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Abstract — An analysis of a Mach-Zehnder Ti:LiNbO;
traveling-wave electrooptic modulator with a ridge
structure is presented in this work. The performance
of the device is studied assuming x-cut substrate. Two
configurations employing ridge structure are
compared to a conventional one. This work also
presents the influence of some fabrication parameters
of the optical waveguide on the factors which
evaluates the efficiency of the modulators. The
characteristics of both the optical waveguide and the
coplanar waveguide electrode are computed applying
the scalar finite element method.

Index terms— integrated  optics, optical waveguides,
coplanar waveguides, ridge waveguides, electrooptic
modulation, finite element method.

|. INTRODUCTION

lectrooptic modulators have widespread use in

optical communication systems, optical signal
processing, and optical computing. In recent years,
several modulators structures have been investigated to
achieve large modulation bandwidth with a low driving
voltage. The coplanar waveguide shape, the introduction
of buffer layers, the reduction of the substrate thickness,
and shielding planes are some of the characteristics that
can be introduced and optimized in order to improve the
modulators performance [1]-[8].

This work presents an analysis of a Ti:LiNbO;
traveling-wave electrooptic modulator employing a ridge
structure. The study focuses on the lossless device
behavior assuming an x-cut substrate. Two ridge
structure configurations are compared to a conventional
one. An analysis of the influence of some optical
waveguide fabrication parameters, such as the diffusion
temperature and the width of the titanium strip, on the
efficiency of the modulators is also presented.

The Finite Element Method (FEM) was applied to
analyze the microwave and the optical propagation
properties. The microwave electric field was computed by
applying the quasi-TEM approximation and the optical
propagation properties were computed from the scalar
wave equation.

Il. THE FINITE ELEMENT FORMULATIONS

A. Quasi-Static Analysis— TEM Modes

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

v-(g, vé )=0, (1)

where the relative permittivity tensor is given by:
_ €y O

The finite element method applied to (1) yields the
matrix equation
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{ } 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, respectively.

B. Optical Modes

The modal analysis of the Ti:LiNbO; waveguide was
carried out by a scalar finite element implementation for
both nonhomogeneous and anisotropic media [9], [10].

The Helmbholtz equation in the scalar approximation,
for a lossless, nonhomogeneous and anisotropic dielectric
optical waveguide with diagonal relative permittivity
tensor, and a harmonic z-propagating wave, can be
expressed for the E* modes as
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where k, is the free space wavenumber and f is the
propagation constant. The variables 7,(x,y) and n,(x,y) are
the refractive indexes in the transversal x and y directions
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respectively, and n.(x,y) is the refractive index in the
longitudinal direction.

The application of the Weighted Residual Method
with the Galerkin Approximation in (5) and (6) yields the
matrix equation

[FI{o)" = ngy [M]{6)" (7

where n.y= B/ ky is the effective index [9]-[11]. The
matrices for each finite element are given by:

pﬂ:iA%{NVM@w@% ®)
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The parameter A and the matrices [F)] and [F;] depend on
the propagation modes.

For the E" modes A = n 22 and the matrices are:
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For both propagation modes g, = 1/n, . The parameters

o, and . assume either the value 1 for diffused index in
the x and z directions respectively, or zero for constant
index. The matrix [F] is sparse and nonsymmetrical
because of the presence of terms with partial derivative of
the refractive index.

In this work, the variation of the refractive indexes
and their spatial derivatives inside each finite element are
expanded in terms of the first order Lagrange type base
functions {N}:

n’ = {N}{n.z}T, Lj=xyz
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I11. Ti:LiNbO3; CHANNEL OPTICAL WAVEGUIDE

The effect of the following manufacturing parameters
are considered to define the optical channel waveguide:
the initial width of the Ti strip, W, the initial thickness of
the Ti strip, H, the ion diffusion temperature, 7, and the
ion diffusion time, ¢. Additionally, the parameters were
chosen to guarantee the complete diffusion of Ti into the
LiNbO; substrate avoiding the presence of residual
titanium oxide films which cause scattering losses and
increase insertion loss.

For Ti:LiNbO; channel waveguides,
index in the diffused region follows [14]:
n’ (x,y,i) =n’ +

e,0 b
e,0

’ y2 2x
_n? 2| rl 22 14
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e and o denote the extraordinary and ordinary principal
crystal axes respectively, x and y are the coordinates of a
point in the substrate, d, and d, are the diffusion width
and depth respectively, n, is the substrate refractive index
and An, stands for the variation of the surface index with
the wavelength.

In addition, Ang, is given in terms of H and some
additional fitting parameters [12] :

the refractive

o

M, (A)=|B,(A)+B,(A)—| —]| . (19
d d
ye,o yea
a, =083, a =053 0.6<(um)<16
B,,(4)=0.385-0.4304+0.1712%,
e
B, (2)=9.130+3.8504-2.4904°,
B, (4)=0.0653-0.03152+0.00714°,

B, (4)=0.4780+0.46401-0.34804.

The diffusion coefficients D, and D,, the diffusion
width d, and depth d, and the depth of refractive index
change profiles d,, and d,, can be calculated by the
Arrhenius Law:

E, .
Di:DiOexp(_ %T) I=xy (16)

0]

22 Telecomunicagdes - Volume 07 - Numero 02 - Dezembro de 2004



Revista Cientifica Periddica - Telecomunicagdes

ISSN 1516-2338

(18)

where D, is the diffusion constant, E;, is the activation
energy and k is the Boltzmann constant. The constants for
Ti-diffused LiNbOj; are presented in Table I [12].

Table 1.Coefficients of the Arrhenius Law for Ti:LiNbO;
Guides.

D,o (um?/ h) 5.0 e+9
D,o(um® / h) 1.35¢+8
Ex (eV) 2.60
E,o (eV) 2.22

The refractive indexes dispersion of the SiO, and of
the LiNbO; are taken into account by using the three-
terms Sellmeier equation for SiO, and the equivalent
relations for LiNbO; presented in [11].

IV. ANALYSIS

The cross-sectional view of the analyzed structure is
shown in Fig.1 The magnified region shows geometrical
details of the ridge. The buffer layer thickness d on the
horizontal plane is larger than the thickness b along the
side wall. This difference results from the fabrication
process. The design and fabrication techniques of an
optical modulator with this kind of structure are described
in [4], for a z-cut LiNbOj; substrate.

The numerical analysis was performed for a
wavelength of 1.523 pm considering the geometry shown
in Fig.1. The inclination a of the ridge side walls is
assumed equal to 70° compatible with the values
obtained in experimental measurements [4]. The ridge
height h and the electrode gap g are assumed to be
3.5 um and 15 pm, respectively. The guide is built in a x-
cut LiINbO; substrate.

SOoum & S g, .

> >

50 um

Electrode

~— > Optical

X-cut
Substrate

Electrode

Buffer Layer o,

Fig. 1. The cross-sectional view of the Ti:LiNbO; Mach-
Zehnder traveling-wave electrooptic modulator employ-
ing a ridge structure and a detail of the ridge.

The half-wave voltage, the driving power, the
characteristic impedance, the microwave effective index,
the overlap integral and the modulation bandwidth are
used to evaluate the optical modulators performance. The
microwave effective index and the characteristic
impedance are given by [3]:

c
Ny =l (19)
P

¢ ¢ /coc (20)

where c is the velocity of light in vacuum, C and C, are
the capacitance per unit length of the CPW when the
dielectric material is considered and when it is replaced
by vacuum, respectively.

The modulation-frequency bandwidth Af for the
lossless traveling-wave modulators is given by [13]:

Af = l.4c

|\N

or e

‘L 1)

where L is the interaction length, n,; and N, are the
effective index for the optical and the quasi-TEM modes,
respectively.

The overlap integral factor I', for each optical
waveguide, the half-wave voltage V; and the driving
power modulation P;,, are calculated as follows [3], [6]:

. _[ j Eq (x) E (x,3) dvdy
r==
Vv

(22)
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_ B
in (24)
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where g is the gap between the electrodes (Fig. 1), Vis the
applied voltage, E,, is the optical electric field, E7z, is the
component of the microwave electric field, A, is the free
space optical wavelength, 7, is the extraordinary refractive
index of the substrate, r;; is the electrooptic coefficient of
LiNbO,;, I'y and T', are the overlap integral factors for
each one of the optical guides of the modulator and Z; is
the impedance of the microwave source. For x-cut

Ti:LiNbO; waveguides symmetrically positioned in
relation of the central electrode, [['| = |T'y| = ||

A. Variation of the Electrode Thickness

Three configurations were considered to perform this
analysis. Two of them employ ridge structures, as shown
in Fig.l, and the other one has conventional
characteristics - 1i.e. it presents rectangular shaped
electrodes and the interface between the buffer layer and
the substrate is a plane that is represented by a straight
line for a 2D analysis. The width of the central electrode
and the thickness of the buffer layer for these
configurations are shown in Table I.

The fabrication conditions of the optical waveguide
for the results presented in this section are 3 hours of
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diffusion time at 1050 °C and initial Ti strip width and
thickness of 5 um and 80 nm, respectively [9], [14].

Table 2. Electrode width and buffer layer thickness

Configuration Central Buffer layer
electrode width |  thickness d
s (um) (um)
A |Ridge 5 2.5
B | Ridge 8 1.5
C [ Conventional 8 1.5

For the studied configurations, both the electrical
effective index Ny and the characteristic impedance Z,
are shown in Fig.2 as a function of the electrode
thickness.
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Fig. 2. Effective index Ny and characteristic impedance
Z. as a function of the electrode thickness, for the
configurations A, B and C of Table 2.
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Fig. 3. AfL product as a function of the electrode
thickness, for the configurations A, B and C.
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The behavior of the product AfL is shown in Fig. 3
while Fig. 4 shows the variation of the products 7, L and
P, L°. In this analysis, it was assumed impedance Z, of
50 Q and the microwave losses were not considered. The
configurations A and C provide better characteristics for
impedance and velocity matching conditions while
configurations A and B (ridge structure) present lower
values of the product V; L.

The configuration B presents the lowest modulation
bandwidth but it presents the smallest driving power

values for a given electrode length. Additionally, as the
influence of the electrode thickness on parameters Af,
V.and P;,, is small, the control on the electrodes
deposition process would not need to be too rigorous for
this configuration.

18 ‘ ‘ ‘ 20

6l N . N ac | 1s
14 j1.6
E ~— - * . *a | 4,
12 — L
£ &
€ B —12 £
C 0 . . oe | ©
> B
2 B —10 2
- 8 d r ~
& _ I — 0.8 EE
6 —| A— A c [
i 0.6
47 A 04
> VA
0 I I I I I 0.0
4 6 8 10 12

Electrode thickness (pm)

Fig. 4. V, L product and P;, L* product as a function of
the electrode thickness, for the configurations A, B and C.

B. Variation of the Buffer Layer Thickness

The results presented in this section correspond to the
configurations A and B, assuming the electrodes thickness
of 8 um and 4 um, respectively. The same optical
waveguide fabrication parameters described in section A
were used. The electrical effective index N, and the
characteristic impedance Z. are shown in Fig. 5 as a
function of the buffer layer thickness. The product Af'L is
shown in Fig. 6 and the overlap integral factor is
presented in Fig. 7. The products V;L and P, L’ are
shown in Fig. 8.
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Fig. 5. Effective index Ny and characteristic impedance
Z. as a function of the buffer layer thickness, for both
configurations A and B.

The driving power for the configuration B (Fig. 8)
reaches approximately the same value of the one obtained
for the conventional configuration (Fig.4), when the
buffer layer thickness d equals to the ridge height
h=3.5 um. We should remember, however, that the
buffer layer thickness of the configuration C for the
results presented in Fig. 4 is 1.5 um.
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Fig. 6. AfL product of the modulation-frequency
bandwidth and the interaction length as a function of
buffer layer thickness, for both configurations A and B.
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Fig. 7. Overlap integral factor as a function of the buffer
layer thickness, for both configurations A and B.
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Fig. 8. V. L and P;, L* products as functions of the buffer
layer thickness, for both A and B configurations.

C. Variation of the Optical Waveguide Fabrication
Conditions

In this section, the behavior of the modulator is
presented as a function of some of the optical waveguide
fabrication conditions, namely, the diffusion temperature,

the diffusion time and the initial Ti strip width. For this
purpose, the configuration A with an electrode thickness
of 8 um has been adopted.

The optical mode profiles in the diffused region were
calculated following the method presented in [9], [10],
[14]. This method is suitable for computing the optical
mode profiles for the ridge structure waveguide since the
Ti diffusion is carried out before the etching procedure.
Otherwise, the geometry of the substrate could affect the
Ti diffusion.

-
!

21

@

(b)

(d)
Fig. 9. Evolution of the optical mode profile as a function
of the diffusion temperature (a) 1000 °C, (b) 1050 °C, (c)
1100°C and (d) 1150 °C.

A symmetric Gaussian function and a Hermite-
Gaussian trial solution are often used to approximately
represent the fundamental mode profile in weakly guiding
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optical waveguides . However, to use these functions the
optical mode sizes should be known. As the mode sizes
depend on the fabrication parameters, they need to be
determined a priori either by empirical means or by some
other technique. Moreover, these approximations should
not provide accurate optical field profiles for waveguides
built in complex geometric structures. The application of
numerical analysis, like the one adopted in this work,
allows obtaining careful descriptions of the mode profiles.

Fig. 9 shows the evolution of the optical modes profile
(optical spots) as a function of the diffusion temperature,
assuming 5 um and 80 nm of initial Ti strip width and
thickness, respectively, and 3 h of diffusion time. Under
these fabrication conditions, the obtained results showed
that the monomode operation for E* modes is reached for
temperatures higher than 1000 °C, Fig. 10.

The products VL and P, L’ as a function of the
diffusion temperature are shown in Fig. 11. As the
diffusion temperature increases, the fundamental optical
mode spreads out through the substrate. This leads to a
decrease of the overlap integral and both the VL and
P,, L’ products increase.
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Diffusion Temperature, T (°C)

Fig. 10. Effective index for the three first optical modes as
a function of the Ti-layer diffusion-process temperature.

Notice that mode profiles resembling that presented in
Fig. 9(d), can occur for temperatures lower than 1150 °C.
Other fabrication conditions or different geometric
parameters, such as a small electrode gap, can lead to a
similar behavior.
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Fig. 11. V, L product and P;, L* product as a function of
the diffusion temperature.

V.L and P, L’ products are shown in Fig. 12 as a
function of the diffusion time for a initial Ti strip width
and thickness of 5 um and 80 nm, respectively. If the

diffusion is carried out for a long time, the working
characteristics of the modulator become worse, although
the waveguide keeps on monomode condition.

Fig. 13 shows the products V,L and P, L’ as a
function of the initial Ti strip width for a diffusion time of
3 h at 1050 °C and 80 nm of Ti strip thickness. The half-
wave voltage and the driving modulation power decrease
slightly as the initial Ti strip width increases. However,
the monomode operation is achieved for Ti strip widths
smaller than 7 um (Fig. 14).
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Fig. 12 -V, L product and P;, L* product as a function of
the diffusion time.
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Fig. 13. V, L product and P, L* product as a function of
the initial Ti strip width.
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Fig. 14. Effective index as a function of the initial width of
Ti strip.
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V. CONCLUSION

A scalar FEM formulation was applied to compute
both the traveling-wave electrical characteristics and the
optical waveguide propagation properties of a x-cut
Ti:LiNbOs; electrooptic modulator with a ridge structure.
Two configurations employing ridge structure were
compared to a conventional one. The study also included
a numerical analysis of the -electrooptic modulator
behavior as a function of the fabrication parameters of the
optical waveguide.

The analyzed modulators employing ridge structure
can provide lower power consumption than the
conventional one does. However, the velocity mismatch
debases their wide-band applications. Even so, profitable
operation conditions were established for this kind of
modulators. One of the studied configurations reduces
substantially the microwave driving power with a VL
product lower than 10 V.em at a AfL =20 GHz.cm
condition. The other one can be used in applications that
require larger modulation bandwidth (AfL = 60 GHz.cm
for an electrode thickness of 8 um) but with a VL
product of 13 V.cm.
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