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Summary

Electrooptic devices (modulators and switches) with
travelling wave electrodes are important elements of
broadband optical networks. A general simulation model
with results being in a good agreement with experimental
ones is developed. A 3-D integral method is used in order
to determine the microwave electrode parameters with
high accuracy. Assuming a simplified refractive index
profile for the diffused optical waveguide, an analytical
approach of the fundamental optical mode is obtained.
The model proves to be an efficient tool for the design
and optimisation of broadband electrooptic devices with
low drive power requirement.

1 Introduction

Today’s telecommunications market highly driven by IP-
oriented applications demands more transport capacity.
This fact leads to the increasing use of optical networks
with multiplexing techniques such as WDM, to exploit the
bandwidth of the optical support media. The implemen-
tation of these networks is mainly based on high speed
optical modulation and switching. Components made of
Titanium diffused Lithium Niobate (Ti:LiNbOj), Indium
Phosphide multiple quantum wells (MQW) and electro-
optic polymer, are widely used in digital communication
systems operating at 2.5 and 10 Gb/s and in analog cable
TV. Among them the Ti:LiNbO; devices are the most
promising to satisfy the trend for even higher bandwidth.
Their advantages include efficient coupling with optical
fibers, high electrooptic coefficients, low dc drift, very
small frequency chirp and of course high operational
speed with travelling wave electrodes (TW).

In this paper an integral method (IM) is used to calculate
the microwave parameters of structures with coplanar
electrodes on a stratified medium, including anisotropic
layers. Since the transverse dimensions of the electro-
optic devices are much smaller than the microwave
wavelength, the assumption of quasi-static behaviour is
made. Consequently the relevant 3-D Green function is
obtained by solving the corresponding Poisson equation
with the appropriate boundary conditions. The quasi-
static approximation requires less computational effort
giving reasonable results since the dispersion effects
are small for coplanar electrodes up to the frequency of

40 GHz [1]. The behaviour at high frequencies is consid-
ered by assuming the equivalent to the electrodes trans-
mission line, with distributed parameters those that have
been calculated by the static approach. The electrode
thickness is taken into account by a simple (but accurate
enough for design purposes) closed form approximation,
which, in the other hand simplifies the estimation of the
conductor losses of the electrodes by the Incremental
Inductance Formula.

As singlemode Ti diffused waveguides are used in prac-
tice, only the fundamental optical mode is considered.
Assuming a parabolic refractive index profile for the
optical waveguide after the diffusion, the wave equation
is solved analytically. The obtained mode profile with
parameters directly connected to diffusion conditions is
used to calculate the overlap factor between the micro-
wave field and the optical mode. In this manner com-
putational effort required by other methods (e.g. Finite
Elements-FEM) is avoided.

The accuracy of the model was established by compari-
son with experimental results of practical electrooptic
devices found in the literature. Finally, optimized pa-
rameters of electrooptic devices with 20 GHz bandwidth
and low drive power are presented.

2 Electrical parameters calculation

In general, an electrooptic device consists of v metal-
lic contacts on the top of a stratified dielectric material
and is similar to microstrip structures. There are several
methods [1, 2, 12] available for modeling these devices.
One of the most general and rigorous treatment is given
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Fig. 1: Schematic cross section of a general electrooptic structure with
several coplanar electrodes on top of a layered dielectric substrate

by the well-known Integral Equation Method (IM), usu-
ally formulated in the spectral domain.

In this paper a quasi-static approach of IM is used,
since the transverse dimensions of the electrooptic de-
vice (~100 um) are much smaller than the wavelength
(~10°-10" um) of the electric control wave applied on
the contacts.

Assuming that V; is the static potential applied on each
electrode i = 1,2...v, the integral equation for the corre-
sponding total charge density o(p ;) follows as:

V= iHGo(p)G(ﬁg)dS (1)

S; is the surface of each electrode and Gy(p) the Green
function calculated in the interface where the electrodes
are placed. Green function corresponds physically to the
potential created at the point T by a unit point source at
0 ; with p the source-observer distance on the plane of
electrodes.

Green function is evaluated by considering a general
case of an electrooptic structure with the cross section
shown in Fig. 1. The metallic contacts on the top of the
stratified dielectric material are assumed to be infinitely
thin and perfectly conducting, extended parallel to the +z
direction with finite length L. The total structure consists
of four layers. The top and the lower layers are isotropic
with dielectric constant €; (usually air) and infinitely ex-
tended in the +x directions. The remaining layers under-
neath the electrodes plane of thickness h;, (i = 2, 3) are
assumed to consist of anisotropic uniaxial crystals with
their crystallographic axes [X;, Y;, Z;] lined up along the
directions of the coordinates system [x, y, z] in use. Their
dielectric properties can be characterized by the diagonal
dielectric tensor: § = [gy, &, €,] 1=2, 3.

Green function in each dielectric region is derived by
matching the solutions in the different layers of Poisson
equation in the spectral domain [3]. Nevertheless, work-
ing in the space domain helps us to keep a good physical
insight of the problem. Hence, by using the inverse
Fourier transform, the spatial Green function in each
layer of interest has the following form:

ex=0
27 o0
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Gxp.0) = (2n )2 € '(['([A (50.80h;)e ™ dCdo (20)
°e—h,<x=<0
2T oo
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The above general expressions of Green function are
applicable in many practical electrooptic devices which
commonly use coplanar waveguides (CPW, v = 3), asym-
metric or symmetric coplanar strips (ACPS or SCPS,
v=2) on X-cut or Y-cut (equivalently X-cut) LiNbO;
substrates with thickness h and ex = &y = 28 and ey = 44.
The crystal cut, i.e. the orientation of its crystallographic
axes relatively to the electrode plane and the position of
the optical waveguides are chosen so that the higher elec-
trooptic coefficient r3; can be utilized in all cases.
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In the Z-cut devices the optical waveguides are posi-
tioned just bellow the edges of the electrodes, while a
thin SiO, buffer layer with permittivity €, and thickness
h;, is used to minimize optical losses due to the metal
contacts. The corresponding Green function, arises from
the relations (2) and (3) setting h, = h,, h; = h, ¢ =1,
€= € = €,, = &, £3 = €z and €3 = £,3 = €x = &. In the
Y-cut devices the optical waveguides are placed just be-
tween the electrodes and the buffer layer is not necessary.
The corresponding Green function arises again from (2)
and (3) setting h, = h, h; = », ¢ =1, g, =€, =¢gy,
€y =€z and &3 = €3 = €,3 = 1. The anisotropic nature of
the electrooptic substrate is expressed by the 6 depen-
dence of the Green function through the relation (3c). It
is obvious that this dependence vanishes in the case of
the Z-cut devices, since & = €,5. This fact explains the
common treatment of the electrooptic substrate as iso-
tropic, independently of its cut with effective dielectric
constant €, = (g,&,)"? combined with a scaling of the x
coordinate as X = x(g,/e,)">. However this approximation
is far from true in the case of the Y-cut devices, where
€43 # £,3. This considerable difference between the usual
electrooptic devices in relation to the orientation of their
anisotropic substrate is taken into account only by a 3-D
approach.

Once the Green function for each case is evaluated, the
integral equation (1) with,

Go(p)=G, (le)LHo+ =G, (le)|x—>0* @

is solved and the electrodes charge density is determined.
The solution is accomplished numerically by the widely
used method of moments with subsectional basis func-
tions. The charge density is expanded as:

No

o(y.z)= D cifi(y.) (52)

i=1

where c; are unknown coefficients, N, = ZNi

i=1
with N; the number of rectangular subsections into which
each electrode is divided and fi(y, z) = fi(y) - fi,(z) the
corresponding basis functions.

These functions are chosen in such a way that they can
fulfill the physical constraints of the problem, that is,
the discontinuity of the charge density along the edges
of the contacts.

Consequently the basis functions should have the form:

vl T

w; being the width of each electrode andi=1,2 ... N,
i=L2..v

Replacing (5) into (1) and imposing the resulting equa-
tion to be satisfied at a discrete number N, of points
in the surface of the electrodes (point matching), the
integral equation is transformed into a Ny x N, linear
system, resolved by trivial numerical methods. Results
of the charge density are illustrated in Fig. 2, where sym-
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Fig. 2: Normalized surface charge density on the negative electrode of
a electrooptic phase modulator (SCPS, Y-cut). s/w=0.5, O, =
10.52 uCb/m* L = 1 mm and h = 0.5 mm

metric electrodes (width w and interlectrode distance s)
are assumed on a Y-cut substrate.

Once the charge density on the electrodes is known, the
electric potential ®;(T) in every layer i of the structure
is obtained from:

@,(F) = fl; =123 (6a)

(Fp)os(p)dy’dz’

The above integration is performed numerically on the
surface [S,], which includes all the electrodes. The cor-
responding electric field vector E(T) in each region is
given by:

E,(f) = -V, (7) (6b)

In Figure 3 the electric field distributions E,(x, y, z) and
E,(x, y, z) are depicted on the [X, y] plane in the middle
of the SPCS electrodes. The presence of a sharp peak
near the edges of the electrodes is noted. As it will be
explained later, this peak does not influence the opera-
tional characteristics of the device significantly.

The lateral electric distribution remains nearly constant
along the z-direction except for a region around the
end of the electrodes (Fig. 4). In addition the E, com-
ponent remains nearly zero except the regions near the
electrodes edges. However its magnitude is much lower
compared to E, and E, and as a result its influence (small
rotation of the crystal indicatrix trough the electrooptic
coefficients rs5; and ry,) is omitted. This fact testifies that
the TEM approach widely used in the electrode analysis
is a really good approximation.

A further investigation of the electric field distribution
dependence on the electrodes structural parameters, that
is the electrode gap s, the signal electrode width w and
the thickness of buffer layer h, can be performed by the
Integral Method (IM). Concluding, it seems that the elec-
tric field in the Z-cut substrates is more directed along
the depth direction, while in Y-cut, this is more oriented
towards the lateral directions for all the electrodes con-
figurations. The E, component of electric field depends
on 1/V's , while the E, on 1/s. The width of the electrodes
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Fig. 3: Electric field distributions a) Ey(x,y,z) and b)E,(x,y,z) on the plane [z = 0] of an electrooptic phase modulator (SCPS, Y-cut), for a difference
voltage between the electrodes AV =1V (w =40 um, h;=0.0 um L = 10 mm, h =0.5 mm)
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Fig. 4: Electric field distribution of E,(x,y,z) component on the plane
[x ==2.5 um] of an electrooptic phase modulator (SCPS, Y-cut) along
the electrodes. (w =40 wm, hy=0.0 um L=10 mm, h=0.5 mm,
AV =1 V). The behavior of the E,(x.,y,z) component is similar

has a strong influence on E, component in contrast to the
case of the E, component. This behaviour is attributed to
the direct dependence of the normal component E, on the
electrodes charge density.

Field calculations for a Z-cut electrooptic structure
with a SiO, buffer layer between the electrodes and the
substrate shown that the y component of the electric
field pass continuously through the dielectric interface
x = —h,, while the field component E, exhibits a large dis-
continuity equals to the ratio €,;/e,. In all cases the field
strength in the region of optical waveguides decreases
with increasing buffer layer thickness hy, thus decreasing
the electrooptical effect as well.

Once the charge density is available, it is easy to calcu-
late the capacitance C, the characteristic impendence Z
of the device and the effective permittivity €, for the
guided electric wave. These parameters are very impor-
tant in the design of electrooptical devices. Electrodes
with a proper designed Z can achieve a good matching
between the load and the microwave source, while the
€n, which reflects how the electric waves are velocity
matched to the optical waves, has a considerable influ-
ence on the modulation bandwidth and the efficiency of
the electrooptical modulator or switch. According to the
definitions of these parameters we have:

C= '”.S(S(Z—j)d}]dz (7a)

Where AV is the voltage difference between the two
electrodes (in ACPS or SCPS configuration) or between
the central and the outer electrodes (in CPW configura-
tion the outer electrodes are posed at the same voltage).
The integration is performed on the surface of one elec-
trode. By defining as C, the capacitance of the structure
embedded in vacuum, the effective permittivity of the
structure, the propagation constant 3, of electric waves
travelling on the electrodes structure, and its character-
istic impendence are given by the relations:

C

2nf B.L
e =—, =—\€,, Z=—1—
", c 27fC

B (7b)

Calculations show that the capacitance of a given elec-
trode configuration is almost the same for all crystal cuts
provided that the thickness of the anisotropic substrate h
is greater than 0.5 mm and the electrode length is greater
than 1 mm. So, in all practical cases the parameters Z
and ¢, are independent from the choice of the substrate
orientation. Figure 5 shows a plot of the parameters C
and Z for an ACPS structure as functions of the struc-
tural electrode ratios s/w; for some values of the thick-
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Fig. 5: Calculated capacitance per unit length and characterristic im-
pedance of an electrooptic phase modulator (ACPS, Z-cut) and the
influence of the SiO, buffer layer. (h =0.5 mm, AV =1V)
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Fig. 6: Effective permittivity of a coplanar structure with two thin
electrodes(ACPS Y or Z-cut) as a function of the buffer layer thickness
(Si0O,, £,=3.8)

ness h of the SiO, buffer layer. Notice that the parameter
€n 1S NOt very sensitive to s/w; owing to the assumption
of thin electrodes.

However, em is strongly dependent on hs as depicted in
Fig. 6. An increase in h, per 0.1 wm, results to decrease
in g, of about 0.80. It is apparent that the effective di-
electric constant ranges from the value (1 + Vee,5)/2 =
17.85 for hy = 0 to the value (1 + €,)/2 = 2.4 for hy — .
All the results confirm the consistency of the IM to the
other methods [1, 2, 12].

Although the presented Integral Method is computation-
al tedious, it results to a cohesive formulation includ-
ing most electrooptic structures, and is well suited for
computer solution, retaining the physical insight of the
problem. In addition, as it will be seen in the next sec-
tion, this static version of IM is easily extended to higher
frequencies, while the effect of the electrodes thickness
is taken into account in a very simple manner.

3 The effect of the electrode thickness.
Extension to high frequencies and con-
ductor losses estimation

Present practice for the fabrication of high bandwidth
electrooptic devices is to use thick (3—15 um) electrodes
to satisfy the velocity matching conditions for the opti-
cal and microwave control waves. Therefore in order to
achieve a more accurate modelling of practical electroop-
tic devices the finite electrode thickness t must be taken
into account.

The electric field just outside the plane of the electrodes
(x =0) is nearly parallel to the y-axis and depends mainly
on the electrodes voltage difference. The electric field in
the substrate is determined by the boundary conditions at
x = 0, which always are E, = O at the electrode surfaces
and E, = 0 outside, regardless of the value of t.

As a result the electric field in the substrate for the case
of thick electrodes is nearly the same as that in the case
of the infinitely thin electrodes. Hence, the calculations
presented in the previous section consist a very good ap-
proximation. Despite this fact, the values of the remain-
ing electrical parameters are not accurate enough for the
design purposes especially when t is large. In order to
avoid complicate calculations the excess capacitance AC,,
due to the thickness of the electrodes, is considered to be
equivalent to a parallel plate capacitor formed by the side
walls of the thick electrode across the air gap and it is
simply added to the capacitance given by (7a). The excess
capacitance (in F/m) is approximated by the semiem-
pirical relation [4]:

a; +a, In(s/w)+azIn(a, +1/s)
In(4s/t) +0.125(t/s)’

AC, =27, (82)

Where w is the width of the signal electrode, a, = 0.56667,
a, = 0.03834, a; = 0.22411, a, = 0.08893 for ACPS or
SCPS and a, = 0.49254, a, = 0.01709, a; = 0.21918,

a,=0.10357 for CPW electrode configuration.
Introducing a correction factor J.:

AC
§, =1+—L (8b)

the capacitance C,, the characteristic impendence Z, and
the effective permittivity &, of the device in the case
where the electrode thickness is not negligible (t/s > 0.1)
are approximated as follows:

C,=8.C
Z,=Z !
\/SC[sm(Sc —1)+1]
b}
=g — ¢ 8
Eme = Em Em(8. —1)+1 (8c)

while C, Z, ¢, are still obtained from relations (7).

As it is apparent from the above relations the characteris-
tic impendence and the effective permittivity decrease as
the electrode thickness is increased. This behavior is ex-
plained qualitatively by the fact that the extension of the
electrodes into air causes a no negligible part of the con-
trol microwave field to propagate in air. Furthermore, in
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Fig. 7: Contour plots of the effective microwave refractive index of a
coplanar structure (ACPS Y or Z-cut) on the [h,, t/s] plane with the
electrode structural ratio s/w as parameter

Fig. 7 contour plots of the effective microwave refractive
index Ve, on the [h, t/s] plane are shown. Additionally a
dependence of €, on the electrode structural ratio s/w is
now revealed. It is therefore deduced that, a combination
between the electrodes and the buffer layer thickness can
effectively control the characteristics of an electrooptic
device.

For a LiNbO; substrate (g,, = 17.85) and for typical elec-
trode transverse dimensions (= 100 wm), the upper limit
of the frequency range over which the static approxima-
tion is valid is estimated to be about 60 GHz. This is a
fact confirmed by using dynamic full wave methods and
by experiments [1, 2]. Concerning the longitudinal direc-
tion, provided that the typical lengths of the electrooptic
devices are about 1 cm, the static approximation is valid
up to 0.6 GHz. However, at higher frequencies the elec-
trodes of an electrooptic device behave like a transmis-
sion line with characteristic parameters approximated by
the relations (8). The control microwave signal applied to
electrodes, is then corresponding to a quasi TEM wave
with propagation constant y,, = a,, + jBn, Where B, is the
phase constant determined by (7c) and (8b) and a,, is the
attenuation factor. Considering a sinusoidal electric drive
voltage Vge'', the voltage seen along the electrode by the
guided optical mode, can be written as:

jo| t——"n
Z(e_YmZ+pTe_2YmLe+YmZ)eJ ( C k)

V(z,t)=V,
(20=VYq (R + Z)(l - prGe_27mL)

%a)

Where Rg is the internal resistance of the microwave gen-
erator (= 50 Q), pg and pr are the reflection coefficients
of the transmission line at the edge of the source and the
load resistance Zr respectively, while ny is the refractive
index of the optical mode, depending on its polarization
(k = x, y for TM, TE polarized wave respectively).

The effective voltage seen by the optical mode along the
electrodes is:

24 (2003) 895
1.00 - T - T T T - T 1 _ 1 L
\ \ 2\ \ V(m,t)z—J'V(z,t)dz (9b)
@ ‘?a;, ® 2, ) L
% \ Y Aoy 0
0.80 1 N N N
\ N N\ e In the typical case of the travelling wave electrodes
060 N ' (TW), Zr is chosen so that the equivalent to the elec-
' K \ trodes transmission line will be perfectly terminated

(Zr =7, pr=0). The relation (9a) is quite simplified, and
the amplitude of the effective voltage is given by:

V(0) = VoH() 90)

Where,

8 p—
a,L |sinh? (%) +sin? (a) VEm Thk LJ
2 2¢

Ho)=e 2 ; 5
BEE=
2 2c
Z
V,=——"_V 9d
"7 Rg+z € ©d)

Obviously V, is the dc voltage applied to the electrodes
(i.e. the static voltage for which the calculations pre-
sented in the previous sections have been performed).
The frequency function H(w) can be seen as the transfer
function of the structure, taking into account the propa-
gation characteristics of the microwave signal and its
velocity mismatch to optical mode.

Regarding the attenuation, the losses due to dielectric
substrate are negligible compared to the conductor losses
due to the skin effect in the electrodes. The latter, for
typical electrode dimensions at high frequencies (f > 0.6
GHz), is calculated using the incremental inductance
formula [4]:

ay =agVf [aBem™]
1

Ty /O (az0 dZ, azo) [ 4 ;a]
=8.686 _Z20 dBem™'G
. z (os ow o o

(10)

where Z, is the free space characteristic impendence of
the metal electrodes and o is the metal conductivity. The
derivative of Z,, dZy/dp, p = s, W, t with respect to in-
cremental recession of electrode surfaces are calculated
numerically using (6) and (7). It is apparent from (10),
that the conductor losses are depended on the electrodes
configuration, on the existence of the buffer layer,
the frequency f, and are independent from crystal-cut
choice.

As it is depicted in Fig. 8, a loss reduction is expected
when asymmetric electrodes are used. In all cases sig-
nificant loss reduction is accomplished, increasing the
thickness of the electrodes. In the same figure results of
the losses factor are compared with corresponding exper-
imental data. Although a discrepancy between them is
evident which is mainly caused by the irregularities and
defects of the actual conductor surfaces, the accuracy of
approximation (8) is considered satisfactory at least in
the range 0.05-40 GHz, where dielectric and radiation
losses (proportional to f) can be omitted.
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Fig. 8: Influence of the electrodes geometry of a coplanar structure
(Y-cut ACPS or SCPS) on the conductor losses as a function of fre-
quency (A, electrodes, 0, = 3.56 10° mho/cm). The dispersion points
denote experimental data [11]

So far an analysis concerning the microwave charac-
teristics of the electrooptic devices has been presented.
The evaluation of the operational parameters (half wave
voltage Vm, microwave drive power) of these devices re-
quires the calculation of the guided optical field profile
as well, which follows in the next section.

4 The optical mode profile in Ti diffused
LiNbO; waveguides

The most common process for waveguide formation in
LiNbO; devices is realized by Titanium (Ti) indiffusion
into the crystal. So, in this work only this fabrication
method is considered. The Ti indiffusion increases the
substrate refractive index n, in the waveguide area, creat-
ing waveguiding conditions. The realized index change
profile An(x,y) depends on the diffusion conditions and
can rigorously be described by a quite complicated ex-
pression involving both the exponential and the error
functions [6]. However, in typical situation An(x.y) < nj,
the conditions of weakly guidance are satisfied.
Considering only the region of high density of the optical
field, the refractive index profile is assumed elliptical in
cross section and An(x,y) is approximated by:

(X—AX0)2 (y—AyO)2
An(x,y)=Angy|1- 5 - 5 (11a)
D’ D?

where An, indicates the maximum change of the refrac-
tive index at the center of the waveguide, Ax,, Ay, are the
waveguide offsets from the coordinate origin and Dy, are
the diffusion lengths along the x, y axes. Consequently
the optical waveguide refractive index n, is defined by:

ns2 +2nAn(x,y), x<0, An(x,y)<l1
né(x, y)= ns2 x<0, An(x,y)>1

1 x>0 (11b)

Since LiNbQO; is birefringent, the values of the param-
eters n,, Any, D, , depend both on the polarization of the
optical wave and on the crystal cut.

It is well known that the fields in weakly guiding wave-
guides are very nearly polarized (quasi TE or TM).
Hence the strong field component of the waveguided
optical signal (with propagation constant {3), would have
the form:

¥(x,y,z)=T(x, y)efjf’Z (12a)
The function T(x,y) satisfies the scalar wave equation:

02 02
a?T(X, y)+ WT(X, y)+ [k%né (x,y)-B> ]T(X, y)=0

(12b)

In the above equation, k, = 27t/A =, where A is the opti-
cal wavelength in free space. In addition, the transverse
field distribution satisfies the boundary condition
T(x,y) =0 at x = 0, since the electric fields of dielectric
waveguides become very small at a large dielectric dis-
continuity. This is a reasonable assumption, since the
upper to the optical waveguides layer includes the air and
the metallic contacts (introducing losses) or just the buf-
fer layer. By replacing (11b) into (12b), the resulting
equation is of similar type to the equation of a harmonic
oscillator in quantum mechanics and readily is resolved
analytically, using separation of variables. The trans-
verse spatial distribution of the fundamental mode fol-
lows as:

2 2
T(x,y)= Axexp —[(X_AXO) + (y_AZyO) ] (13a)

wi Wy
Thus, the fundamental mode of the diffused optical
waveguide is approximated by a Hermite-Gaussian func-
tion, a fact confirmed experimentally. The parameters
w,, determine the cross-sectional shape of the optical
mode, that is, the modal spot size. They are obtained
by:

D
w2 =) 2 (13b)
)7 Kk, \nAn,

The 1/e intensity full widths W, W, determine the more
convenient geometric mean diameter wo =V W, W, and
the eccentricity e, = W,/ W, of the optical mode. As it is
clearly shown by the above relations, the mode size and
symmetry are depended on the structural waveguide
parameters, the orientation of the substrate and the opti-
cal wavelength considered. The parameter A is normal-
ization constant, in order to have

+oo ()
J J T?(x,y)dxdy =1 and follows as:

—00 —co

2
A= gWny[AX(Z) + V:" )[l +erf(%1|

Wy

2 2
Wi W, AX
+ Euexp{_z(ﬂ) ] (13¢)

2 4 Wy
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Table 1: Structural parameters for typical LiNbO; diffused wave-
guides. w, T are the width and thickness of the diffused Ti strip and
T, t are the temperature and the diffusion time

cut w(um) T (nm) T (°C) t (h)
wgl [12] z 4.00 80.0 1025 6.0
wg2[4] Z 2.75 120.0 1050 3.2
wg3[8] z 4.00 100.0 1050 6.0
wg4[4] Y 6.56 112.5 1059 2.0
wg5 [9] Y 5.00 50.0 1020 9.0
10 T T T T T
= FEM
= g4 ® Experimental results .
g_ A Analytic approximation
gb (3.98,12.20, TM, V)A
ﬁ 6 (4.80,8.16,TM, V) ®
7]
c
©
Q
E 44 A(3.50,4.60, TM, ) (1.92, 6.00, TE, Y) .
© A(3.17,4.43,TM, 2) ©(3.00, 5.00, TM,
3 0280.390.™M.2) 56 548, 2 A (258,656, TE, Y)
= (2.63,3.42, TE. Z)
2 - ~
T T T T T
1 2 3 4 5
Consecutive waveguide number i

% Journal of Optical Communications

Fig. 9: comparison of the optical mode mean size w, for some typical
diffused waveguide sin LiNbO;. The parameters of each mode are
shown as (W,, W,, Polarization, crystal cut)

The accuracy of the model is confirmed for a set of
typical diffused waveguides [wg;], comparing its results
to experimental ones and to those obtained by the more
accurate Finite Elements Method (FEM). The diffusion
parameters of the waveguides are shown in Table I,
while in all cases A = 1.3 um.

The operational characteristics of the electrooptic devices
are mainly depended on the spot size of the modal field,
and consequently the mean size w, is compared in each
case. The results are shown in Fig. 9 and the observed
discrepancies do not exceed 5% (for Z-cut substrates)
or 15% (for Y-cut substrates). Note that the dispersive
parameters n,, An, have been corrected in our calcula-
tions, using correction factors obtained by interpolation
of experimental data [7].

Concluding, the approximate analytical solution takes
into account all the waveguide fabrication parameters
and it can be used to design electrooptic devices with
accuracy and much less computational effort. To our
knowledge this approach is applied for first time into the
study of the diffused electrooptic waveguides.

The modal properties are also strongly depended on the
orientation of the substrate. In Figure 10 illustrative plots
to convey an impression of the appearance of the guided
mode are shown.

The diffusion conditions resulting an optical single mode
waveguide for A = 1.3 um and for both substrate cuts are
found in [9]. It is obvious that in the Z-cut substrates,
the fundamental modes (TM or TE) are more confined

0
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Fig. 10: Calculated intensity contour plots of the fundamental optical
mode (TE or TM) propagated in Ti diffused waveguide on Y or Z-cut
LiNbO; substrate

than the respective ones in Y-cut, due to the diffusion
anisotropy of the latter. As the waveguide approaches
the substrate surface (Ax, — 0) the field distribution be-
comes deformed especially for the TE mode.

This fact implies that the coupling efficiency to the
optical fiber is reduced. The field distribution of the
modes becomes more symmetrical with increasing Ax,.
Unfortunately in this case the strength of the control
electric field under the electrodes is also reduced. Hence,
in typical case, large distances of the optical waveguide
from the crystal surface are not preferred. Consequently
only the offset imposed by the buffer layer is taken into
account.

5 Performance and design considerations

The control process of an electrooptical device is accom-
plished by the linear electrooptic effect (Pockels). An
external electric field applied to the device electrodes
changes the refractive index of the optical waveguides,
formed into the electrooptic substrate. As a result, a
variation in the phase of the propagated optical beam is
induced. For a sinusoidal microwave control signal
Vee', the total phase shift AD is given by:

AD =78, (®) k=x,y (142)
Smk ((D) = SkaH(m) (14b)

In the above expressions O, (w) is the frequency de-
pended index modulation of the device, k denotes the
polarization direction of the propagated optical mode,
H(w) is the transfer function defined by (10d), and 8
is the static index modulation, defined as:
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3
n, _ V,L
8 k0 :71( krk% k=x,y (152)

V, is the dc voltage applied to the electrodes (9d), L the
length and s the electrodes gap, A the optical wavelength
and I, the normalized overlap factor between the micro-
wave and optical waves, which can be derived by a per-
turbation analysis as:

L/2 —oo o
= | ] Ry oyae  asy
0™ 120 e

Additionally in (15a), n, is the refractive index of the
substrate at optical frequencies and T, appropriate coef-
ficients, both depending on the polarization of the optical
mode and the cut of the anisotropic substrate. In the case
of a LiINbO; substrate:

I.x(or y) =133

FX or
Tyorx) = 22 T113 (ory)
y(orx) pZ(orY)cut (15¢)
nx(ory) =n,
ny(orx) =1,

where n, . are the ordinary and the extraordinary LiNbO;
refractive index respectively and rj; its electrooptic coef-
ficients.

A very important operational parameter for electroopti-
cal devices is the voltage length product for full modula-
tion depth (8,0 = 1):

A
VL] =————— k=x, (16a)
[ 0 ]n nl3rk(rk /S) d

By the assistance of this parameter, the drive power re-
quired by the microwave source of device to achieve full
modulation depth at dc, may be written as:

[VoL],

2(1-p)z12 (1o

Ps(m) =

As low drive power is usually required, the electrodes
must be designed so that Z — Rg, minimizing the reflec-
tion at the source side. In addition, one tries to minimize
[VoL]: by optimising the parameter I/s. In this opti-
misation it should be taken into account that a smaller
s requires lower alignment tolerances for the optical
waveguides. Furthermore, the overlap factor primarily
depends on the relative position of the electrodes and
the optical waveguides, as well as on the orientation of
the substrate and the polarization of the optical mode.

The efficiency of an electrooptic device is strongly de-
pendent on the buffer layer thickness, like the applied
electric field E,, and the spot size and shape of the propa-
gating optical mode.

Our calculations show that the overlap factor I" increases
up to 10 % with decreasing the mean mode size w,. This
conclusion is independent from the choice of electrode
parameters and only practical limitations to the fabri-
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Fig. 11: Overlap integral factor for TE polarization (Y-cut LiNbO; and
CPW electrodes, wy = 20 um, L = 10 mm, h = 0.5 mm, s/w, = 0.5)

cation of the diffused optical waveguide, assuring the
existence of the proper number of modes in the devices,
must be considered.

In practice the electrodes of the device are configured
to provide push-pull operation. The presented analysis
is easily extended to cover this situation, since only the
overlap factor Iy in (16a) must simply be replaced by
the sum Tyl + IT},l, where the subscripts 1 and 2 denote
the optical waveguides used in this case. In Fig. 11 the
parameter I for a typical CPW structure is shown. It is
obvious that the optimum position for the optical wave-
guides is near the edges of the center electrode. In any
case the push-pull configuration results an increment to
parameter I by a factor of 2.

Representative results for the parameters 8,0 and [V,L],
of an SCPS typical structure are shown in Fig. 12. In
each case, an intersection between the TE and TM curves
is clearly seen. That is, for a certain placement of the
optical waveguide relatively to the electrodes (offset Ay,)
the structure is polarization insensitive. However, in the
case of Y-cut substrate, the required [V,L], product is
too high to realized in practice. In the case of Z-cut a
lower [V(L], product is expected. However, because of
the large intersection angle, the placement of the optical
waveguide has to be achieved with high accuracy (0.5
um). Therefore, technologically it seems to be easier to
fabricate a polarization insensitive device by using two
sets of electrodes (placed one after another) to modulate
either TE or TM mode in an optimum manner.

The frequency response of an electrooptic device, is well
determined by its transfer function H(w), since its op-
erational parameters are voltage depended. Assuming a
small control signal the 3 dB electrical bandwidth of the
device is determined by the frequency region Af = [0, fo],
with H(2ntfy) = 0.707. It can be seen from (9d), that the
bandwidth depends on the conductor loss, the velocity
mismatch between the optical and microwave signals
measured by the term Ve, — n,, and decreases almost
linearly with the electrode length L. Figure 13 illustrates
contours of the parameter AfL on the [a,, V€,] plane.
As Ve, — n (= 2.2) for a given L, the bandwidth is
increased and it is only limited by the conductor losses.



10

Journal of Optical Communications
24 (2003) 895

0.20
0.15
5]
S
3
S 0.10
£
c
9
kS
S 0.05
e
(o]
=
0.00 -
T T T T T
15 10 5 0 5 10 15
Lateral offset Ay, (um)

% Journal of Optical Communications

0.10 4 T T T T T 100
— TE - 90
,,,,,, ™ // - 80
0.05 1 d
< 70
S —
x 7 L60 £
8 A S
£ 000 / B Lso =
5 my / L, \ N
2 ¥ T ' ! F40
5 -~— -~ =
_8 b [V,L]=1Vcm K 30 —
3 e
0054 ¥ Ao *
= { ; - 20
- 10
-0.10 T T 0
-15 -10 5 15
Lateral offset Ay, (um)

Fig. 12: Influence of the optical mode polarization and position into the operational parameters of an electrooptic device (SCPS, s = 10 um, L = 10
mm, h =0.5 mm, s/w =0.5). a) Y-cut: TE (4.8 um, 0.34) and TM (5.7 wm, 0.35), b) Z-cut: TE (5.8 um, 0.7) and TM (4.9 um, 0.77)

5.0
e B e e
0 a0
T
£ 3.5
] —es—
%, o ] s | AFf L (GHzcm)
Nlzs E I e e
% s—_ ~O
mDi 2.0 f\so\—s\"s‘ \\\
[ 7o FE o
1.5 ] \’e""\i\\\"‘b \\ \
s, ~.
e 7\\‘%s\\ {?Q\\\ i
o.5 &Q\\\\ Ry N 0\\ \
I\

% Journal of Optical Communications

Fig. 13: Bandwidth contour plots for electrooptic devices with travel-
ling wave (TW) electrodes

The increase the electrodes thickness t, can dramatically
decrease the latter.

It can be calculated by (10), that increasing t from 3 um
to about 20 um the losses coefficient a, is decreased by
about 50%. The calculated bandwidth Af (for Z-cut,
h, = 0.8 um) exceeds 75 GHz even for electrodes length
greater than 4 cm. Unfortunately, by increasing t, the
characteristic impedance of the electrodes decreases,
resulting an appreciable part of the microwave control
power to be reflected at the source side, as predicted by
(16b).

In order to obtain reasonable values for drive power,
the most promising technique is to groove the substrate
region between the electrodes. In this way, the device
impedance increases towards 50 €2, and the advantage of
thick electrodes is exploited with the cost of increasing
the complexity of the fabrication process.

The presented model is used to calculate the operational
parameters of some practical electrooptic devices, found
in the literature with excellent agreement, shown in
Table 2. The systematic slight deviation in the values of
the bandwidth may be attributed to the underestimation

of the conductor losses. The real values of V,; are greater
than the calculated ones, since the optical mode in a real
situation is not focused so tight as predicted by (13).

However, the presented model may be used in the design
of electrooptic devices with an expected accuracy better
than 10 % for their operational parameters.

The design considerations for broadband TW electro-
optic devices must include: microwaveoptical velocity
match, low conductor losses, a low V, and an electrode
characteristic impedance Z near 50 Q to minimize the
required microwave power Pg,. With any electrooptical
material, it is difficult to concurrently satisfy all these
requirements and hence tradeoffs are inevitable. Notice
that the bandwidth is determined only by H(w) indepen-
dently of optical design, while the drive power depends
both on Z and I. Since in the design of a device the goal
is primarily the attainment of a specific bandwidth, the
optimization problem is quite simplified. For a given Af
and optical waveguide parameters, various sets (L, w, s,
t, hy, Ay,) are determined by an iterative procedure. Next
the specific set, which results the minimum drive power
calculated by (16b) is selected as the optimum device
geometrical parameters. In addition the best optical
waveguides parameters, which minimize the modal spot
size, could be considered and a second iteration is per-
formed. The iteration process continues until the desired
accuracy of the each structural parameter is reached.

Table 3 summarizes the optimum parameters for an
ACPS device that requires the minimum drive power for
a 20 GHz bandwidth. The characteristics of the funda-
mental optical mode for each polarization are shown in
Fig. 10. The gold electrodes have a thickness t = 3 um,
which is the maximum value achievable by conventional
electroplating techniques. The design concept remains
the same for devices with push pull (pp) configuration.
In some cases (electrooptic intensity modulators), restric-
tions concerning the optical waveguides center-tocenter
separation must be imposed, in order to avoid coupling
effects between them. Although when the parameter s
increases and the strength of the microwave electric field
under the electrodes is decreased, a significant reduction
in the required microwave drive power Pg, is eventually
accomplished, due to the push pull operation and the
increase of the I'.. A further reduction (= 20 %) of Pg,
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Table 2: Operational parameters of electrooptic phase modulators
calculated by the Integral method and corresponding experimental
ones

Z Vi Afgg

Device @ (V) (GHz)

wg; : [w (um), t(nm), T (°C), t (h), A

(um)]

el;: [wy, wy, L, t, s, hy] (wm)

wg;: [8, 500, 1030, 6.0, 1.3] Ex 40.0 4.00 3.60
el;: [14, 60, 1.6 10%, 3 (Al), 6.0, 0.0] [5] IM 36.6 3.80 3.90
wg,: [9, 78, 1050, 6.5, 1.55] Ex 52.0 4.00 3.60

el,: [13, 120, 0.5 10%, 3 (Au), 23.0, 0.2]
[11]
wegs: [4, 100, 1050, 6.0, 0.6328] Ex 49.8 9.60 7.70

ely: [10, 100, 0.64 10, 1.5 (Au), 10.0,
0.1] [6]

IM 515 4.00 3.85

IM 487 932 820

Table 3: Electrooptic phase modulators (ACPS-TW) with Af = 20 GHz
and optimum microwave drive power. In all cases: t = 3 um (Au),
h >500 um, A=1.3 um

cut s W W, h, L Z Vz Py
(um) [ (um) [ (um) |[(um) [(cm) |[(©) [(V) [(W)

Z(TM) |12.0 |22.0 [120.0 [1.12 [1.27 [57.0 |10.97 | 1.085

Z(TM) |17.6 |36.0 [175.0 [1.18 |[1.31 |[58.4 |7.42 |0.472
pp

Y (TE) |7.6 37.5 |120.0 |0.00 [0.41 |30.5 [9.54 |1.636

is occurred when optical modes having the tightest con-
finement are used. In this case the electrode parameters
shown in Table 3 are slightly changed.

The electrodes on Z-cut substrates possess smaller mi-
crowave effective index than the electrodes on Y-cut, due
to the buffer layer. Hence, reasonable values for the fac-
tor losses a0 can be achieved for even longer electrodes.
On the other hand the Y-cut devices present the lowest
parameter [VL],.

The higher impedance in Z-cut however, offsets this
advantage gained by the larger Iy in Y-cut devices,
which eventually have a significantly higher drive power
requirement. These conclusions are general and hold in-
dependently of the configuration of the electrodes.

6 Conclusions

A numerical model for the evaluation of the microwave
and optical characteristics of electrooptic devices has
been presented. The model is quite general and appli-
cable to most practical electrooptic devices (switches and
modulators) used in the broadband optical networks. The
3-D analysis of the microwave control field reveals some
differences between the Y-cut and Z-cut devices, which
are negligible for long electrodes. Calculated values of

microwave parameters indicate that both increasing the
electrode and the buffer layer thickness results in a large
bandwidth for a given electrode length. Considering
the optical field analysis, a simple analytic solution of
the wave equation for the fundamental mode has been
presented. In spite of simplicity, significant differences
between the TE and TM modes are revealed and taken
into account by the model. The direct relation of the
mode spot size to diffusion parameters is useful in opti-
mization of the used optical waveguides. In addition an
electrooptic polarization insensitive device seems to be
more feasible on a Z-cut substrate.

The accuracy of the model is satisfactory compared to
experimental results. Following the design procedure de-
scribed above it is shown that electrooptic devices with
conventional electrodes (t = 3 wm) and bandwidth up to
20 GHz are feasible. Higher bandwidths with reasonable
drive power require thicker electrodes.

The level of detail and the generality of the presented
numerical model make it a useful numerical tool in the
evaluation and the design of electrooptic components, for
present and future high-speed optical networks.
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