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Periodically poled lithium niobate on insulator (LNOI) ridge waveguides are desirable for high-efficiency nonlinear frequency
conversions, and the fabrication process of such waveguides is crucial for device performance. In this work, we report
fabrication and characterization of locally periodically poled ridge waveguides. Ridge waveguides were fabricated by
dry etching, and then the high-voltage pulses were applied to locally poled ridge waveguides. Second harmonic generation
with normalized conversion efficiency of 435.5% W−1·cm−2 was obtained in the periodically poled LNOI ridge waveguide,
which was consistent with the triangular domain structure revealed by confocal microscopy.
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1. Introduction

In recent years, the lithium niobate (LiNbO3) on insulator
(LNOI) platform has drawn significant interest in the area of
integrated photonics. LNOI thin film inherits the outstanding
optical properties of LiNbO3 single crystals, such as a wide
transparency window spanning from the visible tomid-infrared,
a strong second-order nonlinear coefficient[1], and a high
electro-optic coefficient[2]. Furthermore, LNOI possesses a
higher refractive index contrast, which is ∼0.7, compared to
the conventional weakly confining LiNbO3 waveguides, such as
proton exchange waveguides and titanium in-diffused wave-
guides[3,4]. Thus, the LNOI platform enables a stronger optical
confinement, which can enhance the light–matter interaction,
thus lowering the power consumption and improving the inte-
gration density for photonic devices. Because of the above
advantages, LNOI has been used to construct a variety of
photonic devices, such as high-speed electro-optic modula-
tors[5,6], high-speed acousto-optic modulators[7], high-efficiency
nonlinear frequency converters[8–10], high-Qmicro-disk resona-
tors[11–13], and photonic crystal micro-cavities[14].
Among the photonic devices, nonlinear frequency converters

based on the quasi-phase-matching (QPM) technique are of
particular interest. QPM has some advantages over other meth-
ods such as realizing phase-matching of arbitrary second-order

nonlinear processes and utilizing the largest second-order non-
linear coefficient d33. To date, periodically poled LNOI
(PPLNOI) waveguides have been fabricated to realize QPM sec-
ond-order nonlinear processes, such as ultra-high-efficiency
second harmonic generation (SHG)[15–17], sum-frequency gen-
eration (SFG)[18,19], difference frequency generation (DFG)[15],
and high-brightness entangled photons generation through
spontaneous parametric down conversion (SPDC)[20]. To obtain
LNOI photonic devices with ferroelectric domain inversion, the
commonly used procedure is electrical field poling followed by
inductively coupled plasma (ICP) dry etching. However, extra
loss will be introduced in the dry-etching process due to the
uneven waveguide side walls caused by the different etching
rates of the positive and negative domains[21]. Differential etch-
ing occurs not only in the dry-etching process, but also in other
processes such as thinning periodically poled LiNbO3 crystals
using the chemical mechanical polishing technique[22].
In this work, we investigate an alternative process for fabrica-

tion of ferroelectric domain structures in X-cut LNOI, which is
the local periodical poling of the thin film LiNbO3 ridge wave-
guide. Electrical poling with in-plane patterned electrodes was
exploited to realize domain inversion in a dry-etched ridge
waveguide. The frequency doubling performances of the fabri-
cated nonlinear waveguide were characterized and analyzed in
theory.
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2. Fabrication

The devices were fabricated on an LNOI chip (NANOLN) with a
600-nm-thick X-cut LiNbO3 thin film. The fabrication process
could be divided into two stages. The waveguides were formed
on the sample by the dry etchingmethod, and then the ferroelec-
tric domain structure in the waveguides was obtained using the
electric field poling technique. The specific steps are shown in
Fig. 1(a). Firstly, ridge waveguides were fabricated by using elec-
tron beam lithography (EBL) and an ICP-etching process. The
geometry of the ridge waveguides is shown in Fig. 1(b). The top
width of the waveguides was 2.3 μm, and the etching depth was
about 350 nm. Besides, the sidewall angle of the waveguides was
about 60°. Secondly, a comb-slab-shaped metal electrode was
deposited on both sides of the ridge waveguides. The geometry
of the electrodes is schematically shown in Fig. 1(c). The period
of the patterned electrodes was 4.5 μm, and the spacing between
the in-plane positive and negative electrodes was 2.3 μm. After
this, several high-voltage pulses are applied to the electrodes to

obtain periodic inverted domain structures defined by the pat-
terned electrodes. The length of the poled waveguide was 6 mm.
After the periodic poling process, the electrodes were removed.
The waveguide facets were exposed by incising the chip, and
they were polished by a focused ion beam (FIB) etching process.
Figure 1(d) shows the scanning electron microscope (SEM)
image of the ridge waveguide after poling, and we can see that
the sidewall surface is smooth, which indicates that the fabrica-
tion procedure, i.e., poling after etching, will not introduce extra
loss to the waveguide. The propagation loss of the ridge wave-
guide was measured to be about 1.0 dB/cm by using the Fabry–
Perot (F-P) method.
Conventional electric field poling technology was applied to

obtain the periodical domain structure in the LNOI ridge
waveguide. The coercive field of the X-cut LNOI is about
30 kV/mm[17], which is higher than that that of the bulk
LiNbO3 crystal (∼21 kV/mm). This characteristic requires a
higher poling voltage for domain inversion in LiNbO3 thin films.
In the ferroelectric domain structure fabricating process, the
applied poling voltage was 3.6 times that of the coercive field
of theX-cut thin film, and the pulse duration was set to be 10ms.
Several high-voltage pulses were applied to the electrodes depos-
ited on the LNOI chip to obtain the domain inversion. After the
electric poling process, confocal second harmonic (SH) micros-
copy was used to non-destructively characterize the inverted
ferroelectric domain structure. The recorded domain structure
is shown in Fig. 2(a), and the area surrounded by the red dashed
square in Fig. 2(a) is the inverted domain area. From the figure,
we can see that the inverted domains from the combed electrode
were not extended sufficiently to the slab electrode, and they
exhibit an inversed triangle shape. To investigate the inversed
domain shape, we simulate the electric field distribution
at the waveguide surface viewing from the top and the transverse
electric (TE) field profile, as shown in Figs. 2(b) and 2(c),

Fig. 1. (a) Fabrication steps of the periodically poled LNOI ridge waveguide.
(b) Geometric schematic of the LNOI ridge waveguide cross section.
(c) Schematic of the electrode structure on the ridge waveguide. (d) SEM
image of the sidewall surface of the ridge waveguide after poling.

Fig. 2. (a) Image of the inverted domain structure of the LNOI ridge wave-
guide recorded using the confocal SH microscopy. (b) Simulated electric field
distribution at the waveguide surface viewing from the top. (c) Simulated
transverse electric field profile.
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respectively. Due to the small spacing between the positive and
negative electrodes, the electric field is concentrated around the
tips of the combed electrode and spreads very quickly. The tri-
angular inverted domain structure may be attributed to the
highly non-uniform electric field distribution.

3. Experiment and Discussion

The schematic of the experimental setup for characterizing the
SHG performance is shown in Fig. 3. The fundamental wave
(FW) from a continuous-wave (CW) fiber laser (SANTECH,
TSL-550) was gathered into a single-mode fiber. Then, the
FW propagated through a polarization controller, which
ensured the excitation of the TE mode of the FW in the
nano-waveguide. The polarized FW beam was coupled into
the thin film ridge waveguide with a lensed fiber, and the
fiber-to-chip coupling loss was∼10.5 dB. The output lights were
coupled out from the waveguide using an aspherical mirror with
an effective focal length of 4.6 mm, and the coupling loss off the
chip was ∼1 dB. The residual FW and the generated SH wave
were separated with a beam splitter, and the powers of two
beams were measured, respectively, by two power meters.
In the experiment, we tuned the wavelength of the CW fiber

laser from 1400 to 1430 nm to find the QPM wavelength of the
nonlinear waveguide. At 1406 nm, a maximum output power of
0.83 μW for the SH wave was obtained, and the corresponding
power of the FW was 1.08 mW. The normalized SHG conver-
sion efficiency of the 6-mm-long nonlinear waveguide was cal-
culated to be 435.5%W−1 · cm−2, which was about one-tenth
that of the theoretical value 4326.7%W−1 · cm−2 in an ideally
periodically poled waveguide with 50% duty cycle. The dramatic
reduction of the SHG conversion efficiency may be attributed to
the triangular domain structure, as shown in Fig. 2(a). The LNOI
ridge waveguide was locally periodically poled; however, the
shape of the inverted domains was triangular. Thus, the theoreti-
cal efficiency derived by using the perfect 50% duty cycle of each
point along the Y axis on the waveguide as the theoretical model
is inapplicable. To investigate the SHG in the nonlinear wave-
guide with an irregular domain structure, we start with the equa-
tion that describes the SHG[23]:

A2 = i
2ω1
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where A1 and A2 are the field amplitudes of the FW and SH
wave; Ef and Es are the normalized electrical fields of the FW

and SH wave, which can be described as
RR
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is the wave vector mismatch for SHG; L is the interaction length
in the propagation direction; d�2��x, y, z� is the effective second-
order nonlinear coefficient; c is velocity of light in vacuum; ω1 is
the frequency of FW; n2 is the effective refractive index
of the SH wave. Because the change period of the effective
second-order nonlinear coefficient corresponds to the poling
period, the effective second-order nonlinear coefficient can be
written as
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with Λ being the poling period. Then, Eq. (1) can be re-written
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in which N is the number of the inverted domains; Δβ 0
is the

wave vector mismatch for the FW, the SH wave, and the recip-
rocal lattice vector provided by ferroelectric domains. The varia-
tion of d�2��x, y, z� over a poling period is related to the shapes of
the positive and negative domains within a poling period.
Figure 4 shows the schematic of the inverted domain in the
LNOI ridge waveguide, and the white triangles indicate the
inverted domains. In Fig. 4, a is the half-length of the base of
the triangle, b is the height of the triangle, and w is the width
of the waveguide. The positive direction of the y axis indicates
the propagation direction of the interacting waves. Then, the
function d�2��x, y, z� in one poling period can be expressed as

d�2��x, y, z� = d33sign

�jyj
a
� jzj

b
− 1

�
: (4)

Subsequently, we can obtain the function d�2��x, y, z� in the
whole waveguide area:

d�2��x, y, z� = d33sign

�jy − floor�y=Λ� 1=2�Λj
a
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b
− 1

�
:

(5)

Fig. 3. Schematic experimental setup
Fig. 4. Schematic of the inverted domain with triangular shape in the locally
periodically poled LNOI ridge waveguide.
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According to the recorded domain structure in Fig. 2(a), a and
b were, respectively, measured to be nearly 0.63 and 1.83 μm.
Thus, the normalized SHG conversion efficiency corresponding
to the actual inverted domain structure was calculated to be
484.5%W−1 · cm−2, which is consistent with the measured one.
The measured and theoretical corrected curves of normalized

SHG efficiency depending on the wavelength of the FW are
shown in Fig. 5(a). The full width at half-maximum (FWHM)
of the wavelength tuning curve was ∼2 nm. Figure 5(b) shows
the relationship between the SH wave and the square of the
power of the FW, which is a linear relation in theory. The red
curve is obtained by the quadratic fitting of the experimental
results. Using the fitted slope, the normalized SHG conversion
efficiency was calculated to be 437.5%W−1 · cm−2.

4. Conclusion

To conclude, we have fabricated locally periodically poled LNOI
ridge waveguides using the following fabrication procedure: dry

etching to form the ridge waveguide followed by electrical field
poling to obtain ferroelectric domain inversion. The fabricated
ridge waveguide was 6-mm-long, and the poling period was
4.5 μm. The performance of the quasi-phase-matched SHG at
around 1406 nm in the PPLNOI ridge waveguide was character-
ized. The normalized SHG conversion efficiency was measured
to be 435.5%W−1 · cm−2, which was in accordance with our
theoretical analysis according to the triangular domain structure
revealed by the SH confocal microscopy. In addition, the wave-
length tuning curve and the output power dependence on the
input power of the FW were investigated. To further improve
the qualities of the inverted domain structure, we will focus
on choosing the appropriate electric field distribution and opti-
mizing the poling parameters, such as the amplitude of the
applied voltage, the pulse duration, and the number of pulses.
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