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Abstract— This work presents a quasi-static analysis
of an x-cut Mach-Zehnder-like modulator which
includes a set of floating electrodes. The results are
compared to the ones obtained for a modulator of
conventional electrode configuration. The electrooptic
modulators were analyzed by using the finite element
method. The numerical results complement
information presented previoudly in literature.

Index terms—integrated optics, optical waveguides,
coplanar waveguides, electr ooptic modulation, finite element
methods.

I. INTRODUCTION

lectrooptic modulators with traveling-wave (TW)

electrodes are one of the most important wideband

devices for optical communication systems, high
precision sensors, optical signal processing and optical
computing. The development of technologies for the
design and construction of wideband and lower power
consumption modulators has demanded great efforts in
the last years [1]-[8]. Particularly, our research group is
engaged in the development of software systems for the
analysis and design optimization of integrated optic
devices and components. The analyses comprehend the
influence of constructive parameters, such as, time and
temperature of the ion diffusion process, different
geometric configurations and materials. Results presented
in literature are used regularly for the evaluation of both
the adequacy of the models we adopt and the software
solutions we develop.

In this work, an x-cut Mach-Zehnder modulator with
TW electrodes and a set of extra floating electrodes is
analyzed. The inclusion of the floating electrodes was
proposed in [1] for an x-cut LiNbO; substrate, in order to
increase the microwave field in the electrooptic
interaction region. These floating electrodes are located
between the LiNbO; substrate and the buffer layer, Fig. 1.

Both the microwave electric field and the optic field
were computed in this work by applying the Finite
Element Method (FEM).

The effects of the geometric parameters G, g’ and b
(Fig. 1) on the modulator performance are analyzed in
order to improve the design. The results are compared to
the ones obtained for a conventional x-cut Mach-Zehnder
modulator with the same geometric characteristics.

Il. THE MODEL

The Mach-Zehnder modulator manufactured with
coplanar waveguides (CPW) transmission lines can be

characterized by the following electrical parameters: the
characteristic impedance Z,, the effective index N of the
transverse electromagnetic (TEM) mode, the bandwidth
Af, the overlap integral factor I' of each optical
waveguide, the half-wave voltage V, and the microwave
driving power Py, These parameters are defined as
follows [3]-[5], [9]:
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Fig. 1. Cross-section view of the x-cut Mach-Zehnder
optical modulator with a set of extra floating electrodes.
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In (1)-(6), C is the capacitance per unit length of the
CPW with the usual materials, C; is the capacitance per
unit length of the CPW in vacuum, c is the free-space
light velocity, ng is the effective index of the optical
wave, V is the static voltage between the electrodes, E, is
the optical electric field, Eg is the electric field of the
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TEM wave (E, component for the x-cut case), L is the
length of the CPW electrodes, A is the free-space optical
wavelength, n, is the extraordinary refractive index of
the substrate at Ao, rsz is the electrooptic coefficient of
LiNbO; and Z; is the impedance of the microwave source.
Notice that, for x-cut Mach-Zehnder modulators with
optical waveguides positioned in the middle of the gap G,
Fig. 1, the overlap integral for both optical waveguides,
;| and |T,|, are identical, i.e. |I|= Iy =[]

In this work, E, is computed by the FEM in the quasi-
static approximation (TEM modes), as follows.

The TEM modes are related to the solutions of the
Laplace equation for the electric potential ¢

V{z, V¢)=0, )
where the diagonal relative permittivity tensor is given
by:

= _ SXX 0
&= ey | (8)
The FEM applied to (7) yields the matrix equation:
[s]{o}™ ={o}" (9
where
1= [ NI NL+ o N i) oy,

g=N}HpJ  .and E=-Vy,

{ } represents a row matrix, { }" stands for a transposed
matrix and {N} represents a complete set of base
functions for the used finite elements. {N} and {N},

represent the partial derivative of the base functions in x
and y coordinates.

The capacitances C and C; can be easily obtained from
the microwave electric field. The simulations were
performed for a guide built in an x-cut, y-propagating
LiNbO; substrate, an isotropic buffer layer of SiO, and
wavelength of 1.523 um. The following parameters were
assumed for the diffusion process, which determines the
characteristics of the optical waveguide: initial width of
Ti-strip W = 5 um, initial thickness of Ti-strip H = 80 nm,
diffusion temperature T =1050°C and diffusion time
t=3h [6], [10]-[12]. These parameters were chosen to
guarantee the complete diffusion of Ti into the LiNbO;
substrate and to produce a small optical spot size, in order
to locate the optical waveguide where the electrooptic
interaction is more intense.

The refractive indexes dispersion of the SiO, and of the
LiNbO; was taken into account by using the three-terms
Sellmeier equation for SiO, and the equivalent relations
for LiNbO; presented in [8]. The electric optic field E, is
computed as presented in [6].

1. RESULTS

Two modulator configurations, named conventional
and floating from this time on, are considered. In the
conventional configuration, three symmetrical electrodes

are deposited on a plane structure composed of a SiO,
buffer layer on a LiNbO; substrate. The floating
configuration includes three floating electrodes between
the substrate and the buffer layer.

The geometric parameters used for the simulations
presented in this work are: electrode width X =50 um,
central electrode width S =8 um, electrode thickness
e =4 um and gap between floating electrodes g’ =5 um
(for the floating configuration only). Very thin floating
electrodes (zero thickness) were assumed.

The ratio R of the modulation electric field strength E,
for the floating configuration to the conventional one:

E float

(X, Y)
R(x, y)= Exconv (X, Y) !

X

(11)

and the contour lines, projected in the x-y plane, of the
fundamental optical field strength in steps of 10% of the
maximum optical electric field Ep, are shown in Fig. 2.

The ratio R and the optic-field normalized strength E,
along a vertical line which passes through the center of
the optic-guide are presented in Fig. 3. Figs. 2 and 3 show
clearly that the inclusion of floating electrodes results a
remarkable increase of the modulator field strength in the
region of maximum optic field. Thus, they increase the
electrooptic interaction and reduce the power required for
the operation of the modulator device, as pointed in [1].

Figs. 4 and 5 present the effective index (TEM wave)
and the characteristic impedance of the conventional and
floating configurations, respectively, as a function of the
distance between the electrodes G and the buffer layer
thickness b.
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Fig. 2. The ratio R of the modulation electric field
strength E, for the floating configuration to the
conventional one. The contour lines on the x-y plane
show the optic mode field distribution for the region of
one of the optic guides.

Fig. 6 presents the bandwidth variation as a function of
G, for both conventional and floating configurations. The
floating configuration modulator presents a greater
bandwidth when compared with the conventional
configuration for all gap dimensions. Fig. 7 presents the
overlap integral factor I', and the half-wave voltage V, as
functions of the spacing dimension between floating
electrodes g’. The increase of g’ leads to a situation
equivalent to that of a conventional layout, in other
words, I" becomes smaller and V. grows up.
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Fig. 3. The ratio R of the modulation electric field
strength E, for the floating configuration to the
conventional one and the normalized field strength for the
fundamental optic mode along a vertical line which

passes through the center of the gap.
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Fig. 4. The variations of the characteristic impedance
and of the effective index for a conventional configuration
as a function of the distance between electrodes (gap) for
various buffer layer thicknesses.
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Fig. 5. The variations of the characteristic impedance
and of the effective index for a floating configuration as a
function of the distance between electrodes (gap) for
various buffer layer thicknesses.

The electrical parameters of the conventional (A) and
of the floating (B) configurations at the optimum
electrical condition are compared in Tablel. The
geometrical parameters are;: G =15um and b =15 um.
In both cases, the same Ti diffusion conditions are used.
The numerical results show that the floating electrodes
improve the performance of the device. A good
impedance matching and larger bandwidth, 50%
reduction in the half-wave voltage and a decrease of 75%
in the driving power are obtained, when compared with
the conventional configuration.
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Fig. 6 Bandwidth (Af L) as a function of the distance
between electrodes, G, for both conventional and floating
configurations.

TABLE |
ELECTRICAL PARAMETERS AT OPTIMIZED CONDITION. (A)
CONVENTIONAL CONFIGURATION AND (B) FLOATING
CONFIGURATION

cP z AfL V.L  P,L?
Neff | r | T 2
W (Q) (GHz cm) (Vem)  (Wemd)
A 55.33 2.422 47.76 0.230 16.446 0.678
46.20 2.364 60.16 0.463 8.193 0.168
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Fig. 7. The overlap integral factor and the half-wave
voltage as functions of the gap dimension g’ between the
floating electrodes.

CONCLUSIONS

A x-cut Ti:LiNbO; traveling-wave optical modulator
with extra floating electrodes was analyzed by applying
the finite element method. The floating configuration
allows the reduction of the effective index, the increase of
the bandwidth, and the reduction of power consumption
with respect to the conventional configuration. The
numerical results complement information presented
previously in literature. They allow the evaluation of
relevant physical parameters of the optical modulators in
terms of geometric dimensions of the CPW transmission
lines.
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