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ABSTRACT

Y-branch directional coupler optical switches with two different coupling lengths are fabricated
on z-cut LiNbO; and tested at A= 1.3 sm. The normal mode and coupled mode theories are utilized
to calculate devices' coupling length and switching voltage. Simulation of the beam propagation

method (BPM) is also performed to confirm the devices' coupling lengths. For dc operation, exper-

imental results are in good agreement with the modee theories’ expectation.
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I. Introduction

High-speed optical modulators are important com-
ponents in wide-band single-mode optical comm-
unication systems. Such systems are very attr-
active as they provide high capacity data links
due to their small group velocity dispersion and
low loss at 1.3um. Electrooptic external modulat-
ors using LiNbO; waveguides are potentially use-
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ful devices for high bit rate transmissions and si-
gnal processing.

Several types of external optical modulators have
been proposed up-to-date : cut-off type, uniform dir-
ectional coupler (DC), alternating A8 DC, Mach-
Zehnder, crossed coupler and Y-branch DC.

There are a number of design parameters that
determine the ultimate performance of Ti-indif-
fused LiNbO; modulators :a good frequency re-
sponse, a low switching voltage and high extinc-
tion ratio. As these factors are not independent
but related with each other, an appropriate trade-
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off is required depending on the factor we em-
phasize,

Among them, the uniform DC optical modulator
has been widely used and preferred since most in-
tensity modulators are based on the theory of the
uniform DC, Recently, Y-branch DC optical modul-
ator has been proposed [1] and known to have a
definite advantage over the uniform DC, The coup-
ling length of the Y-branch DC is shorter than that
of the uniform DC by the factor of 1/+/2 while
preserving the lower switching voltage and the
same extinction ratio. This is one of the import-
ant factors in achieving the high-speed switching
and modulation.

In this work, the coupled mode theory is intr-
oduced to analyze Y-branch DC optical switches,
By use of the theory, the device’s switching volt-
age can be approximately formulated. Secondly,
the normal mode analysis is applied to find exact
coupling length by use of a combination of the ef-
fective index method (EIM) and the 1-dimensional
finite difference method (1-D FDM). Thirdly, the
BPM [2] is used to confirm that calculation resu-
Its obtained by the mode theories are appropriate,

The BPM relates the field distribution at a cer-
tain plane of z with that at the next plane of z,
based upon the difference of refractive index pro-
files of two planes. The method is capable of fi-
guring out the variation of beam shape along the
z-axis of beam propagation,

In the expriment, two devices with different cou-
pling lengths are fabricated on z-cut LiNbO; sub-
strate and tested at A=1.3 ymn. The experimental
results are compared with the mode theories’ ex-
pectation,

II. Theory and Design

A. Coupled Mode Analysis

The schematic diagram of a Y-branch DC opt-
ical switch is depicted in the Fig.1. Optical wave-
guides structure including the branching section
and the parallel directional coupler section are
symmetric, The shaded region represents the ele-

Z

Fig. 1. Y-branch DC optical switch (shaded region :
electrodes) Substrate : z-cut LiNbO; (Y -plane),
A==1.3 um

ctrode section, through which the electric field is
applied to induce the electrooptic effect.

We denote the exact coupling lengths (for the
first complete power transfer) of the uniform DC
and Y-branch DC by l. and 1,, respectively. .’I‘he ac-
tually fabricated device’s coupling length (paral-
lel arms’ length) is expressed as L.

The coupled mode theory analyzes each wave-
guide of parallel arms seperately and evaluates
the degree of coupling based on the perturbation
theory. Coupled mode equation of an uniform DC
is, in general, represented as [ 3]

=T cos(E 1+ X sin( X B AVE. 4
R = cosl 5 r)+] . sin( 5 r) i sin( 5 r)
Sl= —j-\f sin(,lz r) cos(% r)—j% sin(% r)
R,
(1)
S, .

where x=ApgL/n, y=L/l., AB= |8 —F] and

rr=xi4y? (2)

B1 and B represent the propagation constants
of each arm waveguide. AB could be the electro-
optically induced propagation constants’ difference
between two waveguides due to the applied volt-
age. Without any applied voltage, A8 will be zero
since two parallel arms are symmetric in this work.

The light of A=1.3 i is launched into an op-
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tical waveguide input and, then, the launched
power is evenly divided due to the symmetry of
the branching section. As the power is divided by
halves at beginning of the DC section, we put R,
=S,=1/V2 so that So S;* =R, Ro*=1/2. Eq.(1),
then, reduces to

o1 2Ry ., W

RR =3 [ 1 5 sin (—2 r)} (3a)
w1 2xy . ,m

SS =3 [ 1-+-———r2 sin (—2 r) } (3b)

Complete power transfer occcurs

RR*=0o, when x =y =1//2 (4)
We now put L as I, temporarily since 1, is the Y-
branch DC’s coupling length for the complete po-
wer transfer. The conditions of Eq.(4) can be re:
written as such

AB=181—8:1 =n/(N2 1,) =n/l (5)
lyzlc/\/E (6)

Eq.(5) means that AB needs to be created up to
the value of z/(v/2 1) so as to perform the swit-
ching operation. Eq.(6) implies that the coupling
length of the Y-branch DC is shorter than that of
the uniform DC by the factor of 1/v/2 if both
DCs’ structures are exactly the same. This is one
of the important factors in achieving the high-
speed modulation.

As Ag is induced by an applied electric field E,
AB could be possibly expressed in terms of ap-
plied switching voltage V.. To derive this, we be-
gin with the index increment due to the V.

ns =ns + én, Ng» =ns + 6n (7)

(51'1:(1/2 n:ir.;:x)‘(r\fssw') (8)

ns is the substrate index of LiNbQOj. ng; and ng»
are the changed substrate index of each wave-
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guide region in the presence of electric field. §n
1s the refractive index’s increment due to the ap-
plied electric field. The index distribution change
due to the applied electric field will be described
in detail later. The electric field is induced in su-
ch a way that the refrative index of the beam-
launched arm is increased. ry; is the electrooptic
coefficient of z-cut LiNbO; substrate, and I' is the
overlap integral factor between the optical beam
and the modulating electric field. s is the gap be-
tween the electrodes. AB is expressed in terms of
mode index N.

AB=1{F—F:1 =N —Nslky (9

where k. 1s wavenumber in the vacuum, For we-
akly guiding cases, |N;—N-| k, approximates

|N1"N13|k“‘t ‘nq_ns‘g!ku ":2(5ﬂ ku (10)

Most of LiNbO4 devices belong to the weakly gu-
iding case. Manipulating Egs.(5) to (10), we have,
for Y-branch DC,
St A
TN Y
Note from Eq.(11) that V. is inversely pro-
portional to the coupling length 1,. For LiNbO;,
niry=3.06X10"" yn/V. We take I' as 0.3 approx-
imately throughout this work[4). In order to de-
sign Y-branch DC optical switch devices, we need
to find 1. or I, first. By use of Eq.(11), we can ap-
proximately estimate the required switching volt-
age. In what follows, the normal mode analysis is
used to calculate . with aid of the EIM and the
1-D FDM.

B. Normal Mode Analysis

I. Design parameters

The waveguides are fabricated on z-cut LiNbOs
substrate. Ti strip dimensions of the Y-branch DC
prior to the diffusion are as follows : 700 A thick,
5 g wide 1n all waveguides. 5 4m gap between
parallel arms. The diffusant Ti is diffused at 1025
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Cc for 6 hours, With reference to [5], the dif-
fusion length dx and dy are 3.2 ym and 3.2 im, re-
spectively.

It is assumed that the refractive index profile
of a waveguide has Gaussian distribution along
the depth direction while having a composite
function of complementary Error function along
the lateral direction [5]. The parallel arms’ index
profile of Fig.1 is now represented as

n(x,y)=ns+An-exp[—(—dy—)2] - G(x) (12)
'y

where n is the substrate refractive index and An
is the top surface index increment of the channel
due to the diffusion of Ti. An is the function of Ti
width and thickness prior to the diffusion, and of
diffusion time and temperature. Data of An are
taken from [5].

G(x), the horizontal refractive index profile
along x-axis, is given by

G(x) =F(x—c1, w) +F(x—cz, W) (13)

where

F(x,w) =1/2 [erf( X+dw/2) — erf( x‘dw/z )]
erf( “é/xz ) (14)

In the equations above, ¢; and c; are the center
positions of each channel, and w is the Ti width
of each channel prior to the diffusion,

2. Analysis

Since the waveguides are 2-dimensional (2-D),
we convert the 2-D index profile to 1-D index pro-
file (in terms of x-axis) by use of the EIM in order
to reduce the abundant computation time. We fir-
st slice the guiding structure along the y-axis ve-
ry thinly. We then calculate the fundamental mo-
de index using the 1-D FDM and replace the slice
with the earned mode index N(x),

To follow up the above concept mathematical-
ly, we use the same technique used in [6]. The 2-

D Helmholtz equation may be seperated into two
1-D normalized equations,

d2
dn?

[(VAG(e) ]! Ev(y)+[exp(—5) —b(x)]-Ei(y) =0

(15)

2
vV, -5‘2; Eo(x) +[G (&) b(x) ~b]-Ex(x) =0 (16)

where C:X/dx, ’1=Y/dy, Vx,y=k'dx,y\/ ns —ng?

(1n
_ N(x)—ne _
b(x)—-————(nlz_nsz)G(:), n,=n,+An (18)
2—n?2
andb=§2_r:2 . A=kN (19)

In Eq.(19), N and b are the final mode index and
the normalized mode index of a given waveguide,
respectively.

As seen from Eq.(15), b(x) will be the function
of Vy,G(£)'2 The discrete set of [b(x), VyG(£)1/2]
can be easily obtained by the 1-D FDM technique.
b(x) is now approximated as a polynomial of Vy
G (&)Y by use of the least square method. We can
then have the effective index distribution N(x)
by way of b(x). The 2-D guiding structure of Fig.
1 is now replaced with 1-D effective index distri-
bution N{(x) as in Eq.(18). The final mode index
N and the corresponding field profile are to be cal-
culated in Eq.(16) using the 1-D FDM with par-
ameters of Eqs(17), (18) and (19).

In the normal mode theory, we consider two pro-
ximate parallel waveguides as a single waveguide
structure and obtain a pair of even and odd fun-
damental modes. The beating mechanism of two
modes explains the coupling phenomenon,

It is noted that 1. 1s the length of complete
power transfer when no electric field is applied.
With fabrication parameters given earlier, the cal-
culated values of the even and odd fundamental
modes Be, B, are

B:=10.40100 gm™' and B, ==10.40001 pm™!

It is easily understood that the value of 1. is re-
1111
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lated with the difference of 8. and 8, as such

7Z

le=
Be— B

= 3,093 mm (20)
Using the above equation, we obtain

l,=2.187 mn and Viw=1145V

In the next section, we will check if the results
we obtained above 1s acceptable with the aid of
the BPM.

Il. Beam Propagation Method (BPM)

A. Theory
The wave behavior of optical beam in the wa-
veguides can be described by the Helmholtz equ-

ation
82 .y

VEEA+ P E+ken?(x,v,z2)E=0 (21)
0z

here V= -t +—C ky—2

where t % 6y2 . 1] c

Putting

E(x,y,z) =&(x,y,z) e %2, ks :% ns (22)

Eq.(21) is transformed to

j2k5%=[Vﬁ+(k3—ksz)]£ (23)

where k=—(::—) n{x,y,z). ko, ks and k are the wave

numbers in the air, substrate and waveguide, re-
spectively. Note that in derivation of Eq.(23), ¢
&/ez* is neglected.

We confine our interest to 2-D space of (x,z).
Eq.(23), the paraxial wave equation, is rewritten
to the equivalent form

e k- ] dz |

e(x,z):eXP[_[ j2ks (24)
24

z
4l

The relation between &(x, z-+Az) and &(x, z) is,
therefore,

1112

s 1
12ks  j2ks

&(x, z+Az) :exp[ r“z [
(k—k)]dz | - €z z) (25)

Az 1s a step size in the propagation direction. Eq.
(25), with the error of O(Az?), is approximated to

. Az ks Az
e(x. z+Az) = . vl j
% 7z z exp [ T2k, ] exp L i2
(“_‘(E%’_';A_i/g_)_l)].g(x,z) (26)

Let's think about the propagation in a homo-
geneous medium for a moment. In a simple homo-
geneous medium such as a free space, Eq.(26)
reduces to

&(x, z+Az) =exp ( V.2) - &K, z) (27)

Az
12k~
In treating the operator V.* of Eq.(27), the Four-
ler transform is one of possible approaches to the

solution.
= A
Enlz)= :‘ &(x,, z) - expl(—] N p-m) (28a)
1 hig o2
elxp. 2V =1 S\. &n(z) - explj T m-x,)

(28b)

Eqs. (28) represent the Fourier transform and in-
verse Fourier transform, respectively. In the equ-
ations, N is the number of sampling points and x,
Is a sampled x position. L is the length of the com-
putational grid. Eq.(27) is transformed to, by use
of Eqs.(28),

el z+02) = L enlz+an)
- expl] %ﬁ m-Xp) (29)
where &n(z+Az) =§&.(z) - exp [iZATZS(Z—If m)?]

Eq.(29) is the inverse Fourier transform of &n(z
+Az) in a homogeneous medium.
We now return back to the general case of in-
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homogeneous media. With reference to Eq.(26)
and (29), a general equation which relates &(x, z
+Az) and &(x, z) in any shaped waveguide stru-
ctures becomes

1w 2n
&(xp, Z+AZ)=-*I\-I- m;;m. Enlz+Az) -exp(j T m-x,)
2
ks.Az (& (x, z-i;Az/Z) -]

12 ns
(30)

-exp [

e e 482 22
where &n(z+Az) =€4(z) - exp [ zks( 3 m)?]

N2 2
En(z)= :;M &(xp, z) - exp(—j Kn p-m)

Once the index distribution of an arbitrary gu-
iding structure is given, the effective index dis-
tribution N(x,z) can be easily obtained by the pro-
cedure of Eq.(15) and (18). This earned N(x,z)
replaces n(x,z) of Eq.(30) to perform the BPM,

B. BPM Simulation

As mentioned in Eq.(7) and (8), the substrate
index including the channel region index will in-
crease or decrease by én when the electric field is
applied. For an electric field applied, ns of Eq.(12)
becomes the function of position. ns(x) is model-
ed as the following

ns(x) =
[ ns+dn XZCI“Wl/Z
24n
) —(ci=wi/2)]+6
nat [{ey—w/2) — (cotwaf2) ] [x—(c;—w/2) ]+ 6n
Ctwf2<x<ci—wy/2
l ns—én X < Cot+wof2 (31)

In performing the BPM, the effective index N
(x) at an arbitrary z plane should be readily avail-
able. In fact, N(x) is readily obtained by the pro-
cedure of Eq.(15) and (18).

However, the procedure for obtaining N(x) ne-
eds to be slightly modified when the electric field
is applied. Due to the change of ns and n: by én,

V, of Eq.(17) varies, Typical value of én for Ti:
LiNbOs is less than 107Y/10V. As the variation of
V, is almost negligible, V, is assumed to remain
unchanged. Consequently, b remains unchanged.
When we consider dn variation of ns in Eq,(12), it
will be noticed that N(x) also changes by én in
the channel regions, In more detail,

N{x) = N{(x)+[ns(x)—n¢] (32)

Note that Eq.{(32) is acceptable under the con-
dition of weakly-guiding.
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Fig. 2. BPM in Y-branch DC optical switch. Paral-
lel arms start at z=1550 gn V.w=0 V :thin
curve, V.= 13 V :thick curve

In Fig.2, we illustrate how the beam mode chan-
ges while propagating along the z-axis when the
electric field is not applied. The coupling length
ly 1s calculated to be around 2050 ym while the nor-
mal mode theory estimates 2187 i m, For 13.0 V of
applied voltage, switchning phenomenon is also il-
lustrated in Fig.2. The extinction ratio, 10log{P max/
Pmin), is as much as 17.3 dB.

IV. Experiment

Devices are built on z-cut LiINbO; substrate, Ti
strip dimensions of the Y-branch DC prior to the

1113
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diffusion is drawn in Fig.3.
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Fig. 3. Detailed measure of the Y-branch directional

coupler

As mentioned earlier, the Y-branch DC are fa-
bricated by diffusing a 700 A thick Ti film at 1025
T for 6 hours in a wet oxygen atmosphere. The
waveguides of the above fabrication parameters
are theoretically and experimentally confirmed to
support the single TM mode at A= 1.3 ym.

1500 A thick SiO; films are deposited in. order
to avoid the large insertion loss due to the met-
allic electrodes. RF sputtering technique is used
for the depositing SiO, buffer layer. The depo-
sited Si0s» buffer layer is annealed at 600 ¢ for 4
hours in an oxygen atmosphere to eliminate the
possibility of current leakage in the low-frequen

cy (including dc¢) operation | 7].
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Fig. 4. A block diagram for the optical switching

measurement
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Al electrodes of semi-infinite coplanar strip str-
ucture are then situated on top of the waveguides
in the coupler section. Inner edges of the Al ele-
ctrodes are aligned with the inner edges of Ti pr-
1or to the diffusion to maximize the overlap inte-
gral between the optical field and the modulating
electric field [4].

A block diagram for the optical dc switching
measurement is illustrated in the Fig.4.

It 1s experimentally confirmed that 1, is 2.78 mm
at A==1.3 mm. Two devices of L =1, and L=10.75
ly are tested. No dc current leakage through the
S10. buffer layer is detected in both devices. For
the devices of L=1,, V., is as much as 12 V. Ex-
perimental results of optical power outputs are
plotted with respect to ASL/xn in Fig.5 and com-
pared with the coupled mode theory's estimation.

1.0 [ e et 4
0.9 &
0.8
0.7 +
=
E os}
o
&
S 0.5
E o4}
=)
o3t .
Ne L= 0.75 1
0.2 F y
0.1 L= ly o
0.0 bt w4 0 RSP N |
-1.0 —-0.5 0.0 0.5 1.0

NORMALIZED VOLTAGE X
Fig. 5. Calculated(lines) and measured(dots) power
output RR*. Solid line :L=1,, dashed line: L
=075 1,

The theoretical calculations and the experimen-
tally measured values of 1, and V., are illustrated
in the Table I.

Table 1. Comparison of the theories’ estimations
and the experimental results

Iy (pm) Vew (V)
Mode theory 2,187 11.45
~ BPM | 2,050 13.0
~ Experiment 2,780 12.0
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V. Discussion

Several analysis approaches including the mc
dal analyses and the BPM are made use of to de-
sign the Y-branch DC optical switches/modulat-
ors. The experiment is performed and compared
with the theoretical results.

Two devices with different coupling lengths
are fabricated and tested at the wave length A=
1.3 um. The dc switching operation with respect
to the applied voltage (ABL/n) are in good agree-
ment with the mode theories’ expectation. How-
ever, there is a comparatively big discrepancy be-
tween the experimental 1, and the theoretical 1.
This may be attributed to some to lerances oc-
curred In the process of the device’s fabrication,
On the other hand, the measured V,, shows simi-
lar result as the estimated V.

For a same structure of coupling section, the cou-
pling length of the Y-branch DC is shorter than
that of the uniform DC by the factor of 1/v/2 Wh-
ile maintaining lower switching voltage and the
same extinction ratio. This reduction of the coup-
ling length contributes to the higher-speed op-
tical switching/modulation when we employ the
traveling-wave electrode. In the future, many ef-
forts need to be made for finding the optimum tr-
aveling-wave electrode design parameters to ach-
ieve the M/W impedance matching and the op-
tical & M/W velocity matching.

[@2]
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