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On-Chip Solc-Type Polarization Control and
Wavelength Filtering Utilizing Periodically Poled
Lithium Niobate on Insulator Ridge Waveguide

Tingting Ding , Yuanlin Zheng , and Xianfeng Chen

Abstract—The state-of-the-art lithium niobate on insulator tech-
nology has enabled a variety of fascinating integrated functionali-
ties. It combines versatile properties of lithium niobate and a high
refractive index contrast of it with respect to silica or air for in-
tegrated photonic applications. Here, we present an on-chip Solc-
type device based on transverse electro-optic effect at the telecom-
munication wavelengths in a periodically poled lithium niobate
on insulator ridge waveguide. The efficient quasi-phase matched
TE↔TM mode converter controlled by transverse applied electric
field at low voltages is demonstrated for both linear polarization
rotation and wavelength filtering at fast modulation speed. This pa-
per demonstrates promises for developing novel integrated devices
on the new platform for polarization sensitive applications.

Index Terms—Electro-optic, lithium niobate on insulator, ridge
waveguide, Solc-type device.

I. INTRODUCTION

A S A versatile crystal, lithium niobate (LN) is widely used
for various electro-optic (EO) and nonlinear applications

in both bulk and integrated devices for its wide transparent
range, large EO and nonlinear coefficients. Recently, the emerg-
ing lithium niobate on insulator (LNOI) technology has at-
tracted much interest, which provides a unique platform for
integration of excellent properties of lithium niobate (LN) [1]
for optical processing and light-matter interaction enhancement
on a chip. Thus, exploiting these favorable properties in pho-
tonic integrated circuits (PICs) is becoming popular in a wide
range of applications, and extensive research has been put forth
to demonstrate multi-functional devices on LNOI in the past
years. Prominent examples on nano LNOI films include on-
chip waveguide modulators [2]–[5], microresonators [6]–[10],
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and frequency converters [11]–[14], which exploits the excel-
lent optical confinement for highly efficient wave mixing using
small applied voltages or input powers.

However, the realization of the most desired quasi-phase-
matching (QPM) schemes in nano LNOI films is still in its
infancy [14]–[16], due to difficulty in fabricating stable QPM
gratings in LNOI films or waveguide structures in PPLNOI
films. An alternative way is to utilize micrometer thick PPLNOI
films, typically obtained by mechanical thinning method. Then,
waveguide structures can be fabricated via optical grade dic-
ing other than etching methods. They are also appealing in
various applications, which has been implemented for nonlin-
ear frequency conversion, such as second-harmonic generation
(SHG) [17], [18], high-harmonic generation (HHG) [19], and
optical parametric amplification (OPA) [20]. The development
of PPLNOI ridge waveguides is particularly attractive, because
it allows the realization of on-chip QPM devices.

Electro-optic (EO) effect induced wave coupling can also
benefit from such compact configuration for low voltage drive
and high-speed operation. The scheme has been demonstrated
to realize many important applications in optical communica-
tions (often with high voltage drive and slow response), such
as narrow-band tunable Solc filters, ultra-precision polarization
generator and optical delay lines [21]–[23]. Mode conversion
has been reported in Ti:PPLN waveguides [24], where both TE
and TM modes are supported. (The proton exchanged LN wave-
guide only supports TM modes, thus principally preventing it
from mode conversion applications.) There is a great advantage
for LNOI in light confinement for highly dense photonic inte-
gration over such conventional LN waveguides. Note that there
has been over 40-GHz EO modulators on LNOI platform [2],
[3], [25], but no mode conversion was involved without QPM
for TE↔TM mode coupling. Optical elements that can control
the polarization of light in LNOI optical circuits are important
[1], as optical properties of LN are polarization sensitive. As
mentioned above, the realization of QPM schemes to achieve
this goal on the LNOI platform is intriguing, but until now, few
report focuses on the transverse EO effect in PPLNOI ridge
waveguide structure for active mode conversion and its applica-
tion demonstration.

In this work, we describe the fabrication and demonstration
of PPLNOI ridge waveguides in the configuration of an on-chip
Solc-type scheme for TE↔TM mode conversion for polariza-
tion control and wavelength filtering, with the advantages of
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Fig. 1. Flow chart illustration of the PPLNOI ridge waveguide fabrication.
(a) Bonding of PPLN onto a silica layer on a LN substrate; (b) Chemical-
mechanical thinning to achieve the micro thick PPLNOI layer; (c) Optical grade
dicing of two grooves in the PPLNOI layer to form the ridge waveguide in
between; (d) Deposition of electrodes on both sides of the ridge waveguide. A
buffer silica layer was introduced to reduce absorption by the metallic electrodes.

integration, low drive voltage, wide operational wavelength, and
potentially high speed response.

II. EXPERIMENT AND DISCUSSION

The fabrication of the PPLNOI ridge waveguide (in collab-
oration with HC Photonics Corp.) is broken down into four
primary steps: (1) bonding a PPLN chip with the pre-deposit
silica layer on another LN substrate, (2) thinning of the bonded
PPLN layer to micrometer thick using the chemical-mechanical
polishing method, (3) optical grade dicing to fabricate high-
quality grooves between which the ridge waveguide is formed,
and (4) electrode depositing. The fabrication procedure of the
ridge waveguide is schematically outlined in Fig. 1. The pol-
ing period of the PPLN is 20.5 μm with a duty cycle of 50%,
which was designed to fulfill QPM in PPLN in the telecom-
munication band. The thinned LNOI layer has a thickness of
approximately 5.0 μm. Two parallel shallow grooves, whose
depth is approximately 2.5 μm, are cut by the diamond precision
dicing method [26], [27]. The ridge structure with a respective
height and width of 5.0 and 6.0 μm is formed in between the
two. Wedged sidewalls are inevitable during swallow dicing.
A hundreds nanometer thick Silica buffer layer is deposited on
top. Then, metallic (Ni/Cr) electrodes are deposited to form the
transverse electrodes. The thickness of the electrodes is approx-
imately 50 nm. The length of the waveguide is 10 mm. The
width of the PPLNOI chip is 1.5 mm only. The thickness of the
LN substrate is 1.0 mm.

The TE↔TM mode conversion mechanism in the PPLNOI
ridge waveguide is similar with that in bulk PPLN experienc-
ing transverse EO effect [22]. When applied a transverse (x
axis) electric field along a PPLN crystal, its optical axis of
each positive and negative domain is alternately re-aligned at
a small angle of θ and −θ around the y axis, mimicking the
structure of a folded Solc-type filter. The rocking angle θ is pro-
portional to the applied electric field intensity, E, and has the

Fig. 2. (a) Calculated dispersion of the supported modes, and the vector
mismatching between the fundamental modes of TE00 and TM00 in the PPLNOI
ridge waveguide. (b) Image of the ridge waveguide’s cross section. (c) Cross-
section view of the simulated electrical field.

form of θ ≈ γ51E/[(1/ne)2 − (1/no)2 ], where γ51 is the EO
coefficient, ne, no are the extraordinary and ordinary refractive
indices, respectively. Meanwhile, The operating wavelength λ,
satisfying the QPM condition, is given by λ = Λ(no − ne),
where Λ is the poling period of the PPLN. At the QPM wave-
length, the polarization of the output is rotated by an angle of
2Nθ, where N is the domain number. The linear polarization
state of light is maintained in this configuration, which in true
is a linear polarization rotator [22]. Meanwhile, the QPM wave-
length is sensitive to temperature variation, i.e., the operating
wavelength can be tuned via temperature control. The scenario
in waveguide structures is similar, but the reduced transverse di-
mension, as compared with bulk LN devices, enables a dramatic
increase in the modulation field intensity per applied voltage.
High-speed modulation is possible, which is a direct benefit of
the LNOI platform. It is worth to notice that polarization con-
verters or switches in homogeneous EO media, which rely on
the modulation of the relative phase shift between TE and TM
modes (the EO retardation), can only preserve linear polariza-
tion at two orthogonal eigen modes. At other phase retardation,
the output polarization is either elliptical or circular.

Due to a large cross-section and high refractive index contrast,
the ridge waveguide is found to support multiple eigen modes,
i.e., highly multimode. Thus, it is necessary to consider possible
coupling between different spatial modes. Fig. 2(a) shows the
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calculated dispersion of the ridge waveguide and phase mis-
matching at the telecom band range at room temperature, using
a finite element mode solver. The insets are the corresponding
intensity profiles of the supporting modes. The first two low-
est order modes (TE00, TE01, TM00 and TM01) within the
wavelength range are presented. The mode overlapping inte-
gral of the first and second orders is nearly zero. Moreover, it
is also phase mismatched within the wavelength range. Thus,
the existence of second-order modes would have little effect
on the coupling of fundamental TE/TM modes. Higher order
mode coupling is prohibited for the same reason. This is also
proved during the experiment, where only one QPM condition
is met during the whole laser scanning range. The device is de-
signed to investigate polarization coupling at low drive voltage
and high speed. The coupling efficiency is determined both by
the overlapping of the optical modes and their overlap with the
electrical field. As can be seen, the two modes can be nearly spa-
tially overlapped. The simulated modes have a modal overlap
of 0.998, which guarantees pure polarization in spatial dimen-
sions after the collimated output in free space. The simulation
predicts the QPM wavelength at about 1585 nm, where the ef-
fective wavevector mismatch, Δk = ko − ke , crosses the zero
line (horizontal dashed line in Fig. 2(a)). The cross section of an
end facet of the fabricated PPLNOI ridge waveguide is shown
in Fig. 2(b), with the ridge structure marked by the rectangle.
To maximize the in-plane electric field (Ex ) and minimize the
electrode gap, the electrodes are deposited on the sidewalls of
the ridge waveguide. The electrode on each side is fabricated
by mounting the chip sample at a large tilt angle during the va-
por deposition. The numerically simulated profile of the electric
field is given in Fig. 2(c). The electric field is mainly along the
x axis at the waveguide center where the mode has the highest
intensity. There is also a proportion of the electric field com-
ponent along the z axis (inevitably due to wedged side walls),
but this has little influence on the wave coupling. The induced
effect (only refractive index change) are overall canceled out,
since the electro-optic coefficient flips sign in the positive and
negative domains.

We first show the linear polarization rotation characteristics
of our device with efficient and linear EO tuning. The exper-
imental setup is shown in Fig. 3(a). A tunable telecom laser
(1520–1600 nm) is used as the light source, the polarization of
which is controlled by a polarization controller (PC). An in-
line polarization beam splitter (PBS) is placed before the device
to guarantee high extinction ratio of the linearly polarized in-
put light. The waveguide is coupled via a pigtail polarization
maintaining (PM) fiber, which connects the in-line PBS and the
waveguide. The input light is kept either TE or TM polarized.
The injecting light power, measured after the in-line PBS, is
1.0 mW to avoid laser induced thermal effect in the waveguide
to drift the QPM wavelength, although much higher power can
be injected into the ridge waveguide without damaging. The
sample is temperature controlled using a TEC chip with an ac-
curacy of 0.1 ◦C. The package of our device is shown in the
photograph in Fig. 3(b), the functional component is actually
placed in the end part of the housing, as marked by the red
rectangle in the enlarged image. The output is collimated by a

Fig. 3. (a) Experimental setup. PC: polarization controller; PBS: polarization
beam splitter; Det: Detector. (b) Package of our device. The ridge waveguide
chip is in the red rectangle in the enlarged image. (c) Intensity profile of the
spatial collimated output beam in free space.

Fig. 4. (a) The output light intensity versus the applied electrical voltage.
(b) The output polarization state evolution represented on a Poincaré sphere as
the applied voltage increases from 0 to 18 V. Red curve: QPM condition, blue
curve: phase mismatched condition.

short focal-length lens to free space, whose measured profile
(approximately 2.8 × 1.9 mm2) is displayed in Fig. 3(c). The
overall loss, including the fiber-waveguide coupling and prop-
agation loss, is 3.5 dB at the L-band wavelengths. The propa-
gation loss is estimated to be approximately 0.3 dB/cm, which
indicates smooth sidewalls of the ridge waveguide. The mode
mismatch during coupling between the fiber and the waveguide
is believed to result in the main loss.

The actual QPM wavelength measured at room temperature is
1595 nm, slightly different from the theoretical prediction. The
modulation of the output versus the applied voltage measured
after an orthogonal cubic PBS is shown in Fig. 4(a). The half-
wave voltage is 13 V. Thus, the voltage-length product of our
device is 13 Vcm, and is in agreement with similar research [28].
The theoretical prediction of the voltage is approximately 5 V
assuming a rectangular cross-section of the PPLNOI waveguide.
The existence of an offset angle at zero voltage may attribute
to the strain-optic effect introduced during the slicing process.
This can easily be compensated by applying a negative balancing
voltage. Fig. 4(b) shows the polarization state of the output at
1595 nm and 1550 nm with respect to the applied voltage,
corresponding to QPM and phase mismatching conditions. The
replot of the trajectory of polarization evolution measured using
a polarimeter is presented on a Poincaré sphere. As can be seen,
the polarization evolution takes different paths for the two cases.
In the Solc configuration at 1595 nm, the polarization remains
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Fig. 5. (a) The Solc transmission spectra measured at 1580 nm at the half-
wave voltage (red curve) and beyond (blue curve). (b) The QPM wavelength
tuned by temperature.

on the equatorial plane as the applied voltage varies, indicating
the linear polarization at all rotation angles. The rotation angle
of the linearly polarized output is measured to be in a good
linear relation with the applied voltage. The sinusoidal lineshape
of the modulated transmission is also a prove. The device is
measured to exhibits a polarization extinction ratio of over 20 dB
at each rotation angle. While in the condition much far away
from phase matching (e.g. 1550 nm), the polarization evolution
of a circularly polarized input light takes a longitudinal path on
the Poincaré sphere. The polarization is evolving due to the EO
retardation between the eigen TE and TM modes. And, at most
times, the polarization is elliptical.

The device can also be used for narrow bandwidth wave-
length filtering, since the polarization conversion is strongly
wavelength selective, which is the main function of a Solc filter.
The red curve in Fig. 5(a) is the transmission spectrum mea-
sured after the cubic PBS on the input wavelength at the applied
voltage of 18 V, measured at 52 ◦C. The QPM wavelength is
centered at 1580 nm with a 2.4-nm bandwidth at full width at
half maximum (FWHM), in good agreement with the calculated
result of 2.3 nm using the function of sinc(ΔkL/2), where Δk
is the wavevector mismatch and L is the length of the PPLNOI
waveguide. The attractive flat-top transmission, blue curve in
Fig. 5(a), is achieved at the critical voltage of 27 V. Detail in-
vestigation of this feature can be found elsewhere [29], [30].
This is useful in wavelength filtering to withstand temperature
fluctuations. Fig. 5(b) shows the QPM wavelength with temper-
ature, showing a good linear dependence with a sensitivity of
dλ/dT ≈ −0.5 nm/◦C. Overall, the static performance of our
device is in consistence with the design.

Other than the dramatic reduction in driving voltages, an-
other straightforward benefit of using compact structure is fast

Fig. 6. Time traces of transmitted light operating at MHz driving using
(a) sinusoidal and (b) square function signals. Black lines: applied voltage;
blue lines: transmission.

Fig. 7. The frequency response of the device.

operation. Fig. 6 shows the time trace of transmitted light after
an orthogonal cubic PBS using sinusoidal and square function
drive at MHz range (dynamical operation). An offset voltage of
3 V has been added. The shown traces are measured at the fre-
quency of, for instance, 20 MHz and 5 MHz for sinusoidal and
square signal drive, as shown in Figs. 6(a) and 6(b), respectively.
This shows the ability of our device to continuously rotate and
switch light polarization at dynamical operation.

The frequency response of the EO modulator was measured
using swept-frequency technique. Fig. 7 shows the experimen-
tally measured result of the relative modulation depth with re-
spect to the electrical frequency. The device has a 3-dB modu-
lation bandwidth of approximately 125 MHz, and a resonance
peak at approximately 70 MHz. Although the modulation speed
is not surprisingly high at present, the successful demonstration
of EO modulator in PPLNOI ridge waveguide is convincing.
The recently developed ultrahigh speed phase modulators in
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LNOI nanofilms has push this limit to 100 GHz. This is firstly
achieved due to lower half-wave voltage for rf driving, and
small dimensions for small intrinsic capacity of electrodes, and
impedance matching by proper design of the electrodes. The
limitation on the modulation speed in our device is mainly due
to large capacity and mismatched impedance of the electrodes.
The capacity of the electrodes is measured to be 25 pF, and
the ohmic resistance (much larger than 50 Ω) is also too large,
while ultrahigh-speed EO modulators requires that the electrode
capacity be typically smaller than 3 pF/cm and the velocities of
optical and RF drive waves be matched. The problem can be
overcome by properly designing the narrow rf electrodes and
fabrication [2], as will be investigated in the future.

III. CONCLUSIONS

In summary, we have developed an on-chip Solc-type device
based on PPLNOI ridge waveguide structure. With moving to
a LNOI platform and ridge waveguide configuration, an active
mode converter with reduced voltage and high speed operation
is obtained. We have shown that this scheme is promising for
both polarization rotation and wavelength filtering for integrated
device application.
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