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Semi-Nonlinear Nanophotonic Waveguides for Highly

Efficient Second-Harmonic Generation

Rui Luo, Yang He, Hanxiao Liang, Mingxiao Li, and Qiang Lin*

Quadratic optical parametric processes form the foundation for various

applications related to classical and quantum frequency conversion, and have

attracted significant interest recently in on-chip implementation. These
processes rely on phase matching among the interacting guided modes, and
refractive index engineering is a primary approach for this purpose.
Unfortunately, modal phase-matching approaches developed so far only

produce parametric generation with fairly low efficiencies, due to the intrinsic

modal mismatch of spatial symmetries. Here, a universal design and
operation principle is proposed for highly efficient optical parametric
generation on integrated photonic platforms. By breaking the spatial
symmetry of the optical nonlinearity of the device, nonlinear parametric

interactions can be dramatically enhanced. This principle is then employed to

design and fabricate a heterogeneous titanium oxide/lithium niobate
nanophotonic waveguide that is able to offer second-harmonic generation
with a theoretical normalized conversion efficiency as high as

2900% W~ cm~2, which enables the measurement of an experimental
efficiency of 650% W~' cm~2, significantly beyond the reach of conventional
modal phase-matching approaches. Unlike nonlinearity domain engineering

quantum information processing.®! Re-
cently, the development of optical para-
metric processes on various chip-scale
platforms,®3% which show great promise
to significantly enhance the nonlinear
effects by tight confinement of optical
fields, has attracted tremendous interest.

The efficiency of an optical paramet-
ric process relies essentially on phase
matching among the interacting waves to
sustain a coherent nonlinear interaction.
To date, phase matching is dominantly
realized via either domain engineering
of the nonlinear susceptibilityl!-33
or refractive-index engineering of the
interacting optical modes.*"! Domain
engineering is an efficient approach to
achieve quasi-phase matching, which,
however, is fairly material limited.
For example, periodic polingP?*" and
orientation-patterned growthl**1=# are
currently implemented only to ferro-

that is material selective, the proposed operation principle can be flexibly
applied to any other on-chip quadratic nonlinear platform, to support

ultra-highly efficient optical parametric generation.

1. Introduction

Quadratic optical parametric processes via a x? nonlinearity
have attracted long-lasting interest ever since the first observa-
tion of second-harmonic generation (SHG)."¥ Their intriguing
capability of creating new light through elastic photon—photon
scattering forms a crucial foundation for a wide variety of applica-
tions ranging from photonic signal processing,** tunable coher-
ent radiation,® frequency metrology,® optical microscopy,” to
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electrics and III-V semiconductors,
respectively. Domain engineering also
has stringent requirement on the do-
main uniformity,??*4 which imposes a
challenge for applications that require
small domain periodsi?3%3 or clean
parametric noise background.*?) On the other hand, modal in-
dex engineering is able to achieve exact phase matching,?! which
can be flexibly implemented particularly to an on-chip platform
that supports rich guided mode species.*1*12-7] Unfortunately,
modal phase matching suffers from significant mode field mis-
match among the interacting optical modes, which seriously de-
grades the nonlinear conversion efficiency.”1%12-27) Although pe-
riodic grating structure can be utilized to assist phase matching
while maximizing mode overlap, intrinsic radiation loss is in-
evitably introduced. 234443

Here, we propose a universal design and operation principle of
semi-nonlinear waveguides for highly efficient optical paramet-
ric generation on integrated photonic platforms. The proposed
heterogeneous nanophotonic waveguides consist of a nonlinear
medium exciting parametric processes and a linear medium as-
sisting exact phase matching, which are able to combine ele-
gantly a large nonlinearity, a strong optical confinement, and
a good spatial mode match together in a single device, result-
ing in dramatically enhanced nonlinear parametric generation
with an extremely high efficiency. To demonstrate our proposed
principle, we employ a nanophotonic waveguide composed of a
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Figure 1. lllustration of the design principle of semi-nonlinear waveguides for highly efficient SHG. a) Schematic of a monolithic nanophotonic waveguide
with a x @ nonlinearity. b) Optical field (E ) profiles of two phase-matched modes, TEqp at the fundamental wavelength . and TEq; at the half wavelength
*/2. ¢) E; as a function of the vertical position x, at the center of the waveguide, with the orange shaded area indicating the x ? material. d) Schematic
of a semi-nonlinear waveguide composed of two core materials, with both sharing the same linear refractive index n (1), while only the bottom layer has
a non-vanished x @ nonlinearity. e,f) counterparts of (b) and (c), respectively, for the semi-nonlinear waveguide.

highly nonlinear x? material, lithium niobate (LN), and a lin-
ear optical material, amorphous titanium oxide (TiO,). The dra-
matically enhanced nonlinear optical interaction in the device
leads to a theoretical normalized conversion efficiency as high as
2900% W~ cm~? for SHG, which enables us to experimentally
achieve a conversion efficiency of 36.0% W~ in a waveguide only
2.35 mm long, corresponding to an experimentally recorded nor-
malized conversion efficiency of 650% W~ cm~2. The proposed
operation principle can be flexibly applied to any other on-chip
quadratic nonlinear platform to support ultra-highly efficient op-
tical parametric interactions, thus opening up a great avenue to-
ward extreme nonlinear and quantum optics with great potential
for broad applications in energy efficient nonlinear and quantum
photonic signal processing.

2. Concept lllustration

In a quadratic nonlinear waveguide, it is well known that the
phase velocities can be exactly matched among different guided
modes to support a coherent nonlinear interaction.*1%1316-27]
When the phase-matching condition is satisfied, the efficiency of
SHG (for a lossless waveguide without pump depletion) is given
by the following expression!!

_ Pz _ 87T2 ;ngff (1)
= P2L2  ecmimA? Ay

where P; and P, are the powers of the input fundamental-
frequency (FF) mode and the produced second-harmonic (SH)
mode, respectively. L is the waveguide length, d.s represents
the effective nonlinear susceptibility, A is the fundamental pump
wavelength, and n; and n, are the effective refractive indices of
the FF and SH modes, respectively. ¢, and ¢ are the permit-
tivity and the speed of light, respectively, in vacuum. In Equa-
tion (1), A = (A2A,)5 is the effective mode area, where A; =
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(Jan |Ei [2dxd2)’
1J @ |Ei *E;dxdz?

lap factor between the FF and SH modes, given as

(i =1, 2),and ¢ represents the spatial mode over-

fxm(Efz)z Ey.dxdz
| [, [BiPEadxd2|5| [ o) |Eo2Eodixdz)

(2)

where [ ) and [, denote 2D integrations over the x ¥ material
and all space, respectively. E;(x, 2) and E,(x, 2) are the electric
fields of the FF and SH modes, respectively, and E;, and E,,
are their z-components. Here, we have assumed both of the FF
and SH modes to be quasi-transverse-electric (quasi-TE) modes
with electric fields dominantly lying in the device plane (e.g., see
Figure 1a,b).

Equation (1) shows that the efficiency of SHG depends essen-
tially on the nonlinear susceptibility, the effective mode area, and
the spatial mode overlap. In particular, Equation (2) shows that
the spatial mode overlap relies critically on the relative spatial
symmetry between the FF and SH modes. Unfortunately, for a
nonlinear waveguide, different-order guided modes generally ex-
hibit very distinctive spatial symmetries, leading to a dramatically
degraded spatial mode overlap. To illustrate this problem, we con-
sider a nominal monolithic nanophotonic rib waveguide shown
in Figure la, where the core material exhibits a quadratic non-
linearity. An appropriate waveguide geometry will lead to exact
phase matching between the fundamental TEgy mode at a wave-
length 2 and a high-order mode (TEg; in our example)at the half
wavelength 2 /2. However, as shown in Figure 1b,c, the electric
field (E.) of the SH mode/changes its polarity across the waveg-
uide core while that of the FF mode maintains a single polarity.
As a result, the nonlinear parametric interaction in the upper
half of the waveguide is out of phase with that in the lower half,
and therefore they cancel with each other, leading to a very small
net nonlinear effect. It is exactly this modal mismatch of spatial
symmetries that severely undermines the nonlinear conversion
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efficiency on the majority of current nonlinear photonic
chips,P3% although they have shown the advantage of strong
mode confinement, that is, small mode areas. Consequently, a
device has to rely on a long interaction length (or a high optical
quality factor in the case of a resonator) to sustain the nonlinear
optical process.!

To tackle this challenge, we propose semi-nonlinear waveg-
uides, which leverage the fact that modal phase matching
depends only on the linear properties of the waveguide inde-
pendent of its nonlinearity. Therefore, by breaking the spatial
symmetry of the optical nonlinearity, we shall be able to sig-
nificantly enhance the strength of the nonlinear interaction.
Figure 1d shows the schematic of a semi-nonlinear waveguide,
which exhibits the same geometry as the monolithic waveguide
shown in Figure 1a, while the top part of the core is replaced by
a linear material with the same refractive index, and a vanished
x@. Since its linear refractive index profile is the same as that of
the monolithic waveguide, the semi-nonlinear waveguide sup-
ports an exactly same pair of phase-matched TEq, mode at the FF
and TE(; mode at the SH, with mode profiles identical to those
of the monolithic waveguide (see Figure 1b,e). The thickness
of the linear layer is chosen such that, for the SH mode TE,
with two opposite polarities, E, ~ 0 at the boundary between
the two core materials, resulting in a single polarity inside each

www.lpr-journal.org

of the linear and nonlinear layers. As the top linear layer does
not participate in the nonlinear interaction, the parametric
process only has contribution from the bottom nonlinear layer,
which will not be canceled, resulting in a remarkably enhanced
net nonlinear effect (which manifests as a large value of ¢ in
Equation (2)). The discussion above, for simplicity, has assumed
an identical refractive index between the linear and nonlinear
layers. In practice, the operation principle can be applied to two
core materials with dissimilar refractive indices, since the semi-
nonlinear waveguide offers plenty of degrees of freedom for
engineering.

3. Waveguide Design

To demonstrate the proposed principle, we design a semi-
nonlinear waveguide that consists of a single-crystalline LN thin-
film layer as the nonlinear medium and an amorphous TiO,
layer as the linear component. LN exhibits a large x® non-
linearity and a wide transparency window from ultraviolet to
mid-infrared, and is an ideal medium for nonlinear parametric
generation.?!3032-40 Ti0Q, is chosen as the linear material for a
few reasons. First, TiO, deposited by physical vapor deposition
is in an amorphous phase, and the inversion symmetry leads
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Figure 2. Design of a TiO2 /LN semi-nonlinear waveguide for an enhanced SHG efficiency. a) Schematic of the TiO, /LN waveguide. b) Effective refractive
indices of the TiO;/LN waveguide as functions of the waveguide top width w;, simulated by the finite element method. Other waveguide dimensions
are set as hy = 220 nm, hy = 200 nm, h3 = 100 nm, and 6 = 75°. The red curve is for the TEgo mode at the fundamental wavelength of 1550 nm, and
the blue curves are for different quasi-TE modes at the half wavelength of 775 nm. Discontinuities in some blue curves are due to coupling with certain
quasi-TM modes (not shown). c) Detailed effective indices of the TiO,/LN waveguide as functions of w;, showing modal phase matching between
TEgo at 1550 nm and TEqq at 775 nm around w; = 1020 nm. The insets show the optical field (E) profiles of both modes, with a shared color bar. d)
Detailed effective indices as functions of w;, for a monolithic LN waveguide, showing phase matching between TEqy at 1550 nm and TEg; at 775 nm
around wy = 960 nm. Other than a smaller phase-matched w; due to different material dispersions, the geometry parameters of the monolithic LN
waveguide are the same as those of the TiO; /LN waveguide in (b) and (c), while with the TiO; layer replaced by LN. e) Evolution of SHG efficiencies
in a TiO2 /LN semi-nonlinear waveguide, see (c), a monolithic LN waveguide, see (d), a thin-film PPLN waveguide (ref. [28]), and a typical RPE PPLN
waveguide (ref. [38]), assuming no loss and no pump depletion for all types of waveguides, as well as ideally uniform poling for PPLN.
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to a vanished x®@. Second, our characterization shows that an
amorphous TiO, thin film has a relatively large refractive in-
dex of 2.137 at 1550 nm and 2.186 at 775 nm, making it suit-
able for strong optical confinement and flexible dispersion en-
gineering. Third, TiO, also has a large bandgap and has been
demonstrated for high-quality waveguides at telecom and visible
wavelengths,*~8 enabling it to be a low-loss core material that
guides both FF and SH light.

The designed TiO,/LN semi-nonlinear nanophotonic waveg-
uide is schematically shown in Figure 2a.X-cut LN is employed
for its large second-order nonlinearity in the device plane, ideal
for efficient type-0 processes involving quasi-TE modes. Numer-
ical simulations show that the TE;, mode at 1550 nm can be
phase-matched to certain quasi-TE modes at 775 nm with ap-
propriate waveguide geometries (see Figure 2b). In particular, as
shown in Figure 2c, exact phase matching can be achieved be-
tween the TEy, mode at 1550 nm and the TEy; at 775 nm, the
latter of which exhibits an optical mode field (see Figure 2c, in-
sets) with two opposite polarities located separately in the linear
and nonlinear core layers, a desired property we have shown in
Figure 1.

Detailed simulations show that our waveguide exhibits a large
overlap factor of §'=0.66, a value significantly beyond what
is achievable in monolithic nanophotonic waveguides through
modal phase matching.*1%131¢-27] This large mode overlap fac-
tor, together with a small mode area of A.z = 2.24 pm? and a
significant quadratic nonlinearity of (deg = ds3 = 27 pmV!, en-
ables our device to exhibit a theoretical normalized conversion
efficiency aslarge as n = 2900% W ! cm 2. In contrast, a conven-
tional monolithic LN waveguide with a similar geometry (see Fig-
ure 2d) can only offer an efficiency of = 43% W~ cm 2, sim-

(a)
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ilar to other reported LN nanophotonic waveguides with modal
phase matching.?32% This large difference directly shows the ad-
vantage of our proposed approach. Figure 2e compares evolution
of the SHG efficiency as the pump light propagates in several dif-
ferent waveguides. It shows clearly that the 5 value in our semi-
nonlinear waveguide is more than one order of magnitude larger
than that of typical reverse-proton-exchanged (RPE) periodically
poled lithium niobate (PPLN) waveguides®® and that of mono-
lithic LN nanophotonic waveguides,?*2% and almost doubles that
of PPLN thin films loaded with silicon nitride ridges.*8

4. Linear Optical Properties

To confirm our simulation results, we performed device fabrica-
tion, with the LN waveguide made through a standard top-down
processi?*26 and the TiO, layer via a lift-off approach. Details of
the fabrication procedure are discussed in Appendix. Figure 3a
shows the facet of a typical fabricated waveguide, where the TiO,
layer landed nicely on top of the LN rib waveguide, with a geome-
try close to our design (see Figure 2c). Figure 3b presents the top
view of the TiO,/LN waveguide, which shows a small sidewall
roughness, implying a low propagation attenuation.

The device was tested with an experimental setup schemati-
cally shown in Figure 3c. To accurately characterize the waveg-
uide propagation loss, we fabricated microring resonators, with
an example shown in Figure 3d. The microrings have a radius
of 100 pm, which was chosen for a negligible bending loss. Fig-
ure 3e presents the laser-scanned transmission spectrum of such
a microring, which shows clearly the TEy, mode family in the
telecom band with a free-spectral range of 1.59 nm. Figure 3f
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Figure 3. Characterization of fabricated devices. a) Scanning electron microscopy image of the facet of a fabricated TiO, /LN waveguide. b) Top view of
a section of the waveguide. c) Schematic of the experimental setup for device characterization and SHG measurement. VOA, variable optical attenuator;
LF, lensed fiber; WDM, wavelength division multiplexer. d) Optical microscopy image of a TiO2/LN microring resonator with a radius of 100 pm. e)
Transmission spectrum of the microring resonator in the telecom band. f) Detailed transmission spectrum of a typical resonance, with experimental

data shown in blue and a fitting curve shown in red.
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Figure 4. Measurement of SHG. a) Telecom-band transmission spectrum of the TE polarization of a TiO2/LN straight waveguide with a length of

L = 2.35 mm. b) Measured SHG spectrum (blue circles) of the TiO,/LN waveguide. The red curve shows sinc?(AL/2) = [

%]2 for comparison,

where the phase mismatch A = 4% (2 — n1). c) SHG spectrum of the device for a fixed pump wavelength of 1546.10 nm. d) Power dependence of the
SHG, with experimental data shown in blue and a theoretical quadratic fitting shown in red. The theoretical fitting indicates a conversion efficiency of

36.0% W~ 1.

presents the detailed transmission spectrum of a typical reso-
nance, which exhibits an intrinsic quality factor of 1.3x10°, in-
dicating a waveguide propagation loss of 3.2 dB cm™! in the tele-
com band.® For the SH mode around 775 nm, however, the
current bus waveguide is very weakly coupled to the microring
resonator, making it difficult to measure the quality factor in
this waveband.

5. Second-Harmonic Generation

To demonstrate efficient SHG, we employed a straight waveguide
with a length of about 2.35 mm, whose transmission in the tele-
com band is shown in Figure 4a for the TE polarization. From
Figure 4a, we extract a fiber-to-fiber loss of 12.5 dB. Given a prop-
agation loss of 3.2 dB cm™!, we retrieve a fiber-to-chip coupling
loss of 5.9 dB per facet. By scanning the pump laser wavelength,
we were able to characterize the efficiency spectrum of SHG.
One example is shown in Figure 4b, which indicates a phase-
matched pump wavelength of about 1546 nm. The main lobe of
the recorded efficiency spectrum agrees with the theoretical ex-
pectation from the sinc?-function. The strong side lobes are likely

Laser Photonics Rev. 2019, 13, 1800288
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introduced by slight non-uniformity of the waveguide (e.g., po-
tential thickness variations of the core layers).

By fixing the pump wavelength at 1546.10 nm where the peak
conversion is located, we observed coherent radiation from its
SH at 773.05 nm, shown as a sharp peak in Figure 4c. The mea-
sured SH power shows a quadratic dependence on the pump
power (see Figure 4d), which agrees very well with the theoret-
ical expectation. Fitting the experimental data, we obtained an
on-chip conversion efficiency of 36.0% W~ (see Figure 4d), in-
dicating an experimentally recorded normalized conversion effi-
ciency of 650% W~'cm 2. This value is about a fourfold increase
compared with the previous record of SHG in LN in the same
waveband.?83%

The measured conversion efficiency is lower than the sim-
ulation result nL*(= 160% W~'), due to a few reasons. The
first reason lies in the propagation losses of the waveguide. We
have measured a propagation loss of 3.2 dB cm™! for the FF
mode. As a rough estimate, we assume that of the SH mode to
be ~212.8 dB cm™!, since the propagation loss is dominated by
Rayleigh scattering from the roughness of the waveguide sur-
face, which scales with wavelength as 1/42.5% Consequently, the
theoretical conversion efficiency is estimated to be ~96.0% W~!

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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for the 2.35-mm-long waveguide, after we take into account the
propagation losses. Meanwhile, the coupling loss of the SH
carried in a high-order waveguide mode is fairly underestimated,
resulting from the large mode mismatch between the waveguide
and the receiving lensed fiber, leading to a conservative estima-
tion of the measured conversion efficiency. In addition, the slight
waveguide non-uniformity could also impact the conversion
efficiency to a certain extent.

All the above technical issues can be addressed with fur-
ther optimization. On the one hand, unlike grating-assisted
waveguides,Z##] the scattering loss in our waveguide with
translational symmetry is not physically fundamental, and can
be mitigated by optimized fabrication. For example, chemical-
mechanical polishing can be employed to increase the surface
smoothness, as well as the waveguide uniformity.”>! On the other
hand, a single-mode on-chip coupler can be utilized to minimize
the facet coupling loss, especially at the SH.'l Therefore, we ex-
pect the measured conversion efficiency can be increased consid-
erably in the near future.

6. Conclusion and Discussion

In conclusion, we have proposed and demonstrated a univer-
sal design and operation principle for quadratic parametric pro-
cesses on integrated photonic platforms, which is able to achieve
modal phase matching with a large nonlinearity, a small mode
area, and a large mode overlap factor for extremely efficient
SHG. With this principle, we designed a TiO, /LN semi-nonlinear
waveguide that is able to offer a theoretical conversion efficiency
as high as 2900% W~! cm~2, more than one order of magnitude
higher than those achievable in RPE PPLN and monolithic on-
chip LN waveguides.?>?¢38 The designed geometry enabled us
to record an SHG efficiency of 36.0% W' inside a waveguide
only 2.35 mm long, corresponding to a normalized efficiency of
650% W' cm™2.

The normalized conversion efficiency of our device is
comparable with those of recently reported on-chip PPLN
waveguides.?®3% However, our demonstrated approach is free
from the complicated periodic poling process. Domain engineer-
ing has been regarded as the holy grail for quadratic nonlinear
photonics,=3 which, however, is material selective. Our pro-
posed approach, instead, can be universally applied to any on-
chip quadratic nonlinear platforms, including, for example, cer-
tain dielectrics,® group IV,1 12 TIT1-V,[171920 and 11-VIBY semi-
conductor chips to which domain engineering is challenging to
apply. Therefore, our proposed approach may open up a great av-
enue toward extreme nonlinear and quantum optics with ultra-
high nonlinear conversion efficiencies that are promising for
broad applications in energy efficient nonlinear and quantum
photonic signal processing.

On the other hand, as shown in Figure 1, the proposed semi-
nonlinear nanophotonic waveguide intriguingly separates the
waveguide into a nonlinear part that experiences a nonlinear
conversion gain and a linear part that experiences only a linear
propagation loss, which forms a natural parity-time-symmetric
system that is of great potential for non-Hermitian photonic
applications.’152
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Appendix

A.1. Device Fabrication

We started from a LN-on-insulator wafer by NANOLN, with 300
nm of X-cut LN sitting on 2-pm-thick buried oxide and a sili-
con substrate. LN waveguides were patterned by electron-beam
lithography (EBL), with ZEP520A as the resist. After etching LN
waveguides with ion milling, we removed residual resist with oxy-
gen plasma followed by diluted hydrofluoric acid. Then, in order
to pattern the TiO, layer on top of the etched LN waveguides, we
employed aligned EBL, after which we used physical vapor depo-
sition to deposit TiO,. Next, we soaked the wafer in 1165 resist
remover, which removed the resist, leaving us the heterogeneous
TiO, /LN waveguides. Finally, the device chip was hand-cleaved
for light coupling into the waveguides.

A.2. Experimental Setup

Pump light from a continuous-wave tunable telecom-band laser
was coupled into the device chip through a lensed fiber. At the
waveguide output, the FF pump light was collected together with
the SH light by a second lensed fiber. Then, light at the two wave-
bands was separated by a 780/1550 WDM, after which the FF
light was directed to an InGaAs detector for characterization,
while the SH light was sent to a spectrometer for detection. A
fiber polarization controller was used to achieve optimal coupling
of the wanted polarization, and VOAs were employed to study the
power dependence of SHG.
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