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% Check for updates The introduction of nonlinear nanophotonic devices to the field of

optical frequency comb metrology has enabled new opportunities for
low-power and chip-integrated clocks, high-precision frequency synthesis
and broad-bandwidth spectroscopy. However, most of these advances
remain constrained to the near-infrared region of the spectrum, which has
restricted the integration of frequency combs with numerous quantum

and atomic systems in the ultraviolet and visible ranges. Here we overcome
this shortcoming with the introduction of multisegment nanophotonic
thin-filmlithium niobate waveguides that combine engineered dispersion
and chirped quasi-phase matching for efficient supercontinuum generation
via the combination of ¥ and x*® nonlinearities. With only 90 pJ of pulse
energy at1,550 nm, we achieve gap-free frequency comb coverage spanning
330-2,400 nm. The conversion efficiency from the near-infrared pump to
the ultraviolet-visible region of 350-550 nmis 17%, and our modelling of
optimized poling structures predicts an even higher efficiency. Harmonic
generation via the Y nonlinearity in the same waveguide directly yields the
carrier-envelope offset frequency and a means to verify the comb coherence
at wavelengths as short as 350 nm. Our results provide an integrated
photonics approach to create visible and ultraviolet frequency combs that
willimpact precision spectroscopy, quantum information processing and
optical clock applications in thisimportant spectral window.

Optical frequency combs offer a powerful tool for precise spectro-
scopic measurements using a broad array of spectrally equidistant

spectrum—ranging from the terahertz (THz) to the ultraviolet (UV)"~
Still, efficient and reliable frequency comb coverage across the full

and mutually coherent comb elements whose frequencies can be tied
to absolute standards. Inthe two decades since the first near-infrared
frequency combs were demonstrated, atremendous range of scientific
discovery and novel applications have been explored across the optical

visible and UV ranges has been challenging and is limiting multiple
impactful research topics. For example, knowledge of the absolute
UVfrequency s critical to efficiently reach and reference the multiple
trapping, cooling and state preparation transitions of atoms and ions
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Fig.1|Nanophotonic LN waveguides for UV-to-near-infrared frequency comb
generation. a, Schematic of the waveguide with a3.0 mm unpoled segment
thatis followed by 3.6 mm poling period that linearly decreases fromA =12.5

to 2.5 pum (top). A cross-sectional schematic of the waveguide with dimensions
of w=1,800 nm (defined at the top of the waveguide) and A = 350 nmis shown
(bottom). The LN slab thickness is 350 nm, and the sidewall has a 60° angle from
the etching. b, Second-harmonic microscopy images of three poled regions of
the waveguide with approximate periods of 2.7 um (top), 5.0 pm (middle) and
7.1pm (bottom). The two red arrows on the left side of the upper image indicate
the approximate position at which the waveguides are subsequently etched
along the length of the poled region. ¢, Experimental setup for comb generation

and characterization. A suite of three different instruments are used to measure
the spectrum and verify the optical coherence of the comb at wavelengths below
350 nm. Si APD, silicon avalanche photodiode; OSA, optical spectrum analyser.
d, Photograph of the waveguide generating white light. e, Supercontinuum
generated with the nanophotonic waveguide. The input spectrum of the Er:fibre
laser at1.55 pumis shown by the green line. Broadband frequency comb spectra
generated in the LN waveguide with chirped poling is shown in blue and red. The
resolution of the spectrum analyser used for the visible-wavelength datais 2 nm
and the dashed line indicates the noise floor of the analyser. The inset shows a
photograph of the dispersed visible spectrum of the comb.

used in optical clocks, quantum computing and sensing®*. Inaddition,
frequency combs with 10-30 GHz mode spacing play an important
role in astronomical spectrograph calibration for exoplanet science.
However, among all the work in this field, an Earth-Sun analogue has
stillnotbeen discovered. Doing so will require precision astronomical
radial velocity measurements with <10 cm s precision over multiple
years, whichincludes robust >10 GHz frequency combs across the peak
ofthesolar spectrumfrom400to 650 nm (ref. 5). Finally, abroadband
UV combis central to high-precision spectroscopy aimed at character-
izing and quantifying UV transitions in atmospheric gases and aerosols
thatare important in climate science®.

The lack of suitable laser gain media in the UV spectral region
elevates the importance of nonlinear optical techniques to access
this region. Upconversion using harmonic generation with noble
gases’ '* and bulk crystals" " or supercontinuum broadening with
waveguides' ™ or optical fibre* are the most common methods to pro-
duce coherent UV frequency combs. However, those approaches have
only partial spectral coverage or require intense pump pulses or cavity
enhancement®?>%, This increases the complexity and noise through
high power amplification and makes it unfeasible to realize UV cover-
age with gigahertz-rate frequency comb sources. Additionally, it has
been observed that UV light can damage commonly used silica-based
fibres and waveguides, such that the performance degrades on the
timescale of hours to days®.

Here we introduce a novel engineered combination of nonlin-
ear optical advances that provide efficient UV-to-visible gap-free fre-
quency comb coverage. Instead of using the x®) nonlinear process in

the anomalous dispersion regime, we leverage domain engineering
and the strong ¥ nonlinearity in the normal dispersion regime of the
lithium niobate (LN) nanophotonics platform. LN has a long history
asone of the most widely used nonlinear optical materials, and recent
developments in nanoscale fabrication open new opportunities to
engineer waveguides for integrated supercontinuum and frequency
comb generation at picojoule (pJ) and lower pulse energies'®* . In
recent work, techniques were introduced for the low-energy meas-
urement of carrier-envelope offset frequency that take advantage of
simultaneous x® and Y nonlinearities®. However, in these cases, the
continuous spectral bandwidth extends to approximately 600 nm,
leaving at least 350 THz of the spectrum, at wavelengths in the UV,
without spectral coverage. Except for a few notable cases of narrow-
band phase-matched frequency conversionin material platforms like
aluminium nitride' and silica”, the visible and near-UV regions of the
spectrum have been largely inaccessible for frequency combs gener-
ated with nonlinear nanophotonics.

Our work fills this extensive spectral gap with continuous
UV-to-visible frequency comb coverage. This is accomplished with
a novel multisegment nonlinear waveguide design in thin-film LN
by combining the engineering of dispersion and quasi-phase match-
ing. The initial segment consists of a low-dispersion waveguide that
acts to spectrally broaden the 1,550 nm pulses from a robust and
technologically mature 100 MHz Er:fibre comb. The second segment
includes the engineering of quasi-phase matching, which is poled
with longitudinally chirped periods that enhance the generation of
visible and near-UV signals via harmonic and cascaded x* processes.
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Fig.2|Spectral evolution of broad-bandwidth frequency comb generation.
a, Experimental results of the power spectral density with input driving pulse
energies between 6 and 90 pJ. All the data were taken with a pump source
having a100 MHz frequency comb, with the exception of the dashed red line at
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40 pJ, which was obtained with a10 GHz,1,550 nm pump source. b, Simulation
results at the same pulse energies, showing good qualitative agreement with the
experimental data.

The combination of nanophotonic confinement and engineered dis-
persion and phase matching leads to exceptional efficiency, and our
experiments show17% of the 1,550 nm pulse energy can be translated to
formagap-free continuumin the spectral region of 350-550 nm. Low
noise and optical coherence across 350 THz are verified by heterodyne
measurements, revealing kilohertz-range relative linewidths and a
noise floor near the shot-noise limit.

Our measurements are supported by numerical modelling with a
single-envelope equation, yielding good agreement with experiments
andtheprediction of stillgreater increases in efficiency with optimized
waveguide designs. Simulations further support preliminary measure-
ments with 1,550 nm pulses at 10 GHz, illustrating a clear path to full
visible-to-UV spectral coverage at 100x greater repetition rate with
<100 pJ pulses. Together, our results highlight the means to achieve
compact and robust frequency comb coverage across spectral bands
critical for challenging and impactful applications in quantum sensing
and computing, precision astronomical spectroscopic calibration
and broad-bandwidth frequency comb spectroscopy. Furthermore,
similar design strategies can be implemented for coherent frequency
comb spectraacross the full transparency window of LN, namely, from
330 nmto 5 pm.

Experiment
Figure1shows theimportant details of our experiments and the nano-
photonic LN waveguides we employ. Figure 1a depicts the waveguides
thatare etched froma710 nm film of LN on oxide to be 350 nm high and
1,800 nmwide, witha1,550 nm mode area of approximately 1 pm?. The
waveguide dispersionat1,550 nmis calculated to be slightly anomalous
andincreasestoalarge normal value below1,000 nm (Supplementary
Fig.1). Inthe longitudinal direction, we introduce a segmented struc-
turewith3 mmofanunpoledregion of the waveguide. This is followed
by 3.6 mminwhichweimplementa chirpinthe poling period A, which
linearly decreases along the propagation direction from A =12.5to
2.5 um. Figure 1b shows the two-photon microscopy images of the
poled regions of the LN before etching of the waveguides. Instead of
the more typical supercontinuumin anomalous dispersion, the 3 mm
section employs x*® self-phase modulation to spectrally broaden the
input pulse, whereas the chirped polingin the second section expands
the near-infraredlight to the visible and UV regions via y® and cascaded
x? nonlinear processes. The evolution of the spectral broadening is
discussed further below.

The experimental setup is depicted in Fig. 1c, including the pump
laser source and diagnostics. We pump the waveguide with 1,550 nm
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Fig. 3| Broad-bandwidth coherence and carrier-envelope offset frequency
detection. Thef,., beatnote is directly observed at wavelengths across the visible
and UV ranges. The signal-to-noise ratios of f,., at 620 and 400 nm are both
greater than 35 dBin10 kHz resolution bandwidth. The signal-to-noise ratio at
350 nmis about 28 dB. The green dashed line is the shot noise and the black line is
the measurement noise floor.

pulses from a 100 MHz Er:fibre frequency comb that is amplified to
produce pulses with duration near the Fourier-transform limit of
~130 fs, and with 100 mW of average power. The power incident on
the waveguide is varied without changing the pulse duration and a
polarization-maintaining lensed fibre is used for the input coupling. We
estimate a coupling loss of 10 dB at each facet, such that 9 mW is cou-
pledinto the waveguide when pumped with 90 mW. Under these condi-
tions, continuous spectral coverage extending from the near-infrared
pump tothe UVisachieved (Fig. le). Thebandwidthat 30 dB below the
peakofthe visible spectrumis 555 THz. The extremely broad nature of
the output spectrumrequires that the output couplingbe done witha
reflective microscope objective that haslow lossinto the UV. Theinset
in Fig. 1e shows a photograph of the visible spectrum after dispersing
the collimated output with a diffraction grating.

The progression of the spectral expansion with input pulse energy
is shown in Fig. 2, where the experimental and simulated spectra are
presented side by side. The input-pulse bandwidthis broadened from
30 to 400 nm in the first 3 mm of the unpoled waveguide (Fig. 1c). In
the next 3.6 mm, the Y nonlinearity generates the second harmonic
(2f,384 THz,780 nm), third harmonic (3f, 576 THz, 520 nm) and fourth
harmonic (4f,770 THz,390 nm) with a driving pulse energy of less than
10 pJ. As the pulse energy increases to tens of picojoules, our simula-
tions show that the spectral broadening is significantly enhanced in
the poledregion. In particular, for pulse energies higher than 50 pJ, the

Nature Photonics | Volume 18 | March 2024 | 218-223

220



Article

https://doi.org/10.1038/s41566-023-01364-0

Power (arb. units)

300 320 340 360 380 400

Wavelength (nm)

Fig.4 | UV spectral limits and efficiency. a, UV spectrum produced with the
waveguide shownin Fig. 1a, and measured after a UV bandpass filter to eliminate
any light at longer wavelengths. The short-wavelength cutoff of the spectrum

is consistent with absorption at the band edge of MgO-doped LN. b, Simulation
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Fig. 5| Nonlinear spectral evolutionin thin-film LN waveguides with y®
and x® nonlinearities. a, Simulation of the spectral evolution as a function

of pulse propagation distance. b, Map of the poling period (1) along the same
propagation distance. Chirped poling starts at 3.6 mm and linearly decreases
fromA=12.5umto 2.5 um. c-f, Plots of the spectrum at different propagation
distances. The input spectrum for the simulationis shown in red. The broadening

of theinput spectrum via the y*® nonlinearity and non-phase-matched third-
harmonic frequency of the pump (c). The spectrum at the beginning of the
linearly chirped poling region of the waveguide (d). The visible spectrumis
continually generated and spectrally broadened from the harmonic bands and
the combination of y*? effects (e,f).

spectral regions around 2f, 3fand 4fstart to overlap, and with ~90 pJ
(9 mW on chip), the spectrum is continuous and gap free from 350 to
1,000 nm. The progression is reflected in the simulations shown in
Fig.2b,whichemployaunidirectional propagationequation®*’, Methods
provides further details of the modelling. Over the full range of energies

and spectral bandwidths, we see excellent agreement between the
measurements and simulations in terms of the spectral coverage,
spectral shape and required pulse energy. As discussed below and in
Supplementary Fig. 2, this level of agreement provides the basis for
design improvements aimed at spectrally tailored frequency combs
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for optical clocks, astronomical spectrograph calibration and spec-
troscopic sensing.

In addition to UV and visible comb generation at 100 MHz, we
implement the same waveguide shown in Fig. 1a to demonstrate vis-
iblecomb generation when pumped with the output of a10 GHzreso-
nant electro-optic frequency comb™. Frequency combs in the range
of 10 GHz are of interest for astronomical spectrograph calibration,
but broad-bandwidth coverage at a 100x higher repetition rate is
challenging because of the corresponding decrease in pulse energy
for the same average power. The data with the 10 GHz pump source
(Fig. 2a, dashed line) shows the spectrum of the second, third and
fourth harmonics with about 40 pJ (400 mW) of 50 fs pulses coupled
into the waveguide. These data are consistent with the 100 MHz data
andsimulations, with spectral bandwidth falling between the plots for
19 and 50 pJ. For this experiment, the UV intensity out of the waveguide
was attenuated due to a non-optimized output coupling into a multi-
mode fibre of 1 m length. Even though the spectrum does not cover
the full UV and visible ranges, the fourth harmonic power in the UV is
stillestimated to be onthe order of 1-5 puW per comb mode. We see no
damage to the nanophotonic waveguides, even with about 2.5W of
incident power at 10 GHz. With coupling losses reduced to 1-2 dB, as
demonstrated by others®*, it should be possible to achieve continu-
ous 10 GHzspectral coverage across the visibleand UV with alittle over
1Wofincident power.

Thespectral overlap between the harmonics provides the means
todetect the carrier-envelope offset frequencyf,., of the driving comb,
aswell asto verify the coherence of the comb structure. Thisisaccom-
plished by diffracting the output spectrum with agrating and detect-
ing various regions of the spectrum with a Si avalanche photodiode
(Fig.1c).Figure 3 shows thef,, values detected at 620,400 and 350 nm.
Atlonger wavelengths of 620 and 400 nm, the signal-to-noise ratio is
greater than 35 dB in 10 kHz resolution bandwidth. The heterodyne
beatnote in the UV (350 nm) provides direct evidence of the coher-
ence of the ultrabroad frequency comb generated with this unique
chirped polingin thin-film LN waveguides. Itis the presence of multiple
frequency combs that leads to the observed f..,.. Although for some
applications, this could introduce complications, these offsets could be
easily eliminated by makingf,., = O for the entire comb***. We note that
inspectroscopicsituations, the presence of asecondary comb provides
ameans for measuring and controllingf,., with a single detector®>**.

As shown in Fig. 3, the noise floor is near the shot-noise limit,
but includes some excess noise. It is common for such excess noise
to originate from the amplified 1,550 nm Er:fibre laser, which is not
shot noise limited, but it could be further amplified during nonlinear
propagationinthe waveguide. The noise-generating processesinsuch
massive spectral broadening with ¥ and x® nonlinearities remains
an important future research topic. This is of further interest for the
10 GHz electro-optic comb, for which previous work with only y® spec-
tral broadening has required additional mitigation of the multiplied
radio-frequency to achieve coherence”.

To more accurately quantify the UV extent of the frequency
comb, we additionally measured its spectrum using a Si-based array
spectrometer in conjunction with a UV bandpass filter (maximum
wavelength, 400 nm). The result is shown in Fig. 4. Evidently, the
generated spectrum extends to below 330 nm. We believe this is the
shortest-wavelength supercontinuum or harmonic generationin any
LN platform. The UV extent of the spectrum is consistent with the
bandgap of MgO-doped lithium, which hasbeenreported to bein the
range of 3.4-3.9 eV (approximately 320-360 nm)**"*°, We indepen-
dently measured the average on-chip power of the UV-visible spectrum
(350-550 nm) to be 1.5 mW with 9.0 mW (90 pJ) of on-chip pump power.
Thisimplies animpressive 17% conversion efficiency from the 1,550 nm
pump to the UV-visible spectrum. The conversion from 1,550 nm to
these shorter wavelengths can be controlled and enhanced by the linear
chirprangeand chirprate. Thisis showninFig. 4b, where we present our

predictions of theintegrated power of light spanning 350-550 nmwith
different poling conditions. For the parameters of the waveguides that
we have employed in the experiments, these simulation results show
that the ideal efficiency can be near 22%. Additional optimization of
the waveguides can potentially yield efficiencies of >30% over specific
wavelength regions (Supplementary Fig. 2).

Discussion and conclusion

Complex nonlinear interactions give rise to the broad-bandwidth
spectra across the visible and near-UV regimes. However, as we dis-
cuss here, these interactions can be understood and subsequently
tailored to optimize the supercontinuum generation. Different from
the majority of other approaches, the devices we have fabricated rely
most strongly on the x? nonlinearity and the engineered x® that arises
from the cascading of the ' process. The strong ® nonlinearity gives
rise to efficient spectral broadeningin the visible and near-UV regimes
where phase matching viax® is challenging due to the rapidly increas-
ing normal dispersion.

Figure 5shows a simulation that illustrates the evolution of spec-
tral broadening as a function of the propagation distance. The super-
continuum generation in the LN waveguide begins with engineered
waveguide dispersion close to zero at1,550 nm. In this unpoled section
of the waveguide, self-phase modulation rapidly broadens the funda-
mental pulse at 1,550 nm (Fig. 5¢). Third-harmonic generation is also
seeninthis sectionof the waveguide. Once the pulse enters the chirped
poling section of the waveguide, the second-harmonic generation
increases from lower frequency to high frequency, andis followedina
similar fashion by fourth-harmonic generation (Fig. 5d-f). Finally, the
spectrum in the third-harmonic region that was initially produced in
the unpoled region then grows by the mixing of second-harmonic and
fundamental frequencies. Throughout the propagation in the poled
region, we observe further spectral broadening across the entire visible
and UV ranges akin to effective y® via the cascading of the second-order
nonlinearity. This broadened spectrumis shownin Fig. 5f.

To summarize, we have demonstrated a multisegment nan-
ophotonic LN waveguide that combines both dispersion and
quasi-phase-matching engineering. This novel design leverages the
interaction between x® and x® nonlinearities to generate continuous
frequency comb spectra extending from 330 t0 2,400 nmwith less than
100 pJ energy. This is accomplished with pumping at the wavelength
0f'1,550 nm using mature Er:fibre laser technology. Furthermore, the
coherence of the supercontinuum is verified by measuring f.., from
the UV spectrum. Our results highlight the path to further enhance the
interaction between x® and x® nonlinearities and enhance efficient
visible and UV spectral generation. As discussed in Supplementary
Fig. 2, optimized designs with additional high-frequency poling in
the first section of the waveguide can increase the conversion from
1,550 nminto the UV with efficiency greater than 32%. Besides vary-
ing the length of the unpoled section, engineering the dispersion of
waveguide can extend the bandwidth into the mid-infrared regime
with intrapulse or dual-band difference-frequency generation. By
engineering the phase (mis)match in y® and x® effects in nanopho-
tonic LN waveguides, it is now possible to generate a compact light
source with coverage across the full transparency window of LN—
from approximately 330 to 5,000 nm. Such design control will open
new opportunities with the thin-film LN platform for applications of
spectroscopy and trace gas sensing, control of quantum systems and
atomic clocks.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-023-01364-0.
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Methods

Waveguide fabrication

We use a commercially available X-cut wafer (NANOLN), with an
~700-nm-thick LN layer on top of an ~4.7-um-thick silica buffer layer.
We first deposit electrodes by electron-beam evaporation (15 nm
Cr+50 nm Au) for periodic poling. We apply an -700 V pulse over a
25 um gap to produce domain inversion. The poling period linearly
decreases from A =12.5 um to 2.5 pm along 3.6 mm length. Due to
lateral domain growth during the poling process, the duty cycle for
the metallicelectrodes needs tobe adjusted to obtaina50% duty cycle
alongthe poled length. Since this effect is more acute for shorter poling
periods, we linearly vary the duty cycle of the electrodes from 50% to
20% along the 3.6 mm poling length.

The waveguides are fabricated by first patterning a hydrogen
silsesquioxane mask using electron-beam lithography. The patternis
transferred to the LN layer by dry etching with Ar* plasma to a depth
of 350 nm. The etching process yields a characteristic 60° angle of
the sidewalls. Finally, the chip facets are polished by first coarse lap-
pingtoreachatarget of 3 mmunpoled waveguide length between the
input facet and poled area, followed by fine polishing to improve the
coupling efficiency.

Numerical simulations

The spectral evolution is modelled in the frequency domain with a
single-mode unidirectional propagation equation®*% that includes
both second- and third-order nonlinearities:

x® @ X{_})

2_g [a[t]3] v,

0 0 2
—mg[a[t] |1+ Pverey]
(o)

i—alv]=(B+iF)alvl+

where a[v] is the spectral amplitude, normalized to the pulse energy
e, =[ laj*dv. Thelinear termincludes the frequency-dependent angular
wavenumber S and gain/loss parameter a. The nonlinear interactions
are calculated in the time domain from powers of the carrier-resolved
amplitude and then Fourier transformed (%) into the frequency
domain. Poling isimplemented by changing the sign of Y at the bound-
ary of each domain inversion. The strength of the nonlinear terms
dependsonthe effective refractive indexnand mode areaA (1.095 pm?),
which were calculated using the mode solvers of Lumerical with the
waveguide parameters shownin Fig.1b and asidewall angle of 60°. The
values ofthe refractive indices used inthe mode solver are from Lumeri-
cal. The propagation loss was assumed tobe 1.1 dB cm ™ and the values
used for nonlinear susceptibilities x® and x® were 30 pm V' and
5,200 pm? V2 respectively. For clarity, the notation has been dropped
for the frequency dependence of the waveguide parameters on the
right-hand side of the equation. The modelis integrated using an adap-
tive third- and fourth-order embedded Runge-Kutta scheme in the
interaction picture (ERK4(3)-IP) (ref. 41), and the full simulation frame-
work s currently implemented in a fork of PyNLO*.

Data availability
Alldatarequired toreproduce the figuresin this paperare available via
the University of Colorado CU Scholar at https://scholar.colorado.edu.

Code availability
The simulations were carried out using the open-source code PyNLO*.
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