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ABSTRACT
Nonlinear optics is the precursor for many of the modern-day applications of photonics, including femtosecond pulse synthesis, precision
spectroscopy, and metrology. In the last decade, nanophotonic waveguides have not only boosted the efficiencies of nonlinear effects but also
unlocked new degrees of freedom in the design process and enabled the monolithic integration of multiple nonlinear devices. Now, the advent
of thin-film variants of platforms with a strong second-order nonlinearity such as lithium niobate-on-insulator (LNOI) enables entirely new
applications while further improving efficiency for the existing ones. However, suitable fabrication processes are needed to exploit the full
potential of these new platforms. Here, we introduce a process for fabricating high-confinement lithium niobate waveguides with periodic
poling. Our waveguide designs enable both third-order nonlinear χ(3) broadening and sum frequency generation (SFG) up to the fourth
harmonic through a quasi-phase-matched χ(2) section. In supercontinuum (SC) experiments, our devices produce multi-octave SC spectra
when pumped with an 80 fs mode-locked laser at 1560 nm.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0227255

I. INTRODUCTION
While nonlinear photonics is used in many experiments and

applications, supercontinuum (SC) generation stands out among
them as it utilizes several different nonlinear effects over a very
large bandwidth. Furthermore, the resulting broadband spectra are
key enablers for many optical applications ranging from frequency
combs to spectroscopy and telecom. Therefore, SC generation is a
suitable setting to highlight and compare the capabilities of non-
linear photonic platforms. Over the past few decades, multiple
platforms have contributed to advancements in SC generation.

First observed in bulk materials,1,2 SC generation only revealed
its full potential when used in fibers, which enabled, for exam-
ple, octave-spanning coherent spectra, which were the prerequi-
site for self-referenced optical frequency combs.3,4 This advance-
ment is made possible because, in fibers, mode sizes are generally
smaller and maintained over long propagation distances compared
to bulk materials, thus substantially increasing the effective nonlin-
earity. Furthermore, by changing material compositions and fiber

geometries, one can modify the chromatic dispersion (dispersion
engineering) to reach the regime where the nonlinear broadening
is particularly efficient (anomalous dispersion).3,5 More recently,
nanophotonic waveguides have emerged as another promising plat-
form, for which many more materials are available with substantially
larger nonlinearities.6 The effective mode size is further reduced
[Fig. 1(a)] and the cross-section of the waveguide can be adjusted
or even varied over short distances of several millimeters along the
propagation direction. This variability is a degree of freedom that
was barely available in optical fibers, thus enabling an even higher
degree of control over the intricate SC processes.

In a next technological leap, using materials with second-order
(χ(2)) nonlinearity for nanophotonic waveguides, the SC generation
does not only rely on third-order (χ(3)) processes, such as self-phase
modulation (SPM) and four-wave mixing (FWM) anymore. Instead,
more efficient χ(2) processes such as second-harmonic generation
(SHG), sum-frequency generation (SFG), and difference-frequency
generation (DFG) can complement χ(3) processes to achieve much
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FIG. 1. Different supercontinuum (SC) generation platforms and their spectra.
(a) Fiber- and nanophotonic waveguide-based SC generation with χ(3) nonlin-
earity only. The generated spectrum features χ(3) broadening around the pump
and a small amount of third-harmonic generation. (b) χ(2)-based SC genera-
tion with χ(3) broadening combined with χ(2)-based harmonics to generate a
multi-octave-spanning spectrum.

broader spectra through harmonic generation [Fig. 1(b)]. These
second-order processes are only efficient when the interacting waves
are phase-matched. Although several phase-matching techniques
are available for nanophotonic waveguides, including birefringent
phase matching (BPM) and intermodal phase matching (IPM),
quasi-phase matching (QPM) stands out among all as it not only
offers exceptional SHG efficiencies7,8 but also a design freedom for
tuning the second-order effects over a broad spectral range. This
tuning via QPM can help increase the efficiency of certain second-
order processes over the others to effectively target a desired spectral
region, or even complement conventional dispersion management
by introducing an effective dispersion through QPM.9 Second-order
effects, such as SHG, can also provide practical benefits, such as
carrier-envelope-offset frequency (fCEO) detection via f–2f beatnotes
(self-referencing), allowing for fully stabilized combs,10 which are
essential for precise metrology. Thus, nanophotonic waveguides
with χ(2) nonlinearity mark a significant progression in SC gener-
ation technology where phase-matched χ(2) processes can be used
for efficient spectral broadening and frequency conversion through
harmonic generation [Fig. 1(b)].

Several nanophotonic material platforms can be utilized for
nonlinear applications where χ(3) and χ(2) processes work in
tandem, including aluminum nitride (AlN),11,12 lithium niobate
(LiNbO3), gallium phosphide (GaP),13 and more recently, gal-
lium nitride (GaN).14 Among these, thin-film lithium niobate, or
lithium niobate-on-insulator (LNOI), is a powerful platform that
not only has a strong χ(2) coefficient but also allows for QPM with
periodic poling. This provides the freedom to tailor second-order
effects similar to the dispersion engineering for third-order effects.

So far, several demonstrations have been made using periodically
poled lithium niobate for broadband SC generation15,16 includ-
ing at high repetition rates.17 While these developments showcase
the immense potential of integrated photonic systems that harness
second- and third-order nonlinear effects, they also highlight the
critical need for fabrication capabilities that can reliably tailor the
waveguide geometry and the phase-matching condition for a desired
application.

Here, we present a fabrication process and experimental results
for periodically poled, tightly confining LNOI waveguides, specifi-
cally designed for broadband SC generation into visible and ultravi-
olet (UV) wavelengths. Our fabrication features aperiodic (chirped)
poling for broadband QPM and tight confinement via a fully etched
lithium niobate layer. Our process is a path toward realizing the full
potential of the SC generation using second- and third-order non-
linearities by allowing for a maximum degree of flexibility for the
waveguide cross-section and realizing QPM by poling. The potential
is demonstrated by the generation of SC spectra spanning multiple
octaves that extend below 400 nm, also while operating at a high
repetition rate.18

II. WAVEGUIDE FABRICATION
The fabrication of the periodically poled thin-film lithium nio-

bate waveguides is illustrated in Fig. 2 in detail. As a substrate, we
use a 4-in., x-cut LNOI wafer (NANOLN) with 800 nm LiNbO3 layer
on a 3 μm SiO2 layer on bulk silicon (Si). Although the fabrication
process presented in this section can be utilized at the wafer scale,
we typically work with 16×16 mm dies. Before dicing the wafer into
dies, platinum (Pt) alignment marks are defined across the wafer to
ensure precise alignment of the poling electrodes and waveguides
with the crystalline axes of the lithium niobate in the subsequent
lithography steps. After dicing, the fabrication is performed on dies
with three main steps: periodic poling, waveguide fabrication, and
chip separation.

For the periodic poling step, first, chromium (Cr) surface elec-
trodes are patterned via electron-beam lithography (EBL) using a
methyl methacrylate (MMA)–poly(methyl methacrylate) (PMMA)
bilayer and subsequent lift-off [Fig. 2(a)]. The poling electrodes
are positioned 15 μm apart and are oriented such that the applied
electric field is along the optical (crystalline z) axis of the crystal.
The electrodes also feature tapered tips to provide a better electric
field distribution and poling quality.19 Second, periodic poling is
performed by applying a high voltage (HV) across the electrodes
[Fig. 2(c)] using a ferroelectric poling system (TF 3000, aixACCT)
and an HV amplifier (Trek 2210, Advanced Energy). During the
HV-poling process, the sample is covered in silicone (transformer)
oil to prevent dielectric breakdown of the surrounding air. The HV
signal applied for poling is shown in Fig. 2(e) and consists of two
parts: The first part consists of three 1 ms long pulses at 300 V
(20 V/μm) [Fig. 2(e)]. These pulses are often referred to as pre-pulses
and have been shown to help nucleate domains closer to the positive
electrode and facilitate further domain growth, yielding high-fidelity
poled domains.20 The second part (poling pulse) consists of a quick
ramp to 450 V (30 V/μm) to propagate the nucleated domains to the
negative (ground) electrode, followed by a slow voltage decay over
300 ms, to stabilize the inverted domains. During the poling pro-
cess, the current is measured and integrated to calculate the charge
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FIG. 2. Periodically poled lithium niobate waveguide fabrication. (a) Lithium niobate-on-insulator (LNOI) substrate with chromium (Cr) poling electrodes fabricated with
electron-beam lithography (EBL) and lift-off. LiNbO3 and SiO2 layer thicknesses are 800 nm and 3 μm, respectively. (b) False-color scanning electron microscope (SEM)
image of the Cr poling electrodes. The scale bar is 10 μm. (c) Illustration of periodic poling of lithium niobate. A high-voltage (HV) source is used to apply electric fields
in excess of 21 V/μm (coercive field of LiNbO3) to invert crystal domains periodically for quasi-phase matching (QPM). The small inset shows periodic sign change in
second-order nonlinear susceptibility (χ(2)) as a result of the periodic poling. (d) Partially false-colored SEM image of the poled domains. The scale bar is 5 μm. (e) HV
signal applied to the electrodes for poling. The domain nucleation is initiated with three 1 ms long pulses and the domain inversion is completed with a fast voltage ramp to
450 V (30 V/μm) and a slow decay over 300 ms. The charge is calculated by integrating the current over time. It provides a qualitative verification of the poling process. (f)
EBL for patterning waveguides. Cr is used as a hard mask for high selectivity during reactive-ion etching (RIE). (g) Ion-beam etching (IBE) with argon (Ar) to transfer the
electron-beam resist pattern to the Cr layer. The remaining resist is removed after etching. (h) RIE with fluorine chemistry to etch the lithium niobate layer. The remaining
Cr is removed after etching and the sample is cleaned. (i) False-color SEM image of a through-etched waveguide after cleaning. The scale bar is 2 μm. (j) SiO2 deposition
as a 3 μm thick cladding layer via low-pressure chemical vapor deposition (LPCVD). (k) Series of RIE steps to reveal input and output facets. Individual etching steps are
performed to remove all layers in sequence, including deep reactive-ion etching (DRIE) to remove the bulk silicon layer. (l) False-color SEM image of the input facet of a
waveguide. The inset shows the through-etched waveguide layer with a 75○ sidewall angle. The scale bar is 2 μm.

[Fig. 2(e)]. This provides an on-the-fly verification of the poling
process, as the permanent increase in charge is due to the rema-
nent polarization, i.e., the amount of polarization that remains in the
material after the external field is removed, which is an indication of
the inverted domains in ferroelectric crystals. However, it should be
noted that this is a qualitative, rather than quantitative, measure for
poling with surface electrodes [Fig. 2(a)], since relating the charge
to the change in polarization requires knowing the precise volume
between the electrodes where the polarization change occurs, which
is difficult to estimate in this configuration, i.e., when the electrodes
are co-planar.

After poling, the sample is inspected to verify the periodi-
cally poled domains across the substrate. Typical non-destructive
inspection methods for visualizing ferroelectric domains in lithium
niobate consist of either high-resolution serial methods such as
piezoresponse force microscopy (PFM)21,22 or diffraction-limited
optical methods such as second-harmonic microscopy (SHM)23

and polarization contrast microscopy (PCM).20 In this work, we
employ scanning electron microscopy (SEM). Although this is not
a standard inspection method for ferroelectric domains, SEM strikes
a good balance between resolution and acquisition time. While
lithium niobate is an insulating material and the oppositely poled
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domains do not provide any contrast in SEM, the interface between
oppositely polarized domains, or a domain wall (DW), is known
to have higher conductivity compared to the bulk crystal,24 thus
allowing for reasonable contrast when an electron beam is scanned
across the surface [Fig. 2(d)]. However, it should be noted that
SEM is primarily a surface imaging technique, meaning that it pro-
vides information on periodically poled domains near the surface.
Nevertheless, subsurface domains can theoretically be visualized
by increasing the beam voltage, which allows for deeper electron
penetration into the material.25 After inspection, the Cr electrodes
for poling are removed with chemical etching (TechniEtch Cr01,
MicroChemicals GmbH) to prepare the samples for waveguide
fabrication.

For waveguide fabrication, the etching method and the mask
material play a crucial role. In addition to the performance char-
acteristics such as propagation losses, they help define the wave-
guide cross-section and consequently the dispersion characteristics.
Even though polymer26 or inorganic resist masks such as hydrogen
silsesquioxane (HSQ)27 have been successfully used for fabricat-
ing high-Q resonators, they often have poor etch resistance when
fluorine-based reactive-ion etching (RIE) is used to etch lithium
niobate. This leads to a low etch selectivity (against lithium nio-
bate) and limits the lithium niobate thicknesses that can be etched
when resist masks are used. To mitigate this problem, etching can
be made purely physical, i.e., only argon (Ar) sputtering, which
will allow reasonable selectivity, but will result in shallow side-
walls of around 60○28,29 and etching thick lithium niobate layers
will require substantial resist thicknesses. Recently, higher sidewall
angles of around 80○ have been demonstrated in lithium niobate
using Ar sputtering;30,31 however, this process requires adjusting the
incidence angle of Ar ions, a feature that is not available in most
etching tools and can be limiting when etching negative patterns,
i.e., small openings for resonators and couplers. Both of these prop-
erties, dictated by the etching process—the sidewall angle and the
ability to etch thick lithium niobate films—become important when
tight lateral confinement is needed either for compact integration
or for subwavelength waveguiding structures (e.g., for mid-infrared
(mid-IR) applications).

In contrast to resist masks, metal masks such as Cr or nickel
(Ni) exhibit significant etch resistance to RIE with fluorine chem-
istry. Thus, they can be used as an etch mask to allow for the
etching of relatively thick lithium niobate layers with better side-
wall angles of around 75○.32 Therefore, in this work, we use a Cr
hard mask that we deposited using electron beam evaporation (EBE)
and subsequently patterned with EBL [Fig. 2(f)] using a positive
resist (ZEP520A, Zeon Corporation) and Ar ion beam etching (IBE)
[Fig. 2(g)]. Then, RIE with fluorine chemistry (CHF3/Ar) is used
to transfer the hard mask pattern to the lithium niobate layer [Fig.
2(h)], resulting in a 75○ sidewall angle [inset of Fig. 2(l)]. Finally, the
remaining Cr is etched chemically, and waveguides are cleaned in
Piranha solution (H2SO4:H2O2). The SEM image in Fig. 2(i) shows
a waveguide made from a fully etched 800 nm thick lithium nio-
bate layer on SiO2. Although there is significant over-etching into
the SiO2 layer due to its poor etch resistance to CHF3/Ar plasma,
this will not significantly affect the waveguide performance, as these
regions will later be buried under the SiO2 cladding. This approach
can easily be utilized to etch lithium niobate thicknesses in excess of
1 μm.

In the third and last fabrication step, the waveguides are
cladded with a 3 μm thick SiO2 layer using low-pressure chemical
vapor deposition (LPCVD) [Fig. 2(j)]. Even though a SiO2 cladding
offers less index contrast (n = 1.444 at 1550 nm) compared to air
(n = 1), it increases the longevity of the waveguides by protect-
ing them from environmental factors and can improve both the
coupling efficiency33 and the power handling capability of the wave-
guides. It should also be noted that the SiO2 layer is deposited at
a relatively low temperature of 425 ○C to preserve the periodically
poled domains, as it has been shown that elevated temperatures can
degrade the inverted domains.34,35 After the cladding deposition,
the waveguide facets are revealed through a series of RIE steps to
separate four 5×5 mm photonic chips from the original die. This
results in low roughness facets (compared to dicing), minimizing the
scattering losses when coupling the light in and out.

III. WAVEGUIDE DESIGN
To experimentally validate the capabilities of the devices made

using our process, we designed waveguides that target SC genera-
tion with maximum spectral coverage across both visible and UV
wavelengths. This involves optimizing two nonlinear processes that
take place sequentially in our waveguides: χ(3)-based spectral broad-
ening and χ(2)-based harmonic generation. We strategically placed
the spectral broadening before the harmonic generation stage as this
should ensure the availability of the necessary frequency compo-
nents for second-order processes and ultimately lead to a gap-free
spectrum spanning several octaves through overlapping harmonics.
The extent of χ(3) spectral broadening depends on the group velocity
dispersion (GVD) characteristics of the waveguides, which, in turn,
is influenced by the waveguide geometry. On the other hand, the
harmonic generation in the subsequent stage relies heavily on QPM,
since the strong material dispersion of lithium niobate in the vis-
ible and UV wavelengths results in a phase mismatch that needs
to be compensated for efficient second-order processes. Therefore,
designing phase-matching structures for different χ(2) processes is
essential for harmonic generation and will be addressed here.

A. Waveguide geometry
Figure 3(a) illustrates the cross-section of a lithium niobate

waveguide. Since the waveguide height (h) is determined by the film
thickness of the substrate, the parameters we have control over are
sidewall angle (θ), slab thickness (tslab), and waveguide top width
(w). Both θ and tslab are determined by the etching process (method,
chemistry, duration, etc.) and, therefore, are tunable between fabri-
cation runs, though with certain limitations. Conversely, the wave-
guide top width (w) has the most freedom, as it is lithographically
defined and can be varied within a photonic chip. Therefore, to
determine the ideal waveguide geometry, we first performed a mode
analysis for fundamental transverse electric (TE00) mode using finite
element modeling (FEM) software (COMSOL Multiphysics) to cal-
culate the effective mode index as a function of wavelength. For the
analysis, we considered two geometries: The first one, referred to as
Design A [Fig. 3(b)], has θ = 60○ and tslab = 300 nm, representing
typical fabrication capabilities when using resist masks, as discussed
earlier. The second geometry, Design B in Fig. 3(c), represents the
fabrication process detailed in Sec. II with θ = 75○ and with no slab
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FIG. 3. Effect of the waveguide geometry on dispersion characteristics. (a) Illustration of a waveguide cross-section with different parameters. (b) Normalized electric field
strength of the fundamental transverse electric (TE00) mode for Design A with h = 0.8 μm, w = 0.8 μm, tslab = 0.3 μm, and θ = 60○. (c) Normalized electric field strength
of the TE00 mode for Design B with h = 0.8 μm, w = 0.8 μm, tslab = 0 (no slab), and θ = 75○ (a.u.: arbitrary units). (d) Group velocity dispersion (GVD) of Design A and
Design B for different waveguide top widths. (e) Numerical simulation (pychi)36 results for Design A (left) and Design B (right) for spectral broadening with a 1560 nm input
with pulse duration of 80 fs and pulse energy of 75 pJ. (f) Comparison of the simulated output spectra of two designs together with the input spectrum.

remaining (tslab = 0). For both geometries, waveguide top width and
optical frequency are varied. The GVD as a function of the wave-
length for both geometries is shown in Fig. 3(d). Although a similar
trend in GVD can be observed for both designs with increasing
waveguide top width, Design B consistently offers larger anoma-
lous dispersion values over a broader range of wavelengths, which
are typically favorable for nonlinear applications such as SC gener-
ation and soliton formation. This is especially true for the 1.2 μm
wide waveguide for which the dispersion is anomalous between the
wavelengths of 1.2 and 2.3 μm.

To compare the spectral broadening of the two designs
(Design A and Design B), we also performed numerical simu-
lations using the open-source Python package pychi.36 Here, the
dispersion data that were previously calculated for both Design A
and Design B with a waveguide top width of 0.8 μm are used.
As an input, we define a pulsed input at 1560 nm with hyper-
bolic secant (sech) spectral distribution, pulse duration of 80 fs,
and pulse energy of 75 pJ. The spectral broadening of both designs
for a waveguide length of 5 mm can be seen in Fig. 3(e), along
with the output spectra in Fig. 3(f). It is clear that Design B
with larger anomalous dispersion can indeed result in a broader
spectrum compared to Design A, especially into longer wave-
lengths, thus validating our design choice regarding waveguide
cross-section.

B. Poling period
The second design step involves designing the QPM structures,

that is, determining the poling (QPM) period required for relevant
χ(2) processes. In general, the QPM period is inversely proportional

to the k-vector mismatch of the interacting waves. The QPM period
for a generic three-wave process is

ΛQPM = 2π
Δk
= 2π
∣k1 + k2 − k3∣ , (1)

where k1 and k2 are the k-vectors of input waves, and k3 is the
k-vector of the output wave. The optimum QPM periods for a mul-
titude of SFG processes such as SHG (where k1 = k2) are calculated
from simulated dispersion data and shown in Fig. 4(a). The QPM
period for SHG of 1560 nm is around 4.4 μm and does not vary
significantly for wavelengths above 1250 nm. Indeed, for SHG, rea-
sonable QPM bandwidths can be achieved with a fixed QPM period
while mildly varying the waveguide width, or vice versa.37,38 How-
ever, achieving broadband spectra through χ(2) necessitates not only
satisfying QPM requirements for multiple frequency pairs within
an SFG process but also for a multitude of SFG processes such as
SHG, third-harmonic generation (THG), and fourth-harmonic gen-
eration (FHG), which are indicated by different colored lines in
Fig. 4(a). Achieving this is possible through chirped or aperiodic
QPM designs, where the poling period is not constant, but rather
varies along the propagation direction [Fig. 4(b)].

Another design consideration is related to the SFG processes
which generate wavelengths in the visible and UV ranges. For these
processes, the QPM period, Λ, drops significantly to around 1.2 μm
due to strong dispersion. Achieving short QPM periods in the order
of 1 μm (inverted domain width of 500 nm) is although possi-
ble,21 challenging to realize with high spatial fidelity. The main
problem stems from the lateral domain broadening during peri-
odic poling, which prevents perfect 50:50 (both domains at equal
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FIG. 4. Designing of the quasi-phase matching (QPM) pattern for lithium niobate
waveguides. (a) QPM period as a function of fundamental wavelength for different
second-order processes. Solid line indicates first-order phase-matching, whereas
dashed lines are for higher (third-) order phase matching. Dispersion values of
a waveguide with a top width of 1 μm are used in calculations. SHG: Second-
harmonic generation, THG: Third-harmonic generation, FHG: Fourth-harmonic
generation, F: Fundamental, SH: Second-harmonic, TH: Third-harmonic. (b) Illus-
tration of chirped (aperiodic) poling for broadband QPM where the poling period
is varied along the propagation direction. The dark-shaded region represents the
waveguide; only one waveguide is placed in the center of the poled region. (c) Pol-
ing period (Λ) and spatial frequency of the poling period (Λ−1) as a function of
propagation distance for a 1.5 mm long waveguide section. (d) False-color scan-
ning electron microscope (SEM) image of a lithium niobate sample with chirped
poling. Both zoomed-in windows show 15 μm wide sections with varying poling
periods. The dark-shaded regions indicate the waveguide placement in the poled
region.

width) domain distribution. This leads to a drop in the QPM effi-
ciency,39 potentially preventing efficient harmonic generation into
visible and UV wavelengths. To help alleviate this problem, higher
order QPM can be utilized, where an odd-integer multiple, e.g., three
for third-order QPM, of the QPM period can also satisfy the phase-
matching condition [dashed lines in Fig. 4(a)]. This approach offers
less peak efficiency for a given propagation length; however, fabri-
cation requirements can be relaxed significantly. Therefore, in this
work, we utilize a chirped (aperiodic) poling period (Λ) that spans
from 15 to 1 μm. This range covers both first- and third-order phase-
matching requirements for all relevant SFG processes for harmonic
generation in the visible and UV wavelengths.

With the introduction of the chirped poling, the chirp rate, or
function Λ(z), becomes another design parameter that can be tai-
lored to favor certain SFG processes, similar to choosing a poling
period. Since the generated harmonic power will be determined,

among other factors, by the phase-matched interaction length, we
apply a chirp rate that allocates more space for shorter periods. This
is done to allow for more first-order phase-matched interactions
and compensate for previously mentioned inefficiencies regarding
shorter poling periods. More specifically, rather than varying the
poling period (Λ) linearly, we arbitrarily chose to design the chirp to
be linear in spatial frequency of the period (Λ−1). Our chirp function
is

Λ(x)−1 = p−1
0 (1 − x) + p−1

1 x, (2)

where x is a dimensionless variable for the normalized position along
the poling length of L (x = z/L). According to Eq. (2), the poling
period Λ(x) varies from p0 for x = 0 (z = 0) to p1 for x = 1 (z = L).
Using this linear chirp rate in the spatial frequency (Λ−1), more
than 85% of the periodically poled region is allocated for first-order
phase matching [1–5 μm, Fig. 4(a)] compared to only 29% with a lin-
ear chirp in poling period (Λ). The change in the poling period for
L = 1.5 mm can be seen in Fig. 4(c). Figure 4(d) is a false-color SEM
image that shows a poled lithium niobate sample with a changing
poling period.

IV. EXPERIMENTAL VALIDATION
The broadband SC generation with the fabricated waveguides is

reported in this section. We fabricated waveguides using the previ-
ously described process, resulting in waveguides with the geometric
properties of Design B from Sec. III: a waveguide height of 0.8 μm, no
slab (tslab = 0), and a sidewall angle of θ = 75○ [Fig. 2(l)]. The exper-
imental setup used for testing is depicted in Fig. 5(a). As a source,
we use a 100 MHz, 80 fs mode-locked laser with a central wave-
length of 1560 nm. We couple the light into the waveguides using
a polarization-maintaining (PM) lensed fiber with a specified mode
field diameter (MFD) of 2.5 μm. The waveguide top width (w) at the
input and output facets is 2.5 μm [Fig. 2(l)] and tapered to the wave-
guide width in 0.25 mm long sections. Using these edge couplers for
both input and output, we measured a total transmission efficiency
(output to input power fraction, including propagation losses) of
19% (−7.2 dB) on average at 1550 nm. We expect this value to be
dominated by the coupling losses, given the relatively short propa-
gation length of the waveguides (5 mm). The average output power
of the laser is set to 100 mW, corresponding to a pulse energy of 1 nJ.
Based on the transmission measurements and the additional losses
leading to the waveguide, we estimate the on-chip pulse energy to
be ∼300 pJ. The total waveguide length is 5 mm and, excluding the
coupling tapers, the remaining length of 4.5 mm is designed with
two sections: a 3 mm long spectral broadening section (without pol-
ing) followed by a 1.5 mm long periodically poled section with a
chirped period from 15 to 1 μm. After the waveguide, the spectra
are collected using a large-core (100 μm), fluoroindate (InF3) multi-
mode (MM) fiber to minimize UV absorption losses and ensure that
no further nonlinear effects take place in the fiber after the light is
collected. Later, the spectra are recorded using an optical spectrum
analyzer (OSA) (AQ6374, Yokogawa).

A photograph of one of the waveguides during operation is
shown in Fig. 5(b). Here, individual stages of SC generation can be
identified clearly from the scattered light. In the first 3 mm of the
waveguide, which is used for spectral broadening, only a weak visi-
ble light is scattered from the waveguide, as most of the optical power
still resides in the infrared (IR) region. However, soon after the start
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FIG. 5. Broadband supercontinuum (SC) generation using a periodically poled
lithium niobate waveguide. (a) Experimental setup. The input is a 100 MHz, 80 fs
mode-locked laser at a central wavelength of 1560 nm and an average power of
100 mW (pulse energy of 1 nJ). The laser output is coupled into the waveguide
using a polarization-maintaining (PM) lensed fiber with a specified mode field dia-
meter (MFD) of 2.5 μm. The output light is collected using a fluoroindate (InF3)
multimode (MM) optical fiber to minimize ultraviolet (UV) absorption and recorded
using an optical spectrum analyzer (OSA). (b) Photograph of the waveguide dur-
ing SC generation. The periodically poled χ(2) section close to the output can be
identified by the scattered white light. Scale bar is 2 mm. (c) Recorded output light
of a waveguide with a top width of 0.8 μm. The resulting spectrum spans multi-
ple octaves and is limited only by the detection window of the OSA. (d) Numerical
simulation results of the same waveguide in (c) for a length of 4.5 mm consisting
of 3 mm long χ(3) and 1.5 mm long χ(2) section. The input pulse is centered at
1560 nm, and pulse duration and energy are 80 fs and 300 pJ, respectively.

of the periodically poled section, scattered light becomes “white,”
indicating the harmonic generation of visible wavelengths. This can
also be seen from the nonlinear simulation results in Fig. 5(d), where,
in the first 3 mm of the waveguide, a broadened input comb and a
weak second harmonic are observed. However, in the periodically
poled section, phase-matched χ(2) processes generate light in the
visible and UV ranges, similar to the observation from Fig. 5(b).

The measured output spectrum from a waveguide with a top
width of 0.8 μm is shown in Fig. 5(c). Here, we can see the gap-free
spectrum spanning several octaves, from 150 to 850 THz, only lim-
ited by the detection window of the OSA. We also observed, across
multiple waveguides, a general decrease in the light intensity start-
ing from longer wavelengths of the visible spectrum to blue and UV.
We attribute this trend to several factors: First, the visible and UV
wavelengths are generated through cascaded χ(2) processes where
multiple processes take place in sequence. Therefore, any inefficient
process will affect the subsequent processes that rely on it, com-
pounding the effect. Second, as mentioned before, generating lower
wavelengths typically requires small QPM periods due to strong
material dispersion [Fig. 4(a)], thus prone to inefficiencies related
to duty-cycle errors in poling. An example of this can be seen in
Fig. 4(d), where the deviation from the ideal 50% duty cycle for alter-
nating domains is more severe for smaller QPM periods compared
to larger ones.

In a different test, we investigated how different design choices
affect the output spectra. To do this, we used waveguides with a
similar configuration as before (3 mm spectral broadening section,
1.5 mm periodically poled section), yet with different chirp direc-
tions. In one design, the poling period is chirped down from 15 to
1 μm with a chirp rate indicated in Eq. (2), whereas in another wave-
guide, the poling period is chirped up from 1 to 15 μm with the
same chirp rate. The output spectra for both of these waveguides
are shown in Figs. 6(a) and 6(b). In both designs, broadband, gap-
free spectrum is generated with similar spectral features, indicating

FIG. 6. Output spectra of different waveguide configurations with (a) chirped down
χ(2) section (15 to 1 μm) after the χ(3) section, (b) chirped up χ(2) section (1–15 μm)
after the χ(3) section and (c) same waveguide as in (b) when the propagation
direction changed. The waveguide top width is 2.5 μm for all waveguides and the
input comb is shown with the red line in all plots. Configurations in (a) and (b)
result in similar spectra, whereas the waveguide in (c) shows significantly different
behavior with less broad harmonics due to depletion of the peak pulse power.
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that the spectral broadening, specifically the harmonic generation, is
mostly insensitive to the chirp direction.

In contrast, when the propagation direction is varied for the
same waveguide in Fig. 6(b) by switching the input and the output,
the resulting spectrum is strikingly different. Since, in this configu-
ration, the periodically poled section comes before the broadening
section, the phase-matched interactions give way to harmonics
before the input IR comb is broadened enough. Consequently, peak
power is lost to the harmonics early on, and the pulse stretches in
time, leading to limited broadening of the IR comb in the spectral
broadening section. In addition to this, due to strong normal disper-
sion in lower wavelengths [Fig. 3(a)], there is no spectral broadening
of the harmonics, thus, leading to a less broad spectrum overall.

V. DISCUSSION
Recent advancements in integrated lithium niobate photon-

ics have unlocked new possibilities for harnessing nonlinear effects,
enabling wavelength conversion and the generation of coherent and
quantum light sources, even at wavelengths where no laser gain
media exist. In this work, we present a fabrication method for cre-
ating periodically poled waveguides from relatively thick lithium
niobate films—thicker than those typically used—and with vari-
able etch depths, including fully etched structures. This approach
enables the realization of high-confinement, nanoscale periodi-
cally poled lithium niobate waveguides that generate multi-octave-
spanning spectra, extending into visible and UV wavelengths from
a near-infrared (near-IR) source, by leveraging both second- and
third-order nonlinear effects.

Our experimental results align with other recent studies that
utilize second-order effects to achieve a broad visible spectrum,17

including one that demonstrated similar spectral coverage using
thin-film lithium niobate.16 However, while our optical demonstra-
tion shares a similar approach in design and implementation, and
the experimental supercontinuum spectra also exhibit extremely
broadband coverage, the fabrication method described here in detail
allows for more flexible waveguide cross-sections. In particular, the
deep-etched lithium niobate waveguides demonstrated here offer
enhanced control of the tighter mode confinement and better dis-
persion characteristics [Fig. 3(d)] compared to conventional and
commonly practiced fabrication approaches mentioned earlier and
also used in said work.

We believe that the generated spectra are not only limited to
what we demonstrate in this work. Even though we did not measure
the spectrum at longer wavelengths, it is highly likely that the gen-
erated harmonics will also seed DFG processes that can extend the
spectrum well into the mid-IR range. Indeed, deep-etched lithium
niobate waveguides demonstrated in this work not only imply better
dispersion and nonlinear characteristics but are also important for
providing the stronger confinement needed for longer wavelengths.
Together with the tunability of the second-order effects offered by
QPM, efficient SFG and DFG processes can help generate comb
sources that span the entire transmission range of lithium niobate,
from 350 nm until ∼5000 nm.

To reach the full potential of this platform, several performance
characteristics need improvement. First, increasing the coupling effi-
ciency is extremely important for increasing the on-chip power
for nonlinear processes, especially for high-repetition-rate sources,

where available pulse energies are constrained due to high aver-
age powers.18 This can be achieved by optimizing the design of the
edge couplers and incorporating inverse tapers.33,40 Second, low-loss
propagation over a very wide spectral range can also be ensured
by minimizing the sidewall roughness either through optimizing
the lithium niobate etching process,31,41 or by post-etch cleaning
and treatment.42,43 There is also growing interest in various SiO2
cladding deposition methods and post-treatments, such as anneal-
ing, to reduce absorption losses in the near- and mid-IR,44,45 which
can be instrumental for broadband frequency sources. In addition
to reducing losses, improving the periodic poling of lithium nio-
bate can result in higher fidelity domains, further enhancing the
efficiency of second-order processes. Optimized QPM designs can
also facilitate more complex, cascaded nonlinear processes.

As a generic nonlinear photonic platform, our fabrication
process can be used for many other integrated photonic applica-
tions beyond SC generation. In particular, applications that require
high nonlinearities would benefit from the presented results, such
as optical parametric oscillators (OPO), wavelength conversion of
continuous-wave (CW) light in metrology and datacom/telecom or
in quantum applications such as quantum networks or repeaters.
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