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This report , together with three previous quarterly reports , presents
the des ign , development , fabrication and evaluation of d w idehand
01) t. ( I I  I sw i t h hosed On the d(’t 1 0 c t I 00 of two (J )III(’fl~, i flfld I ly ( On  Ii ned
hedlils by ele ctro—opt i ;al ly controlled phase grating. The W aV equ l  de
medium is Ti-diffused LiNbO 3. An interdiq ita l electrode is placed on
the overlapped region of two crossed channel waveguides. When a vo l tage
is appl ied to the electrode , a Bragg phase grating is forrneu so that the - •
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¼opti cal beam in one channel wave guide is deflecte d into the oppos i te one .
In order to i nterface the swi tch i ng dev i ce to s i ng le mode opt ical fibers ,• 4 pm wide single mode channel waveguides are employed at the input and
output ports. These waveguides are expanded adiabatically through slowly
tapered sections into wide multi mode channel waveguides (30 pm) that
intersect in the grating interaction region .

The des ig n of ef fic ient e xpans ion and contrac’~ion tapers was a crucial
part of this program. As a first cut at the ~~ob lem , linear tapers of
taper lengths 300, 600, 900 and 1200 pm were designed to expand channel
guides from a 4 pm single mode channel to a 70 pm multimode channel .
However , the measuremen t of coupl i ng effic i ency for TE an d TM polar i za ti ons
ind icated tha t linear tapers were not eff ic i ent to p reserve the mode s truc-

- ‘  ture even when the taper length is 1200 pm , 4000 times the He-Ne laser
wavelen g th i n the wave gui de . A mod if ica ti on of i niti al sw i tch des ig n was
incorporated into the program. In the new switch design , the width of
ex panded channel section was reduced from 70 ~im to 30 pm and a taperforme d out of three linear segments was ado p ted. The channel wave guid e
width is expanded from 4 pm to 10 pm by the first linear taper of length
500 pm and from 20 pm to 30 pm by the third linear taper of length 800 rn .

I The full angles of these tapers are 1.72°, 1.15° , and 0.72°, resp2ctively.
The ex per imental result indi cate d that the program goal of s ing le mode
coupling efficiency of 90% per taper for TM polarization had been achieved.

The second experimental phase involved the development of Bragg grating
and integration wi th crossed channel wavegu ides . The grating i s an inter-
digital electrode of spacing 4 pm and length 0.5 niii. TE polarization
ligh t (He-Ne laser) was coupled into one channel guide at the input port.
The power coming out of the channel guides at the output port was monitor-
ed as the voltage applied to the electrode varied. For sampl e NB 23,
max i mum switching efficiency (20%) occurred at 12.5 volts. Although the
sw i tch ing effic iency was lowe r than what we expec ted , we bel ieve all the
l owest order mode was deflected as evidenced by the fact the switching
efficiency obeyed the sin 2 BV vol tage dependence function and reached the
maximum value at 12.5 volts. Most of the power remained in the undefl ect-
ed channel guides were Li out-diffused modes generated at expansion taper

• section and at Bragg grating region . We have developed a technique (undei
separate IRD funding) to eliminate Li out-diffusion waveguide by annealing
the samp les in L i NbO3 powder. The interaction between metal electrode an
optical beam can be avoided with a thin buffer l ayer (for instance , 2000
Si02) eva pcrated on the waveguide . With these improvements i ncorporated
into the device, switching efficiency grea ter than RO can he expected.

The drive power per bandwidth of optic al sw i tch is given by ~ C V ,11
2.

where C is the electrode capacitance and V01 is the applied voltage for
maximum switching efficienc y . For the switch we fabric ated , V 111 12.5
volts and C = 2.2 pF , the drive power per bandwidth i s 0.16 (11W/ MHZ . If
the dcvi ce is opera ted at. bandwidth of 3 GUi , t he drive power requ i re(i is
about. 5 W.
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PREFACE

The follow ing personn& contributed to the research work reported

here : B. U. Chen, ~ Jan onan , and 4. Lee. The photomasks were

fabricated by the photol i thoyraphic services of Hughes Aircraft Company ,

Fullerton , California , under the direction of W . Gray and G. Bair.

l i T



I . Introduction

The field of optical corilnunications , which began with the successful

development of low loss optical fiber waveguides in early 1 970’s, has
been emerging as a new technology which promises significant cost and

performance advantages over conventional communication systems. The use

of optica l transmission circuits greatly reduces size and weight

requirements , increases high bandwidth capabil ity , elimi nates el ectro-

magnetic interference, and provides a high degree of intercept security

and dielectric isolation. An area of optical communications attracting

much research activity is the switch ing of optica l beams . This program

addresses an approach that l eads to the development of a wideband

switching capability for handl ing optical signals in a communication

network . The program goal involves the design and fabrication of an

optica l switch based on the deflection of two dimensionally confined

beams by electro-optically controlled phase grating .

The switch is of double-pole-double-throw (DPDT) type. The

waveguide med ium is Ti-diffused LiMbO 3. LiMbO 3 has excellent electro-
optic properties and the waveguides thus formed have very good optica l

quality (wavegu i de loss .
~ 1 dR/cm). Figu re 1 is an illustration of the

switching format. An interdi gital el ectrode is placed on the overla pped

region of two crossed channel waveguides . When a vol tage is applied to

th is elec trode , it forms a Bragg phase grating through electro—optic

interactions . The crossed angle and grating spacing are designed so that

the first order Bragg refl ection condition is satisfied . As a result , the

optical beam in one channel waveguide is deflected into the opposite one .

In order to interface the switching device to single mode optical fibers ,

narrow (4 pm wide) single mode channel wavegu ides are used at both input

and output ports. These waveguides are expanded adiabatically through

slowly tapered sections i nto wide , niultimo de channel waveguides (30 tini )

that intersect in the grating interaction region. The Bragg grating

spac ing is 4 pm and the channel guides crossed angle is 4°6’. One
important feature of this approach is that all the components of switch

can be fabrica ted using well developed photo lithographic technique.

6
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Fi g. 1. Optical swi tch using electro-optic Bragg deflectors
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The design of expansion and contraction tapers is the cruc ial part

of this program. If the taper is sufficiently gentl e, the lowest order
mode will be transmitted adiabatically , continuousl y readjust i ng to the
slow variation of the guide width wi th virtually no reflection or coupl i ng

to higher order modes. In reality , one has to sacrifice the perfect

adiabatic coupling in order to use a taper of reasonabl e l ength . During

the development stage of this program , a curved ta per of three linear
segments with total l ength of 1.5 mm is designed . The goal of 90%

single mode transmission effici ency (per taper) is achieved for such

tapers connecting channel waveguides of width 4 pm and 30 pm.

Optical waveguide modulators/switches have several advantages over

their bul k counterparts . In channel waveguide devices , the opt ical beams
are confined to travel essentially unlimited interaction length . In

addition , the channel waveguides usually have cross-sectional dimensions

on the order of optical wavelength. Strong el ectro-optic interaction

between guided optical beam and fringe field of surface electrode can

occur at much lower appl i ed voltage. As a resul t, a numerous savin g i n
specific energy (the drive power requ i red per unit bandwidth to obtain a

modulation depth equivalent to an intensity modulation depth of 84%) can

be expected. It is estimated that for A = 1 pm and interaction L = 1 DEl ,

the specific energy can be reduced by more than three orders of magnitude
when compared to bul k devices. We estimated that the drive power as low

as 5.0 W can be realized for 3 GHz bandwidth performance .

II . Summary of Previous Report

Much of the work on this program has been reported in the three

quarterly technical reports already subm itted.
’1
’2’3 We include here

outl ines of the contents of these three reports .

A . Channel Waveguide Fabrication

Wavegu ides of straight and tapered channels were fabricated

by diffusing e-beam evapora ted Ti into y-cut LiN bO3 substrates . The
di ffusion pattern of Ti metal was cut by the lift-off photol i thographic

techni que. Ti metal was evaporated onto the photoresi ’~t pattern

8
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subsequent to exposure and development of the photoresist. The open area
of the resist was thus filled with Ti metal while unwanted Ti on the

photoresist was removed by dissolving the resist (Shipley AZ 1 350B) in

acetone. Diffusions were normally carried out in the temperature range
from 850°C to 950°C in a flow ing oxygen atmosphere . The diffusion time
varied from 5 to 16 hours . Before diffusion , Ti-metal had been oxidized
to h O 2 at a relatively lower temperature (for instance , 600°C). Single
mode channel waveguides were formed by diffusing 4 pm wide 200 A thick
Ti stripe into LiNbO3 substrates. The waveguide loss of planar waveguides
thus formed was measured to be about 1 dB /cm. While the loss measurement
became d ifficult for 4 pm wide single mode channel guide , we estimated

the loss figure was in the same rank as pl anar waveguides .
After diffusion , the channel waveguides formed ridges of height about

2.5-3.0 times the original Ti—thickness. Further studies indicated that

the ridge height was increased by nearly the same factor righ t after the

oxidation stage when Ti02 was formed. The ridge formation, as a registration
mark , facilitates the alignment of Bragg electrode to the cha nnel waveguide

in latter processing .

B. Lateral Spread of Channel Waveguide
The coupl i ng efficiency of a given taper structure depends strongl y

on the expansion ratio (final width to initial channel width) . So it is

important to know the amount of lateral diffusion which determines the
final diffused channel width . We have studied the Ti concentration
profile near the edge of a strip of 70 pm initial width using electron
microprobe technique. No enhanced lateral diffusion was observed .

Figure 2 shows the result of electro n micro probe measurements of

a channel guide in sampl e 5. The solid curve in Fig. 2 is a complementary

error function wi th the parameter of diffusion depth ~~~~ adjusted to

give the best fit. The diffusion constant of Ti in C-axis is then given

by

2~
l
~ j = 12.86 pm

= 2 x iø 8 cm 2f hour 
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Fig. 2. Distribution of Ti near the edge of a stripe of 70 pm
initial w idth .
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a The Ti concentration was down by another factor of 2 at position
about 6 pm from the edge. Compared to this number with the downward
diffusion depth of about 4 pm , we concluded that enhanced la tera l
diffusion is not observed in this study .

C . Linear Ta per Thupling Efficiency Measuremen t

As the first cut to the expansion and contraction taper structures ,

l i near tapers of taper l engths of 300, 600, 900 and 1 200 pm were des i gned

to expand channel guides from a 4 pm single mode channel to a 70 pm multi -

mode channel . These taper lengths correspond roughly to 1 000, 2000, 3000

and 4000 A where A is the He-Ne laser wavelength in the guide. The linear

ta per wave guid e structure under test consists of a 4 pm s i ng le mode c hannel
guide section , a linear expansion taper section, a 70 pm multimode channel

guide section , a li near contrac tion taper sec t i on , and 4 rn single mode

channel guide section . We measured the single mode transmission efficiency

between two 4 pm wide single mode channel guide sections . By comparing

the outpu t power of the taper structure with that of the neighboring 4 rn

straight channel guide , the throughput of the structure of one expansion

taper and one contraction taper was determined . Assum i ng the expansion

taper and contraction taper have the same coupling efficiency, we define

the square root of the throughput as the taper coupling efficiency.

Figure 3 shows the averaged va t ue of coupling efficiency for both

TE and TM waves as a function of the taper l ength. As shown in the fi gure ,

the coupling efficiency for TM wave was much lower than for TE wave.

The reason is the following. Lithium and oxygen escaped out of the

LiNbO 3 substrate when the Ti in-diffusion process was performed at hi gh

temperature . The out-diffusion process resulted in an increase in the

extraordinar y index of refraction. As a result , in addition to the

Ti in-diffused channel waveguides , there i s an addi t i onal planar L i 20

out-diffusion waveguide for TE polarization wave when the light propagates

in the x-axis . In the TE wave measurement , those out-diffusion modes were

cou pl ed out together with the in-diffusion guided mode , hence , a wrong

reading of higher output power was obta i ned . Because the throughput of

linear tapers obta i ned in the experiment is not as hiqh as the 90

required throughput for the optical switch desi gn, a modificat ion of

initial switc h desi gn was made and incorpo rated into the fina l devices.
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D. Modification of Initial Switch Des ign

In order to achieve the goal of 90% s i ng le mode transm i ss i on
effic iency , the wi d th of ex panded channel sec ti on was reduced from 70 rn
to 30 pm and a taper formed out of three linear segments was adopted .
Fig ure 4 shows the new photomask des ign for s i ngle taper waveguide as
wel l as crossed taper waveguide. The four legs of crossed taper wave-

guides are bent to parallel to the s traight channel guid es a t a
d istance of 8 mm from the cen ter of overla pped a rea . Figure 5 shows

the three linear sections of coupling horn structure. The channel

waveguide width is expanded from 4 pm to 10 pm by the first linear taper

of len gth 200 pm , from 10 pm to 20 pm by the second linear taper of

l ength 500 pm and from 20 pm to 30 • by the third linear taper of

l ength 800 pm. The full angles of these tapers are 1.72° , 1.15° , and

0.72°, respectively. The total length of this coupling horn structure

is 1.5 ntrn .

To ensu re tha t Bragg scattering into a well defined direction
occurs with optimum efficiency , there must be sufficient number of

grating lines that intersected by the beam incident at the Bragg angle ,

As the width of expanded channel section is reduced from 70 ~rn to

30 pm , the grating design is also changed by reducing the spacing from

the original 7 pm to 4 pm. This 4 pm spacing grating is readily achieved

by conventional photolithography . In this way , 7.5 periods of inter-

digita l electrodes can be accommodated in the waveguide overlapped area .

Because the grating period is smaller , the necessary grating length can

also be cut down to 0.5 mm without affecting the value of Q parameter
which governs the deflection process. Table 1 lists all the important

parameters for new switch designs. The dimensions of Bragg electrode

structure are shown in Fig. 6.
9
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Fig. 4. Photomask design for curved taper waveguides .
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Fig. 5. Three linear sections for coupling horn structure .
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Table 1

Bragg Swi tch Design Parameters

Width of Expended Channel Section , W. 30 pm

Total Length of Curved Taper 1.5 mm

Bragg Angle , 
~ 

2°3’

Periodicity , A 4.0 pm

Number of Periods , N 10

Bragg electro de length, L 0.5 mm

2-rrA L
Q parameter , Q = —p—- 1 9 ‘n

n A 2

Total Length of Switch Device 4.0 mm

(including coupling tapers ) 
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A

• 5132- 2R1

~~ k 10pm mm

-
~ 

P 0 100 pm

5mm

_ _ _ _ _ _ _  

- 

NIb

1pm 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I 

~~~~~~~~~- j 4 pm

— 

l 0,7mm

Fi g. 6. Dimensions of Bragg el ectrode

9

17 

-

~ 

•

~~~~~~

‘

~~

— •

~~~~~~~~~~~~~~~~~

•

~~~~~~

. . - . • - •



-- 
-
~~~~~~~~~~~~~~~~~~

- -
~~~
-- - - ----

E. Curved Taper Coupling Efficiency Measurement

Waveguide structures with the shaped taper design have been
fabricated on LiNbO 3 substrates . The experimental result indicates that
a single mode to single mode coupl i ng efficiency of 90% per taper for TM

• polarization has been achieved . The crosstalk between two intersecting
channel guides as a result of the absence of latera l confinement over a
portion of the region of intersection was considered as a potential
problem . However , no crosstalk was observed to the naked eye when
viewing the output modes of crossed tapers .

III. Switch Device Fabrication and Eva l uation

A. Electrode Fabrication

During the fourth quarter of this program , effort was concentrated
on the fabrication of Bragg interdigita l electrode. The electrode has
spacing 4 ~jn with electrode gap to width ratio 1.0. The resolution of
1 pm wide lines of the el ectrode structure is the state-of-the-art of
conventional photolithography . Special measures had been taken to assure
a good contact between the photornask and LiNbO3 channel wavegu ides. K&D
Photomask Aligner with modified sample holder was used to ali gn the photo -
mask to the crossed channel guide. The details of the photolithogra phic

processing are listed in Table II. After many trials of different parameters
of resist, we were able to fabricate almost perfect el ectrode pattern .
Once the photoresist pattern was formed , the sample was put in the vacuum
system and coated with about 1 500 A thick aluminum . Lift-off techni que
was used again to remove unwanted Al by dissolving photoresist in acetone
ultrasonically. Figure 7(a) shows the alignment of the final meta l
electrode to the crossed channel waveguide . Figure 7(b) is the photograph

of detailed electrode structure. The dots in the picture are dust particles
and scratches in the microscope .

_ 

_ _  
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Fig. 7(a) Arrangement of electrodes and crossed channel waveguide
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Fig. 7(b) High magnification of 4 rn spacing electrode structure

Fig. 7 (a) Arrangement of electrode and crossed channel
waveguide (b) hi gh magnification of 4 pm spacing
electrode structure .
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Table II
Fabrication of Electrode on Photoresist

Photores ist Shi pley AZ 1 350B filtered
th rough 0.5 pm membrane

Coating 3500 RPM
Prebaking 80°C, 20 to 30 mm
Exposure 25 sec
Developing solution Shipl ey AZ Developer:

DI water 1 :1
Developing time 30 sec

Rinse DI water 2 mm

B. Bragg Deflection Measurement

The evalua tion of Bragg switch performance was carried out using

two coupl ing prisms . Figure 8 describes the experimental arrangement.

Two rutile (hO 2) prisms were pl aced on a 4 pm wide singl e mode channel

guide section . TE polarization He—Ne laser light (x 0 
= 6328 A) was coupled

into the top channel on the left. With zero applied voltage , the guided

beam was undefl ected and coupled out from the bottom channel on the right.

Upon appl i cation of a switching voltage to the interdigital el ectrodes ,

the beam was deflected upward by 2 0
~ 

into the opposite channel waveguide .

The swi tchin g device is desig ned for Bragg deflec ti on of the l owest order
mode .

Higher order modes are present at interaction reg ion as the resul t

of finite expansion taper length as well as the scattering of the meta l

electrode. These are also involved in Bragg deflection as the l owest

order mode because of the uncertainty of the grating momentum , Akgr 
=

However , the deflected higher order modes radiate before they reach
the 4 ni single mode channel section at output port ,. The power coupled

(Hil Of t t I I’  t (iI) (;hilflne l on the nigh t. w~ Illed l i r  I~~I I 1 I 1110 I iUfl (I? d{l pl j I l l

Vol  t1 1J0 .
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Fi g. 8. Experimental arrangement of switch i ng effi c i ency
measurement
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Two devices , NB 21 and NB 2 3 , were fabricated and tes ted . They
were diffused at 950°C for 5 hours. On each sampl e , there are two Bragg
sw i tch dev ices , one in the center and one near the edge. Figures 9 and
10 show the normalized defl ection efficiency versus appl ied vol tage for
the centra l switch on each sample. Electrode on NB 21 had severa l breaks
in the lines . The peak defl ection (~l8%) occurred at V = 33.5 vol ts.
The el ectrical breakdown occurred as the appl ied vol tage was raised up
to 50 vol ts. The electrode structure on NB 23 was excellent. This was
verified by the fact that maximum deflection (“-.20%) occurred at
appl ied voltage as low as 12.5 vol ts. The solid lines in Figs. 9 and
10 are theoretical curves of Sin2BV normalized at maximum deflected
efficiency. B is a constant depending on overlap integral of electrica l
and optical fields. As indicated in the figure , the behavior of the
experimenta l points is in good agreement with theoretical prediction.

C. Measures of Merit
(a) Crosstalk

The basic function of an optical switch is to move the
guided beam from one channel to another. One of the most important
measures of merit is the isolation between two channel guides . In this
experiment , the nature of the crosstalk problem is two-fold. Firs t,
crosstal k may occur purely as a result of the intersection of the two
guide channels. Within the region of intersection the beams propagate
with no lateral confinement over a portion of this region and wi th only
partial lateral confinement over the remaining portion . Thus lea kage
may occur from one channel to the other due to diffraction in this region .
Second , crosstalk may occur due to the presence of the interdigital
electrodes , in the “of f U as wel l as the “on ” sta te, as a result of
scattering into the wrong channel or of i ncomplete diffraction into
the desired channel . As we mentioned in the third quarterly report,
there is essentially no crosstalk (<30 dB) between the two channel guides
before the metallic electrode was incorpora ted into the waveguides. With
the presence of metallic grating structure , a crosstalk of -20 dB was
measured . This n~inber can be reduced substantially by form i ng a thin
elec tric buffer l ayer (for instance 2000 A Si02) to i~.old t e  the guided

optical bean) from the metallic electrode .

22
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(b) Electrode Capacitance

The second important consideration of a switch device is the
switch ing time , or the max imum operational bandwidth. For an electron ic

• circuit of im pedance R = 50 c2, the bandwidth is mainly limited by

capacitance. The capacitance of the interdigita l electrodes is given
by4

C = (~0 
+)~~~J~~) 

~~ 
NL

where K(k) and K’(k) are the compl ete elliptic integral of the first kind

w it h moduli k and k’ respectively, N is the number of periods , 
~22 and

are the dielectric permittivity of the waveguide in the y and z direct ions.

For the el ectrode structure used in this experiment , the num bers are

‘ITk = k = s i n 4-

N = l 0

L = 0.5 mm
c =84 1:22 o

=30 k33 0

The capacitance of the electrode is then about 2.2 pF. This implies tha t

maximum operational frequency could be as high as 3 GHz for a resistive

loa d of R = 50 Q.

(c) Drive Power

The drive power required to operate the Bragg swi tch may be

ex pressed as 2
- 

V

where Vm is the peak voltage for maximum diffraction into the f irst Bragg
order and R is the resistive impedance in shunt wi th the capacitive

grating electrodes . One chooses R to provide the desired RC- limited

operating bandwidth B = 1/u R C. Thus

~dr 
= BC

The figure of merit of this switch as described by power per megahertz

lIt handw idth becomes
P

= C Vm
2 

= 0.16 mW/MHz (sample NB 23)
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(d) Electro-optic Efficiency

A desirable feature for the optical waveguide switch is a

hi gh electro-optic efficiency . This means achieving a strong el ectrical

field of the fundamental spatial harmonic in the region of greatest optical

power density . The higher the overlap integral of electrical and optical

fields over the depth direction , the smalle r the electrica ~‘ol tage required

to achieve the maximum swi tching efficiency. In a sw i tch device where

electrical field is uniformly distributed over the whole interaction

region , the maximum Bragg deflection occurs when the change of optical

path L\n~ induced by the applied signal field equals one-half wavelength

LAn
~ 

= A 0/2 
(1)

In L i NbO 3, the preferred crystallographic orientation calls for propagation

alon g x or y with pol arization and applied electric signa l field along z.

For this orientation

IAn~ t = fl 
3r33 Em (2)

where ne is the extraordinary refractive index , r33 is the appropriate

elect ro -~optic coefficient , and Em is the peak signal f ield. For
= 2.20 and r33 = 3.0 x l0~~ cm/V , eqs. (1) and (2) give a half-wave

field -length product

A
E • L = _____- 1980 V.  (3 )

~
‘Ie r33

For the electrode dimensions used , L = 0.5 mm , s 1 rn , the vol tage
required for maximum deflect ion is

V = 4 volts. (4)

In the configuration of waveguide switch , Bragg grating is formed

by the fringe field of surface interdigita l electrode. The cross-

sectional view of electrode array and fringe field are dep icted in

Fig. 11 . The electrical fiel d in the z-direction in LINbO 3 waveguide is

given by4

= ; A2~~1 cos[(2n+l ) 
~~ 

~j exp [ 
~ (?n+l ) 

? i  

~~~ 
(5)

n Il 2?
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The expansion coefficients A2~+1 
are Legendre functions of the first

kind .

A — 2’iiV P~(2k
2_ l )

2n+l 
— T’ K’(k) (6)

where V is the vol tage appl ied to electrodes , K ’(k) is the complete

elliptic integra l of the first kind to the complementa ry modulus
k’ = /1-k2

k = c o s E ~~- ( l  -~~ )] (7)

Since we are only interested in the fundamenta l Fourier component which

satisfies Bra gg defl ection condition . In ex plic it form the fundamental
- . component of E

~ 
is given by

2nV 1 2n 211= - -~~-- 
~~~~~~~~~~~~ 

cos [-s- z] exp[-K- y] (8)

The electrical field decays exponentially in the waveguide depth direction

with l/e point at A/2rr below surface.

On the other hand , the lowest order mode in a planar wavegu ide with

a typica l Gaussian index profile has its peak optical intens i ty at a

depth of about 0.25 b below the surface , where b is the l/e waveguid i depth .

We estimate the diffus ion depth of NB 21 and NB 23 is about 2 pm , from which

the overlap integral is calculated to be ‘~-.0.3. Consequently, the peak

deflection voltage for waveguide switch should occur at 4/0.3 = 13.3 vol ts
wh ich is in good agreement with the experimental value of 12.5 volts.

IV. Suninary

This report , together with three previous quarterly reports, presents

the design , develo pment , fabrication and evaluation of an optical switch

based on the defl ection of two dimensionally confined beams by electra-

optically controlled phase grating . The waveguide medium is Ti-diffused

L i NbO3. An interdigita l electrode is pl aced on the overlapped region of

two crossed channel waveguides . When a voltage is applied to the electrode ,

a Bragg phase grating is forme d so that  the op t i cal beam i n one channel
waveguide is deflected into the opposite one and vice versa. In order to
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interface the switching device to single mode optica l fibers , narrow
(4 pm wide) single mode channel waveguides are empl oyed at the input

and output ports . These waveguides are expanded adiabatically through

slowl y tapered sections into wide multimode channel waveguLes (30 pm)

that  i n tersect in the g ra t in g interac ti on reg ion .
The major effort during the initial per iod of this prog ram was

concentrated on two subjects , the fabrication of low loss single mode

channel wavegu ides and the design of taper structures. An optimum

di ffus ion schedule was develo ped so that hig h qual ity dif fuse d wave-
gu i des could be fabricated routinely. Diffusions were normal ly carried

out a t temperature ranges from 850°C to 950°C i n a flow i ng oxygen
atmosphere . The diffusion time varied from 5 to 16 hours . Before

diffusion , Ti- metal had been oxi di zed to T i 02 at a relatively l ower

temperature (for instance , 600°C). The waveguide loss of 4 rn sing le

mode channel waveguide was estimated to be about 1 dB/cm. For the

wavegu i des thus formed there was no enhanced late ral dif fus i on ~long the

- 

• 

crystal C-axis.
The design of ex pansion and contract i on ta pers ‘is the cruc i al pa rt

of this program. If the taper is sufficiently gentle , the l owes t or der
mode will be transmitted adiabatically, cont inuous ly  rea djus ti ng to the
slow variation of the gu ide wi d th with virtually no ref lect i on or cou pli ng
to higher order modes. In reality , one has to sacrifice the perfect

adiabatic coupling in order to use a taper of reasonable l ength . As a

first cut at the problem . linear tapers of taper lengths of 300, 600, 900

and 1 200 pm were designed to expand channel guides from a 4 ‘rn single

mode channel  to a 70 pm mul t imode  channel . However , the measuremen t of
cou pl i ng eff iciency for TE and TM polarizations indicated that linear

ta pers were not e f f i c i en t to preserve the mo de struc ture eve n when the
taper length was 1200 pm , 4000 times the He-Ne laser wavelength in the

waveguide . A modification of initial switch design was incorporated into

the program .

In order to achieve the goal of 90°~ single mode transmissiont efficiency , the w idt h of ex pan ded channel  sec ti on was reduce d from
70 pm to 30 rn and a taper formed out of three linear segments was
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adopted . The channel waveguide width is expanded from 4 pm to 10 pm by
the firs t linea r taper of l ength 200 pm , from 10 pm to 20 pm by the second
linear taper of l ength 500 pm , and from 20 pm to 30 urn by the third linea r

taper of l ength 800 pm. The full angles of these tapers are 1.72°, 1.15° ,

and 0.72°, respectively. The total length of this coupling horn structure

is 1.5 mm. The experimental result indicated that a single mode coupl i ng

efficiency of 90% per taper for TM polarization had been achieved .

The second experimental phase invol ved the development of Bragg

grating and integration with crossed channel waveguides . The grating is

an interdigita l electrode of spacing 4 pm and length 0.5 mm . Subsequent

to the form a t ion of the electrode pat tern on the pho tores i s t, the sample
was coated with 1500 alum inum. Finally, Al metal ele ct rode was fo rmed
by removing the photoresist and unwanted aluminum coated on the photo-

res i st . The evalua tion of the Bra gg sw itch was car ri ed out us i ng two
cou pling prisms . Test light (He-Ne laser) was coupled into one channel

guide at the input port. The power coming out of the channel guides at

the out put port was monitored as the volta ge applied to the ele ctro de
varie d. For sample NB 23, maximum switching efficiency (20%) occurred at

volta ges as low as 12.5 volts . Although the switching efficiency was

lower than what we expected , we bel ieved all the lowes t order m ode w as
defl ected at interaction region as evidenced by the fact the sw i tching

efficiency obeyed the sin 2 BV vo l tage dependence function and reached the

maximum value at 12.5 vol ts. Most of the power rema i ned in the undeflected

channel guides were Li out-diffused modes generated at tapdr sections as

wel l as Bragg coating region. We have developed a technique (under

separate IRD funding) to elimina te ti out-diffusion wavequide by

annea li ng the sam p les i n L i NbO3 powder. The interaction between metal

electrode and optic~ 1 beam can be avoided with a thin buffer l ayer (for

instance , 2000 A SiO2) evaporated on the wa veguide. With these improve-

men ts incorporated into the device , switching efficiency grea ter than

80% can be expected .

One of the most important measures of merit of optical switch is
the drive power per bandwidth , which can be given by ~ C V~1

2
. where C is

the elec trode ca pa ci tance and Vm is the applied vo l tage for maximu m switch-

ing efficiency. For the switch we fabricated , V 1 
= l2.~ vol ts an d

C 2.? pF , the drive power per bandwidth is 0.16 mW/M H? . If the device

1’; opera ted ,it bandwidth of 3 GHz, the driv e power rel ill I )‘ t ” + 1’ . d boIl t  W -
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