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Abstract—This paper presents a novel wet etching method for
LiNbO3 using electric-field-assisted proton exchange. By applying
voltage with appropriate polarity on designed electrodes placed on
both sides of substrate, the induced electric-field distribution can
effectively suppress or enhance proton diffusion in the lateral and
depth directions. Thus, the proton-exchanged range in LiNbO3 can
be expertly manipulated. Because the proton-exchanged region can
be removed by using a mixture of HF/HNO3 acids, the proposed
wet-etching method can effectively control the shape of the etched
region in the LiNbO3 substrate. Under appropriate electrode and
proton-exchange parameters, a vertical sidewall with smooth sur-
face is successfully produced, which makes fabricating reflection
mirrors andT-junctions in LiNbO3 possible. By utilizing the pro-
posed wet-etching method, optical integrated circuits with higher
integration density can be fabricated in LiNbO3.

Index Terms—Integrated optics, lithium niobate, proton ex-
change, waveguide mirror.

I. INTRODUCTION

FABRICATION of optical integrated circuits with high
performance and high integration density is the goal that

many researchers in the realm of integrated optics pursue.
Highly integrating various devices in a single chip not only
makes chips possess new and diversified functions, but also
enhances the overall performance and its application range.
In order to increase integration density, various waveguide
structures, such as right-angle bend [1]–[12], -junction
[11]–[13], and photonic crystal [14], are proposed. To fabricate
these structures requires using high-index-contrast materials
and mature etching techniques to produce smooth and vertical
etching surfaces. In silicon and III–V material systems, these
requirements are satisfied, and the related devices have been
successfully demonstrated. In lithium niobate (LiNbO ), these
devices cannot be fabricated due to the restriction of the present
etching techniques. In this work, a new etching technique to
solve this problem is proposed.
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Lithium niobate has excellent electrooptic, acoustooptic,
piezoelectric, and nonlinear-optic properties. It is broadly
employed to produce various devices and is an important
material in integrated optics. In device fabrication processes,
techniques of etching lithium niobate are frequently required to
produce diverse structures, such as gratings and ridge devices.
In addition, they are also needed to enhance the performance of
high-frequency modulators. Due to its strong etching resistance,
etching LiNbO is difficult. Hence, developing a new etching
technique with a high-etching-rate, smooth and vertical etching
surface is an important research topic. Traditional dry-etching
methods such as plasma etching [15], sputter etching [16], and
reactive ion etching [17] have a very slow etching rate and
produce a rough etching surface. Wet etching of lithium niobate
using an HF/HNO mixture initially is used to determine
domain polarity and defect topology. This mixture only etches
the negative -face and leaves the positive -face unchanged.
By introducing structural defects in LiNbO , any exposed
surface can be etched, and the etching rate rises notably. Based
on the concept, Laurell et al. [18] proposed a new wet-etching
method for LiNbO . They used a proton-exchange method
to produce structural defects in specified regions and then
removed them by an HF/HNO mixture. A several-micrometer
etching depth and a smooth etching surface can be obtained. By
utilizing the method, ridge waveguides and the related devices
on different crystal orientation of lithium niobate have been
successfully produced [19]–[21]. However, due to the proton
lateral diffusion in the proton-exchange process, the sidewall
of the etched region has a slanted or curve shape, depending on
the proton-exchange temperature and time [20].

In an optical integrated circuit, reflection mirror and -junc-
tion are important components for compact lightwave steering.
In order to reduce the reflection/splitting loss, the chosen
etching method to produce these devices must satisfy several
requirements.

1) They must generate a smooth etching surface to diminish
the scattering loss.

2) They must create an adequate etching depth to reflect or
split most of the optical field in the waveguide.

3) They must produce a vertical sidewall to reflect the op-
tical field horizontally to the waveguide.

The effects of various mirror parameters [22]–[27], such as
mirror roughness, mirror verticality, mirror lateral tilt, and
mirror offset, on the device performance have been discussed
in previous literature. For the practical mirror, mirror height
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(or etching depth) must be larger than mode size to avoid the
interference of mode field by mirror edge, and mirror surface
roughness should be less than one tenth of the light wavelength
to be optically smooth. The mirror tilt from verticality must be
less than 4 in order to have a loss of less than 3 dB [27].

Though the dry-etching methods can produce a vertical side-
wall, its surface quality and the etching depth are inadequate.
The wet-etching method proposed by Laurell et al. does not
have such drawbacks, but its nonvertical sidewall will reflect
the optical field toward the substrate, not the waveguide, and
results in a large reflection/splitting loss. Hence, restricted
by the present etching techniques, the structures needed to
reduce the device area in the chip and to increase integration
density, such as right-angle bend and -junction, cannot be
fabricated in LiNbO . This limits the enhancement of the chip
function and impedes the popularization of LiNbO devices
due to the difficulty in reducing the manufacture cost. In this
paper, a new wet-etching method using electric-field-assisted
proton exchange is proposed. By designing the electric-field
distribution in the proton-exchange process, the etching profile
of lithium niobate can be controlled. A smooth and vertical
sidewall, which is suitable for fabricating right-angle bends and

-junctions, can be produced.
This paper is organized as follows. The design concept of

the proposed wet-etching method using electric-field-assisted
proton exchange is illustrated in Section II. The resultant elec-
tric-field distribution in the designed electrode structure is cal-
culated, and the effect of structural parameters on electric-field
distribution is discussed. The experimental setup, process, and
the related problems are presented in Section III. The effect of
benzoic acid placed on the side of the bottom electrode and the
applied voltage on the etching profiles are discussed. Section IV
provides a discussion about the results in simulations and exper-
iments. The conclusion is given in Section V.

II. DESIGN AND SIMULATION

A. Principle

During the proton-exchange process, protons diffusing
into lithium niobate not only move in a direction perpen-
dicular to the substrate surface, but also diffuse laterally in
the substrate inside. The proton lateral diffusion results in a
proton-exchanged region, in a side view, with a slanted or
curve-shaped boundary [20]. The incoming protons will induce
structural defects in LiNbO , which can be easily removed by
a mixture of HF/HNO acids. When immersing the substrate
in this mixture, only the proton-exchanged regions are etched.
The revealed etching profile completely coincides with the
boundary of the proton-exchanged region and has a slanted or
curve-shaped sidewall. Hence, the conventional wet-etching
method could not produce a vertical etching sidewall and is
not suitable to be used in the fabrication process of reflection
mirrors and -junctions for reducing the area that the devices
occupy in a chip.

The proton lateral diffusion results from a proton concentra-
tion gradient in the lateral direction. In order to suppress the
lateral diffusion, an external force along the contradirection of
the concentration gradient must be applied. In this paper, the re-
quired force is produced by the externally applied electric field,

Fig. 1. Schematic diagram for the electric-field-assisted proton exchange with
the designed electrodes. Inset: the upper left is the definition of the orientation
angle of electric field, and the upper right is the resultant etching profile, where
D and D denote the vertical sidewall depth and the overall etching depth,
respectively.

which is formed by applying the voltage on the designed elec-
trodes. The new electrode structure in the electric-field-assisted
proton-exchange process is shown in Fig. 1. It is expected that
for this electrode structure, the direction of the electric field near
the edge of window opening is toward the center of window
opening. It is opposite to the direction of concentration gra-
dient and will have the effect of suppressing the proton lateral
diffusion.

B. Calculation of Electric-Field Distribution

In order to understand the electric-field distribution in the
substrate, the electrode analysis using the finite-element method
[28] is conducted. In order to shorten the CPU time and decrease
the computer memory requirement in simulation, a nonuniform
mesh with denser grid points near the proton-exchanged re-
gion is used. The electrode structure in simulation, as shown
in Fig. 1, has the following parameters: the gap between top
electrodes 20 m, the width of the bottom electrode

150 m, the substrate thickness 500 m, and
the applied voltage 100 V. The electric-field vector dis-
tribution under the substrate surface corresponding to is
shown in Fig. 2. Near the edge of top electrodes, the electric
field has a large horizontal component toward the center of the
window opening, whose direction is contrary to the concentra-
tion gradient in the lateral direction, and can be used to suppress
the proton lateral diffusion. The vertical component of the elec-
tric field exists everywhere beneath the substrate surface and has
a maximum also near the edge of top electrodes. It is directed
downward, and its effect on the protons is to accelerate them to
reach the deeper region. Fig. 3 shows the electric-field distri-
bution along the direction at 0, 1, 2, 3, 4, 5 m, where

is the distance from the top-electrode edge (refer to Fig. 1).
The direction of the electric field is described by the angle rela-
tive to the axis, as shown in the inset on the upper-left side of
Fig. 1. The electric field is the strongest on the substrate surface
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Fig. 2. Electric-field vector distribution beneath substrate surface with voltage
V = 100 V applied on the proposed electrode structure with the parameters:
W = 20 �m, W = 150 �m, and T = 500 �m.

Fig. 3. Electric-field distribution (orientation angle � and field valueE) along
the depth direction at the position d = 0, 1, 2, 3, 4, 5 with the same parameters
as that for Fig. 2.

and decreases with depth and distance . The electric field
at the electrode edge has an orientation angle of 34.3 ,
which can direct the incoming protons to move in counterdirec-
tion of the concentration gradient. It is noted that the orientation
angle has a value of 30 for , which means a larger
force ( ) to suppress proton lateral diffusion. In addition, even
though the depth increases to 10 m, the electric field still has
an orientation angle about 70 . Therefore, as the applied voltage
is sufficiently large, the ability of the electric field to suppress
the proton lateral diffusion can extend to a depth at least 10 m,
which means a potential to produce a mirror of height 10 m.
This mirror height is sufficient to reflect the most power of the
optical field.

C. Effect of Structural Parameters on Electric-Field Strength

The range of the proton-exchanged region (after etching, it is
the etching region) depends on the proton diffusion coefficient,
the proton-exchange time, and the applied electric field. The
proton-exchange depth can be controlled by varying proton dif-
fusion coefficient (or proton-exchange temperature) and proton-
exchange time. The only parameter that can control the proton-
exchange lateral profile is the electric field. It can affect proton
movement in the lateral and depth directions and can be used to

control the overall proton-exchange profile. The electric-field
strength and distribution is determined by the voltage value and
the electrode structure used in the proton-exchange process. The

component controls the suppression level of proton lateral
diffusion. The component affects the rate of proton move-
ment in the depth direction. The combination of and
govern proton movement and, thus, the subsequent etching pro-
file. Experimental results show that the resultant etching pro-
file has a shape as shown in the inset on the upper-right side of
Fig. 1, where and denote the vertical sidewall depth and
the overall etching depth, respectively. The formation of the ver-
tical sidewall is the result of the action balance between the ap-
plied and the lateral concentration gradient. In the following,
the effects of structural parameters, such as bottom-electrode
width ( ) and substrate thickness ( ), on the resultant
electric-field distribution are considered. Because lateral diffu-
sion starts at the place right beneath the top-electrode edge, the
variation of the electric field at this place with different depth,
such as 0, 1, 2, 3, 4, 5, is observed. In the simulation, the
gap between top electrodes is set as 100 m, and the ap-
plied voltage is 100 V.

Fig. 4(a) and (b) shows the variation of the electric field at dif-
ferent depth with for 50 and 500 m. For
50 m, while increases, the orientation angle and the field
value of electric field rise and gradually approach a constant
when 200 m ( ). As expected, for

, the decrease of the bottom-electrode width has the ef-
fect of field concentration toward the center of window opening
and results in a smaller orientation angle. While increases
further beyond , the increasing part of the bottom elec-
trode is far from the top-electrode gap. Hence, a greater increase
in has a less influence on the electric-field distribution
therein, and the electric field tends to be invariant. In addition, an
obvious decay of the field value with depth is also observed. The
counterpart for 500 m is shown in Fig. 4(b). When the
substrate becomes thicker, the dependence of the electric field
on vanishes, even for the electric field at a different depth.
It is because a widened bottom electrode at a distance has less
influence on the field distribution near the top-electrode gap.

Fig. 5 shows the dependence of the electric field on for
400 m, in the vicinity of which the electric field is

invariant with , as shown in Fig. 4(a). While increases,
the orientation angle of the electric field slightly decreases and
then approaches a constant. The slight decrease of is due to a
larger decrease rate of than that of and a larger than

. As to the electric-field value, its decrease rate with
is more obvious than that for , and it also has a saturated value
for 200 m. This means that when the substrate can
be thinner below 200 m, the electric field will be effectively
enhanced.

III. EXPERIMENT AND RESULTS

A. Fabrication Process

The proposed wet-etching method is realized on -cut
LiNbO . Fig. 6 illustrates the fabrication process. First, a
300-nm aluminum film is evaporated onto the negative face.
The pattern of the designed bottom electrode is transferred to
the photoresist on the aluminum thin film by photolithography.
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Fig. 4. Electric field (orientation angle � and field value E) beneath the
electrode edge at the depth y = 0, 1, 2, 3, 4, 5 versus bottom-electrode
width W for (a) T = 50 �m and (b) T = 500 �m, with parameters
W = 100 �m and V = 100 V.

Fig. 5. Electric field (orientation angle � and field value E) beneath the
electrode edge at the depth y = 0, 1, 2, 3, 4, 5 versus substrate thickness T
with parameters W = 100 �m, W = 400 �m, and V = 100 V.

Then, the sample is immersed in the aluminum etching solution
to remove the unwanted part. Thus, the bottom electrode is

Fig. 6. Fabrication process for the proposed wet-etching method.

finished. Using the double-side mask aligner and following
the same previous process, the top electrodes are fabricated
and also can be used as the mask for proton exchange. Then,
the sample is immersed in the benzoic acid, and the specific
voltage is applied between the top and the bottom electrodes.
The top electrode is connected to the positive terminal of
the high-voltage power supply, and the bottom electrode is
connected to the ground. It is noted that the top and the bottom
electrodes must be separated and put in different melts of
benzoic acid in order to avoid the strong oxidation-reduction
reaction, which will result in the violent corrosion of both
electrodes. Next, the temperature of benzoic acid is gradually
raised to 240 C and kept at this temperature for 4 h. After the
electric-field-assisted proton-exchange process, the substrate is
cleaned and then immersed in the mixture of HF and HNO
acids (HF HNO ) at room temperature for over 6 h to
completely etch the proton-exchanged regions. In order to view
the etching profile, the substrate is cut along the center of the
etching region, and the revealed substrate side is polished for
cross-sectional observation by a scanning electron microscope
(SEM).

In the experiment, commercial optical-grade lithium niobate
substrates of thickness ( ) 500 m are used. The gap between
top electrodes ( ) is set as 20 m. Just as the simulation
results show, the etching depth is almost independent of
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Fig. 7. SEM images of the etching profiles using the experiment setup
(a) without benzoic acid and (b) with benzoic acid on the side of bottom
electrode. The electric-field-assisted proton exchange is done at 240 C for 4 h
with the applied voltage of 100 V.

TABLE I
VERTICAL SIDEWALL DEPTH AND THE OVERALL ETCHING DEPTH FOR THE

EXPERIMENTAL SETUP WITHOUT AND WITH BENZOIC ACID ON THE

SIDE OF THE BOTTOM ELECTRODE (APPLIED VOLTAGE V = 100 V)

because the substrate is as thick as 500 m. In the following,
the experimental results for 150 m are presented.

B. The Effect of Benzoic Acid on the Side of the
Bottom Electrode

In the proton-exchange process, protons diffuse into the sub-
strate and exchange with lithium ions in LiNbO . Then, lithium
ions leave the substrate in a direction opposite to the proton
moving direction and enter into the benzoic acid melt. Since
protons and lithium ions are positively charged, in the elec-
tric-field-assisted proton-exchange process, the applied electric
field will make them move in the same direction. In order to
complete the proton-exchange process, the lithium ions must
move more deeply into the substrate and find an exit in the other
side in order to keep the substrate electrically neutral. As men-
tioned previously, the top and the bottom electrodes must be
kept in different melts of benzoic acid to avoid the oxidation-re-
duction reaction. In order to carry out the electric-field-assisted
proton exchange, the top electrodes must be immersed in the
melt of benzoic acid.

Two experiments, with and without benzoic acid on the side
of the bottom electrode, were conducted to test the previously
stated hypothesis. The electric-field-assisted proton-exchange
process proceeded at a temperature of 240 C for 4 h with the ap-
plied voltage of 100 V. Fig. 7(a) and (b) shows the SEM images
of the etching profile for two cases without and with benzoic
acid on the side of the bottom electrode. The upper side of the
etching sidewall is not so sharp because of the abrasion in the
cut and polishing processes. The measured depths are shown in
Table I. The vertical sidewall depth for the case with benzoic
acid is somewhat larger than that for the case without benzoic
acid. Hence, benzoic acid on the side of the bottom electrode
indeed facilitates the moving out of the lithium ions and has a

Fig. 8. SEM images of the etching profiles correspond to the applied voltage:
(a) V = 0 V; (b) V = 100 V; (c) V = 200 V; (d) V = 300 V.
The electric-field-assisted proton exchange is done at 240 C for 4 h.

better effect on suppressing the proton lateral diffusion. As to
the overall etching depth, the case without the benzoic acid is
deeper than that with the benzoic acid. It is supposedly due to the
extra-induced structure defect from the accumulation of lithium
ions in the boundary of the proton-exchanged region. Since the
short-circuit problem caused by the benzoic acid leakage be-
tween the top and the bottom electrodes at high temperature in-
creases the difficulty in experiment, the setup without benzoic
acid on the side of the bottom electrode is used in the following
experiments.

C. The Effect of Applied Voltage

The applied voltage determines the strength of the electric
field to counteract the proton lateral diffusion caused by the
concentration gradient. In order to understand the effect of
applied voltage, the electric-field-assisted proton-exchange
process is carried out at the temperature 240 C for 4 h with
applied voltage 0, 100, 200, and 300 V. The corresponding
SEM images of the etching profiles are shown in Fig. 8. When
no voltage is applied, the etched region has a slant-shaped
sidewall, as shown in Fig. 8(a). When the voltage is applied
on the electrodes, the etching profile near the substrate surface
appears to be vertical, and the vertical sidewall depth is about
0.72 and 0.86 m, corresponding to 100 and 200 V, as
shown in Fig. 8(b) and (c). As the applied voltage increases to
300 V, the vertical sidewall depth reaches 1.23 m, which is
over one half of the overall etching depth (2.35 m).

The root-mean-square roughness of the substrate surface
is measured by an atomic force microscope (AFM) in the
range of 5 5 m. The AFM images of the plain LiNbO
substrate surface and of the LiNbO substrate surface treated
by the proposed wet-etching method are shown in Fig. 9. The
root-mean-square roughness of the plain substrate surface is
0.430 nm. After etching by the proposed method, the rough-
nesses of the substrate surfaces are 1.767, 0.996, and 1.913 nm,
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Fig. 9. (a) AFM image of plain LiNbO substrate surface, and various AFM images of the LiNbO substrate surfaces treated by the proposed etching method
with the applied voltages: (b) V = 0 V; (c) V = 100 V; and (d) V = 300 V.

corresponding to the applied voltages 0, 100, and 300 V,
respectively. It is found that the etched surfaces produced
by the proposed method become slightly rougher. Even so,
their roughness is still far less than one tenth of the light
wavelength (for example, it is 63.28 nm for a light wavelength
of 632.8 nm). Hence, their surfaces are optically smooth and
can be used as the reflection mirror.

Fig. 10 shows the overall etching depth ( ) and the vertical
sidewall depth ( ) versus the applied voltage . As expected,
with an increase in the applied voltage, the proton lateral dif-
fusion is suppressed more effectively, and the vertical sidewall
depth increases rapidly. When the applied voltage increases fur-
ther, the increase rate of the vertical sidewall depth is not as
large as the previous. It is supposedly due to the weaker electric
field in the deeper region and the accumulation of lithium ion on
the boundary of the proton-exchanged region caused by lack of
benzoic acid on the side of bottom electrode. The repellence of
the positives charges, which exists between protons and lithium
ions, impedes the rapid increase of the vertical sidewall depth.
As a whole, the larger the applied voltage, the larger the ver-

Fig. 10. Overall etching depth (D ) and the vertical sidewall depth (D )
versus the applied voltage.

tical sidewall depth. As to the overall etching depth, while the
applied voltage increases, its value initially grows rapidly and
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then approaches a constant but with a slighter reduction. The
causes of this variation are the same as that for the vertical side-
wall depth. The overall etching depth with the applied voltage
of 300 V has a 72.0% increase than that without applied voltage.
Hence, the proposed wet-etching method not only creates a ver-
tical sidewall with smooth surface, which has not been achieved
by the present dry- and wet-etching techniques, but also effec-
tively increases the overall etching depth, which will facilitate
shortening the process time and reducing the manufacture cost.

IV. DISCUSSION

When the voltage is applied on the electrodes, the electric-
field distribution is set up in the substrate. Exactly beneath the
electrode edge, there exists a critical depth such that the electric-
field component has a value, which can counteract the proton
lateral diffusion caused by the concentration gradient. As the
applied voltage increases, not only does but also have a
larger field value. The increased enhances the critical depth,
and the larger accelerates the proton diffusion rate in the
depth direction. As the depth that the proton can reach is below
this critical depth, the vertical sidewall depth increases with the
applied voltage. Once beyond the critical depth, the vertically
etching depth no longer increases with the applied voltage. In
addition, as the applied voltage rises, the increase of the electric
field in the deeper region is not so large as that in the shallow
region, which results in a slower increase rate of critical depth
with the applied voltage.

As shown in Fig. 3, the electric field at has a smaller
orientation angle ( 30 ) than that at the electrode edge
( ). In other words, in this region, it has a larger com-
ponent, which can suppress proton lateral diffusion more effec-
tively. Simulation results show that the maximum values of the
electric-field component at different depths appear around

. In order to utilize this larger electric field, a noncon-
ducting layer, such as silicon oxide, can be used as a mask for
the proton exchange, instead of the original design in which the
top electrodes are also used as a mask for proton exchange. This
extra layer has a smaller window opening than the top-electrode
gap in order to cover the substrate surface from to .
Thus, the incoming protons at the mask edge suffer the action
of a large , and therefore, a stronger suppression effect for
proton lateral diffusion can be obtained. By using the new struc-
ture with the additional mask layer, the vertical sidewall depth
will be more easily extended.

V. CONCLUSION

A novel wet-etching method for LiNbO using an elec-
tric-field-assisted proton exchange which has been successfully
used is presented in this paper. By applying voltage with ap-
propriate polarity on designed electrodes, the resultant electric
field can effectively counteract the proton lateral diffusion
caused by the concentration gradient and enhance the proton
diffusion rate in the depth direction. Since the proton-ex-
changed region can be removed by immersing the substrate in
an HF/HNO mixture, the proposed wet-etching method can
effectively control the shape of the etched region in LiNbO
substrate. Experimental results by SEM and AFM show that

the etching surface is very smooth and the sidewall near the
substrate surface is vertical. To the authors’ knowledge, these
two characteristics have not been achieved by the present dry-
and wet- etching techniques at the same time yet. At the applied
voltage of 300 V, the vertical sidewall depth reaches 1.23 m,
which is over one half of the total etching depth (2.35 m).
With an increase of the applied voltage, the vertical sidewall
depth grows initially at a larger rate and then at a slower
rate, which is supposedly due to the accumulation of lithium
ion on the boundary of the proton-exchanged region. This
situation can be improved by immersing the bottom electrode
in the melt of benzoic acid to provide an exit for lithium ions.
Increasing the applied voltage, thinning the substrate thickness,
and improving the electrode design can further increase the
vertical sidewall depth. The proposed wet-etching method has
advantages, such as smooth etching surface, adequate etching
depth, vertical sidewall, and inexpensive experimental setup.
In addition, it satisfies all the requirement of the fabrication
process for reflection mirrors and T-junctions. Utilizing the
proposed wet-etching method, optical integrated circuits with
higher integration density can be fabricated in LiNbO .
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