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for both TE and TM waves were not as high as the 90% required
throug hput , several design modifications were made. Instead of
expanding the 4 ~m channel waveguide to 70 i.Lrn width , a lower  value
of 30 ~m was used.  The linear taper was also rep laced wit h a curved
horn  of three l inear  segments of d i f f e r en t  slopes with the a t t empt  to
maximize  the coup ling e f f ic iency  for a fixed coup l i n g  leng th .  The
channel  guide width is expanded from 4 ~im to 10 I.Sm by the f i r s t  l i n e a r
taper of length 200 p.m . from 10 pin to 20 p.m by the second l i n e a r
taper of length 500 p.m. and from 20 p.m to 30 p.m by the th i rd  taper
of length 800 p.m. The full ang les of these tapers a re  1 .72° , 1. 15° .
and 0. 720 , respectively. To ensure an eff ic ient  Bragg def lec t ion
between two channel waveguides intersect ing at the Bragg ang le , the
grating periodicity was reduced from the ori g inal desi gn of 7 .0 p.m to
4 . 0 p.m. This 4 p.m spacing gra t ing  is read ily ac hi eved by conven-
tiona l photoli thograph y. The pre l iminary experimental resu l t s  of the
new taper waveguides indicate that a single mod e to sing le mod e

~~ 
cou pling e f f i c iency  of 90% per taper for TM waves has been achieved .

• 
— ~~The coupling eff ic iency of a given taper s t ruc ture  depend s strongl y on

the expansion ratio of the channel width (f inal  width to initial c hannel
width) .  So it is important to know the amount of lateral d i f f u s i o n
which proceeds simultaneously with he downward d i f fus ion .  We have
studied the Ti concentration profi le near the ed ge of a stripe of 7 0 -~~~- r f c r o r ~Sinitial width using electron microprobe techni que. The lateral spread
of this 7 0j ~~ ..wide channel guide was about 6 p.m on each side. We
concluded (t’hat enhanced lateral  d i f fus ion was not observed in th i s  stud y .
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PREFACE

II
The following personnel contributed to the research work

reported here: B. tJ. Chen , G. L. Tangonan , and A. Lee . The photo-
masks  were fabricated by the photolithographic services of Hughes -

• A i r c ra f t  Company , Fullerton , California , under the direct ion of -

W. Gray and G. Bair .
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I. INTRODUCTION

Optical communications is emerging as a new technology which
promises significant cost and performance advantages for a wide range
of mi l i t a ry  information t ransfer  systems , par t icular ly airborne and
tactical communications. The use of optical fiber t ransmiss ion  c i r c u i ts
provides significant reductions in weig ht and size , elimination of elec-
tromagnetic interference and greater  bandwidth over electrical sys tems.

-1 An area of optical communications to which little research has been
directed is optical communication switching. The ultimate objective of
th is  research is the development of wideband switch capabilit y ,  based

• 
• on optical techni que s , for switching optical signals in a communicat ioiis

network.
• The program goal s involve the design arI~I fabr icat ion of an opti-

cal switch based on the deflection of two-dimensionall y -con f ined  beams
by a voltage-controlled phase gratipg. Thi s switch is of the double-
pole-double-throw (DPDT) type with a research objective of 80% throug h-
put with minimum cross talk. The switching of optical waveguide
channel directions is effected using an electro-optic Bragg phase grat-
ing formed by appl ying a voltage to an interdi gital electrode confi gura-
tion . In order to accommodate coupling to the waveguide input ports
from single-mode optical fibers , two narrow (4 p .m) single-mod e chars-
nel waveguides will be used . These will be expanded substantiall y
through tapered section. s to wide , multimod e waveguides that in te r sec t
in the grating interaction region .

j
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II. LINEAR TAPER MEASUREMENT

In the second quarterly report , we described the fabrication of

single mode channel waveguides and linear taper structures.  The wave-
guide channels were fabricated on a Y-cut  LiNbO 3 substrate with the

channel s ali gned parallel to the x-axis.  The single mode coupling effi-

ciencies for TE waves propagating through one expansion taper  and one

contraction taper were reported for four d i f fe ren t  taper lengths , 300 ,

600 , 900 , and 1200 p.m. For 1200 p.m taper , the coupling e f f ic ienc ies

were 70% at X = 6328 and 75% at X = 5145 ~~~~. In the third quarter  of

this program , the coupling efficiencies of linear tapers for TM wave

were studied . Usin g the same experimental arrangement as we did for

TE wave propagation , TM polarization waves were excited in the 4 p.m

wide channel section which can s9pport only one TM mode . By compar-

ing the output power of the taper structure with that of the nei ghboring

4 pm straight channel , the percentage throug hput of the s t ructure  of

one expansion taper and one contraction taper was determined . Tabl e 1

l is ts  the detected output power and taper coupling ef f ic iency  for struc-

tures  on sample 4A when the TM wave was excited.

Figure 1 shows the averaged value of coupling eff ic iency for both

TE and TM waves as a function of the tape r length. As shown in the

f igur e , 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 per-

formed at hi gh temperature. The out-diffusion process resulted in an

increase in the extraordinary index of refraction. As a result , in addi-

tion to the Ti- in-diffused channel waveguides , there is an additional

planar Li 20 out-diffusion waveguide for TE polarization wave when the
• l i ght propagates in the x-axis.  In the TE wave measurement, those out-

d i f fus ion  modes were coupled out together with the i rs-diffusion guided

mode , hence , a wrong reading of hig her output power was obtained .

Because the throughput of linear tapers obtained in the experiment  is

b not as hi gh as the 90% required throughput for the optical switch

design.  A modification of taper dimensions was made.

7
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TABLE 1. Taper Coupling Efficiency Measurement for TM Waves

(Sample LiNbO 3 
4A)

Detected Output Taper Coupling
Power , W Efficiency,  %

1200 pin taper 1.41 x 10~~ 46
4pm channel 6.66 —

900 pm taper 0. 32 22
20

4 pin channel 8.01 —

600 pm taper • 0. 49 25
25

• 4 pm channel 8. 10 —

300 pm taper 0. 46 24

I 
5 4 1 7 5 R 1

I 100
I — —

8 0-  - • 1

£ £ -

a
~~~8 O -  -

+

S - + -

± £5145A (TE)

- • 20 + S 6328 A (TE)
— -I- 6328 A (TM) _

• 0 I I I
0 300 600 900 1200

TAPER LENGTH , pm

r Figure 1. Single mode coupling efficiency of linear tapers
as a function of the taper length.
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HI. MODIFICATION OF SWITCH DESIGN

The impedance t ransforming horn is well understood in
microwave c i r c u i t  theory .  If the taper is suff ic ient l y gentle , rad ia t ion
“ ill  be t r ans rn tt t ed  adiabaticall y ,  continuously read jus t ing  to the slow
var ia t ion  of the tran smission line impedance with v i r tua l l y no r e f l e c -
tion or coup ling to hi gher order modes . In rea li ty,  one has to sacri-
f ice  perfect adiabatic coupling in order to use a taper of reasonable
length. The experimenta l resu l t  of sing le mode t ransmiss ion  mea-
surement showed that linea r taper is not an e f f i c ien t  coupler f o r  an
expansion ratio of 18 (70/4), even when the taper length  is 1200 p.m
which corresponds to 4000 t imes the He-Ne laser  wavelength in the
waveguide.  It has been suggested that a g iven coup l in g e f f i c i ency  could
be achieved in a shorter  length by shaping the walls  of the coupler .  2 , 3

Based on the coup led mod e theory ,  the slope of the coup ler can he
large when the channel guid e width is close to the cutoff  width  of the
hig her order  modes. Because the wavevector of the f i r s t  order mode
is quite d i f f e ren t  from the wavevector s of hi gh er order  modes , t he
coupling to hi gher order modes is small due to phase mi sma tch . On
the othe r hand , as the width of the coupler increases , the numbe r of
hi gher  order modes increases and the phase ma tch ing  i s  app roached ,
the  slope should decrease.

Because the physical size of the th in-f i lm optical swi tch  is
required to be as small as possible (consis tent  with hig h optical t h r o u s~h-
put) a modification of the coupling horn structure is necessa ry.  In
order  to achieve the goal of 90% single mode t r ansmiss ion  e f f i c i e n c y ,
the width of expanded channel section was reduced from 70 pm to 30 p.m
and a taper formed out of three linear segments was adopted . F igure  2
shows the new photomask design for single taper waveguide as well  as
crossed taper waveguide. The taper waveguide s t ructu res  cons is t  of
a 4 p.m sing le mode channel  guide section , an expans ion  taper sec t ion .
a ~O p.m rnult irnode c h a n n e l  guide sec t ion , a cu n t r t c t i o n  t a p e r  Se( ’l l I l t ) , —

and  a 4 p.m s ing le mod e channe l  guide  section.  In the pho toma sk , I I S , ’ r I

are also three 4 p.m strai g ht channel  guides  used as the  s t anda rd  f 1r

I
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taper throughput measurement.  The four legs of crossed taper
waveguides  are bent to parallel to the strai ght channel gu ides at a
distance of 8 mm from the center of overlapped area.  Fi gure 3 shows
the three  l inear sections of coupling horn s t ruc tu re .  The channel ~vave-
g uide width is expanded from 4 p.m to 10 p.m by th e f i rst l inear taper of
l eng th  500 p.m and from 20 pm to 30 p.m by the th i rd  l inear  taper  of
l eng th  800 p .m. The full angles  of these t apers  a re  1 .72 ° , 1. 15° , and

• 0. 72 ° , respect ively. The total length of thi s coupling hor n st r ucture
is 1 . 5 mm.

- • To ensure  that  Bragg scat ter ing into a wel l  defined d i r ec t ion
occurs  with optimum ef f ic iency ,  the re  must  be suf f ic ient  number of
gra t ing  lines that in tersected by the beam inc iden t  at the Bragg ang le .
6B As the width of expanded channel section is reduced from 70 p.m
to 30 pm , the grat ing des ign is a lso changed by reduc ing  the spacing
from the original  7 p.m to 4 p .m. This  4 p.m spacing g ra t ing  is readil y
achieved by conventional photol i thograph y. In  t h i s  way , 7 .5  p er iod s of
in terdi g ital electrodes can be accommodated in the waveguide overlapped
area.  Because the grat ing period is smal ler , the n e c e s s a r y  gra t ing
length  can also be cut down to 0 . 5 mm without a f f e c t i ng  the value of
Q paramete r  which governs  the def lect ion process . Table 2 l is ts  all
the important  d e s i g n  pa ramete r s  for the old and new des i gns.

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

~
s 2OO Mm+ 50O~ m 800 1

-? Figure  3. Three l inear  sect ions for  c oupling horn  s t r u c t u r e .

1 1  ~~~~~~~~~~~~ ~~~~~~~~~
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TABLE 2. Optical Switch Design Parameters

Old Desi gn New Desi gn

Width of expanded section , W 70 p.m 30 p.m

Periodicity ,  S 7 . 0  p.m 4 .0 p.mBragg Def lector Length , L 1. 7 m m  0 . 5m m

Bragg ang le , 0B 1° 10’ 
/ 

2 ° 3 ’

Number of Period s , N 10 7 . 5

2ir X L
Q parameter , Q 

0
2 20 ir 19 ii

• n Sg
Device total length , (including 4 . 4 m m  4 .0 mm
coupling tapers)

Waveguide s t ruc tures  with the shaped taper desi gn have been
fab r i ca t ed  on LiNbO

3 subs t ra te  (NB 18). The exper imenta l  r esu l t  m di-
ca tes  that a single mod e to s ing le mode coup hng e f f i c i ency  of 90% per
taper for  TM polar izat ion has been achieved. The c ros s t a lk  between tw o
i ntersect ing channel guides as a resul t  of the absence of la tera l  confine-
men t  over a portion of the region of in te rsec t ion  was cons idered  as a
potential problem. However , no cross ta lk  was observed to the  naked
eye when v iewing the output modes of crossed t ape r s .

I.

t .
7.1;,
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IV. LATERAL SPR EAD OF CHANNEL WAV EGUID E

Ti-diffu sed channel waveguides are formed by coating the
entire surface of LiNbO 3 (or LiTaO 3) wi th t i tanium using c-beam
evaporated and then selectively removing the metal from all the area
except the desired channels by the use of photol i thographic  exposure
and subsequent  chemical etch. The metal pat tern remain ing  on the
surface  will then serve as the surface source for d i f fu s ion .  The
fundamenta l ph ysical property of the di f fus ion p rocess  is  that  the
atoms tend to di f fuse  from a reg ion of high concent ra tion to th at of
lower  one , at a rate proportional to the concentra t ion gradient  between
t he two regions.  The d i f fus ion  process proceeds in both lateral (Z - a x i s )
and downward (Y-axis)  direct ions and can be described by the well

• known second order partial d i f ferent ia l  equation.

2 23N(y, z) 
- D a N (y , z) 

+ D a N(y, z)
at - 

~~ a 2

where D and D are di f fus ion coeff ic ients  along y and z d i rec t ions
respect ively. The ma gnitud e of D gives a measure  of the re lat ive ease
or d i f f i c u l t y  with which the diffusari t can move about in its env i ronment .

The coupling ef f ic iency  of a g iven taper s t ruc ture  depend s

r - strongly on the expansion ratio (final width to initial channel width ’ . So
it is important to know the amount of lateral d i f fus ion  which de te rmines
the final d i f fused channel width . It has been reported that enhanced
lateral d i f fus ion ,4 at a rate about 20 times the downward d i f fu s ion , for
experiment s ut i l iz ing the d i f fus ion  of Nb into Y-cut  LiTaO 3. We have
studied the Ti concentrat ion prof i le  near the ed ge of a s t r ip  of 70 p.m
initial width us ing  electron microprobe techni que . No enhanced la te ra l
d i f fus ion  was observed ,

Fi gure 4 shows the resul t of electron microprobe measure-
rr i ents  of a channel  guide in sample 5. A focused e le c t r o n  beam was
scanned across  the su r face  of a 70 I’~~ wi de - l i ;~nri ’ I g u id e  at art ~t n g I. ~
of 19 degrees  w i t h  r e spect  to the  c h a n n e l  ed ge. The c o n c cn t r a t ,u n  1) 1

N

1 ,1

‘I
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Ti was measured by the intensity of emitted characteristic X-ray
emission of Ti and is plotted in arbitrary units. The penetration depth
of the electron beam is estimated to be about 1 p.m at the beam energy
of 15 keV. The data was taken every 2.5 p.m along the scanned pa th ,
i. e., 0. 83 p .m in the direction perpendicular to the edge. There is no
known anal ytical two-dimensional solution for the channel waveguide
formed by Ti-diffusion. However , the concentration profile in the
Z-axi s (C-axis)  can be approximated by one-dimension di f fus ion  model.

• • Suppose we can separate the lateral diffusion from the downward diffu-
sion mathematically and assume the initial boundary conditions as

N~~~~N Z > - 0• 0

N — O  Z < O

The resulting particular solution of the one-dimensional diffusion
equation can then be expressed as

N i
N = — ~~~erfc ( 

Z
2 

\z ’.Th~~

where N is the initial sur face concentration and t is the total d i f fus ion
time . The solid curve in Figure 4 is a complementary e r ro r  function
with the parameter of diffusion depth 2~1~~i adjusted to give the best fit.
The diffusion constant of Ti in C-axi s is then given by

2~f~~t 12.86 p.m

D 2 x io 8 cm2/hour

A s predicted by the simplified diffusion model, the Ti concent ration at
the edge of the ori ginal Ti-film was half of the concentration at Z
The Ti concentration was down by another factor of 2 at position about
6 p.m from the edge. We concluded that the lateral spread of 70 in-n
cha nnel guide was about 6 p.m on each side and enhanced lateral diffu-
sion is not observed in thi s study. This conclusion was fu rthe r  sup-

• ported by the results of optical waveguiding profile measurement o~
Ele-N e laser light propagating in a 4 p.m wide channel waveguide .

• 15
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V. PLANS FOR THE NEX T QUARTER

We have achieved the goal of 80% total throughput of one
expansion and one contraction curved taper structure. The cross-
talk between two crossed channel waveguides will be studied in a
quantitative way . The fabrication of interdigital electrodes is under
way at the photolithographic services of Hughe s Ai rc ra ft  Company ,
Fullerton , California . A i3ragg deflector will be integrated with the
crossed channel waveguides immediately upon receiving the p hotomask .
As of the last step of experimental phase , the evaluation of the fina l
integrated optical device is expected to be carried out early in the next
quarter.

A boule of LiTaO
3 
has been sliced , polished and is now read y

to be processed . Switching devices will also be fabricated and tested
in this material which can handle much higher optical power densi t ies

• without waveguide damage.

~I4

r
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VI. SUMMARY

During the third quarter of this program , the measurement of

single mode coupling efficiency for linear tapers of four different taper
• l engths was continued . For TM wave propagation , the coupling elf i-

ciency was much lower than for TE wave propagation. The difference

in coupling efficienc y was due to the presence of Li 20 out-di f fus ion

waveguide modes, which occurred only when the TE mode was excited

in Ti-diffused channel guide. Because the throug hput of linear tapers

for both TE and TM waves were not as high as the 90% required throug h-

put , several design modifications were made. Instead of expanding the

• 4 p.m channel waveguide to 70 p.m width, a lower value of 30 p.m was

used. The linear taper was also replaced with a curved horn of three

linear segments of different slopes with the attempt to maximize the

coupling efficiency for a fix ed coupling length. The cha nnel guide

width is expanded from 4 p.m to 10 p.m by the first linear taper of

length 200 p.m. from 10 p.m to 20 p.m by the second linear taper of

l eng th  500 p.m. and from 20 p.m to 30 p.m by the third taper of length

800 p.m. The full angles of these tapers are 1.72° , 1. 15° , and 0. 720

respectively. To ensure an efficient Bragg deflection between two

channel waveguides intersecting at the Bragg angle , the grating

pe r iod i c i t y  was reduced from the orig inal desi gn of 7. 0 p.m to 4.0 p.m.

This  4 p.m spacing grating is readily achieved by conventional photo-

l i t h o g r a p h y. The preliminary experimental results  of the new taper

waveguides indicate that a single mode to single mode coupling effi-

ciency of 90% per taper for TM waves has been achieved .

The coupling efficiency of a given taper structure depend s

strong ly on the expansion ratio of the channel width (final width to m i -

tial. cha nnel wicith). So it is importa nt to know the amount of lateral

d i f f u s i o n  which proceed s simultaneously with the downward d i f fusion .

We have studied the Ti concentration profile near the ed ge of a stri p

of 70 p.m initial width using electron microprobe techni que , The

lateral spread of this 70 p.m wide channel guide was about 6 p.m on each

side.  We concluded that enhanced lateral d i f fus ion  was not observed in

t h i s  sturl y.
v i
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