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Abstract—A ridged lithium niobate electrooptical (EO) modu-
lator with low driving voltage and reduced size is proposed. In par-
ticular, the electrodes of the proposed device are extended to the
sidewalls of the ridge slopes to make the electric and optical fields
much more overlapped than those reported. For a more detailed
simulation, the electric and optical fields involved in the overlap
integral are numerically calculated rather than by using approx-
imate analytic solutions. Experimental results show that the half-
wave voltage is reduced by at least 15% in comparison to that of an
EO modulator without extended electrode configuration. As both
the electrode length and gap are decreased, the device sizes can be
reduced by about 18%.

Index Terms—Electrooptical (EO) modulator, half-wave voltage,
lithium niobate, overlap integral, ridge waveguide.

I. INTRODUCTION

ELECTROOPTICAL(EO)modulatorsarekeydevices inop-
tical communication system.For an efficient operation ofan

EO modulator, the reduction of driving voltage is an important
issue. Inprinciple, increasing theoverlap integralbymatching the
maximum of electric and optical fields is a good way to reduce the
half-wave voltage. However, its effect is limited [1]. Recently, an
effective way to reduce the half-wave voltage is realized by using
ridge structures and placing electrodes on both sides of the ridge
[2], [3]. In this paper, the electrodes are extended to the sidewalls
of the ridge slopes to make the electric and optical fields much
more overlapped than those reported in [3]. With the proposed
structure, experimental results show that the half-wave voltage is
reduced by at least 15% in comparison to that of an EO modulator
without extended electrode configuration. As both the electrode
length and gap are decreased, the device sizes can be reduced by
about 18%.

II. SIMULATION

In principle, the half-wave voltage of a modulator can be
written as [4]

(1)
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Fig. 1. Configuration of the EO modulator. (a) Conventional. (b) Chang’s [3].
(c) Proposed. (d) Ideal.

where is the gap of the electrodes, is the wavelength, is
the length of the electrodes, is the EO coefficient, is the
refractive index of the substrate, and is the overlap integral,
which is given by

(2)

where is the applied voltage, and and are the elec-
tric and optical fields, respectively. Fig. 1 shows the schematic
of various EO modulators. The conventional EO modulator is
shown in Fig. 1(a). In addition, a ridged EO modulator reported
by Chang et al. [3] is depicted in Fig. 1(b). In this modulator, a
ridge of height , top width , and bottom width is formed
by wet etching. Note that the electrodes are placed on both sides
of the ridge with a minimum spacing equal to the bottom width
of the ridge. The proposed modulator is sketched in Fig. 1(c),
where the electrodes are extended to the sidewalls of the ridge
such that the minimum spacing between the electrodes is the top
width of the ridge. Fig. 1(d) shows an ideal case of the proposed
EO modulator, where the angle of the ridge slope is 90 . Prac-
tically, the ideal ridge structure can be fabricated by dry etching
such as focused ion beam etching. For comparison, practical
values of the parameters such as cm, m, and

are chosen.
For a rigorous analysis of the proposed EO modulator as

shown in Fig. 1(c) and (d), the calculation of the overlap in-
tegral consists of numerical simulations of electric and optical
fields. Conventionally, the electric field is obtained by solving
the Poisson equation with the aid of conformal mapping [5], and
the optical field is obtained by assuming a Gaussian index pro-
file [6]. However, there are two problems for the conventional
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Fig. 2. Overlap integral of the proposed modulator versus angle of the ridge
slope for H = 3:5 �m.

simulation of the overlap integral. First, many electric-field sim-
ulation methods have difficulties on dealing with the fringing
fields [6] and scaling the simulation window [5]. Second, an-
alytic solution of impurity diffusion distribution is too compli-
cated to be useful for the proposed EO modulator. Moreover, for
an analytic solution of the impurity distribution, the unlimited
boundaries are usually assumed. However, for a small electrode
gap like those shown in Fig. 1(c) and (d), the effects of bound-
aries cannot be neglected. Therefore, a more general simulation
scheme for the overlap integral is needed.

First, the Helmholtz equation is solved with a refractive index
distribution that is obtained by solving the diffusion equation as
given by

(3)

where is the impurity (e.g., Ti) concentration, and is the
diffusion coefficient. The impurity concentration is then con-
verted to a refractive index distribution with known relations
[7].

The static field is obtained by solving the Poisson equation as
follows:

(4)

where is the dielectric constant, and is the electric charge
density. With the solutions of electric and optical fields, the
overlap integral can be calculated to obtain the half-wave
voltage. In this paper, C++ and Matlab were used to implement
the programs.

Due to lateral chemical etching, the ridge angle is not straight.
Fig. 2 shows the angular dependence of the overlap integral for

m and m. As can be seen from the figure,
a larger angle gives rise to a larger overlap integral.
That is because the horizontal field components are increased
with the slope angle. Fig. 3 shows the dependence of the overlap
integral and half-wave voltage on the ridge height for various
ridge angles. The results show that the overlap integral of mod-
ulators in Fig. 1(c) and (d) is gradually increased with the ridge
height. However, too high a ridge does not significantly improve
the overlap integral. That is because the interaction between the
optical and static electric fields is saturated with an increasing
ridge height.

Fig. 3. (a) Overlap integral and (b) half-wave voltage versus ridge height for
� = 0 , 45 , and 90 .

For comparison, the half-wave voltages of various electrode
configurations of modulators are calculated, as shown in Table I.
In particular, the proposed and Chang’s electrode configurations
[3] are extensively compared. The driving voltages as functions
of the electrode gap are shown in Fig. 4. It is obvious that the
driving voltage of the proposed electrode configuration is im-
proved by 14.6%–15.1%. Fig. 5 shows the dependence of the
overlap integral and half-wave voltage on the ridge height. As
can be seen, for a 1- m-high ridge, the overlap integral and
the half-wave voltage for the proposed electrode configuration
are 0.59 and 2.45 V, respectively. Those for Chang’s electrode
configuration are 0.51 and 2.85 V, respectively. The improve-
ment of the overlap integral and the half-wave voltage are 15.7%
and 16.3%, respectively. Note that, for Chang’s electrode con-
figuration, when the ridge is too high, the overlap integral and
half-wave voltage become less improved. That is because the
interaction between the optical and static electric fields is de-
creased with an increasing ridge height. However, for the pro-
posed electrode configuration, this disadvantage is not seen.

Moreover, with the proposed electrode configuration, the area
of a Mach–Zehnder modulator with a branching angle of 1
driven by a voltage of 2.5 V is 0.23 mm , but that of the conven-
tional device shown in Fig. 1(a) is 0.28 mm , which is improved
by about 18%. Thus, the chip size can be significantly reduced.

III. EXPERIMENTAL VERIFICATION

A push–pull Mach–Zehnder modulator with the proposed
electrode configuration, as shown in Fig. 1(c), on an X-cut
lithium niobate substrate operating at 1.55 m is chosen for
verification.
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TABLE I
PERFORMANCE OF VARIOUS ELECTRO-OPTICAL MODULATORS

Fig. 4. Half-wave voltage versus electrode gap for H = 2 �m.

The fabrication process of the Mach–Zehnder modulator
is illustrated in Fig. 6. Notice that only one arm of the
Mach–Zehnder modulator is shown for simplicity. First, a
tantalum strip with a thickness of 100 nm is coated on a lithium
niobate substrate. Then, the proton exchange process is per-
formed by heating the substrate to 200 C in a 0.1% lithium
benzoate with benzoic acid as the solvent [8]. The substrate
is etched with a mixture of hydrofluoric and nitric acids (1:2)
to form a ridge with a height of 1.3 m. In steps (d) and (e),
the titanium film is patterned to form a strip with a width of
7 m and then diffused at 1020 C for 280 min to form the
waveguides. In the last two steps (f) and (g), an oxide layer with
a thickness of 100 nm is deposited as the buffer layer to prevent
the optical power loss due to the metallic electrodes. Finally,
an aluminum layer with a thickness of 200 nm is deposited
by thermal evaporation and then patterned to form a pair of
electrodes with a gap of 11 m and a length of 2 cm for the
Mach–Zehnder modulator.

To check if the electrodes are placed at the position as re-
quired, Fig. 7 shows a scanning electron microscopy image of
the electrodes. The dark region indicates the lithium niobate,
namely the ridge structure, and the light region indicates the
electrodes. It is obvious that the electrodes have been correctly

Fig. 5. (a) Overlap integral and (b) half-wave voltage versus ridge height of
modulators in Fig. 1(b) and (c).

aligned and placed. Fig. 8 shows the output optical intensity dis-
tribution, which is quite similar to the simulated one. The op-
tical losses of the ridge waveguides are 5–7 dB depending on
the ridge height [9].

The measurement system consists of the following compo-
nents. First, a He–Ne laser with a wavelength of 0.6328 m
is used for optical alignment. Then, an infrared laser with a
wavelength of 1.55 m is focused at the input end of the wave-
guide. The input laser beam is transmitted through the wave-
guide and split to the charge-coupled device (CCD) camera and
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Fig. 6. Fabrication process of a ridged EO modulator. (a) Tantalum mask de-
position. (b) Proton exchange. (c) Wet etching. (d) Titanium stripe deposition.
(e) Diffusion. (f) Silicon oxide buffer layer deposition. (g) Aluminum electrode
deposition.

Fig. 7. Top view of ridged waveguides and electrodes.

the detector at the output end. Applying a sawtooth wave on the
electrodes, we can see that the output optical power is varying
with time on both the CCD camera and the detector. Fig. 9 de-
picts the optical response of the push–pull Mach–Zehnder mod-
ulator driven by a triangular wave. The overlap integral and the
half-wave voltage obtained from the experimental data are also
shown in Table 1. In comparison to the simulation results, the er-
rors in the overlap integral and the half-wave voltage are 0.6%
and 4.0%, respectively. This shows that the experimental and
simulation results are in good agreement. Thus, with the pro-
posed electrode configuration, an improved EO modulator can
be realized.

Fig. 8. Measured field intensity distribution of a ridge waveguide.

Fig. 9. Optical response of the proposed push–pull Mach–Zehnder modulator
driven by a sawtooth wave.

Fig. 10. Overlap integral versus misalignment for H = 2 �m and W =

13 �m.

IV. DISCUSSION

It is of interest to know the effect of waveguide and electrode
misalignment. It has been shown that the overlap integral can
be increased when the waveguide is placed a certain offset to
the central position of the electrodes [1], [5]. For a ridge with a
height of 2 m and a top width of 13 m, the overlap integral
with various offsets is sketched in Fig. 10. As can be seen, the
variation of the overlap integral caused by an offset of 1.5 m
for Chang’s and the proposed structures are 1.3% and 1.8%, re-
spectively. These results show, though it was reported that the
strength of the electric field is strong near the electrode edges,
that the effect of offset is negligible for the improvement of the
half-wave voltage. That is because the electrodes of the pro-
posed device have been extended to the sidewall of the ridge,
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so the electric lines are more uniformly distributed. Therefore,
the overlap integral can hardly be influenced by any small offset
of the waveguide location.

V. CONCLUSION

In conclusion, for the enhancement of the performance of EO
modulators, a simple modification of the previous electrode con-
figuration has been proposed. With the proposed electrode con-
figuration, smaller device, lower driving voltage, and reasonable
wide bandwidth can be achieved. To simulate the proposed elec-
trode configuration, a rigorous analysis has been utilized to cal-
culate the driving voltage. For a ridge with a height of 1.3 m,
experimental results show that the driving voltage is reduced by
15% as compared with that of the EO modulator without ex-
tended electrode configuration. Details of the application of the
proposed EO modulator will be of interest for future study.
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