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The photonics landscape encompasses a wide scope of material platforms, each
optimized for specific functionalities, yet no platform meets the demands of all
current and evolving photonic applications. Although combining integrated-

photonics materials enhances overall capability, such as unifying nonlinear optics,
low-loss passive devices and electro-optics, material and process compatibility
remains a major challenge. Here we introduce full-wafer, monolithic 3D integration
of tantalum pentoxide (Ta,O;, hereafter tantala’) photonics directly onto a patterned
substrate, demonstrated here with thin-film lithium niobate?. Tantala’s unique
properties, importantly room-temperature deposition, moderate-temperature
annealing and low residual stress in thick films optimized for phase matching,

make it well suited for monolithic 3D integration without compromising substrate
performance or compatibility. We demonstrate low-loss, high-quality-factor
microresonators and nanophotonics in tantala, robust quasi-phase-matching in poled
lithium niobate waveguides?, and efficient 3D interlayer routing. These capabilities
enable us to demonstrate a rich palette of nonlinear frequency conversion processes,
including x® four-wave mixing for supercontinuum generation, optical parametric
oscillation and dark-pulse microcomb generation in tantala microresonators and
photonic crystal resonators, Y® second-harmonic generation in periodically poled
lithium niobate, and combinations thereof.

The advancement of integrated photonics has the potential to fuel
innovation across abroad range of applications including metrology*,
telecommunications®, visible-light consumer electronics® and quan-
tum technologies’. These examples highlight the diverse functional
demands placed on photonic systems, requiring laser sources, fre-
quency combs, high-speed modulators and quantum light sourcesin
single platforms. For higher performance and capabilities that meet
these demands, recent efforts have focused on bringing nonlinear
optics on-chip. Third-order nonlinear x® platforms such as silicon
nitride (SiN)®°, tantalum pentoxide (Ta,Os, hereafter tantala)**?and
aluminium nitride" support arange of efficient nonlinear phenomena
including frequency-comb generation, supercontinuum generation,
soliton dynamics and broadband wavelength conversion. Thin-film
second-order nonlinear y? systems using materials such as lithium
niobate (LN)***%, lithium tantalate' and barium titanate (BTO)" enable
high-bandwidth electro-optic modulation'® and second-harmonic
generation (SHG), often through quasi-phase-matched poled wave-
guides®*” . Nonetheless, despite significant progress in both estab-
lished and emerging platforms, it is widely recognized that no single
material cansatisfy all functional requirements. As aresult, effortsare
increasingly focused on strategies that combine integrated-photonics
platforms with high-performance nonlinear materials, particularly
those supporting broadband low-loss across the visible and shortwave
infrared, to unlock the potential of integrated photonics.

Heterogeneous integration has emerged as a strategy for uniting
complementary photonic materials. By bonding entirely separate sub-
strates with distinct materials for optical, electronic and structural
properties, such as integrating IlI-V semiconductors with low-loss
passive and nonlinear waveguides, this approach enables the reali-
zation of complex, multifunctional photonic systems®*?*, Recent
demonstrations have combined III-V gain media with nonlinear
waveguides torealize integrated amplifiers and tunable lasers®*¢ and
microresonator frequency combs?” pumped by on-chip lasers. Other
integration efforts have leveraged techniques such as micro-transfer
printing®® and direct bonding®~* to combine thin-film LN and SiN
platforms. The techniques used in these approaches stem from SiN
material properties and processing conditions required to produce
low-loss, thick-film photonic layers. Specifically, high residual stress
(approximately 800 MPa), high-temperature deposition (approxi-
mately 770 °C) and high-temperature annealing (approximately
1,200 °C) of standardized recipes necessitate independent SiN
wafer processing and additional steps in integration such as incor-
porating stress-relief structures®°. Indeed, although heterogene-
ous integration developments are promising within select material
ecosystems, the need for recurring customization of fabrication to
ensure material and process compatibility poses a significant barrier
toscalability and therefore broader adoption with arbitrary photonic
ecosystems.
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Fig.1|Monolithic 3D integration of tantala photonics on patterned
substrates. a, The tantala-LN platformis realized by depositing tantala onto
acommercial thin-film LNOI wafer, facilitated using a planarized SiO, interface
layer. b, SEMimage of tantala-LN cross-section. ¢, Tantala-LN waveguide
configurations and optional metal integration. d, Tantala-LN device palette

Monolithicintegration presents a streamlined and scalable pathto
combine materials and realize diverse functionalities within a unified
platform and fabrication process. Originating in microelectronics, it
involves sequential fabrication of multiple device layers onacommon
substrate within a cohesive process flow. This approach underpins com-
plementary metal-oxide-semiconductor (CMOS) technology, where
transistors, interconnects and memory are vertically integrated at the
wafer level to deliver dense and cost-effective circuits. In photonics,
early monolithic efforts on indium phosphide (InP) platforms® dem-
onstrated integration of active and passive components such as lasers,
modulators and photodetectors into a single chip, enabling compact
optical transceivers and high-bandwidth communication systems. Sili-
con photonics subsequently advanced monolithic strategies by incor-
porating vertically stacked silicon-on-insulator waveguide layers to
increase routing density and device functionality within foundry-scale
processes®. More recently, monolithic three-dimensional (3D) pho-
tonic integration has emerged, particularly in silicon-on-insulator
and SiN platforms, where multiple photonic layers are stacked and
interconnected®**. Monolithic integration supports tailoring of
individual layers for specific optical properties such as dispersion,
transparency range or nonlinear response while maintaining litho-
graphic alignment and low-loss interlayer transitions. By preserving
full-wafer-scale compatibility and avoiding intermediate assembly
steps, monolithic integration offers a manufacturable framework to
combine high-performance nonlinear functionality with complemen-
tary active and passive photonic devices, pointing towards unified
material platforms.

Here we introduce monolithic 3D integration of tantala integrated
photonics directly on a thin-film LN photonic substrate, leveraging
ultralow loss across the visible and near-infrared plus nonlinear and
nanophotonic functionality. Monolithic 3D integration is made pos-
sible by the material properties of tantala thatlend room-temperature,
ion-beam-sputtering (IBS) deposition, low residual stress (38 MPa
(ref.1)), and moderate-temperature (500 °C) anneals or anneal-free
variations using metal-oxide mixtures®. These advantages of tantala
over, forexample, SiN afford our monolithic 3D integration approach
broad compatibility with underlying photonic materials and struc-
tures. We demonstrate seamless integration by realizing a tantala-LN
platform, choosing commercial thin-film LN on Si as the substrate for
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comprising poled LN waveguides, high-Q tantalamicroresonators and PhCRs
with3Dinterlayer routing afforded by taper structures. e, SEM images of
tantalaresonators (i), aninterlayer taper transition between tantalaand LN (ii),
atantalaring-bus coupler (iii) and a close-up of atantala taper (iv). Scale bars,
400 nm (b); 100 pm (e(i)); 10 pm (e(ii),(iii)); 1 um (e(iv)).

its appeal as a x® and electro-optic visible photonics platform that
affords nonlinear operation when paired with y® tantala. We present
ultralow loss, 3D integrated circuits of tantala-LN, demonstrating
interlayer routing that enables upper-layer tantala photonics to
efficiently interface lower-layer LN devices. We verify low-loss wave-
guide fabrication by measuring microresonators with intrinsic qual-
ity factors (Q;) exceeding 5 million and characterize high-Q photonic
crystal resonators (PhCRs)* ", demonstrating platform support for
nanophotonic designs. Finally, we showcase x*® and ' tantala-LN
operation with four-wave-mixing (FWM) optical parametric oscil-
lation (OPO) and dark-pulse microcomb generation on upper-layer
tantalaand SHG in lower-layer periodically poled LN. We leverage the
x®and x® nonlinearities of tantala—LN in series-connected, dual-layer
devices for broadband, arbitrary-wavelength laser conversion using
OPOwithSHG and for carrier-envelope offset frequency (f,.,) detection
of comb sources using tantala supercontinuum generation followed
by SHG in LN for f=2f self-referencing*®*. Our results demonstrate
monolithic 3D tantala integration as a remarkable paradigm for scal-
able, multifunctional photonic systems, enabling incorporation
of nonlinear optics directly into existing and emerging photonics
infrastructure.

Monolithic 3D Integration of tantala

Figure 1 presents monolithic 3D integration for realizing tantala pho-
tonics on patterned substrates. Our process uses room-temperature IBS
of tantalato leverage a mix of capabilities for monolithic integration,
suchas precise control of tantala films onto substrates and amenability
to doping with, for example, metal-oxide mixtures to tailor material
properties and afford anneal-free processing®. Figure 1a explores the
flexibility of monolithic 3D integration with thin-film LN-on-insulator
(LNOI) as the lower substrate, realizing the tantala-LN platform.
Figure 1b shows a cross-section scanning electron microscope (SEM)
image of an example structure in which atantala waveguide s realized
directly on top of an etched LN waveguide. In this image, the bottom
oxideand the LN layer are components of the commercial LNOI wafer,
andthe upperoxideisthe planarizedinterface layer. Here the LN layer
is partially etched to realize a specific device design, but full layer etch-
ingis also possible. The upper-layer tantala waveguides shown in the
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Fig.2|Tantala-LN fabrication, tantalamaterial properties and
microresonator Q. a, Process flow for monolithic 3D integrated tantala
photonicsrealized directly on commercialized thin-film LNOI substrates.

b, Material parameters (n, refractive index; n,, nonlinear refractive index;
dn/dT, thermo-optic coefficient, where Tis temperature; £y, material bandgap;
T4 tantala deposition temperature; T,...,, anneal temperature) relevant for
tantalanonlinear photonics fabrication and operation"?#3, ¢, Measured
intrinsic quality factor (Q;) of wide ring width, normal dispersion (top; ring

SEMimage are designed for air-cladding torealize high-index-contrast
operation for the visible-wavelength band. This image qualitatively
assesses waveguide fabrication and alignment precision realized by
monolithic tantala processing, thereby demonstrating capabilities for
direct, co-integration of two distinct waveguide layers.

InFig.1c, we show arange of waveguide designs supported by mono-
lithic3D tantala-LNintegration in terms of material layers, claddings
and optional metallization for poling electrodes, electro-optic control
and heaters. The platform leverages the complementary optical proper-
ties of tantala and LN, specifically, broadband transparency from the
upper edge of the ultraviolet to shortwave infrared and comparable
refractiveindices that supporthigh-index-contrast waveguides and effi-
cient mode-matching between waveguides™**2, Together, the material
properties and the layout circuit possibilities create the functionality
to access arich nonlinear design space (Fig. 1d). Figure 1e shows SEM
images of tantala microresonators, an interlayer taper structure, a
tantala ring-bus coupler and a close-up of a single taper.

Fabrication and passive characteristics

We outline the tantala-LN wafer fabrication in Fig. 2a, beginning with
commercial, 300-nm-thick magnesium-oxide-doped X-cut LN film on
a3-inch oxidizedsilicon (Si) wafer. Our process begins with patterning
the LN layer, followed by inductively coupled plasma chemical vapour
deposition and planarization of silicon dioxide (SiO,), then IBS and pat-
terning of the tantalalayer. The ultrathin, planarized oxide layer enables
alow-lossinterface betweentantala photonics with the lower substrate.
Complete fabrication details are provided in Methods. In Fig. 2b, we
summarize tantala material parameters relevant to photonic perfor-
mance and fabrication™"2, In terms of nonlinear performance, we note
the strong nonlinear coefficient of tantala (6.2 x 10" m* W™ measured
at1,550 nm (ref.1) and 7.23 x 107 m* W measured at 800 nm (ref. 43)),
compared with SiN (2.4 x 10 m* W' measured at 1,550 nm (ref. 44)).

width 4 pm) and narrow ring width, near-zero dispersion (bottom; ring
width890 um, 1,040 pmand1,140 pminblue, green andred, respectively)
microresonators fabricated on the tantala-LN platform. Error barsindicate
standard deviation across multiple resonance measurements of the same
device. Inset shows an SEM image of fabricated tantala microresonators.

d, A3-inch tantala-LN wafer image identifying Q;, measured at1,550 nm,
for microresonators of the same design from 3 separate chips at different
locations on the wafer.Scale bar, 90 um (c, inset).

We experimentally characterize optical loss, as low-loss waveguides
and high-Qresonators are critical for efficient nonlinear operation. For
example, in microresonator-based FWM processes, threshold power
scalesinversely with the square ofloaded Q (Q,)* andintegrated devices
aimfor operation with practical on-chip pump powers. To support high
Q,, aphotonics platform must fundamentally support high Q,, as Q,
is dependent on coupling Q (Q,) via ring-bus coupling designs and
through the relation Q, = Q. + Q;". We measure microresonator Q,
on the tantala-LN platform by performing microresonator spectros-
copy of dispersion engineered, wide- and narrow-ring-width designsin
Fig.2c. We use tunable lasers at multiple wavebands to measure trans-
mission of device resonances in parallel with a calibrated fibre Mach-
Zehnder interferometer, using the Mach-Zehnder interferometer
transmission as an optical frequency ruler. The devices we characterize
are designed for operation using the fundamental transverse electric
mode (TEO), although designs that use other polarization or waveguide
modes* are possible. We fit experimental transmission data to extract Q,
and calculate waveguideloss, a, inmicroresonators with aring width of
4 umoptimized for normal dispersion 200-GHz dark-pulse generation
and microresonators with narrow ring width designed for near-zero
dispersion broadband OPO. In 4-um devices (Fig. 2c, top), we meas-
ure Q, to be approximately 4.7 x 10® (a = 0.12 dB cm™), approximately
5.5x10° (@ =0.09 dB cm™) and approximately 4.5 x 10° (¢ =0.09 dB cm™)
for wavelengths of 1,064 nm, 1,310 nm and 1,550 nm, respectively. In
narrow-ring-width devices (Fig. 2c, bottom), we measure Q; between
approximately 7.5 x 10° and approximately 1.2 x 10° for ring widths of
890 nm (blue), 1,040 nm (green) and 1,140 nm (red) at wavelengths
between 780 nm and 1,064 nm. The Q, values for the narrowest wave-
guide device (ring width 890 nm) correspond to waveguide losses of
a=12dBcm™, a=0.9dBcm™and a=0.9 dB cm™ for wavelengths of
780 nm, 980 nmand 1,064 nm, respectively. Thedependence of Q;and a
onring width suggests thatopticalloss s limited by waveguide scatter-
ing owingtoincreased modal overlap with side walls in narrower devices.
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Fig.3|Tantala-LNinterlayer routing and SHG. a, Left: interlayer taper
schematic, simulated mode profiles at pointsin the taper transition and 3D
modelled TEO electric field showing transmission from upper-layer tantala

to lower-layer LN. Right: measured loss of taper transition test structures at
1,550 nm (red) and 780 nm (blue). b, Schematic of LN poling electrodes (top)
and second-harmonic microscope image showing domaininversion of poled
regions (bottom). ¢, SEMimages of apoled and etched LN waveguide before
(top) and after (bottom) removing residual electrode patterning. d, Normalized
SHG gainspectrum versus wavelength for devices with varying A (top).
Comparisonwithmodelled (black line) phase matching and images of tested

Nonlinear operation

We explore design and operation of tantala-LN devices, demon-
strating a complete palette of x® and x*® nonlinear optics and cir-
cuit combinations. We first explore SHG in x® periodically poled LN
waveguides, especially through generation of visible light, and in
3D tantala-LN devices, where light is routed between tantala and
LN layers to demonstrate interlayer functionality. In y*® tantala, we
demonstrate efficient FWM processes that realize ultrabroadband
OPOinnear-zero dispersion microresonators and dark-pulse genera-
tionin normal dispersion PhCRs". Finally, we demonstrate cascaded
x®-x® operation by cascading upper-layer tantala microresonator
OPO and straight waveguide supercontinuum generation to poled
LN waveguides in single devices.

Figure 3a characterizes passive tantala-LN interlayer routing struc-
tures, which leverage adiabatic, coupled tapering techniques broadly
suited to low-loss optical mode transitions*. The taper regions are
250 um in total length, with linearly decreasing waveguide widths
from 2 pm down to 150 nm for both the tantala and LN waveguides.
We show a 3D schematic (exaggerated dimensions to show features)
and a 2D sslice labelling the silica interface thickness, dx, dependent
on chemical-mechanical polishing (CMP) planarization, overlaid with
asample finite-difference-time-domain simulationin Fig. 3a (left). Our
e-beam lithography process is suited for high-precision alignment of
taper structures, with a specified precision of +£20 nm. More critical in
terms of processing is the CMP oxide planarization step, which controls
dxbetween the waveguides and affects modal overlap of the taper struc-
tures. Furthermore, modal overlap in general includes a wavelength
dependence owing to the stronger confinement of optical modes at
shorter wavelengths®. In finite-difference-time-domain simulations
with dx =150 nm, we found the loss per transition to be <0.05 dB at
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Wavelength (nm)

Pump (on-chip) (mW)

devices during operation (bottom). e, Optical spectrumof a tantala-LN SHG
device converting a970-nm pump to 485-nmsignal, measured directly from
multimode fibre (MMF) edge-coupled to output facet. f, Calibrated on-chip
pump power versus on-chip SHG power for an LNOI device with output SHG
of 525 nm (grey crosses) and tantala-LN devices with output SHG 0of 485 nm
(bluecircles) and 787 nm (red circles). Error barsindicate standard deviation
uncertainty inon-chip SHG power based on propagated uncertainty of chip
insertionloss measurements. Scale bars, 5 pum (b, bottom); 3 um (c, top);

2 pm (c, bottom).

1,550 nm and 0.3 dB at 780 nm. For dx =200 nm, we simulate the loss
per transitiontobe <0.05 dBat1,550 nm, decreasingto 1.5 dBat 780 nm.
We measure loss per transitioninserially cascaded taper test structures
to be below approximately 0.2 dB and approximately 0.5 dB for wave-
lengths 0f 1,550 nm (red) and 780 nm (blue), respectively (Fig. 3a, right).

In Fig. 3b-f, we explore nonlinear Y SHG in dual-layer tantala-LN
devices enabled by the low-loss interlayer transitions. Figure 3b pre-
sents aschematic of poling electrodes centred about a LN waveguide
where we define poling pitch, A, which controls quasi-phase-matching
(QPM) and SHG gain wavelength. Throughout the poling procedure,
we visually monitor domaininversion using a second-harmonic micro-
scope.Inthe second-harmonic microscope image in Fig.3b (bottom),
poling electrodes are seen as dark fringes along the top and bottom,
and inverted domains as the segments spanning the middle. Qualita-
tively, uniform colouring within each domain suggests complete poling
through LN films and fixed repetition across domains shows longitu-
dinal uniformity®**%, We show SEM images of poled devices following
waveguide etching in Fig. 3c. Residual electrode material is observed
on either side of the waveguide, but at distances sufficiently far from
the waveguide to avoid interaction with optical modes.

We characterize wavelength-dependent phase matchingin devices
thattarget arange of visible SHG wavelengths by varying A (Fig.3d). The
devices are selected from two separate chips on the same tantala-LN
wafer, one chip having devices poled for pump wavelengths spanning
about 920-980 nm (blue curves and dots) and the other for about
1,020-1,050 nm (green curves and dots). Experimentally, we couple
pump light into the chip using a lensed fibre with a spot size of 2 um
and collect SHG light out of the chip by edge coupling a multimode
fibre directly to the chip facet (Methods). We tune the wavelength
of the pump laser across the range of designed QPM targets and use
an optical power meter with shortpass dichroic filters, cut at 750 nm
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Fig.4|Tantala-LN y®/x® designs and demonstrations. a, Geometric
dispersion engineering and control of second-order dispersion parameter,

D,, realized by designing waveguide thickness, ¢, and ring width, RW. b, Photonic
crystal design showing SEM image (left), measured resonator mode split, ypic
(middle) and integrated dispersion of anegative D, device with photonic crystal
onthe pump mode (right). Scale bar,1 pm. ¢, Summary of nonlinear operation
realized in3D tantala-LN photonics: broadband wavelength conversionin near-
zerodispersion tantalamicroresonator OPO (i), dark-pulse generationin normal
dispersion tantalaPhCRs operated with pump wavelengths of 972 nm (left)

with extinction exceeding 70 dB, to record SHG power versus wave-
length. We plot the measured SHG gain spectrum for each /A design
(solid lines) and the calculated gain centres of mass (dotted lines) in
the top of Fig. 3d. In the bottom of Fig. 3d, we plot the extracted gain
centres of mass for each A along with the modelled phase-matching
curve (blackline). We note offsets in the measured SHG phase match-
ing data against the modelled curve when comparing the three chips,
which were fabricated at varied locations across the tantala-LN wafer.
Furthermore, we note deviations from theoretical sinc-squared SHG
gain, suggesting deviations in phase matching along the waveguide
in single devices. Such effects have been explored in the literature
and attributed to thickness variations in LNOI films, which could be
addressed in future fabrication runs by adaptively biasing A designs
based on wafer-level thickness measurements*°,

We next characterize tantala-LN SHG devices and a comparison
LNOI SHG device operating under high-power pump conditions to
assess performance in terms of power and efficiency. We show a sam-
ple spectrum of a tantala-LN 485-nm SHG device in Fig. 3e. In Fig. 3f,
we plot the calibrated on-chip pump power versus SHG power of the
LNOI device designed for an SHG target of 550 nm with device length,
L, 0f 2,000 pm, and of tantala-LN devices for SHG targets of 485 nm
and 787 nm, both with L =1,800 pm.

We measure on-chip SHG power exceeding 6 mW for an on-chip
pump power of 35 mW inthe LNOI device, SHG power exceeding 5 mW

and1,535nm (right) with conversion efficiency (CE) for arepresentative

1,550 nm device indicated (ii), SHG in LNOIl and 3D tantala-LN using poled

LN waveguides (iii), cascaded y** OPOin tantala to Y® SHG in lower LN (iv) and
cascaded y*® supercontinuum (SC) generationintantalato Y2 SHGin LN (v).
The tantalawaveguide width, WGW, lends dispersion control for SC generation
(left). Together with SHG, this device enables radiofrequency (RF) carrier-
envelope offset (f.,) detection, whichalong withrepetitionrate (f..,) detection,
affords f~2fself-referencing*’ for custom-pump-wavelength (1,) pulsed sources
(4,=1,030 nminblueandA,=1,560 nmin orange) (right).

forapump power of 84 mW inthe 485-nmtantala-LN device,and SHG
power of 11 mW for a pump power of 87 mW in the 787-nm tantala-LN
device. We calculate the geometry-normalized conversion efficiency to
be13,000% W cmfor the LN device, 2,200% W™ cm™for the 485-nm
tantala-LN device, and 4,500% W™ cm™ for the 787-nm tantala-LN
device. We attribute variations in performance between the devices
to deviationsin phase matching based on our characterization of SHG
gain presented above in Fig. 3d.

Figure 4 explores x® and paired y*-x® devices in monolithically
integrated tantala-LN, which draw on the transition of previously
developed tantala microresonator and PhCR designs®°*2, In x®
devices realized in upper-layer air-clad tantala, we use 570-nm-thick
films that support strong mode confinement for high nonlinear gain
and designable dispersion for controlling nonlinear phase matching.
We characterize geometric control of phase matching by simulating
group-velocity dispersion (GVD) for varied microresonator waveguide
geometries thatrealize normal, near-zero and anomalous GVD across
near-infrared pump laser frequencies (Fig. 4a). To link geometric dis-
persion engineering with practical designs, we identify the near-zero
dispersion crossing (dotted lines) for each ring width, highlighting the
operating point that realizes ultrabroadband-wavelength conversion
based on tantala microresonator OPO.

Next, we explore nanophotonic PhCR designs that leverage
nanometre-scale-resolution etching of tantala to control the bandgap
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mode and magnitude, lending mode-wise control of phase matching
independent of broad geometric dispersion. We present aPhCR design
inFig. 4b, noting m as the parameter that affords mode selectivity via
Bragg matching and A, as a parameter that controls bandgap magni-
tude, Ypnc- We show an SEM image of afabricated PhCR device in Fig. 4b
(bottom left). We measure ;¢ in Fig. 4b (middle) and the integrated
dispersion, D, (Fig.4b, right). The combination of normal GVD, realized
through design of ring width, and phase-matching for FWM realized
through design of the pump-mode bandgap enables dark-pulse gen-
eration for high-efficiency and spectrally flattened microcombs*”*>,

In Fig. 4c, we present experimental measurements that charac-
terize a palette of x¥ and Y nonlinear photonics on the tantala-LN
platform. These experiments encompass major themes in the recent
development of integrated nonlinear photonics for the generation
of unique sources including soliton microcombs, SHG, broadband
OPOs, supercontinuum and combinations thereof. We schematically
show tantala-LN circuits and their measured output optical spectra.

In a tantala microresonator designed for near-zero dispersion via
geometric control (Fig. 4a), we demonstrate wavelength conversion
thatexceeds an octave of optical bandwidth froma pump wavelength
of 968 nm to signal and idler wavelengths of 698 nm and 1,572 nm,
respectively (Fig. 4c(i)). In a normal dispersion microresonator, and
the normal dispersion PhCR presented in Fig. 4b, we show dark-pulse
generation at pump wavelengths of 974 nmand 1,535 nm, respectively
(Fig.4c(ii)). For the 1,535 nm PhCR device shownin Fig. 4c(ii), we meas-
ureaconversion efficiency exceeding 26%. In Fig. 4c(iii), we show SHG
inthe LNOI device poled for1,050-525 nm SHG, and in the tantala-LN
device for 970-485 nm SHG.

Next, we demonstrate upper-layer x*® tantala operating in concert
with lower-layer x* LN. In Fig. 4c(iv), we present an ultrabroadband,
customizable laser-wavelength converter based on OPO in a tantala
microresonator followed by SHG in poled LN. Here the pump laser is
at 1,076 nm, making primary OPO signal and idler waves at 1,048 nm
and 1,107 nm, respectively. The full OPO output is routed from the
upper-layer tantala waveguide into the lower-layer LN waveguide,
with peak SHG gain, measured at 524 nm, designed to convert the
OPOsignal. We observe the highest conversion betweenthe 1,048 nm
to 524 nm wave, as it is aligned with the QPM peak. We also observe
weaker SHG corresponding to conversion of the residual pump laser
from 1,076 nm to 538 nm, of the idler from 1,107 nm to 553 nm, and
additionally sum-frequency generation of pump-plus-signal and
pump-plus-idler OPO waves.

Finally, in Fig. 4c(v), we present tantala-LN devices that enable
f-2f self-referencing* using cascaded y*® supercontinuum genera-
tion* in tantala and x® SHG in LN. The tantala waveguide width, WGW,
affords dispersion engineering to optimize supercontinuum genera-
tion for operation with custom-wavelength pulsed sources. We show
this flexibility by demonstrating two designs, the first with tantala
WGW = 650 nm, optimized for operation withapulsed laser centred at
1,030 nmand the second with WGW =1,600 nm, optimized for a pulsed
laser centred at1,560 nm (additional experimental details providedin
Methods). We calculate the effective nonlinear parameter, y = 21tn,/AA,
where A is the effective mode area and n, is the nonlinear refractive
index of tantala, for these two designstobe 11.0 W' m™ (1,030 nm pump,
WGW =650 nm) and 3.0 W m™ (1,560 nm pump, WGW =1,600 nm). At
theright of Fig. 4c(v), we show alow-pass-filtered (50-MHz corner) radi-
ofrequency spectrum for each device, measured by sending the output
light to a photodiode responsive at the second-harmonic waveband.
Welabel the carrier-envelope offset frequency (f..,) and repetition rate
frequency (f..,), which together afford f-2f self-referencing.
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Methods

Tantala-LN fabrication

We provide here the details of tantala-LN wafer fabrication (pre-
sented in Fig. 2a). Processing begins with commercial, 300-nm-thick
magnesium-oxide-doped X-cut LN film on a 3-inch, oxidized silicon
wafer. Waveguidesin the LN layer are directed along the y axis, afford-
ing TE polarized operation along the z axis. Devices on the LN layer
like periodically poled SHG (periodically poled LN) waveguides are
processed before tantala deposition. To realize electrodes for peri-
odically poling in LN, we use electron beam lithography to create a
patternin ZEP520A resist, deposital00-nm SiO, interlayer via atomic
layer deposition, then deposit a1l00-nm-thick layer of gold-chromium
metal. Removing the electron beam lithography resist transfers the
patternto the metal layer via lift-off. Our electrode designs are electri-
cally linked across neighbouring devices to parallelize poling and lend
scalability to fabrication. We create poled domains in the LN layer by
use of avoltage pulse waveform that exceeds the coercive field strength
of LN***%, and we monitor the domain inversion using a two-photon
microscope. After poling, electrode metals are removed through two
selective wet chemical etches at room temperature. First, the gold
layer is stripped in Transene TFA and rinsed in deionized water. The
chromium layer is then removed in a bath of CR-7 chromium etchant
and the wafer is then rinsed again in deionized water. We next litho-
graphically pattern and etch LN waveguides using an argon ion mill
to apartial etch depth of approximately 150 nm. To prepare the lower
substrate surface for tantala deposition, we proceed by depositing
oxide by use of inductively coupled plasma chemical vapour depo-
sition. Because the oxide inherits the topology of the devices and
structures present on the lower substrate, we use CMP to planarize
the wafer and prepare it for tantala deposition. Following CMP, the
substrate resembles a standard, oxide-clad wafer from the perspec-
tive of tantala processing, allowing for fabrication to proceed with no
modifications from previously developed process flows. We deposit
tantala, in this work to athickness of 570 nm, using room-temperature
IBS. We use electron beam lithography to define tantala structures
on an 85-nm-thick alumina hardmask layer, followed by etching in a
fluorene-based plasma and mask removal. To reduce photorefractive
effects in tantala®, we deposit a 20-nm-thick conformal layer of SiO,
via atomic layer deposition on the tantala layer and anneal the wafer
at 500 °C for 12 h (this anneal step is bypassed for titanium-doped
tantala®). Finally, tantala-LN wafers are singulated into individual
chips using a deep-reactive-ion-etch, which optionally allows for
angled facets and other facet geometries.

SHG QPM

We model the QPM curve in the bottom of Fig. 3d by first solving for
the wavelength-dependent effective index of the fundamental TEmode
across the range of pump and SHG wavelengths using a finite element
method mode solver. For material refractiveindices, we use Sellmeier
data for 5% MgO-doped LN**and SiO, (ref. 55). The waveguide design
comprises a SiO, cladding with a300-nm-thick LN waveguide layer,
partially etched to adepth of 150 nm to realize a 2-um-wide ridge. We
use the finite element method wavelength-dependent effective index
data to link pump and SHG wavevectors (k, and k,,) with A using the
QPM relation®.

A=211/(2k,, - ky,)

SHG insertion loss measurements

Calibrating chip coupling insertion loss is critical for characterizing
SHG performance (Fig. 3f). For tantala-LN devices, light is coupled
into upper-layer tantalawaveguides, routed downinto LN for SHG, and
routed back into tantala waveguides for output coupling. The tantala
waveguides incorporate waveguides with anincreasing widthto 2.5 pm

at the facets to improve mode-matching with optical fibre. Devices
pumped at 980-nm and 1,064-nm wavebands used HI1060 lensed fibre
with a 2-um spot size at the input. At the chip output, we edge couple
a50-pum-core-diameter multimode fibre, chosen for broadband com-
patibility. We independently measure insertion loss for each relevant
wavelength (pump and all SHG wavelengths) for fibre-to-chip coupling.
To do this, we characterize fibre coupling for symmetric tantala-LN
interlayer-routed structures. Using test lasers operating at the experi-
mental pump or SHG wavelength, we first couple light into and out of
the chip using matching lensed fibres designed for the test wavelength.
We assume symmetric facet loss and record per-facet insertion loss
for lensed fibre coupling. We then replace the output fibre with the
multimode fibre and measure the additional loss, thereby calibrating
the per-wavelength, per-facet loss for either lensed fibre (pump light
input) or multimode fibre (SHG light output) coupling configurations
for the visible-wavelength SHG measurements. We repeat these same
calibrations for the LNOI device. For the 1,550-nm tantala-LN device,
we use lensed SMF-28 fibre on both the input and output, and meas-
ured SHGlight on avisible detector insensitive to the pump (measured
rejection >70 dB). The measured insertion losses for the tantala-LN
970 nmto 485 nm SHG deviceare 5.5+ 0.3 dB (pump) and 7.5+ 0.3 dB
(signal). The measured insertion losses for the tantala-LN 1,574 nmto
787 nm SHG device are 4.9 + 0.3 dB (pump) and 5.8 + 0.3 dB (signal).
The measured insertion losses for the LNOI1,050 nm to 525 nm SHG
deviceare 9.1+ 0.6 dB (pump) and 11.6 + 0.6 dB (signal).

SHG power and conversion efficiency

For the visible-wavelength high-power SHG measurements, we fil-
ter out the pump light using 2 shortpass optical filters, each cut at
awavelength of 750 nm and specified to have a rejection exceeding
50 dB. We confirm sufficient pump rejection by first measuring the
pump laser directly, with and without thefilters, observing arejection
exceeding 70 dB and limited by the noise floor of our power meter.
We fit the SHG power versus pump datain Fig. 3f to a quadratic curve,
assuming no pump depletion, to calculate conversion efficiency in
terms of % W7, then normalize to units of % W' cm™ using the device
lengths reported in text.

Tantala dispersion design

Wemodel GVDinFig.4aby first solving for the effective index as a func-
tion of wavelength of the TEO mode using afinite element method mode
solver. For the material refractive index of tantala, we use a Sellmeier
fit from published ellipsometry data measured on the tantala photon-
ics platform™. We use the calculated effective index data to solve for
discrete resonator mode frequencies, w, with corresponding integer
mode numbers, m, for agiven microresonator ring radius. For aselected
pump mode, m,, we then calculate integrated dispersion® using

w(u)=wo+Dyp+Dy %2+ Dy P16+ ...
=g+ D1+ Dy

where i is the mode number with respect to the pump (z=m - m,).In
this description, D,/2mis the free spectral range. D,,. thereby describes
the departure of mode frequencies from a linear, free-spectral-
range-spaced grid. D,/2m is the GVD parameter plotted in Fig. 4a.

Tantala nonlinear testing conditions

We provide here experimental conditions that accompany the data
presented in Fig. 4c. Figure 4c(i) shows a microresonator OPO for a
devicewithameasuredloaded Q of 0.43 M. The device was pumped at
968 nm with an on-chip pump power of 44 mW. Figure 4c(ii) presents
dark-pulse spectra of two normal dispersion PhCR devices. The 980-nm
device (left) was measured to have loaded Q of 2.0 M and was operated
withan on-chip pump power of 8 mW. The 1,550-nm device (right) was
measured to have loaded Q of 2.65 M and was operated with on-chip



pump power of 100 mW. Figure 4c(iv) presents a microresonator OPO
cascaded to LN for SHG. The microresonator was measured to have
loaded Q of 0.62 M and was operated with on-chip pump power of
approximately 50 mW. Figure 4c(v) presents supercontinuum genera-
tionin tantalawaveguides cascaded to LN SHG. For the1,030-nmdevice
(blue), the chip insertion loss was measured to be 6 dB per facet and the
pump was a pulsed laser with pulse width 150 fs, average power 150 mW
and repetition rate of 100 MHz. For the 1,560-nm data (orange), the
insertionloss was measured tobe 5 dB per facet and the pump laser had
pulse width150 fs, average power 58 mW and repetition rate of 75 MHz.
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