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We theoretically propose a hybrid lithium niobate (LN) thin-film waveguide that consists of an amorphous silicon stripe and
etch-free z-cut LN for highly efficient wavelength conversion, circumventing the challenging etching on LN material.
Profiting from the spatial symmetry breaking of the waveguide, the asymmetric hybrid modes can spontaneously achieve
phase matching with small modal area and large spatial mode overlap, enabling enhanced second harmonic generation with
a normalized conversion efficiency over 3900% W−1 · cm−2 (0.5-mm-long propagation distance). The choice of integrating
silicon with LN alleviates the fabrication challenge, making the platform potentially compatible with silicon photonics.
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1. Introduction

Silicon on insulator (SOI) technology in the semiconductor
industry has promoted the evolution and applications of com-
pact photonic integrated devices in the past few decades[1].
Similarly, another promising optical platform referred to as lith-
ium niobate on insulator (LNOI) has also sparked significant
interest in exploring new optical phenomena and novel func-
tionalities for integrated nanophotonic devices[2–16] attributed
to its attractive properties, including a wide optical transparency
window, and large piezoelectric and electro-optic response[17].
Particularly, the relatively high refractive index and large
quadratic nonlinear susceptibility (deff = 27 pm · V−1)[18] have
driven it to be a good chip-scale platform for nonlinear optical
processes[19–40].
To achieve efficient wavelength conversion in LNOI wave-

guides, phase matching among the interacting waves should
be rigorously satisfied, relying on several schemes such as quasi-
phase matching (QPM)[28–34] or modal dispersion phase match-
ing (MDPM)[35–40]. QPM is dominantly realized by periodic
poling to achieve domain inversion of the crystal. However, it
has strict requirement on the engineering technology including
complex processes and uniform domain poling with an appro-
priate duty cycle, which gives rise to challenges in wide range
applications. MDPM is fulfilled by carefully designing the wave-
guide geometries and engineering its dispersion to match phases
of the fundamental mode with a higher-order mode, while the
mismatch of their mode profiles usually degrades the conversion

efficiency significantly. Though semi-nonlinear nanophotonic
waveguides for efficient second harmonic generation (SHG)
have been recently proposed[40], it still inevitably calls for precise
etching of lithium niobate (LN) itself, whereas it is still a chal-
lenge due to LN’s intrinsic inert chemical properties and physi-
cal hardness. On the other hand, as another important material
for optoelectronic integration, silicon (Si) has been successfully
employed for LNOI integrated devices such as modulators[3,12]

and photodetectors[13], but its potential application in nonlinear
optics still requires further investigation.
In this Letter, we theoretically propose an alternative method

to achieve highly efficient SHG assisted with the hybrid Si-LN
waveguide. For z-cut LNOI, a hybrid waveguide for modal phase
matching can be formed just by etching silicon on the top sur-
face instead of the difficult reactive ion etching (RIE) of LN itself,
alleviating the fabrication challenge. Due to the high refractive
index of Si, it provides a fertile ground for multiple hybrid
modes, and the generated hybrid modes are tightly but asym-
metrically localized within the composite waveguide. By break-
ing the spatial symmetry of the waveguide, the fundamental
mode of pumps can automatically phasematchwith a first-order
mode of harmonic waves, leading to small mode area and large
mode overlap for the nonlinear process. Though the Si inevitably
introduces loss in the visible, the strong enhancement on the
SHG efficiency is still clearly observed. Our proposal surely
reveals the potential for wide applications in linear and nonlin-
ear hybrid integration of Si and LN nanophotonics.
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2. Theoretical Design

To demonstrate the design principle, we made an elaborate
investigation in z-cut LNOI, which has an LN layer with a thick-
ness of 300 nm, underneath which is a 1.8-μm-thick SiO2 sub-
strate. Note that most efficient nonlinear optical processes have
been performed in x-cut LNOI wafers in consideration of the
electric field poling technology for phase matching, whereas
the wave is restricted to propagate only in the y direction to uti-
lize the largest nonlinear coefficient. In contrast, there is no such
limitation in z-cut LNOI wafers, since the wave can propagate in
all directions in quasi-transverse-magnetic (TM) modes. The
capability of maintaining phase matching on the entire x–y
plane is benefitial for integrating arbitrarily guided structures
like microrings and microdisks[39]. Therefore, we verify our
design principle in z-cut LNOI wafers. To construct a hybrid
waveguide, Si is chosen as the ideal auxiliary material for a
few reasons. First, Si has a pretty high refractive index compared
with many other materials including LN, making it suitable for
strong optical confinement and supporting more complex
hybrid modes benefiting from flexible dispersion engineering.
Second, the nanofabrication technology for Si is mature and
has been well-developed for Si photonics. Third, Si also has a
low optical absorption loss and has been demonstrated for
high-quality devices at telecom wavelengths, though it has con-
siderable loss at the visible wavelengths. Furthermore, the com-
bination of Si and LN provides a highly desirable platform for
emerging hybrid integrated devices and applications.
The schematic structure of the proposed z-cut Si-LNOI

hybrid waveguide for highly efficient SHG is shown in Fig. 1(a).
A z-cut LN thin film is located on the low index SiO2 buffer
layer, fabricated via ion-slicing and crystal bonding (available
in NANOLN Company). An amorphous Si layer is chemically
deposited on the top surface of the LN film and then etched
to form a stripe. The LNOI film together with the Si stripe serves
as a hybrid high-efficiency wavelength convertor. For simplicity,
we consider the stripe has a rectangular cross section, which is
achievable since the fabrication technology of Si is quite mature.
As illustrated in Fig. 1(b), the geometric parameters of this LNOI
etchless waveguide include LN height h2, Si height h1, and Si
width w. The coordinates in Figs. 1(a) and 1(b) are all aligned
with the crystalline directions of LN, where z is the extraordinary
axis. Traditionally, monolithic waveguide supports simple
guided modes, including both quasi-transverse-electric (TE)

and quasi- TMmodes. Note that conversion between the funda-
mental mode at the fundamental wavelength and first-order
mode at the second harmonic (SH) wavelength is prohibited
by symmetry (mode overlap of near zero); a common solution
is to use higher-order modes for SH light but with a significant
sacrifice of efficiency[37,39], whereas the situation in the hybrid
waveguide becomes entirely different, especially for integration
with high refractive index materials like Si. Due to mode cou-
pling and hybridization, the mode symmetry is broken, which
offers us an opportunity to take advantage of the large mode
overlap provided by the first-order mode of SH light with the
fundamental mode of the pump wave.
In order to access the largest nonlinear coefficient in the z-cut

waveguide, here we investigate the TM modes and engineer the
geometric dispersion for phasematching by designing the height
and width of the Si stripe. First, we demonstrate the effective
refractive indices of the Si-LNOI hybrid waveguide as functions
of the Si height h1 both at pump wavelength (1550 nm) and
SH wavelength (775 nm) in Fig. 2(a). The results are obtained
by the finite difference eigenmode solver (MODE solutions,
Lumerical), and other dimensions are set as w = 1.2 μm and
h2 = 300 nm, considering the potential fabrication condition.
In the simulation, the optical properties of the Si and LN are

Fig. 1. Highly efficient SHG in modal phase-matched z-cut Si-LNOI hybrid
waveguide. (a) Schematic and working principle of the Si-LN hybrid wave-
guide. (b) Cross-section schematic of the waveguide structure.

Fig. 2. Design of the LN etchless hybrid waveguide. Effective indices of the
hybrid modes at both pump and SH wavelengths varying with (a) Si height and
(c) Si width. (b), (d) Detailed phase matching conditions between TM01 at
775 nm and TM00 at 1550 nm of (a), (c). (e) Optical field (Ez components) of
the phase-matched modes at both wavelengths in the all space and nonlinear
region. (f) Ez as a function of the vertical position z at the center of the
waveguide.
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extracted from our experimental data and Palik database,
respectively. The blue dotted lines illustrate part of the hybrid
TE and TMmodes at 775 nm, the blue curve shows the extraor-
dinary hybrid TM01 mode at 775 nm, and the red curve shows
the fundamental TM00 mode at 1550 nm. The discontinuities
and crossing of the curves are exactly due to the mode hybridi-
zation. A detailed modal phase matching condition between
TM01 at 775 nm and TM00 at 1550 nm is illustrated in Fig. 2(b),
indicating a suitable Si height around 186.7 nm. From the
dispersion relationship, it is not difficult to find that the mode
phase matching condition is sensitive to the Si height, because
the refractive index of Si is so large compared with the thin-film
layer that it makes a significant difference to the mode indices
when changing height. Afterwards, we also explore the relation-
ship between themode effective indices of the waveguide and the
Si width w at both wavelengths in Fig. 2(c) and the zoom-in
Fig. 2(d), while other parameters are fixed at h1 = 186.7 nm
and h2 = 300 nm. Numerical simulations demonstrate that
TM00 at 1550 nm can be phase matched to TM01 at 775 nm with
Si widthw = 1.2 μm. Apparently, the mode effective indices vary
slowly with the change of the Si stripe width, revealing that
achieving phase matching by changing the Si width is more
robust than by changing the height. In other words, it is more
practical to engineer the width of the Si in actual experiments.
Representative phase-matchedmodal profiles of Ez components
at both wavelengths are displayed in Fig. 2(e), where the top two
insets show the electric fields in all space, and the bottom two
insets show the electric fields in the LN layer. Figure 2(f) shows
the Ez field as a function of the vertical position z at the center of
the waveguide, with the tangerine shaded area indicating the
nonlinear LN material, and the purple area representing the
Si material. Obviously, the loaded Si stripe in our scheme plays
two important roles benefitting from its large refractive index.
One is to confine the optical fields into a small scale, and the
other is to break the spatial symmetry and hybridize the wave-
guide modes. Such hybrid modes are asymmetric and mainly
localized in the nonlinear region, making a crucial contribution
to the efficient SHG process. Though the electric field (Ez) of the
775 nm TM01 mode changes its polarity across the waveguide
core, while that of the 1550 nm TM00 mode remains single,
the polarity inside the nonlinear layer is single, leading to a very
large netmode overlap. From this point, the nonlinear process in
our design is analogous to SHG realized between two fundamen-
tal modes with large overlap in the LN layer. Detailed simulation
results show that the overlap factor ζ of such a hybrid waveguide
is up to 0.9932, and the effective mode area Aeff = �A2

1A2�1=3 is
0.624 μm2, calculated by the following expressions[38,40]:

ζ =

R
χ�2� �E�

1z�2E2zdxdz�� R
χ�2� jE1j2E1dxdz

��2=3�� R
χ�2� jE2j2E2dxdz

��1=3 , �1�

Ai =

�R
all jEij2dxdz

�
3

�� R
χ�2� jEij2Eidxdz

��2 , i = 1, 2, �2�

where ∫ χ�2� and ∫ All denote two-dimensional (2D) integrations

over the LN material and all space, E1�x,z� and E2�x,z� are the

electric fields of the pump and SH modes, and E1z and E2z are
their z components, respectively.

3. Calculation and Simulation

The typical characterization of nonlinear conversion for a loss-
less waveguide without pump depletion is the normalized effi-
ciency η (η = PoutP−2

in L
−2, where Pout and Pin correspond to

SH and pump powers, and L is the interaction length).
Though the material induced loss in such a Si assisted hybrid
waveguide is considerable, especially for the SH wave, here,
we can still define the normalized efficiency η to evaluate the
performance of our device. The only difference that should be
emphasized is that the normalized efficiency is no longer a con-
stant but will decrease in propagation. Consequently, we analyze
the dynamics of SHG based on the coupled-wave theory as

� dAω
dy = − αω

2 Aω � iκA2ωA�
ω exp�iΔβy�

dA2ω
dy = − α2ω

2 A2ω � iκA2
ω exp�−iΔβy� , �3�

where Aω and A2ω are amplitudes of the pump and SH wave, αω
and α2ω are absorption coefficient of each wave, κ is the nonlin-
ear coupling coefficient, andΔβ represents the phase mismatch.
At the phase-matched point in our design, Δβ = 0, αω=
2.711 dB=cm, and α2ω = 265.02 dB=cm, which are obtained
from the simulation results. Theoretically calculated normalized
efficiency versus propagation length is displayed in Fig. 3(a). The
conversion efficiency at the initial stage (within 0.145 mm)
is above 10,000% W−1 · cm−2, and gradually falls down to
5000% W−1 · cm−2 within 0.4 mm. Even for a 1-mm-long dis-
tance, the efficiency still can reach up to 1383.4% W−1 · cm−2,

Fig. 3. Theoretical calculations and full-wave simulations. (a) Calculated nor-
malized conversion efficiency as a function of the propagation length.
(b) Simulation result in comparison with theory result. (c) Simulated SHG proc-
ess in a 10-μm-long hybrid z-cut waveguide for demonstration. (d) Schematic
of a fully integrated Si/LN hybrid system.
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which is significantly beyond the traditional waveguide. This
efficiency can be further improved if we shift the SH wave to
longer wavelengths. As a proof of concept, we also perform a
three-dimensional (3D) simulation about the evolution of the
SH signal in a 10-μm-long hybrid waveguide (we chose a short
length in order to reduce the demand for computational resour-
ces) by the finite difference time domain solver (FDTD
Solutions, Lumerical). Simulated efficiency with different inter-
action lengths in comparison with the theory is illustrated in
Fig. 3 (b), where the discrepancies are reasonable due to the sim-
ulation imperfections. In Fig. 3(c), two insets depict the SH wave
evolution in the x-y plane and y-z plane, respectively, showing
that the SH signal increases rapidly as expected.

4. Discussion and Conclusion

In general, SHG in periodically poled waveguides is superior to
that in modal dispersion phase-matched waveguides in effi-
ciency, because the interaction waves in the former are both fun-
damental modes, while the SH wave in the latter usually is a
higher-order mode, which severely undermines mode overlap
with the pump wave. However, in consideration of the fabrica-
tion technology, the circumstances usually reverse. To tackle this
conflict, our proposed Si-LN hybrid waveguide can maintain a
high efficiency in the SHG process while simplifying the fabri-
cation process.Within the fabrication capability, the amorphous
Si can be deposited using plasma enhanced chemical vapor dep-
osition (PECVD), followed by dry etching using RIE to form the
stripe. It is worth noting that, although various materials can be
employed for defining the stripe, Si is the optimal choice cur-
rently considering the high refractive index and compatibility
to the Si photonics platform. In this regard, our strategy is suit-
able for ultrahigh-efficiency wavelength conversion within a
short distance for on-chip integrated optical devices. For exam-
ple, it would be possibly adopted for the telecom light conversion
from the near-infrared (NIR) to short-wavelength SHG by ver-
tical adiabatic waveguide couplers [e.g., see Fig. 3(d)], which
would favor on-chip detection, modulation, and routing within
LN photonic chips.
In conclusion, we have proposed a new design of an LNOI

etch-free hybrid waveguide to address efficient on-chip SHG
by integration of high refractive index material (Si) and z-cut
LNOI. The hybrid fundamental mode of the pump and asym-
metric first-order mode of the SH wave are employed for modal
phase matching with large mode overlap and small mode area,
indicating a high normalized conversion efficiency. Particularly,
such a prototype is talented for short-distance conversion with
ultrahigh efficiency (more than 5000% W−1 · cm−2 for a 0.4-
mm-long propagation distance). Another advantage of our
design is that the fabrication process can be simplified by loading
a Si stripe to construct the waveguide, overcoming the challenges
in etching of LN material. Our approach might represent a new
paradigm in hybrid integration of LN membranes onto Si pho-
tonic integrated circuits and reveals a roadmap towards future
small footprint integrated nonlinear photonic devices.
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