experienced by the weak coherent pulse. To fine-tune the optimal
phase matching, we tune the chip temperature using a thermoelectric cooling (TEC)
plate set underneath the chip, and by coating the chip with a thin layer of organic
material. The experimental setup for OPA measurements is shown in Fig. [5.4] We
use pump 1 for pumping the SPDOPO and guide its output signal to the nanopho-
tonic chip setup. After attenuating the OPO signal sufficiently, it is coupled to
the measurement amplifier along with the Pump 2. Our measurements results are
displayed in Fig. The blue trace shows the measured spectrum of input weak
coherent signal (~ 1 fJ) and the gray trace corresponds to the amplified signal with
Pump 2 pulse energy of ~ 6 pJ while the PZT is scanned using a ramp signal at 5
Hz. The ripples are due to phase-sensitive nature of the amplification process. For
better visibility, we apply a median filter on the amplified signal trace, shown in red.
The measured gain is >28 dB near 2090 nm, which is comparable to our previous
work [42]].
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Figure 5.16: Performance comparison of measured squeezing levels and squeezing
bandwidths on various nanophotonic platforms.

5.5.8 Squeezing in nanophotonics

Figure [5.16] compares our measured squeezing and bandwidth with state-of-
the-art demonstrations in nanophotonic platforms including SiN and silica. These
experimental demonstrations utilize relatively weaker y®) nonlinearities and require
microresonators for enhancement. Additionally, the squeezed light is typically
detected using off-chip BHDs which impose limitations on the measured squeezing
(due to off-chip coupling losses) and the accessible squeezing bandwidths. Our
measured squeezing substantially surpasses these other works both in the magnitude
and bandwidth.

In the table below, we present the references for state-of-the-art squeezing
demonstrations in nanophotonics shown in Fig. [5.16]
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Squeezing (inferred) [dB] | Platform | Bandwidth | Reference
1.7 (5) SiN 5 MHz [45]]
1.0(4) SiN 1 GHz [[11]
1.34(3) SiN 40 MHz [46]
1.65(8) SiN 1 GHz 471
0.45 (1) SiN 300 MHz (48]
1.6(3.1) Silica 1 THz [49]
0.56(3) LN 7 THz [16]
49(11) LN 25 THz This work

Table 5.1: State-of-the-art demonstrations in nanophotonics squeezing.

5.5.9 Ultrafast quantum information processors in LN nanophotonics

In this section, we would like to highlight the importance of our ultra-short-
pulse source of squeezed state and its all-optical measurement scheme for CV
ultra-fast quantum information processing. Single-mode and two-mode squeezed
vacuum states are used as the main building block for generating highly entangled
large-scale cluster states, which serve as the quantum computing “substrate” for
measurement-based quantum computing (MBQC) and have been generated using
both time- and frequency-multiplexed architectures [6, |7, 8]

In time-multiplexed schemes, continuously generated squeezed vacuum states
from continuous wave (CW) pumped optical parametric oscillator (OPOs) are di-
vided into independent time bins, which are then entangled with each other using
optical delays and linear optics to generate the large-scale cluster states [6} 7]. In
such a configuration, the repetition rate of the time bins is limited by the band-
width of the squeezer OPO, which is typically <100 MHz, resulting in few tens of
nanosecond-scale temporal bins (~10 meters long). Consequently, to entangle thou-
sands of these temporal modes, kilometer-scale optical delays are required, which
are so far implemented with optical fibers in table-top experiments [6, 7] and are
not suitable for on-chip integration. For these reasons, it is advantageous to shorten
the lengths of these time bins and consequently the optical delays, which can be
achieved by using ultra-short-pulse squeezed states (spanning over THz of band-
widths). This allows the definition of femtosecond-scale temporal bins, and one can
entangle thousands of time bins with optical delays of few tens of centimeter-scale,
which are amenable to on-chip integration.

Our demonstrated squeezing bandwidth of >25 THz and temporal confinement
of few optical cycles is an important step towards realizing such large-scale cluster
states in rapidly advancing LN nanophotonics. In MBQC with CV cluster states,
quantum computation is typically performed with homodyne measurements and
gate teleportation, which also requires homodyne measurements for feed-forward
operations. Consequently, the electronic bandwidths of the homodyne detectors
limit the clock rate of the quantum computation. Our high-gain OPAs can be used to
perform all-optical loss-tolerant measurements and gate teleportation [50], thereby
enabling ultrafast MBQC with CV cluster states.
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Chapter 6

MULTI-OCTAVE FREQUENCY COMB FROM AN
ULTRA-LOW-THRESHOLD NANOPHOTONIC PARAMETRIC
OSCILLATOR

Ryoto Sekine’, Robert M. GrayT, Luis Ledezma, Selina Zhou, Qiushi Guo, and
Alireza Marandi. “Multi-Octave Frequency Comb from an Ultra-Low-Threshold
Nanophotonic Parametric Oscillator," arXiv:2309.04545, (2023).

R.S. conceived the project, designed and fabricated the device, performed part of
the optical characterization, and lead the writing of the manuscript.

T denotes equal contributions

6.1 Abstract

Ultrabroadband frequency combs coherently unite distant portions of the elec-
tromagnetic spectrum. They underpin discoveries in ultrafast science and serve as
the building blocks of modern photonic technologies. Despite tremendous progress
in integrated sources of frequency combs, achieving multi-octave operation on
chip has remained elusive mainly because of the energy demand of typical spec-
tral broadening processes. Here we break this barrier and demonstrate multi-octave
frequency comb generation using an optical parametric oscillator (OPO) in nanopho-
tonic lithium niobate with only femtojoules of pump energy. The energy-efficient
and robust coherent spectral broadening occurs far above the oscillation threshold
of the OPO and detuned from its linear synchrony with the pump. We show that
the OPO can undergo a temporal self-cleaning mechanism by transitioning from
an incoherent operation regime, which is typical for operation far above threshold,
to an ultrabroad coherent regime, corresponding to the nonlinear phase compen-
sating the OPO cavity detuning. Such a temporal self-cleaning mechanism and
the subsequent multi-octave coherent spectrum has not been explored in previous
OPO designs and features a relaxed requirement for the quality factor and relatively
narrow spectral coverage of the cavity. We achieve orders of magnitude reduction in
the energy requirement compared to the other techniques, confirm the coherence of
the comb, and present a path towards more efficient and wider spectral broadening.
Our results pave the way for ultrashort-pulse and ultrabroadband on-chip nonlinear
photonic systems for numerous applications.

6.2 Introduction

Broadband optical frequency combs are among the great achievements of mod-
ern optics [1, 2]. Recently, increasing efforts are focused on the realization of
broadband frequency combs in nanophotonic platforms [3} 4, 5] with applications
including dual-comb spectroscopy [6]], optical communications [/], optical fre-
quency synthesis [8, 9], and laser ranging [10]. However, the spectral coverage of
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Figure 6.1: Principle and design of the multi-octave nanophotonic OPO. a,
[lustration of the sync-pumped OPO on thin-film lithium niobate with key features
highlighted. b, Microscope image of several devices when the one in the center
is pumped at 1 um. The chip glows green due to second harmonic generation
(SHG). The top inset is a scanning electron microscope image of the spiral region
and the bottom is a picture of the entire chip containing 16 OPOs. ¢, Illustration
showcasing how short pump pulses can take advantage of near-zero-dispersion-
engineered OPAs. The simulated gain profiles are shown in the top for a waveguide
with 60 fs?/mm half-harmonic GVD and 26 fs/mm GVM and in the bottom for a
near-zero-dispersion waveguide. The solid orange line marks the center wavelength
of the pump and the orange shaded regions mark the 3-dB bandwidth (BW) of the
100-fs source. d, Depiction of the different regimes of operation of the OPO as
a function of pump pulse energy, along with the roundtrip-to-roundtrip temporal
output of the OPO in each regime.

integrated frequency comb sources remains far behind their table-top counterparts
using high-pulse-energy lasers and discrete components, which have recently sur-
passed six-octave spectra [[11,[12]]. Such multi-octave frequency combs are valuable
for applications such as ultrashort pulse synthesis[13]], attosecond science[14]], and
bio-chemical sensing and imaging 7]

Integrated sources of short-pulse frequency combs typically generate picojoules
or femtojoules of pulse energies [2, 4, [I8| [19, [20] and their spectral coverage
barely reaches an octave [21], 22]. This has necessitated further spectral broadening
stages for many applications, which so far have been realized strictly using table-top
systems with discrete amplifiers and components 8. A femtojoule-level
multi-octave coherent spectral broadening mechanism has so far been beyond the
reach of current photonic technologies, and hence, a path towards a fully integrated
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multi-octave frequency comb has remained elusive.

Substantial spectral broadening is typically achieved by passing femtosecond or
picosecond pulses with 0.1-10 nJ of energy through waveguides, crystals or fibers
with quadratic (y®) or Kerr (y®) nonlinearity with various designs [24, |1, [25,
26, 27, 28]. Among these schemes, waveguides with quadratic nonlinearity are
becoming increasingly more efficient, especially because of the recent progress on
quasi-phase matching and dispersion engineering [29, 24, [26]] and show superior
performances over their cubic counterparts. However, to reach an octave of coherent
spectrum and beyond they still need 10’s of picojoules of energy[29]], which is far
beyond the current capability of integrated frequency comb sources.

Resonant enhancement of spectral broadening is expected to improve the energy
requirements. However, such experiments have so far remained below an octave [30,
31, [23]]. This is mainly because of the overly constrained dispersion requirements
of cubic coherent spectral broadening schemes especially when combined with
high-Q requirements. In fact, even linear components in nanophotonics with multi-
octave spectral response are still challenging to design and realize [32]]. In contrast,
quadratic nonlinearity not only leads to lower energy requirements in single-pass
configurations, but it also offers a wider range of nonlinear processes for ultrawide
coherent spectral broadening resulting from nonlinear interactions of distant portions
of the spectrum(|11} |12]]. However, a proper resonator design is necessary to enable
an operation regime where a sequence of quadratic nonlinear processes can yield
coherent spectral broadening towards multi-octave operation.

A promising path towards such a multi-octave nonlinear resonator is based
on synchronously (sync-) pumped degenerate OPOs, which so far have been suc-
cessfully used in bulk optics for efficient phase-locked down-conversion via half-
harmonic generation of broadband frequency combs [|15, 33, (34, [35]. Recent
studies indicate the potential of sync-pumped OPOs for extreme pulse shortening
and spectral broadening while preserving the coherence properties of the pump [36].
However, lack of dispersion engineering in bulk nonlinear crystals, low paramet-
ric gain bandwidths, and multi-picojoule thresholds have put limitations on their
applicability for compact and ultrabroadband frequency comb applications. Re-
cent developments of dispersion-engineered optical parametric amplifiers (OPAs)
[37] and narrowband sync-pumped OPOs [38] in lithium niobate nanophotonics
promise a path towards overcoming these limitations and accessing a new regime
of ultrabroadband ultra-low-energy nonlinear optics that has not been accessible
before.

In this work, in sharp contrast to previous realizations of nonlinear photonic
resonators, we judiciously design and realize an on-chip sync-pumped OPO featuring
a low-finesse resonator which couples only frequencies near the half-harmonic of
the pump while leaving the pump and its high-harmonics non-resonant. It is near-
zero dispersion engineered for the pump and its half-harmonic. The nanophotonic
sync-pumped OPO operates with a record-low threshold of ~18 fJ. Due to its low-
energy, intense, phase-sensitive amplification, we discovered an operation regime
of the OPO where the nonlinear phase compensates the cavity detuning, yielding
temporal self cleaning and a multi-octave coherent spectrum. We measured a 2.6
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octave frequency comb at ~121 fJ of pump energy and experimentally confirmed its
coherence. We numerically replicate the broadband nonlinear dynamics associated
with such a multi-octave broadening and provide design guidelines for even broader
outputs.
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Figure 6.2: OPO characterization. a, Oscillation peaks of the OPO near-threshold
as the pump repetition rate is modulated by a piezoelectric transducer (PZT) in
the pump laser cavity at 600 Hz. b, Signal spectrum at 35 fJ of pump energy for
three different roundtrip detunings and ¢, the corresponding OPO signal growth as a
function of pump energy for different oscillation peaks and their slope efficiencies,
nsL. d, Output spectra, OPO oscillation peaks, and beatnote measurements from the
OPO cavity at 54 fJ, 109 1], and 121 {J of pump. The OPO oscillation peaks (ii), (v),
(viii) were taken under the same detector amplification settings. The RF beatnotes
(iii), (vi), (ix) were taken between a free space and on-chip OPO that share the same
pump, the rep rate of which is tuned over time.

6.3 Operating Principle and Design

Figure [6.T] illustrates the design of the on-chip sync-pumped OPO, with the
fabricated device shown in Fig. [6.Ib. The input/output couplers are designed to
allow resonance only around the half-harmonic of the pump (see supplementary
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Figure 6.3: Simulation results showing different operation regimes of the
nanophotonic OPO. a, Transition from (i) near-threshold coherent operation to
(i1) incoherent operation and (iii) back to coherent operation when the pump energy
is increased. The roundtrip temporal evolution (i-ii1) and output spectra (iv-vi) are
shown for three different pump intensities using experimental parameters and at a
cavity detuning of -10.5 fs. b, A three-octave coherent OPO. The same experimental
parameters are used except that the last one mm of the PPLN was replaced with a
chirped poling period. The pump pulse energy was at 250 fJ.

section [6.7.1)), and the cavity is designed to be minimally dispersive for these
wavelengths. To phase and frequency lock the OPO, the OPO is nearly sync-
pumped at degeneracy, requiring a cavity round-trip time of 4 ns for a pump comb
with a 250 MHz repetition rate. With the effective index of our nanophotonic lithium
niobate waveguides (wgs), this amounts to a 53-cm-long-cavity.

To achieve the ultra-high, ultra-broad, phase-sensitive gain at fJ pump pulse
energies that enables coherent broadband comb generation, the OPO includes a 10.8
mm OPA with proper dispersion engineering and quasi phase matching (QPM).
Specifically, we target minimizing the group velocity dispersion (GVD) of the pump
and signal, as well as the group velocity mismatch (GVM) between the pump and
signal [37]]. Figure [6.1d illustrates the large gain bandwidth that can be accessed
when coupling a 100-fs pump to a near-zero dispersion engineered waveguide, as
opposed to one with large dispersion that is favored for broadly tunable OPOs|[39,
38]. The designs for the poling period, cavity length, and couplers for sync-pumped
operation can be found in the Supplementary, Section [6.7.1]

Figure [6.1[d illustrates the different regimes of operation of this nanophotonic
OPO. At low pump pulse energies, the OPO goes above threshold when the gain
overcomes the loss inside the cavity. This is conventionally the regime where OPOs
are operated to yield coherent outputs phase-locked to the pump[34]. Athigher pump
pulse energies a degenerate OPO is known to transition to an unstable operation
regime where the phase-locked operation diminishes[40, 41]. Here however, we
find that far above threshold, the OPO can undergo a transition to the phase-locked
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regime as a result of the nonlinear phase being compensated by the cavity. This
is emphasized in the accompanying time domain plots as a temporal self-cleaning
mechanism, where after a finite number of roundtrips the output pulse intensity is
seen to stabilize with ultrashort features in the multi-octave case. This emergence
of coherence and ultra-short pulse formation is reminiscent of condensation and
thermalization occurring in other nonlinear multimode systems[42} 43]].

6.4 Experimental Results

In Fig. [6.2a-c, we show the near-threshold performance of the nanophotonic
OPO. Scanning the repetition rate of the pump by 600 Hz, we observe the oscillation
peaks of the OPO as depicted in Fig. [6.2h. These peaks are characteristic of doubly-
resonant operation[34]. We can actively lock the pump repetition rate to the center
of each of these peaks, and the near-threshold signal spectra of three such peaks
at distinct detunigs between the pump repetition period and cavity round-trip time,
ATgr, are shown in Fig. [6.2b. In Fig. [6.2c we show the measured input-output
pulse energy growth of these same peaks. We can extrapolate the threshold and
slope efficiencies, sz, and define the peak with the lowest threshold as the zero
cavity detuned state. For this peak we estimate an OPO threshold of ~18 fJ.

In Fig. [6.2d, we show three characteristic output spectra of the OPO. At 54 {J
of pump we observe conventional OPO behavior. The pump, half-harmonic and
second-harmonic are all spectrally broadened, and there is noticeable sum frequency
generation (SFG) between the pump and half harmonic. At 109 fJ of pump, we
observe continuous spectra from 600 nm to 2710 nm, and at 121 fJ we observe
continuous spectra from 443 nm to 2676 nm. The dip at 2.8 um is associated with
the OH absorption peak in the LN and/or the buffer layer[39, 44], and kinks near
680 nm and 1135 nm are due to mode crossings (see Supplementary Section[6.7.2).
It is also worth noting that the spectra at 121 fJ has some distinctive signatures on
the long wavelength side of the spectrum that are absent in the 109 fJ pumped cases.

To characterize the coherence of the OPO at these pump pulse energies, we
interfere the chip output with that of a free-space OPO pumped by the same laser
using a filter centered around 2.1 um. When operated in a coherent regime, a
degenerate OPO above threshold can have two possible CEO frequencies which
differ by half of the pump repetition rate, fiep/2, depending on the oscillation
peak[34]. When the on-chip OPO has a different CEO from the free-space OPO,
upon spatially and temporally overlapping their outputs, beatnotes at frep/2 should
be observed. For the coherence measurements in Fig. [6.2ld, we scan the rep rate of
the pump over time. At 54 fJ of pump, Fig. [6.2d(ii) shows that the on-chip OPO
exhibits features at certain detunings, which are reflected by the f.,/2 beatnotes
between the OPOs in Fig. [6.2d(iii). The lack of these signatures both in the
OPO power and beatnotes at 109 fJ of pump, indicate that the on-chip OPO has
transitioned from a coherent to incoherent regime. At 121 fJ however, the OPO
peak structures and RF beatnote reappear, signifying the reemergence of a coherent
operating regime.

The coherence of the second-harmonic portions of these spectra were confirmed
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Figure 6.4: Performance comparison of (a), integrated spectral broadening,
and (b), frequency comb sync-pumped OPOs. a, Wavelength coverage and pump
pulse energies of integrated frequency comb spectral broadening schemes. The
arrows indicate the pump wavelength. b, Comb repetition rates and pump threshold
energies of sync-pumped OPOs. The marker shapes denote the different cavity and
nonlinear (NL) element compositions for each OPO, the categories being free space,
fiber, integrated and bulk, fiber, nanophotonic respectively. In both figures, the top
legend denotes the material of the nonlinear element. Abbreviations, TFLN: thin-
film lithium niobate, OP: orientation patterned, MF: microstructured fiber, HNLF:
highly nonlinear fiber.

using a spectrally broadened output of the pump by a photonic crystal fiber. We
interfere this broadened pump with the second-harmonic portion of the on-chip
OPO and observe beatnotes of the resultant carrier-envelope offset frequency, fcgo,
along with the pump repetition rate at 250 MHz for all of the pump pulse energies
in Fig. [6.24d, irrespective of the detuning (see Supplementary Section [6.7.2E for
details). In particular, at 121 fJ of pump, because both the half-harmonic and second
harmonic combs are coherent with respect to the pump and all frequency portions of
our spectrum are generated through parametric processes of these three combs[29],
we conclude that the continuous 2.6 octave spectrum in Fig. [0.2d is coherent. We
could even lock the rep rate of the pump to keep the OPO oscillating in this state,
and in Supplementary Section [6.7.2E we show the beatnote signal being maintained
over time.

To explain the dynamics of this OPO far above threshold and how coherence can
be established over such a broad spectrum, we turn to numerical simulations. To
capture the multi-octave nonlinear interactions occurring in the OPO, we modeled
the electric field in the nanophotonic cavity as a single envelope in frequency domain
which is evolved using the split-step Fourier method for propagation in the PPLN
region and a linear filter for the cavity feedback (see Supplementary Section [6.7.3A
for details). In Fig. [6.3p, we show how this captures distinct regimes of operation
when using parameters matching that of the experiment. At 16 fJ the OPO goes
above threshold and stabilizes after ~20 roundtrips. At this point, all the frequency
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translated components (OPO, SHG, SFG of the pump and OPO) are coherent with
respect to the pump and they remain unchanged from roundtrip to roundtrip. As
the pump pulse energy is increased, fewer roundtrips are required for the OPO to
form, and at 137 fJ of pump (~9x above threshold) we see that the OPO output is
incoherent.

At roughly 204 fJ of pump (~13x above threshold), however, the the half-
harmonic is seen to acquire a 7 phase shift through the nonlinear interaction with
the pump in each single-pass through the PPLN region. This can be compensated
by detuning the cavity by an odd number of OPO peaks, or by adding a constant
phase offset of 7 between the pump and cavity, corresponding to the carrier-envelope
offset phase, ¢cgo, of the pump (see Supplementary Section [6.7.3B). The former
case is shown in Fig. [6.3h(iii) and shows a two octave coherent continuous comb
that stabilizes after roughly twenty roundtrips with temporal features as short as 4
fs (see Supplementary Section[6.7.3[C). The output spectrum is also very similar to
the detuned 121 fJ experimental result of Fig. [6.2d.

In simulation, we further investigate how to extend the coherent operation of the
OPO to even broader spectra. By replacing the last one mm of the PPLN region
with a chirped poling period for efficient second harmonic and sum-frequency
generation, we achieve a coherent three-octave continuous frequency comb with
~250 £J of pump energy as shown in Fig. [0.3b.

6.5 Conclusion and Discussion

In Fig. [6.4) we compare our results with other integrated spectral broadening
schemes and sync-pumped OPOs. The figure highlights how our nanophotonic OPO
design and its operation regime enable orders-of-magnitude improvement in the en-
ergy efficiency of coherent spectral broadening. Our work represents the lowest
threshold sync-pumped OPO which is enabled by its near-zero-dispersion design.
This ultralow-threshold operation enabled accessing a previously unexplored oper-
ation regime of the OPO far above threshold, where ultrabroad coherent spectral
broadening is established as a consequence of the balance between cavity detuning
and nonlinear phase shift.

In summary, we have experimentally demonstrated a nearly sync-pumped nanopho-
tonic OPO operating in the near zero-GVM, zero-GVD, fs-pumped, high-gain low-
finesse regime resulting in an ultra-broadband coherent output with only ~121 fJ
of energy. The 2.6 octave frequency comb enables unprecedented opportunities
for on-chip applications including wavelength division multiplexing[7]], dual-comb
spectroscopy[45], and frequency synthesis[5]. We show the OPO transitions from
an incoherent to coherent operation regime and demonstrate a path towards much
broader frequency comb sources in the femtojoule regime.

6.6 Methods

Device fabrication. Our device was fabricated on 700-nm-thick X-cut MgO-doped
thin-film lithium nioabte on a Si0,/Si substrate (NANOLN). Following the proce-
dure in [37], we pattern Cr/Au poling electrodes with 16 fixed poling periods ranging
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from 4.955-5.18 um using lift-off and and apply a voltage to periodically flip the
ferroelectric domains. Upon poling we remove the electrodes and subsequently etch
the waveguides using Ar-milling and Hyrdogen Silsesquioxane (HSQ) as the etch
mask. Finally, the waveguide facets are mechanically polished to allow for butt
coupling. Each OPO has a footprint of 0.5 mm X 13 mm.

Optical measurements. The measurements were performed using a Menlo Orange
HP10 Yb mode-locked laser (MLL) centered at 1045 nm. It outputs 100-fs-long
pulses at 250 MHz with a +1 MHz tuning range. Light was coupled to and from
the chip using Newport 50102-02 reflective objectives, chosen for their minimal
chromatic aberration. All of the results in this paper were performed on a device
with 5.075 pm poling period at 26°C, regulated by a thermoelectric cooler (TEC).
The lowest OPO threshold was obtained from a pump repetition rate of 250.1775
MHz, which we define as the zero detuned state. This device has a total throughput
loss of 43.4 dB, and following the methodology in [37], we measured the input and
output coupling losses to be 35.7 dB and 7.7 dB respectively. For the results in
Fig. [6.3d, the spectra were collected by two different optical spectrum analyzers
(OSA), specifically a Yokogawa AQ6374 (350-1750nm) and AQ6376 (1500-3400
nm). The OSAs were operated with High3 sensitivity except for the case of 121 fJ
of pump, where High2 was used. The RF spectra in Fig. [6.2[d were collected by an
electronic spectrum analyzer (Rhode & Schwarz FSW) using an InGaAs high speed
photodiode (DSC2-40S). The SHG beatnotes were taken using a high-speed silicon
avalanche photodiode (Menlo Systems APD210).

Numerical simulations. We used commercial software (Lumerical Inc.) to solve
for the waveguide modes shown in Sections [6.7.1] and [6.7.2] of the Supplementary
that allowed us to dispersion engineer and quasi-phase-match our device. For the
nonlinear optical simulation, we solved an analytical nonlinear envelope equation as
described in Section of the Supplementary. The simulations were performed
with no constant phase offset between the pump and cavity unless specifically
mentioned otherwise. This parameter effectively acts as a carrier-envelope offset
phase of the pump, ¢cgo. As the simulations were performed with a time window
of 1.7 ps, it should be mentioned that a large portion of the short wavelength side
of the spectrum walked out of the time window of our simulation. For example,
the simulated GVM between our simulation reference frame at the half-harmonic
signal wavelength of 2090 nm and the second harmonic of the pump at 522 nm is
721 fs/mm. As a result, the up-converted portions of the spectrum in simulation
tend to be smaller than what was measured experimentally. In these simulations we
have only incorporated the effects of y? nonlinearity and have not considered the
effects of y®. Especially given the low pulse energies and low-finesse nature of
our cavity, we believe this to be a good approximation, yet it could be one additional
reason for small discrepancies between experiment and simulation.
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6.7 Supplementary Information
6.7.1 Chip Design
A. OPO Design
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Figure 6.5: Key OPO design parameters as a function of waveguide geometry.
a, Parameters for tuning spatiotemporal confinement of pulses propagating through
our nanophotonic waveguides. An example fundamental TE mode at 1 ym is shown
in the core of the waveguide. b, Dispersion profile ¢, Phase-matched poling period,
and d, Optimal sync-pumping cavity length as a function of waveguide top width
and etch depth variations. The actual measured dimensions of our fabricated device
are indicated by the cross.

The spatiotemporal profile of pulses propagating through our nanophotonic
waveguides can be sculpted by a few key fabrication parameters. Labeled in Fig.
[6.5h, these are the lithium niobate (LN) thickness, etch depth, top width, and sidewall
angle. All of these parameters directly affect the effective index of the waveguide
which, in turn, determines the near-zero dispersion geometry, quasi-phase-matching
poling period, and required cavity length for synchronous pumping of our OPO, as
shown in Figs. [6.5b-d. We fabricated our device with a constant poling period of
5.075 pum and a cavity length of 52.92 cm, and we measured a waveguide etch depth
and top width of 352 nm and 1753 nm respectively. These dimensions are marked
by crosses in Fig. [6.5pb-d and show that we successfully engineered our device to
be close to optimal parameters for phase-matched operation with near-zero GVM
and GVD. The resulting simulated effective index, n.g, and fabricated poling period
are shown in Fig. [6.6] along with the simulated bending loss as a function of bend
radius and wavelength. The dotted blue line in Fig. [6.6c at 77 um indicates the
minimum bend radius used in fabricating the spiral, showing small bending loss for
wavelengths shorter than 3.3 um at all points in the spiral.
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Figure 6.6: Additional OPO parameters given the waveguide geometry shown in
Fig. [6.5, a, Effective index of the waveguide b, Second harmonic microscope image
of the periodic poling pre-waveguide patterning, and ¢, Simulated propagation loss
as a function of bend radius for different signal wavelengths. The dotted blue line is
at 77 um, the minimum bend radius employed when designing the OPO cavity.

B. Input/Output Coupler Design

The input and output couplers of the OPO, as defined in Fig. [6.7h, are sym-
metrically identical and take the adiabatic shape depicted in Fig. [6.7b, where the
parameters for wi, wy, gap, and L are 1753 nm, 1900 nm, 980 nm, and 750 um
respectively. Adiabatic couplers were chosen for their broadband response and
comparative fabrication insensitivity compared to other coupler geometries. The
fundamental TE mode profiles at 1 gm and 2 um for the waveguide design with top
width w; are shown in Fig. [6.7c. Pulses propagating through this adiabatic coupler
follow the coupled mode equations,

d .

di; = —jke!ay(z)

day . (6.1)
o e a1(z)

where a; and a, are the amplitudes of the modes in each waveguide, « is the
coupling coefficient between the waveguides, and AS = |B; — B>| is the phase
mismatch between the two waveguides. Solving eq. (6.1) for our geometry, we
obtain the power coupling curve in Fig. [6.7d. We see that only signal wavelengths
above 2 pum experience significant coupling. In Fig. [6.7¢ we compare the spectral
output of our OPO (device with coupler and cavity) against that from an adjacent
straight waveguide without any couplers but sharing the same poling and waveguide
parameters. We find that the simulated dips and peaks in the adiabatic coupler
are reflected in the measured spectra from the nanophotonic OPO but are absent
from the periodically poled straight waveguide, matching our theoretically predicted
coupler response.
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Figure 6.7: OPO coupler design. a, Definition of the input/output coupler and b,
an illustration of the output coupler adiabatic design. Here, the widths and gaps refer
to those at the top of the waveguide. ¢, The waveguide fundamental TE modes at 1
pum and 2 ym. d, The simulated coupler response using the fabricated waveguide
geometry. e, Comparing the theoretical coupler behavior to measured spectra at 380
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6.7.2 Chip Characterization
A. Experimental Setup

Our experimental setup is shown in Fig. [6.8] The detector in the PID loop allows
the repetition rate of the pump comb to be locked to disparate oscillation peaks of
the OPO while the spectra is being collected on an optical spectrum analyzer (OSA).
The synergistic features of the pump and OPO that enable multi-octave frequency
comb generation are emphasized in the figure.

PID Detector

<

OPO
— e &

~Zero Dispersion [P BS

ultrabroad, intense, PS gain OSA
53 cm Cavity
near sync-pumping
Degeneracy 1pum )
phase & frequency locking —— 2um

Figure 6.8: Experimental Setup. Abbreviations, PS: phase sensitive, MLL: mode
locked laser, LP: long pass, BS: beam splitter.
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B. Extended Experimental Data to Three Octave Spectra

Using the experimental setup shown in Fig. [6.8] we investigated the output
spectra of the OPO at different pump pulse energies, a subset of which was shown in
Fig. [6.2d of the main text. In Fig. [6.9h, we show the extension to even higher pump
pulse energies. At 380 fJ of pump, we observe three-octave-spanning spectra from
362 nm to 3261 nm. The beatnote analysis with a free space OPO shown in Fig.
[6.9b however, following the procedure in Supplementary Section[6.7.2E1, indicates
that the OPO here is incoherent.
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Figure 6.9: Extended Measurements to ~ 20x above threshold. a Output spectra
from the OPO cavity up to 380 fJ of pump pulse energy. b For the same energies,
the top panels show the OPO oscillation peaks as the pump rep rate is scanned by
a PZT. The bottom panels show the RF beatnote between a free space and on-chip
OPO that share the same pump, the rep rate of which is tuned over time at 63.58
mHz.

C. Molecular Absorption Features

For the measured spectra above 2.5 um in Fig. [6.9a, we observe features
that appear to be from spectral absorption lines coming from ambient molecules.
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Figure 6.10: Absorption features of atmospheric molecules compared to the
OPO spectra measured at 380 fJ of pump. The spectral lines were taken from the
HITRAN database[|69]].

In Fig. [6.10] we compare the experimental OPO spectra to the spectral lines of
H,0, CO,, and CH4. The overlap between water and the OPO’s spectral features
is especially close, likely because H;O is the strongest absorber in this spectral
region at atmospheric concentrations. We calculate that 9 % of the 3 ym mode
inside the spiral region is evanescent, suggesting that with the 53 cm spiral, on-chip
sensing may be possible. Here, however, we expect that the absorption primarily
occurs between the output of the chip and the detector as none of the systems in
this experiment were purged. Furthermore, these absorption features result from
ambient molecules existing in the lab as no gas cells were prepared.

As noted in the main text, the notch at 2.83 um is due to an OH absorption
peak in the LN and/or SiO, substrate buffer layer. Studies of the absorption of
Si0; employed as a buffer layer for Si waveguides[/70, 71}, 72] indicate that the S10;
bottom-cladding will become prohibitively narrow around 2.8 ym and above 3.5
pm. For current thin-film lithium (TFLN) niobate devices with a SiO, buffer and Si
substrate, the upper absorption appears to set in around 3.25 um [73]]. Wavelengths
between, 2.8-3.8 um, however have been measured on TFLN waveguides on a
sapphire substrate[74], suggesting a path towards making a multi-octave frequency
comb with even longer wavelength components.

D. Mode Crossings

In Fig. [6.9) there are spectral kinks at 680 nm and 1135 nm evident over all
pump pulse energies. These correspond to the two mode crossings shown in Fig.
[6.1Tp. M1 is the mode crossing between the fundamental TE mode and second order
TM mode (Fig. [6.11b) whereas M2 is the mode crossing between the fundamental
TE and TM modes (Fig. [6.11f). Indeed, these mode crossings, as well as the OH
absorption discussed in Section IIB, are even evident in the spectra measured from
a straight waveguide with the same waveguide geometry and poling period as the
OPO and plotted in Fig. [6.1Td. As this straight waveguide does not have a cavity,
its half-harmonic spectra is due to optical parametric generation (OPG).
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Figure 6.11: Simulated mode crossings compared to measured straight waveg-
uide spectra. a, Simulated modes at the periodically poled region of the chip. The
mode crossings experienced by the fundamental TE mode are marked as M1 and
M2. Close-ups of these are shown in b and ¢ respectively. d, The measured power
spectral density of a periodically poled nanophotonic waveguide with no OPO cavity
as a function of pump pulse energy. The locations of M1 (680 nm) and M2 (1135
nm) are indicated by arrows.

E. Beatnote Measurement

1. Down-Conversion Beatnote

The coherence of the down-converted portion of the comb around the half-
harmonic was investigated using the experimental setup in Fig. [6.12a. The output of
an on-chip and free space OPO pumped by the same laser were interfered. Depending
on the detuning peak [ of each OPO, we expect to see different signatures in their
radio frequency (RF) spectrum and interference patterns. Here, the dimensionless
detuning parameter [ = 2 f{ATgr, where ATgr is the mismatch between the cavity
roundtrip time and pump repetition period, and f; is the signal frequency. While
OPOs with even [ have comb lines aligned with that of the pump, OPOs with odd /
have comb lines shifted by frep/2 75]). This is illustrated in Fig. [6.12b. As a
result, when one of the OPOs has even [ while the other has odd /, the temporally
and spatially overlapped OPO outputs show an fcgo beatnote at frep/2, as shown
in the RF spectrum measurement in Fig. [6.12c(i). Furthermore, in this case where
the two combs have different fcgo frequencies, we do not expect to see interference
fringes as the delay between the two coherent OPO outputs is scanned. As shown
by the orange trace in Fig. [6.12k(ii), no fringe is observed.

In the case that the OPOs are coherent and share the same even or odd detuning
parameter, and thus the same fcgo, however, we do not expect and did not observe
a beatnote at fi.,/2. Furthermore, since the combs share an fcgo, we expect to
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Figure 6.12: OPO beatnote measurement. a, Experimental setup. b, Illustration
of the two fcgo states possible for the OPO comb depending on the detuning peak, /,
being even or odd. ¢, (i) RF beatnote and (ii) spectral overlap, showing interference
fringes (blue) as the relative output delay between the OPOs is scanned in the case
where they share an fcro in the temporal self-cleaning regime.

see an interference fringe as their relative delay is scanned. This is indeed what
we measured, as shown by the blue curve in Fig. [6.12c(ii). At 109 fJ and 380
fJ of pump, where the down-converted portion of the nanophotonic OPO output is
incoherent, we observed neither a fiep/2 beatnote nor the blue interference fringe of
Fig. [6.12(ii).

Finally, the pump rep rate can be locked to features in the OPO output signal.
In Fig. [6.13] we show that we can indeed lock to, and stabilize the on-chip OPO
output to the 2.6 octave comb state in the temporal self-cleaning regime.
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Figure 6.13: OPO beatnote locked in the Temporal Self-Cleaning Regime. The
pump here is at 121 {J, and the pump rep rate is locked to the OPO peak structures
seen in the OPO oscillation peaks in Fig. [6.2d(viii) of the main text. The top panel
shows the frp/2 beatnote at a representative time, and the bottom panel shows the
beatnote persist over time. The dither signals of the free-space and on-chip OPO
cavity locks cause the two sets of side fringes to the main f.,/2 beatnote.

2. Up-Conversion Beatnote

The coherence of the up-converted portion of the pump was investigated using
similar methodologies to [35, 29]. Specifically, a spectrally broadened portion of
the pump was interfered with the second harmonic portion of the on-chip OPO,
as illustrated in Fig. [6.14p. The spectral overlap for three of the pump pulse
energies mentioned in Fig. [6.2d of the main text are shown in Fig. [6.14b, with the
corresponding beatnotes presented in Figs. [6.14k-e. In each case we confirmed the
beatnotes correspond to the fcgo by recording its shift as the pump fcgo is tuned.
We conclude that the up-converted porion of the pump reamins coherent irrespective
of the pump pulse energy or cavity detuning, which is as expected[35} 29].
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Figure 6.14: SHG beatnote measurement. a, Experimental setup. b, Spectral
overlap between the chip SHG outputs and the PCF. Sample beatnotes measured at
¢, 380 fJ, d, 109 fJ, and e, 54 fJ with the different colors corresponding to different
pump fcgos. Abbreviations, SP: short pass, PCF: photonic crystal fiber (Menlo
Systems), HWP: half wave plate.

6.7.3 OPO Simulations
A. Method

We model the ultrabroad spectral dynamics of the nanophotonic OPO by repre-
senting the total electric field in the nanophotonic waveguide using a single envelope
in the frequency domain [[76, |37,

E(x,y,w) = A(z,Q)e(x, y, a))e_i(ﬁo_“’O/v‘ef)Z, (6.2)

where w and Q = w — wy are the optical and envelope angular frequencies, wy is
the simulation center frequency, By is the waveguide propagation constant at wy,
vref 18 the simulation reference frame velocity, x and y are the transversal waveguide
coordinates, e(x,y,w) is the mode transversal field distribution, and A(z, w) is
the complex amplitude of the field that evolves during propagation. In our OPO
simulation, wq is chosen to be the center of the half-harmonic signal at 2090 nm,
and vyf is the group velocity of the half-harmonic. A(z,w) = A(z, Q)e ™ is a
rapidly-varying envelope which contains the phase factor e #(“)Z acquired during
linear propagation. Additionally, A(z,w) is an analytic signal, meaning it only
contains positive frequencies (A(z, w < 0) = 0).
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Our simulation models each round-trip in the OPO in two parts. The first
accounts for the nonlinear propagation in the poled region of the waveguide, while
the second consists of a linear filter which models the round-trip evolution in the
spiral resonator [77]. The output of this round-trip evolution is fed back as a seed
for the subsequent nonlinear propagation. The first round-trip is seeded by white
noise for all frequencies besides the pump, which is taken to be an 80-fs pulse with
a sech pulse profile, centered at 1045 nm.

We find a uni-directional equation of motion describing the nonlinear propa-
gation of A(z, Q) by ignoring counter-propagating terms (which are usually phase
mismatched) and assuming a constant nonlinear coefficient and mode overlap in-
tegral, both of which are weak functions of frequency away from any material
resonances. No limitations are placed upon the maximum spectral bandwidth of the
simulation. The resulting propagation equation is,

0A_ ) Q a iwenXp
rri i|B(w) — Po . S

%{GZ(Z, Ne/?ED 4 2a(z, 1)a*(z, t)e‘j¢(z”)}, (6.3)

A - d(z)

where d(z) = %1 is the sign of the quadratic nonlinear coefficient that is modulated
in quasi-phase matching, « is the propagation loss coefficient, a(z, ) is the time
domain representation of A(z, Q), ¢(z,t) = wot — (Bo — wo/Vref) 2, Fo is the Fourier
transform in the € variable. The effective nonlinear coefficient X is defined as:

2 *
Xo = Z){i(j,z / e; (wr)ej(wr)er(wr — wy)dS, (6.4)
ijk
where Xi(jzlz is the quadratic nonlinear susceptibility tensor, and j, k, [ denote Carte-

sian components.

The nonlinear propagation in each round-trip involves solving the evolution
equation (6.3) using the split-step Fourier technique over the length of the poled
waveguide, L = 10.8 mm. The nonlinear step employs the fourth-order Runge-Kutta
method in the interaction picture (RK4IP) [78]].

Propagation in the spiral resonator is modeled through application of a linear
feedback function to the output of the poled region. In particular, the signal fed back
to the input of the poled region for the (n + 1)" round-trip, A?n” (0, w), is related to
the field out of the poled region on the n'" round-trip, A" (L, w), by the expression:

AML0, w) = A", (L, w) R (w)e ™/ (PrT (@) Lrr+ATRrw+d0) (6.5)

Here, R(w) is the frequency-dependent coupling factor of the designed adiabatic
couplers, Drr = B(w)—Bo— % —i 5T is the complex dispersion operator describing
propagation in the round-trip waveguide with parameters defined as above for the
poled waveguide, Lrr = 518.4 mm is the length of the round-trip cavity, ATgr

is the detuning parameter which accounts for any timing mismatch between the



174

pump repetition period and cavity round-trip time, and ¢y is a constant phase offset,
which effectively represents the carrier-envelope offset phase, ¢cgo, of the pump.
In addition to this fed back signal, a new pump pulse is also injected, centered at t
= 0 on the fast time axis.

Simulations are conducted on a Fourier grid of size 4096 with a bandwidth of
2.4 PHz. The corresponding time window is 1.7 ps. To avoid wrapping in the
time window during the nonlinear propagation, a Tukey filter padded with zeros
on the edges is applied in the time domain after each nonlinear step. Additionally,
before application of the linear filter, all frequency components which will walk
out of the time window over the course of the 518-mm propagation in the spiral
resonator are filtered out. This has the undesirable effect of effectively reducing the
simulated power in frequency modes which are far from the reference frequency
(and thus experience significant walk-off with respect to the reference velocity of
the simulation), but it ensures the validity of the simulated nonlinear interaction.

In this context we consider nonlinear phase to be the phase accumulated in the
PPLN section of the resonator due to the nonlinear process (excluding the linear
phase accumulation). We explicitly focus on a narrow spectral range around the
pump and its half-harmonic for the spectral analysis and around the peak intensities
for the pump and half-harmonic in the temporal analysis.

B. OPO Dynamics under Different Conditions

As discussed in the main text, the ultrabroadband OPO enters different regimes
of operation high above threshold. An extended version of the regimes shown in
the main text is shown in Fig. [6.15h. Whether our near-zero dispersion OPO can
reach the coherent multi-octave state denoted as (iii) in the figure, largely depends
on the pump energy, cavity detuning (shown in Fig. [6.15b), and effective pump
carrier-envelope-offset phase, ¢cpo. We find that the dynamics of our OPO largely
depend on whether it has an even or odd detuning peak, /, and whether its relative
¢ceo 1s 0 or 7. We will dive into each of these cases in more depth below.

¢eodd

Power (a.u.)

Detuning
Peak (/)

ATRT (fs)

Figure 6.15: a, Extended regimes of operation of the nanophotonic OPO and b,
OPO resonances labeled in terms of detuning peak (/), and cavity roundtrip detuning
(ATgy).
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Figure 6.16: OPO Characterization: [ = 2, ¢cgo = 0.

When [ € even and ¢cgo = 0, we find that while the OPO nearly reaches a
coherent, mutli-octave comb, it never quite manages to. In the cases of [ = {2, 0, -2}
in Figs. [6.16}{6.18] this is emphasized by the label (Nearly iii). In all of these cases we
see that in regime (i) near threshold, the roundtrip-to-rountrip phase of the coherent
OPO remains fixed once the OPO goes above threshold. After transitioning though
an incoherent state in regime (ii), the OPO phase is seen to flip roundtrip-to-roundtrip
by 7 in pump regime (iii). These periodic oscillations suggest that perhaps in this
state the OPO is composed of two coherent non-degenerate combs, the beating of
which creates the observed phase fluctuations as well as the roundtrip-to-roundtrip
power fluctuations observed in the time- and frequency-domain plots of the OPO
evolution. At even higher pump energies, the OPO enters the completely saturated,
incoherent regime of (iv).
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Figure 6.17: OPO Characterization: [ = 0, ¢cgo = 0.
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Figure 6.18: OPO Characterization: [ = -2, ¢cgo = 0.



177
2.1 € Odd, ¢CEO =0

The roundtrip-to-roundtrip & phase flips in the ~200 fJ-pumped cases when [ €
even and ¢cgo = 0 suggest that if the cavity phase can be detuned by 7, a multi-
octave coherent comb can be sustained. One way of obtaining such a detuning is to
select OPO peaks where / € odd while maintaining ¢cgo = 0, and in Figs. [6.19}
6.22] we show the dynamics of the cases where [ = {3, 1, —1, —3}. Asexpected, near
threshold, i.e. in regime (i), these OPOs show roundtrip-to-roundtrip 7 phase flips.
In regime (iii), however, we find that the OPO demonstrates temporal self-cleaning
and is able to stabilize, showing a fixed roundtrip-to-roundtrip phase.
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Figure 6.19: OPO Characterization: [ = 3, ¢cpo =0
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Figure 6.21: OPO Characterization: [ = —1, ¢cgo = 0.

The coherence of the two octave spectra in regime (iii) can be further verified
by means of calculating the g(!) coherence over pairs of output pulses as well as by
directly inspecting the overlap of the half-harmonic, pump, second harmonic, and
sum-frequency generated combs. As can be seen in the top panel of Fig. [6.23h,
we see through measurement of the g(!) coherence between pairs of pulses taken
from the last 15 roundtrips of our simulation, the device displays over two octaves of
coherent spectra. This can be further verified by looking at the the actual comb lines
of the two-octave comb. The full comb spectrum, as well as a close-up of the comb
lines corresponding to different harmonic combs, shifted by the nearest multiple of
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Figure 6.22: OPO Characterization: [ = -3, ¢cgo = 0.

Jrep Which centers them at zero, are shown in Fig. @p The good overlap between
the comb lines is a further indication that the combs share an fcgo and are thus
coherent. Note that the second harmonic comb at 500 nm is not expected to share
an fcgo with the other harmonics except in the case where the pump comb at 1 ym
has an fcgo of 0, which is generally assumed in our simulation.
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Figure 6.23: Further characterization of the coherence of regime (iii) for / = -3,
dceo = 0. a, gV coherence as a function of wavelength, PSD, and roundtrip spectra,
where points with simulated coherence greater than 0.6 are denoted by a light green
dot, with the rest colored in pink. For the roundtrip phase plot, points where
the difference in phase compared to the prior roundtrip is smaller than 7/6 are
plotted in green with the other points marked in pink. b, Simulated comb lines at
the output. The 2-um, 1-um, 69-nm, and 500-nm combs correspond to the half-
harmonic, pump, sum-frequency generation of the pump and half-harmonic, and
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3.l ceven, oo =71

Along with picking an odd detuning peak, a roundtrip phase of & can be directly
added in the case where [ € even, corresponding to an effective pump carrier-
envelope-offset phase ¢cgo = 7. The results of this are shown in Figs. [6.24}
for [ = {2,0,-2}. Similar to the case of / € odd with ¢cgo = 0, the OPO
shows roundtrip-to-roundtrip phase flips at low powers of regime (i) and enters
the oscillatory state of regime (ii) until ultimately landing in a steady-state at 200
fJ of pump. One qualification here is that, since the phase is added to the signal
rather than the pump in simulation, the coherence between the pump and higher
harmonics is also preserved, though this would not be true experimentally for a
pump with non-zero ¢cgo, as discussed in Supplementary Section [6.7.3]C.
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C. Temporal Self-Cleaning

1.Mechanism
In Fig. [6.2ld of the main text, we experimentally demonstrated that as the input pump
pulse energy is increased, our OPO transitions from a conventional operational
regime, where it is coherent, to an incoherent one, but then it recovers its coherence
at higher pump pulse energies with an appropriate cavity detuning. In Fig.
we show the intensity and phase propagation of the pump and half-harmonic in the
periodically poled region of the cavity at ~200 fJ of pump (i.e. in the TSC regime).
The evolution of the half-harmonic phase in a(ii) clearly shows a phase flip from
—nm — 0 1in locations where the half-harmonic has substantial intensity.

In Supplementary Section [6.7.2B, we showed that this 7 phase flip in the half-
harmonic in each single-pass through the PPLN can be compensated by detuning the
cavity by an odd number of OPO peaks (Section IIB2), or by adding a constant phase
offset of 7 between the pump and cavity, corresponding to the carrier-envelope offset
phase, ¢cgo, of the pump (Section 1IB3). Fig. is an example of the former.
Near threshold (16 1J), the OPO output experiences a r phase flip in every roundtrip,
but it is able to stabilize to a constant phase output in the case of 204 fJ of pump.
An example of the latter approach of choosing an even detuning peak but ¢cgo of
n, is Fig. [6.24, Again, we observe that in the TSC regime of 200 fJ of pump,
the output phase can stabilize after ~40 cavity roundtrips. These examples show
that compensating the single pass phase accumulation in the PPLN by appropriately
detuning the cavity, or ¢cgo, is the key to operating in the TSC regime. Thus, the
pump pulse energy of where TSC occurs is dependent on the OPO dispersion and
nonlinear gain that induces 7 phase flips between the half-harmonic and the pump.
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Figure 6.27: Intensity and phase evolution inside the crystal for the half-
harmonic (top) and pump (bottom) of regime (iii) for / = -3, ¢..o, = 0. For
a(i1) and b(i1), the phase of regions with intensity greater than ~ 0.2 W are encircled,
and phases of locations with lower intensities are made more transparent.

2. Short Pulse Formation
As mentioned in the main text, the temporal self-cleaning mechanism of the coherent
multi-octave OPO can lead to ultrafast features at the output of the OPO. In Fig.
[6.28] we explicitly show the simulated temporal output of this regime for the cases
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of [ = {-3,-1,1,3} with ¢cgo = 0. Features as narrow as 4.2 fs can be observed,
suggesting that the coherent multi-octave comb regime can in the future be leveraged
for extreme pulse compression and single/few-cycle pulse synthesis.
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Figure 6.28: Temporal output of the two-octave combs at different detunings.

In each case, the pink line showing the 3 dB bandwidth of the central feature is ~
4.2 fs. Here, ¢cgo = 0.

D. Extension to a Three Octave Comb

By employing a chirped poling period targeting energy transfer to the second
harmonic and sum frequency generation terms, we can even induce three octaves
of coherent spectra. In particular, the poling period in the last 1 mm of the 10.8-
mm poled region is assumed to vary smoothly between the period required for
quasi-phase-matched OPA between the pump at 1 gm and signal at 2 um to phase
matching the interaction between the pump at 1 ym and its second harmonic at 500
nm. Extended characterization of the results, discussed in Fig. @b of the main
text, are shown in Fig. [6.29] Of note is that this high-harmonic generation process
acts as an effective loss for the 2 um signal, resulting in a slightly higher threshold
for the OPO and larger pump power requirement to reach the temporal self-cleaning
regime. At 248 fJ of pump, however, a multi-octave comb is observed, with the
additional high-harmonic processes enabling formation of a coherent three-octave
spectrum (Fig. [6.2%-b) by filling the spectral gap between the second harmonic at
500 nm and sum-frequency component at 697 nm.
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Chapter 7

LARGE-SCALE TIME-MULTIPLEXED NANOPHOTONIC
PARAMETRIC OSCILLATORS

Robert M. GrayT, Ryoto Sekine’, Luis Ledezma, Gordon H. Y. Li, Selina Zhou,
Arkadev Roy, Midya Parto, and Alireza Marandi, “Large-scale time-multiplexed
nanophotonic parametric oscillators," arXiv:2405.17355, (2024).

R.S. designed and fabricated the device, assisted the measurements, and contributed
to developing the all-to-all coupled network architecture.

T denotes equal contributions

7.1 Abstract

Arrays of nonlinear resonators offer a fertile ground for a wide range of com-
plex phenomena and opportunities for advanced photonic sensing and computing.
Recently, significant attention has focused on studying coupled resonators in special-
purpose configurations either on chips or in table-top experiments. However, a path
to realizing a large-scale programmable network of nonlinear photonic resonators
remains elusive because of the challenges associated with simultaneously achieving
strong nonlinearity, independent operation of the resonators, and programmability
of the couplings. In this work, we break these barriers by realizing large-scale,
time-multiplexed optical parametric oscillators (OPOs) on a single lithium nio-
bate nanophotonic chip. We show independent operation of 70 identical OPOs
in an ultrafast nanophotonic circuit. The OPOs exhibit an ultra-low threshold
of a few picojoules, substantially surpassing the strength of nonlinearity of other
platforms. Using our ultrafast nanophotonic circuit, a network of N OPOs with
programmable all-to-all couplings requires only a few additional components. The
time-multiplexed nanophotonic OPOs can enable myriad applications, including
ultrafast classical and quantum information processing.

7.2 Introduction

Nonlinear resonators are emerging as one of the most versatile building blocks
for a wide range of photonic systems benefiting applications in quantum information
processing [1, 2], stochastic computing [3}, 4], metrology [3} 6], and spectroscopy
and sensing [7, 8|], among others. Coupled nonlinear resonators further promise
broad potentials, which have been showcased through a variety of table-top experi-
ments, for instance using optical parametric oscillators (OPOs) [9} |10, 11} |12]] and
lasers [13} |14]]. However, in nanophotonics, demonstrations of coupled nonlinear
resonators remain in the small-scale regime [[15, 16, 17, |18] or suffer from limited
programmability [[19} 20].

OPOs using quadratic nonlinearity are one of the most promising nonlinear
photonic resonators, with a long history as table-top tunable sources in hard-to-
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access wavelength ranges [21]. More recently, OPOs have been used for a wide
range of applications spanning from frequency comb spectroscopy [22] to sensing
[23]], quantum information processing [24]], and computing [25, 26, 27]]. Advancesin
thin-film lithium niobate have enabled realization of nanophotonic OPOs [28,,29,30]
with substantial miniaturization and threshold enhancement due to the sub-micron
modal confinement. Synchronous pumping of dispersion-engineered nanophotonic
OPOs with ultrashort pulses is particularly important because it leads to ultralow-
threshold operation [31]] enabling opportunities for energy-eflicient ultrabroad comb
sources [32]] and quantum information processing [33]].

Ultrafast nanophotonic OPOs not only benefit from ultra-low-energy operation,
they also enable large-scale time-domain multiplexing (TDM) for realization of
programmable OPO networks. Time-multiplexed resonator networks have been
demonstrated on table-top experiments for a wide range of studies in optical com-
puting [34, 26, [11]], topological photonics [35, [36]], and non-equilibrium phase
transitions [12], among others. Compared with other multiplexing schemes for re-
alizing nonlinear resonators, such as spatial and spectral multiplexing [37], TDM
benefits from scalability, and the strength of nonlinearity [[14].

Here, we demonstrate the first nanophotonic realization of large-scale time-
multiplexed OPOs in lithium niobate (LN). By leveraging a large parametric gain
and dispersion engineering, we achieve simultaneous oscillation of as many as 70
independent OPOs at a 17.5 GHz repetition rate, limited primarily by the speeds
of our pump repetition rate and detection electronics. We verify the independence
of the oscillators through an interferometric measurement at the output of the chip
which confirms the vacuum-seeded randomness of each oscillator.

7.3 Results

The on-chip time-multiplexed OPO system is schematically depicted in Fig.
[7.IA. The temporally separated resonators, equivalent to the N independent res-
onators shown in Fig. [7.IB, share the same optical path length and long periodically
poled section. High gain provided by the periodically poled region ensures a low
on-chip threshold pulse energy of a few pJ for the ps pulses used in the experiment.
Adiabatic tapers couple more than 96% of the signal light into the resonator while
ensuring very little coupling (< 2%) for the pump. Finally, dispersion engineering
of the waveguide geometry ensures near-zero group velocity mismatch between
the pump and signal during the nonlinear interaction to achieve a high gain and
gain bandwidth as well as near-zero group velocity dispersion for the signal in the
roundtrip, which preserves the short-pulse operation necessary for maintaining the
independence of the oscillators.

We operate in both the non-degenerate (Fig. [7.1IC) and degenerate (Fig. [7.1D)
regimes by adjusting the pump frequency detuning with respect to the cavity. In
the non-degenerate regime, pump photons are split into signal and idler photons at
different frequencies, and their phase relationship is given by:

bp — s — i = g (7.1)
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where ¢, ¢, and ¢; are the pump, signal, and idler phase, respectively. Taking
the pump phase as determined, this relationship leaves the signal and idler phases
free, constraining only their sum. Thus, as illustrated in the phase space diagram
of Fig. [T.I[C, wherein the radial coordinate represents the pulse amplitude and the
angle represents the phase, the phases are random and may take on any value.
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Figure 7.1: Time-multiplexed nanophotonic OPOs. (A) Schematic of the device
based on thin-film lithium niobate. N pulses in a long cavity are equivalent to (B)
N independent time-multiplexed oscillators. (C) In the non-degenerate regime, the
pump photons split into signal and idler photons at different frequencies. In this
case, the phase of each is unconstrained, as shown in the signal phase space diagram.
(D) In the degenerate regime, the pump photons split into indistinguishable signal
photons at the half-harmonic of the pump, resulting in a binary phase for the signal.

By contrast, in the degenerate regime, the signal and idler both resonate at the
half-harmonic of the pump and thus are indistinguishable from one another. In this
case, equation 1 consolidates to:

bp =205 = g (7.2)
such that signal phase is restricted to one of two phase states (Fig. [7.1D), which we
refer to as |0) and |7r).

Figure[7.2]shows the measurement protocol for ensuring independence of the N
oscillators in the time-multiplexed OPO cavity. The measurement setup is shown in
Fig. [T.2]A and is described in further detail in Supplementary Information Section
1. The cavity is pumped by ps pulses at 1045 nm generated by an electro-optic (EO)
comb with a variable repetition rate. TDM is achieved through selecting a pump
repetition period, Trep, that is a harmonic of the cavity roundtrip time, Trr, meaning
Trep = TrT/N, such that N OPOs are made to oscillate simultaneously in the long
spiral cavity. In our system, the 53-cm spiral results in a round-trip time of 4 ns
and corresponding 250-MHz FSR. The signal is coupled into an unbalanced Mach-
Zehnder interferometer (MZI), the output of which is collected on a photodetector,
which allows for measurement of the relative phases of the output pulse train. A
92:8 splitter placed before the MZI additionally sends a fraction of the signal to
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a reference photodetector for normalizing the measurement. The inset shows a
microscope image (left) and SEM image (right) of a portion of the long spiral
resonator.
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Figure 7.2: Measurement of independent oscillators. (A) Schematic of the
measurement setup. The nanophotonic chip is pumped by the output of an EO comb
which provides ps pulses at GHz repetition rates. The output is passed through a
fiber interferometer with an M-pulse delay for characterizing the relative phases of
the output pulses. The inset shows microscope (left) and SEM (right) images of a
segment of the spiral resonator. (B) Illustration of the pump pulse train, with 4-us
on-time. (C) Example signal pulse train at degeneracy, showing the binary phase of
the output. Each OPO iteration contains a repeating 4-ns random pattern of |0) and
|). (D) Principle of the interferometric measurement of the OPO signal, illustrated
with a 1-pulse delay. (E) Expected outputs for pulse-to-pulse (fast) and average
(slow) measurements. EO, electro-optic; PD, photodetector.

Figures and[7.2]C illustrate an example of the pump and signal pulse trains,
respectively. The pump (Fig. [7.2B) consists of a train of ps pulses to pump N
time-multiplexed OPOs which are kept on for 1000 roundtrips (4 us). The resulting
signal (Fig. [7.2IC) is composed of a train of N pulses with phases sampled randomly
from the allowed phase states of the system. In the depicted case of degeneracy,
they are sampled from the binary states |0) and |r).

Figure [7.2D depicts the passage of the signal through the MZI for each mea-
surement. Here, a 1-pulse delay is assumed for simplicity. The top row shows
the signal arm while the middle row shows the delayed arm. Their recombination
results in the interference signal shown in the bottom row, which is finally sent to
the measurement detector. In our experiment, this measurement is repeated every
100 us by turning the OPOs off and sending another 4-us set of pump pulses for
collecting statistics. As shown in Fig. [7.2E, we have employed both a fast detector
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for shot-to-shot measurement of the resulting intensity in each pulse site and a slow
detector for averaging over the MZI output for each 4-us set of pump pulses.

Each time the OPOs are turned on, each independent OPO signal takes a random
phase. In the case of fast detector measurements (Fig. [7.2E, top) and degenerate
operation, the corresponding normalized pulse peak intensity distribution taken
across many OPO iterations should resemble a Bernoulli distribution with a 50%
probability for obtaining either O or 1, such that the probability mass function (PMF)
is given by:

0.5 x=0,
f(x) =405 x=1, (7.3)
0 otherwise.
By contrast, in the non-degenerate case where the signal can take on an arbi-

trary phase, the expected theoretical distribution is given by the probability density
function (PDF):

otherwise.

I 0< 1,
flx) = {(’;‘Vx“‘x) e (7.4)

In the case of slow detector measurements (Fig. [7.2E, bottom), the average value
of the MZI signal over the 4-ns pulse train should be considered. Such a measurement
is helpful for obtaining statistics over a larger number of OPO iterations as well as for
improving measurement SNR in the case where the OPO repetition rate approaches
the detection bandwidth of the fast measurement system. In this case, the PMF for
the degenerate case is expected to be:

N
f(x) = {%(") k even, (7.5)

0 otherwise,

where k € 0, 1, ..., N is the number of phase flips between consecutive pulses in the
train of N pulses. Meanwhile, for large N, the non-degenerate system should tend
towards a normal distribution. More information regarding the expected outputs
can be found in Supplementary Section 2.

We first measure the case where N = 40, meaning the repetition rate of the pump
is set to be 10 GHz, the results of which are presented in Fig. Figures [7.3]A-D
contain the results of the interferometric measurement on a 25-GHz fast detector,
with Figs. [7.3]A-B showing the output when the laser is detuned to degeneracy while
Figs. 3C-D show the output in the non-degenerate case. Figures and
show examples of the directly measured interference pulse trains. The y-axis shows
the detector voltage, normalized such that 0 and 1 roughly correspond to the cases of
constructive and destructive interference between the arms of the MZI, respectively.
As expected theoretically, the MZI output is binary in the case of degeneracy (Fig.
[7.3]A). This is further confirmed by the histogram of the peak pulse intensities over
30 OPO iterations shown in Fig. [7.3B, where we observe two well-separated lobes
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Figure 7.3: Interference measurements for N = 40. (A-D) Fast detector mea-
surements in the degenerate (A-B) and non-degenerate (C-D) regimes. Examples
of the measured interference pulse trains are shown in (A) and (C). Histograms of
the measured peak pulse intensities over 30 degenerate (B) and 25 non-degenerate
(D) interference measurements show good agreement with theoretical expectations.
(E-I) Slow detector measurements in the degenerate (E-G) and non-degenerate (H-
I) regimes. Example data out of the slow detector is shown in (E) and (H). The
reference trace (top) is sampled from the OPO output before the MZI and is used
for intensity noise correction of the interference trace (bottom). Histograms of the
resulting corrected traces are shown in (F) and (I). As expected theoretically, discrete
peaks are observed in the degenerate case (F), whereas a continuous distribution is
seen in the the non-degenerate case (I). The discrete peaks in the degenerate case
are binned for comparison with theory (G), showing good agreement.

around 1 and O with nearly equal probability. As discussed in Supplementary Section
2, one key difference between our measurement and theory is the addition of detector
noise which results in the measured distribution looking like the convolution of the
expected theoretical distribution with a Gaussian. Meanwhile, the MZI output in
the non-degenerate regime can take on any value between 0 and 1 (Fig. [7.3[C).
By taking the histogram of the pulse peaks over 25 OPO iterations, we obtain the
distribution shown in Fig. . As expected, the measured distribution is bimodal,
and it agrees well with the theoretical fit.

The independence of the pulses is further confirmed through the slow detector
measurements shown in Fig. [7.3E-1. Figure shows a snippet of the detected
signal in the degenerate case. The reference measurement is acquired directly after
the chip output and is used for intensity noise correction, while the interference data
is taken after the MZI. Both are measured using a 1 MHz detector such that each of
the observed peaks correspond to one OPO iteration. The histogram of Fig. [7.3F
contains the peak values from the intensity-noise-corrected interference trace over
2 s of data, corresponding to 19,999 OPO iterations. Here, the observance of a
discretization in the measured values confirms operation in the degenerate regime.
Further comparison between the measurement and the expected theoretical distri-
bution in Fig. [7.3|G shows strikingly good agreement, verifying the independence
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of the OPOs in the time-multiplexed system.

The corresponding non-degenerate measurement is shown in Figs. [7.3H-1.
Figure [7.3H shows a snippet of the data in this case. In contrast to the degenerate
case, the interference output is not discretized, an observation confirmed by the
histogram shown in Fig. [7.3]. Again, the histogram consists of 2 s of data. A
Gaussian fit over the histogram shows good agreement between the measured data
and the theoretically expected distribution.
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Figure 7.4: Extension to N = 70. (A) Example interference pulse train on the fast
detector in the degenerate case. (B) Histogram of peak pulse intensities over 30
degenerate OPO iterations, exhibiting the expected Bernoulli distribution. (C) Cor-
responding histogram of fast detector measurements in the non-degenerate regime
and theoretical fit. (D) Histogram of slow detector measurements in the degener-
ate regime. (E) Theoretical comparison after binning the distribution from (D),
showing close agreement. (F) Histogram of non-degenerate interference data and
corresponding Gaussian fit.

One advantage of the TDM scheme is the ability to change the number of
sites without significant additional overhead, making computation of problems of
different sizes readily achievable. We demonstrate this by pushing our system to N
= 70 at a pump repetition rate of 17.5 GHz. Our current measurement is limited
by the modulators used in the EO comb and bandwidth of our fast photodetector.
However, as faster nanophotonic pump sources become available, we believe the
current time-multiplexed system will be capable of supporting much larger Ns and
significantly faster pump rates.

Figure [7.4] presents the results for pumping with N = 70. As can be seen in
the raw data of Fig. [7.4]A measured with the fast detector, pumping near the limits
of our electronics results in a reduced signal-to-noise compared to the case of N =
40. However, the histogram of fast detector measurements at degeneracy over 30
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OPO iterations depicted in Fig. [7.4B again shows a clear Bernoulli distribution, in
accordance with the theory. This stands in contrast with the non-degenerate case
of Fig. [7.4C, which also agrees well with the theoretical fit. Here, the bimodality
is less prevalent because of the relatively larger detector noise. The slow detector
measurements in Figs. [7.4D-F further confirm that independence is maintained. At
degeneracy, discrete values are again observed in the histogram (Fig. [7.4D), and the
distribution is shown in Fig. to match the theoretically expected distribution.
Likewise, the non-degenerate measurement shown in Fig. agrees well with the
Gaussian fit.

7.4 Outlook

In this work, we have demonstrated a large-scale system of time-multiplexed
OPOs in lithium niobate nanophotonics and shown the independence of the oscil-
lators in both the degenerate and non-degenerate regimes through interferometric
measurements of the device output. The addition of programmable couplings
between the oscillators will allow for exploration of a multitude of fundamental
phenomena and enable large-scale, all-optical information processing. Towards this
end, we propose the architecture illustrated in Fig. [7.5)A. Here, the main cavity
consisting of N time-multiplexed OPOs is accompanied by a secondary memory
cavity with N + 1 sites. The cavities are coupled such that pulses in the main and
memory cavities can interact, and the strength of the coupling is set through MZI-
based intensity modulators using fast electro-optic modulators (EOMs). A second
pump and periodically poled region in the memory cavity is used to compensate the
roundtrip loss.

In general, information processing requires a mixture of both linear and nonlinear
operations. In this architecture, linear operations, such as multiply-accumulate
operations or dot products, are achieved through arbitrary all-to-all couplings which
may be implemented over N + 1 roundtrips of the memory cavity. In the first
roundtrip, pulses from the main cavity are coupled to the memory cavity through
the right MZI channel. In the subsequent N roundtrips, couplings occur as illustrated
in the connectivity diagrams of Fig. from the memory cavity back to the main
cavity through the left MZI channel. The memory cavity may then be emptied of
pulses to allow the next coupling cycle to begin. Meanwhile, all-optical nonlinear
functions [38]] may be applied by modulating the pump in the main cavity. Such a
system, therefore, offers a flexible platform for studying systems of coupled nonlinear
resonators and highlights the importance of our demonstrated time-multiplexed OPO
as a first step towards achieving integrated ultrafast, energy-efficient, and scalable
all-optical information processing systems.
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Figure 7.5: Time-multiplexed architecture for programmable all-to-all coupled
nonlinear resonators. (A) The main resonator (bottom) with N time-multiplexed
OPOs is coupled to a secondary memory cavity (top), designed to have N + 1
sites. Losses in the memory cavity are compensated by a secondary pump and
poled region. EOMs in the coupling regions are used to program an MZI-based
intensity modulator, which can be used to tune the strength of the coupled pulse.
(B) Connectivity diagrams showing how arbitrary couplings are achieved over N
roundtrips. EOM, electro-optic modulator; MZI, Mach-Zehnder interferometer.
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Chapter 8

OUTLOOK

In this dissertation, we have developed the nanophotonic PPLN platform and
demonstrated its potential to offer new information processing opportunities at the
device, circuit, and system levels. However, we have only begun to explore the
possibilities this platform offers. With the foundational work now in place, we are
well-positioned to address more ambitious challenges. In this chapter, I aim to
provide a glimpse of the future advancements and applications that this platform
may enable.

8.1 Large Scale Information Processors
8.1.1 Coupled OPO Networks

Perhaps one of the most salient applications of parametric y? photonics is in
analog optical computing. While electronics-based von Neumann machines, from
smart watches to supercomputers, have revolutionized our way of life and can seem-
ingly do anything — from streaming the Tour de France to putting a man on the moon
— we are starting to understand the limitations of digital computers. For example,
electronic supercomputers cannot operate at THz clock rates, compute as energy
efficiently as the human brain, or take advantage of quantum parallelism. These
new capabilities are becoming ever more desirable and relevant given the compu-
tation problems of today. Indeed, since 2012 the amount of computation required
to train prominent Al problems has doubled every 3.4 months[1] (in comparison
Moore’s law has a two year doubling period) and we are fast approaching the regime
where we simply do not have enough resources to provide the level of computation
required to solve increasingly difficult challenges[2]]. Furthermore, there is an ever
growing sphere of computationally tractable and yet environmentally unsustainable
tasks[3[]. A recent study has shown that training a natural language processing
(NLP) model from scratch emits as much CO, as five cars in their lifetimes[4]].
In other words, although electronics can in principle provide universal computing,
their practical performance is limited by hardware, architecture, and the available
resources, effectively rendering some real-life tasks unsolvable.

To address some of these problems, photonic computers based on second-order
nonlinearities have been recently proposed. In particular, all-optical computers can
potentially operate in THz rates[5]] and exhibit alJ activation functions[|6]. These
features provide valuable resources for certain artificial neural network problems,
especially those involving analog and time-dependent optical signals obtained for
instance from lidars. In addition, by harnessing the rich physics arising in photonic
platforms, new paradigms of unconventional computing can be explored. Exam-
ples of these include NP-hard solvers such as coherent Ising machines and optical
quantum information processors (see Section [8.1.2)).

It is worth-while noting that many legitimate concerns about the scalability of
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optical computers have been raised in the past[[7, [8, [9]], and these are perhaps the
reason why optical computers, table-top implementations of which already existed
in the 1980s[10], have yet to hit mainstream commercialization. We argue how-
ever, that the landscape has recently changed. First, with the recent progress in
v@ integrated photonics, we finally have access to strong on-chip nonlinearities,
the necessary ingredient for all-optical activation functions and switches — essential
building blocks for computers. Furthermore, due to the much larger nonlinearities
provided by y? processes as compared to y*) photonics, many applications such as
all-optical switching can be realized in single-pass devices[11]], without the need of
high-Q cavities. Combined with the success in building linear operation solvers[[12],
we finally have the toolkit to perform both linear[[13] [14] and nonlinear[[15]
operations on the same integrated material platform. Secondly, we have reached
technological advancement to exploit time[18, [19], wavelength[20, 21]], and spatial
division multiplexing[22, to devise non-von Neumann computer architectures
tailored to the strengths and limitations of photonics. Thus, despite the compara-
tively large footprint of y(® nonlinear elements compared to electronic transistors,
we now know that with a single nonlinear optical element coupled to linear waveg-
uides one can perform meaningful computation, such as reservoir computers[24} 25]
and 100,000-node ising machines[26]]. Finally, and perhaps the most importantly,
even the silicon industry has realized the need of exploring so-called More than
Moore architectures[27]], and as such there is a large societal/industrial impetus to
explore alternative unconventional computing schemes.
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Figure 8.1: OPO Network Information Processor. a architecture and b illustration
of a coupled OPO processor chip. The latter was adapted from [28]].

Nanophotonic PPLN has reached a level of maturity where we can now ex-
plore all-optical information processors that demonstrate the clear advantages of
optics. In Chapter [/, we introduced one such architecture — a scalable and flexible
framework for time-multiplexed photonic computing. As depicted in Fig. [8.Th, this
system comprises two synchronously-pumped pulsed OPOs with high-speed pro-
grammable couplings between the cavities. One OPO functions as the main cavity
where the computation occurs, while the other serves as a memory cavity to facili-
tate inter-pulse interactions. Both linear and nonlinear operations can be performed
by precisely controlling the pump pulses and the forward/backward couplings be-



206

tween the two cavities. This architecture enables all-optical computation that is not
limited by electronic bandwidth, can be scaled to accommodate arbitrary problem
sizes without relying on impractical numbers of delay lines, and allows fully pro-
grammable all-to-all connections between pulses. The architecture is particularly
well-suited for tackling computational problems such as combinatorial optimization,
neuromorphic computing, and cellular automata. Given its scalability with all-to-all
connectivity, its ability to operate at optical computation rates, and its capacity to
harness the rich dynamics of OPOs [29,30,|31]], we believe this system is the perfect
platform to demonstrate the advantages of information processing with optics.

While this architecture is ambitious from both fabrication and measurement
perspectives, significant progress is being made toward its realization. One major
challenge was integrating high-speed RF electronics in a manner compatible with
QPM, but this hurdle has largely been mitigated. Further simplification of the exper-
imental setup can be achieved by transitioning to 775 nm and 1550 nm wavelengths,
allowing the 1-bit delay in Figure[8.1p to be replaced with a homodyne measurement
scheme and utilizing high-speed detectors with significantly better signal-to-noise
ratios (SNR). Recently, substantial progress has been made toward phase matching
1550 nm nanophotonic PPLN waveguides.

In this network, the problem size N is primarily defined by the length of the
memory cavity and the problem encoding speed, with the latter constrained by
the bandwidth of the switch used in the encoding scheme. Using realistic current
technology, we can conceive of memory cavities 1 meter long and employing EOMs
operating at 100 GHz, allowing for a problem size N of 1k. If on-chip losses can be
reduced to enable 10-meter-long resonators and 10 THz switches, as discussed in
Chapter {] problem sizes approaching a million are possible. Notably, even as the
problem size N scales, the number of components required in this platform remains
fixed.

8.1.2 Quantum Information Processors

Quantum information processing (QIP) has been widely explored using dis-
crete variables with qubits, on many physical platforms such as superconducting
circuits, photonics, trapped ions, quantum dots, nuclear spins, and neutral atoms. In
our nanophotonic PPLN platform we are interested in another universal paradigm
for QIP that makes use of continuous variables (CV) - in this case the amplitude
and phase quadratures of the quantized electromagnetic field. The key interest in
CVQIP comes primarily from its unprecedented potential to generate massively en-
tangled quantum states (cluster states) at room temperature using optical parametric
oscillators (OPOs). These have been demonstrated to possess long coherence times.

Compared to other CVQIP approaches, nanophotonic PPLN is appealing for
several reasons. First, the large quadratic nonlinearity combined with the tight
mode confinement in nanophotonic waveguides, allows for record levels of on-chip
squeezing. Second, these squeezed state can be achieved over large bandwidths,
which are beneficial for all-optical ultrafast quantum computation, quantum com-
munication, and quantum metrology. Finally, the fact that these states are prepared
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on-chip enables the quantum states to be generated and processed within the same
photonic integrated circuit (PIC) without experiencing on-chip to off-chip coupling
losses.

One of the most fundamental quantum states of light is squeezed vacuum, in
which noise in one of the quadratures is less than the standard quantum noise limit.
Significant progress has been made in the generation of optical squeezed vacuum
and its utilization for numerous applications. However, it remains challenging
to generate, manipulate, and measure such quantum states in nanophotonics with
performances required for a wide range of scalable quantum information systems.
In Chapter [5 we demonstrated how this challenge can be overcome in lithium
niobate nanophotonics by utilizing ultrashort-pulse phase-sensitive amplifiers for
both generation and all-optical measurement of squeezed states on the same chip. We
generate a squeezed state spanning over more than 25 THz of bandwidth supporting
only a few optical cycles, and measure a maximum of 4.9 dB of squeezing (~11
dB inferred). This level of squeezing surpasses the requirements for a wide range
of quantum information systems. Our results on generating and measuring few-
optical-cycle squeezed states in nanophotonics enables a practical path towards
scalable quantum information systems with THz clock rates and open opportunities
for studying non-classical nature of light in the sub-cycle regime.

While the study of Gaussian states is of great significance in understanding
the dynamcis of Bose gases and the theory of optical coherence, from a computa-
tion perspective they yield no advantage and can be efficiently simulated by classical
resources. To implement universal quantum computation using CVs, it is widely be-
lieved that non-Gaussian states are required. While the generation of non-Guassian
states has generally been challenging, leveraging the record level of squeezing in
TFLN, we hope to generate, process, and study non-Gaussian states beginning with
Cat States. Indeed, as discussed in [32], if we can further lower the loss in our
waveguides we may be able to breach the g/x — 1 barrier to access the strong
coupling regime in the near future, the implications of which have been explored in
detail[32, 33, |34]. Furthermore, our recent progress towards demonstrating time-
multiplexed coupled OPO networks may become a fertile playground for quantum
information processing.

Beyond information processing in the strict sense of CVQIP, I am excited about
the potential of our newly developed capabilities to generate, manipulate, and mea-
sure quantum states of light for enhanced sensing and metrology. Some of these
applications are being explored by the Scott Cushing group at Caltech.

8.1.3 Ultrashort Pulse Synthesizers

Using the techniques described in this dissertation, we can develop an ultra-short-
pulse synthesizer at the few- to single-cycle level on an integrated photonic chip.
An example of such as circuit is shown in Fig. This system achieves pulse com-
pression and amplification, sub-cycle control, and wavelength conversion through
precise dispersion and quasi-phase-matching (QPM) engineering, paired with con-
trollable ultrafast nonlinearity on-chip, in both cavity and single-pass configurations.
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Figure 8.2: On-Chip Photonic Ultra-Short-Pulse Synthesizer. Taken from US
provisional patent (CIT-9055-P).

Extreme pulse compression is achieved via a combination of a multi-octave optical
parametric oscillator (OPO), quadratic cavity soliton, and traveling-wave quadratic
soliton. Further pulse synthesis and amplification are performed through on-chip
optical parametric chirped pulse amplification (OPCPA). Wavelength conversion,
including into the mid-infrared (mid-IR) region, is achieved using intrapulse differ-
ence frequency generation (IDFG). While ultrafast optical schemes have traditionally
required meter-scale setups and nanojoule- to microjoule-level pulse energies, we
are excited by the prospect of bringing these setups to millimeter-scale nanophotonic
chips and picojoule- to femtojoule-level pulse energies. This advancement enables
new information processing opportunities in fields such as attosecond physics, spec-
troscopy, and communications.

Over the past few years many parts of the pulse synthesizer in Fig. [8.2] have
been developed in isolation. Here we will describe design details of the IDFG unit.
IDFG benefits from requiring few components, being intrinsically carrier-envelope
phase (CEP) stable, and ability to produce sub- to few-cycle output pulses. Figure
[8.3h illustrates a simple design of a nano-waveguide on LN for IDFG. Unlike typical
optical parametric amplification (OPA), IDFG only requires one input frequency
comb, and in contrast to optical parametric oscillators (OPOs), it only requires a
single pass through a nonlinear element. There are inherent advantages of bringing
IDFG to a nanophotonic platform. Not only will the smaller mode confinement allow
for significantly lower pump pulse energies, but the ability to dispersion engineer
enables significantly more control of the DFG pulse shape. Lower group velocity
dispersion (GVD) at the output pulse wavelength keeps the generated pulse from
widening, and control over the group velocity mismatch (GVM) between the signal
and 1idler pulses enables us to shape the output idler pulse[36]]. Combined, these
capabilities not only unlock novel use cases for IDFG on an integrated platform, but
may also allow us to observe new physics in extreme dispersion regimes. Significant
amount of dispersion engineering in LN nanophotonics [35] makes it an ideal
platform for IDFG.

In Fig. we show how tuning waveguide parameters on a TFLN on sap-
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Figure 8.3: IDFG. (a) Concept of IDFG on thin film lithium niobate on sapphire. (b)
Dispersion parameters of nanophotonic PPLN as a function of waveguide top width
and etch depth for a 950 nm thick film. (c) Idler wavelengths and necessary poling
periods for IDFG between various wavelengths of the pump, where the blue lines
indicate the pump center wavelength. (d) Frequency spectra and (e) time domain
simulations of IDFG in a waveguide with 8 mm of 8 ym poling to generate a MIR
frequency comb, using the single envelope approach described in [35]], suggesting
the potential of generating single-cycle mid-IR pulses in nanophotonic LN.

phire substrate enables dispersion control between the 1 ym pump and 4 um idler
wavelengths in numerical simulation. The geometry indicated by the cross on the
figure can support up to 4.8 um modes, and as shown in Fig. [8.3k, by using various
poling periods and pump wavelengths, a large range of mid-IR idler wavelengths
can be generated. In Fig. [8.3[d,e we show the simulated output spectra of an IDFG
waveguide pumped with only 68 pJ of 25-fs pulses centered at 1 ym with a 250-MHz
repetition rate. These simulation results suggest that single-cycle mid-IR optical
pulses can be generated using IDFG in LN nanophotonics with further performance
improvements expected from using more complicated dispersion engineering ge-
ometries and apodized periodic poling structures.

8.2 New Lasers < New Nonlinear Optics

The fields of lasers and nonlinear optics have always been closely intertwined,
with advancements in one often catalyzing breakthroughs in the other. This rela-
tionship dates back to the invention of the Ruby laser by Maiman in 1960, which
enabled Franken to observe second harmonic generation. The subsequent devel-
opment of more stable, high-power lasers improved conversion efficiencies in non-
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linear optics. Conversely, nonlinear optics provided wavelength tuning capabilities
to fixed-wavelength lasers, and as evidenced in the timeline in Fig. [I.1] nonlinear
photonic concepts such as Q-switching, mode-locking, and OPCPA soon enabled
the creation of higher power lasers.

The latest advancements in the nonlinear optical platforms of nanophotonic
PPLN continue this tradition. We are already seeing demonstrations of fast RF
modulations enabling a new class of on-chip mode-locked lasers. Efforts to achieve
passive mode-locking as well as add broad tunability to gain media are actively
being pursued. Dispersion engineering in this context can facilitate femtosecond-
scale ultrashort pulse sources with compact footprints. In terms of wavelength
tuning, we have already begun to see demonstrations of on-chip electrically pumped
OPOs, where commercially available DBRs are co-packaged with our latest on-chip
OPOs. This advancement opens up numerous exciting opportunities for applications
in sensing, spectroscopy, and metrology.

Although these new light sources have mostly been limited to lab-scale demon-
strations so far, historically, new light sources have often been followed by a surge
of start-ups aiming to commercialize these technologies. With the emergence of
start-ups focused on nanophotonic PPLN, it will be fascinating to see if these com-
panies can overcome the “valley of death” and address the challenges of packaging
and volume-scale manufacturing, thereby advancing the maturity and commercial
viability of nanophotonic PPLN.
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