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Periodically poled thin film lithium niobate waveguides pro-
vide simultaneous access to efficient second- and third-order
nonlinear processes, enabling broadband generation of co-
herent laser light. Here, we demonstrate the generation of
a broadband mid-infrared continuum in a nanophotonic
lithium niobate waveguide pumped by a telecom-wavelength
femtosecond source. Specifically, our dual-stage design in-
cludes third-order nonlinear spectral broadening followed
by a dedicated periodically poled waveguide section per-
forming efficient broadband intrapulse difference-frequency
generation. Driven by sub-100fs pulses with an estimated
on-chip pulse energy of around 200 pJ, the generated mid-
infrared light covers wavelengths from 3200 to 4800 nm. Cas-
caded harmonic generation also extends the spectrum into
the visible and ultraviolet domains, resulting in an overall
spectral bandwidth ranging from 350 to 4800 nm. Published
by Optica Publishing Group under the terms of the Creative Com-
mons Attribution 4.0 License. Further distribution of this work must
maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

https://doi.org/10.1364/0L.583084

Introduction. Access to coherent broadband light sources and
frequency combs in the mid-infrared (MIR) [1-3] enables
fundamental studies and catalyzes several technological ap-
plications. Among these are the exploration of ultrafast phe-
nomena [4—6], molecular fingerprinting, trace gas sensing for
environmental monitoring, and precision frequency metrol-
ogy [7-9]. Using established near-infrared femtosecond lasers,
broadband MIR generation is commonly obtained via y(3-
based supercontinuum generation (SC) [10-12] or y® pro-
cesses such as optical parametric oscillation (OPO) [13], optical
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parametric generation (OPG) [14,15] and difference-frequency
generation (DFG) [16-23]. MIR combs generated via DFG, es-
pecially intrapulse DFG (IDFG), can be of zero carrier-envelope
offset frequency [24,25], enabling the precise control of op-
tical waveforms in the time domain and an elegant approach
to absolute (SI time standard referenced) spectroscopy. MIR
light generation via IDFG requires a broadband input spec-
trum that covers a large frequency interval Av, since the pro-
cess generates difference frequencies between spectral compo-
nents of the input light. IDFG can then in principle, gener-
ate frequencies ranging from zero up to Av, where in prac-
tice material absorption and dispersion often limit the achiev-
able MIR bandwidth. For instance, to produce MIR light with
wavelengths of 3um (100THz), a pump pulse with a cor-
responding bandwidth of at least Av =100THz is required.
Previous work has already utilized bulk LiNbO5 [26,27] and
large mode-area waveguides [28,29] as a nonlinear medium for
IDFG into the MIR. Its large second-order nonlinear coeffi-
cient and ferroelectricity enable efficient quasi-phase-matched
second-order nonlinear processes and light conversion across
multiple octaves, particularly when implemented as nanopho-
tonic waveguides with sub-um? cross-section [30-32]. Previous
implementations of IDFG in LiNbO5 have relied on spectral
broadening in a nonlinear fiber [26-28,33,34] or nanopho-
tonic waveguides [29], where the resulting supercontinuum is
launched either into a bulk periodically poled LiNbO; (PPLN)
crystal or large-area PPLN waveguide. This approach decou-
ples the nonlinear broadening from the IDFG process, allow-
ing the preparation of short and broadband input pulses be-
fore entering the dedicated DFG stage. In aluminum nitride
waveguides, which like LiNbO5 have large second- and third-
order nonlinearities but without the possibility of periodic pol-
ing, spectral broadening and IDFG have been observed in the
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Fig. 1. Concept of MIR generation in a dual-stage lithium
niobate waveguide. A femtosecond pulse from an Er:fiber laser
first undergoes supercontinuum generation (SC) via y ¥, followed
by quasi-phase-matched difference-frequency generation (DFG) via
¥ (with possible harmonic generation).
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Fig. 2. Supercontinuum generation in an unpoled LiNbO,
waveguide. (a) Experimental setup. EDFA, Er:fiber amplifier; OSA,
optical spectrum analyzer; OSC, femtosecond laser; PC, prism com-
pressor; photograph, LiNbO; waveguide in operation; PM fiber,
1 m of standard polarization-maintaining fiber. (b) Supercontinua in
LiNbO; waveguides without poling at an estimated on-chip pulse
energy of 300pJ, as a function of waveguide (top) width. A band-
width exceeding 100 THz at the 10% intensity level can be achieved
(spectra shown here on a linear intensity scale). Inset: reconstructed
pulse parameters based on SHG-FROG.

same waveguide, indicating potential for compact MIR sources
[35].

Here, we explore the integration of both spectral broadening
(supercontinuum generation) and IDFG into a single mono-
lithic dual-stage nanophotonic LiNbO; waveguide [36,37] (see
Fig. 1). The IDFG section in particular incorporates broadband
quasi-phase-matching via periodic poling. Based on this struc-
ture, we demonstrate MIR light generation from a femtosecond
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Fig. 3. Waveguide design. (a) Dual-stage waveguide with a nar-
row supercontintum section and subsequent wider periodically
poled IDFG section for minimal temporal walk-off and improved
long-wavelength mode confinement. (b) Scanning electron micro-
graph of a waveguide cross-section and of the poled material before
etching (with electrodes for poling). The horizontal light gray bar
indicates the location of the later etched waveguide. (c) Calculated
group velocity dispersion as a function of wavelength for different
waveguide top widths; curves from 1 to 2 pm are shown in 0.2 ym in-
crements. (d) Calculated group index as a function of wavelength for
different waveguide widths. (e) Calculated quasi-phase-matching
for a waveguide width of 3000nm. Left: color-coded domain width
(half poling period) as a function of two input wavelengths (1 & 2)
driving IDFG. Right: resulting output IDFG wavelengths as a func-
tion of the two input wavelengths. The nearly constant color code
inside the dashed triangle (left graph) indicates a nearly uniform
requirement for the poling period for IDFG output wavelengths be-
tween 3 um and 6um (right graph).

Er:fiber laser: Tailoring the group velocity dispersion (GVD) op-
timizes the efficiency and spectral extent of the supercontinuum
generation, whereas group index matching and quasi-phase-
matching are key for maximizing the IDFG efficiency.

Results. Figure 2(a) shows the experimental setup. As a pump
source, we use a homemade Er:fiber laser [38,39] with a repeti-
tion rate of 40 MHz. After amplification in an Er:fiber amplifier
to 300mW average power (7.5nJ pulse energy), the pulses prop-
agate through 1m of standard polarization-maintaining (PM)
1550nm fiber, where 83 fs Raman-shifted soliton pulses with a
central wavelength of 1680nm are generated. We isolate these
well-defined light pulses via spectral filtering to suppress any
non-solitonic component (not Raman-shifted) via a free-space
silicon prism compressor setup configured for zero net disper-
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Fig. 4. MIR comb generation via IDFG. (a) Output spectra of an unpoled waveguide as a function of estimated on-chip input pulse energy.
(b) Output spectra of an identical waveguide geometry as in (a) but with periodic poling. Spectral slices at 236 pJ (red dotted lines) are shown
in panel (c). The dashed lines indicate waveguide losses calculated for the two involved waveguide widths.

sion. This configuration also permits tuning of the optical pulse
energy via a variable neutral-density filter without affecting
pulse duration or chirp. The maximum available soliton pulse
energy measured directly before coupling into the waveguide is
2.3nJ at an average power of 92mW. Off-axis parabolic mir-
rors couple the pulses into the waveguide and collimate the
output light achromatically. Assuming a coupling efficiency per
facet of 13% (see below), this provides a maximum estimated
on-chip pulse energy of 300pJ. The inset in Fig. 2(b) shows
the reconstructed pulse based on second-harmonic generation
frequency-resolved optical gating (SHG-FROG) [40].

First, to design the initial spectral broadening stage, we fab-
ricate a series of SiO, cladded, unpoled LiNbOs on insulator
(LNOI) waveguides of different (top) widths, a fixed side wall
angle of 75°, a film thickness of 800nm (see SEM image in
Fig. 3(b)) and overall length of 5mm [41]. The crystal axis is ori-
ented such that it aligns with the transverse electric (TE) mode.
With these waveguides, we perform supercontinuum generation
with the highest available on-chip pulse energy of 300pJ to
identity the optimum between dispersion-limited spectral broad-
ening and enhanced nonlinearity due to the mode confinement.
Figure 2(b) shows the resulting spectra on a linear intensity
scale as a function of frequency. The widest spectral broaden-
ing is achieved for waveguide widths between 1pum to 2pm,
reaching spectral bandwidths beyond 100 THz. In our case, we
select a waveguide width of 1.2pm, providing a broadband
spectrum while still avoiding spectral overlap between the ex-
pected IDFG comb and the fundamental comb. In addition, we
simulate waveguide dispersion via the finite element method
(FEM) based on commonly available bulk material data [42,43].
Figure 3(c) illustrates the resulting GVD for different waveg-
uide widths. Anomalous dispersion—a requirement for broad-
band supercontinuum generation via self-compression—can be
achieved for all widths. Values between 1um to 2 ym maximize
the spectral width of the anomalous dispersion region centered
close to the pump wavelength, consistent with the experimental
observations.

Second, for optimal IDFG efficiency, the temporal overlap
of all frequency components along the DFG stage is impor-
tant. Figure 3(d) shows the group index for different waveguide
geometries based on the dispersion simulation. The lowest vari-
ation in the group index of less than 1% across a spectral band-
width of 1 um to 5 pm is achieved for waveguide widths between
3um to 5Sum. To maximize nonlinearity, we choose a width of
3um. In addition to group index matching, phase matching is a
critical requirement, which we approach here through periodic
poling: Fig. 3(e) visualizes the quasi-phase-matching (QPM)
conditions for the poling domain width A = {7 as a function
of possible combinations of two input wavelengths. The left

panel indicates the domain width (half poling period) while the
right panel indicates the resulting DFG wavelength. Interest-
ingly, DFG output wavelengths from 3 um to 6 um (see dashed
triangle in Fig. 3(e)) can be achieved with a nearly uniform do-
main width of 3.25 + 0.05 pm (poling period of 6.5 + 0.1 um). At
the cost of a possibly reduced conversion efficiency, we choose a
linearly chirped poling, covering periods from 6.3 pm to 6.8 um,
to accommodate potential fabrication imperfections. We also
note that the QPM period for SHG phase matching is relatively
similar at 6.2pm. The final design of the dual-stage waveg-
uide is illustrated in Fig. 3(a). Out of the total waveguide length
of 5mm, we dedicate the first 4mm (L;) to spectral broad-
ening, and 1mm (L,) to IDFG. The waveguide width at the
chip’s input facets is 2.5 um and tapers over a distance of 200 pm
down to wq = 1.2pm. The output facet width equals the width
of the DFG stage w, = 3um, and the taper between the narrow
and wide waveguide sections extends over 250 um. We record
the output spectra versus input pulse energy using two optical
spectrum analyzers (Yokogawa AQ6377/AQ6374). The result-
ing spectra are shown in Figs. 4(a) and 4(b), and are recorded
with identical waveguide geometry under the same coupling
conditions, with the sole distinction that the sample in Fig. 4(b)
is periodically poled. The unpoled waveguide does not generate
detectable light beyond a wavelength of 2.5 um. In contrast, the
poled waveguide exhibits significant light conversion into a wide
window between 3 um and 4.8 um. The roll-off beyond 4.8 pm
correlates with simulated propagation loss from FEM mode
calculations including silica-cladding overlap (Fig. 4(c), right
axis). For both the SC (1.2 um) and DFG (3.0 um) sections, it ex-
ceeds 10dB/mm for A >5pum. The feature between 2.5 um and
3.5um arises from the OH absorption band, while a narrower
dip near 4.2pm is consistent with CO, absorption. The spec-
tra also show efficient higher-harmonic generation. We attribute
this to higher poling order and mode order phase matching and
non-symmetric poling (i.e., imperfect 50:50 duty cycle). Fig-
ure 4(c) shows spectral slices corresponding to the dotted red
lines of Figs. 4(a) and 4(b) at an on-chip pulse energy of 236 pJ.
This value yields the maximum MIR output, enhanced by at least
20dB compared to the unpoled structure. As seen in Fig. 4(b),
MIR emission is weaker at lower pulse energies despite sim-
ilar NIR bandwidth, while at higher pulse energies the MIR
signal decreases again, consistent with IDFG and indicating an
optimal operating point set by temporal overlap in the poled
section. Based on a broadband thermal powermeter (Newport
843-R/919 P-003-10 detector head), the total collimated off-chip
output power, corresponding to the spectrum in Fig. 4(c) for the
poled waveguide, amounts to 1.22mW. Comparison with the
off-chip input power of 72mW measured on the same thermal
powermeter allows us to determine the transmission to be at
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least 1.7%. This corresponds to a total insertion loss of approx-
imately 18 dB. Assuming a symmetric coupling, this translates
to a coupling efficiency of 13% per facet, in line with earlier
measurements [32]. While we expect that this approximation
represents the coupling efficiency well at the pump wavelength
(which still dominates the spectrum), the MIR coupling effi-
ciency is likely lower, so that our estimates for the generated
MIR power are conservative lower bounds: The on-chip power
contained in the entire spectrum shown in Fig. 4(c) is 9mW.
By integration, we determine the on-chip power contained in
the MIR portion (3.2um to 4.8 um) to be 23 uW, indicating a
conversion efficiency on the order of 0.2%. The IDFG-based
MIR spectrum, spectrally separated from the pump supercontin-
uum, could in principle constitute a frequency comb with zero
carrier-envelope offset frequency. However, recent studies show
that spectral overlap between the fundamental supercontinuum
and its second-harmonic (which is the case here) can generate
interleaved combs with non-zero offset frequency across the en-
tire spectrum [44]; thus, further studies are needed to clarify the
spectral structure of the MIR spectra.

Conclusion. In conclusion, we demonstrate MIR generation
from a telecom-wavelength Er:fiber laser through supercon-
tinuum generation and subsequent IDFG, both realized in a
single 5mm nanophotonic LiNbO3 waveguide. Quasi-phase-
matching via periodic poling enables MIR emission spanning
3.2 to 4.8 um at input on-chip pulse energies of about 200pJ.
Future work may improve coupling efficiency, explore different
cladding materials with lower MIR absorption, and investigate
the spectral structure of the IDFG output, in particular its carrier-
envelope offset frequency [44]. Overall, our results establish a
direct link between the telecom and MIR bands for integrated
photonics.
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