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1 . I N T R O I ) U C T I O N

In t his report , v .e  d e s c r i b e  the  f a b ri at ion  and eva lua t ion  of

h o r n - s h a p e d  t aper  s~av eguides . ~V av e g u i de s  of l i nea r  t apers  and
s t ra i ght c h a n n e l s  ~~ere  f o r m e d  b y d i f f u s i n g  a p a t t e r n  of Ti into L iNbO 3
su u s t r a t e s .  The desi gn and fabr ica t ion  of the  p ho tomask  s~ e re  d e s c r i b e d

in Q u a r t e r l y Techn ica l  Repor t  ~ 
1 A f t e r  d i f f u s i o n , the  i n t e r f e r e n c e

f r i n g e  p a t t e r n s  show that  the wavegu ide s have rid ges of hei ght  of about

3. 0 t imes  the ori ginal evaporated Ti f i lm t h i c k n e s s . We found  t ha t  t h e

comp lete oxidat ion of Ti before  d i f fus ion  is impor t an t  in f o r m i n g  hi g h

qua l i ty  optical  ~.s.a v e g u i d e s . The w a v e g u i d e  s c a t t e r i n g  loss is ~~1 dB /cm

at the He-Ne  l a se r  wave l eng th  of 6328 A. Taper  coup ling e f f i c i e n c i e s

fo r  TE s~ ave s at f o u r  d i f f e r e n t  t aper  leng t h s-3 0 0 , 600 , 900 , and 1200 tim-

w e r e  m e a s u r e d .  \Ve de t e rmined that  the  s ing le mode t r a n s m i s s i o n

e f f i c i e n c y  fo r  1200 lim l inear  taper  was 70% at K = 6328 A and 75~’o at

K = 5 145 A. The m e as u r e m e n t s  of coup ling e f f i c i e n c y  v e r s u s  taper

l e n g th showed a poss ib le  dip of less  coup l ing  e f f i c i e n c y  at t h e  t aper

l e n g t h  of 900 ~ rn . Ne l son 2 has c o n s i d e r e d  the  e f f i c i e n c y  of coup l ing

f r o m  an input  s ing l e -mode  guide to an output  s ing l e - m o d e  guide  a f t e r

t r a v e r s i n g  the expans ion  and con t r ac t i on  t a p e r s  of v a r i o u s  l e n g t h s .

His n u m e r i c a l  r e s u l t s  show osc i l l a t ions  in the  coup l ing e f f i c i enc y v1 i th

t ape r  length .  The ori gin of these  osc i l l a t ions  is not unde r s tood  at

p re sen t . More studies are  r equ i red  fo r  possible  exp lanat ion .

1
G. L . Tangonan , “Th in Film Optical  Sw i tch , ” Q u a r t e r l y Techn i ca l

~ epo rt 1 , Cant  r t & t NOO I 73— — C — 0 1  1 3 , M m  y I 97~~.

A .  I t .  N e l s on , A pp i .  Opt . 14 , 3O Li ( 1 9 I’~~).
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I I .  FABRICATION OF T A P E R E D  W A V E G UI D E S

W a v e g u i d e s  of l inear  t a p e r s  and st r a i g ht channe l s  w e r e  f ab r i c a t e d

by d i f f u s i n g  c-b e a m  evapora ted  Ti int o LiNbO 3 s u b s t r a t e s .  Table 1

s u m m a r i z e s  the  pr o c e s s i n g  p a r a m e t e r s  fo r  f ive  samp les . The g u i d e s

~~ere expanded f r o m  a 4 ~ rn single-mode channel  to a 70 .Lm mu lt i r n o d e

channe l  in the  t aper  lengths  of 300 , 600 , 900 , and 1200 -un . These

taper  l eng ths  cor respond roug hl y to 1000 , 2000 , 3000 and 4000 K ,

w h e r e  K is the He-Ne  laser  wave length in the guide . For compar i son

~~ith  nontapered w a v e g u i de s , the t ape red  guide s are separa ted  b y a

s t ra i ght channel guide of 4 u r n  width .

Two d i f f e r e n t  m a s k i n g  t echn i ques of f orming  a Ti d i f f u s i o n

pat t e rn  s~ere t r i ed . For samp les IA and IB , a Ti meta l  f i lm  w a s  f i r s t

evapora ted  onto the s u b s t r a t e , then  fo l lowed  b y p ho tolithographic  exp o-

su re  and development  of a spun-on negat ive  p hoto .re sist  f i l m  and c h e m i c a l

e t ch ing  of the Ti meta l .  Because of the i n h e r e nt  d i f f i c ult i e s  of  hand l ing

nega t ive  ph o t o r e s i s t, the r ema inde r  of the  sai~ip les v .ere  p r o c e s s e d

w i t h  Shi p ley AZ 1350 13 posi t ive r e s i s t .

For th is  l i f t - o f f  techni que , Ti ~~as cv a p or .t t ( ’d  on to  t h e  ph o t o -

r e s i s t  pa t t e rn  subsequen t  to exp o s ur e  and r e m o v a l  of t h e  r e s i s t . The

open area of the  r e s i s t  was  thus  f i l led  w i t h  Ti m e t a l , ~ b i l e  u n w a n t e d

Ti or’ the  p h ot or e s~ st was  removed  b y d i s s o l v i n g  the  Shi p l ey  r e s i s t

in acetone . Two sets of pa t t e rns  w e r e  f o r m e d  on ea ch  s am p le .  For

easy  location of a mode coup ling ang le , t he r e  is also a 3 - m m - wi d e

s t r ip wavegu ide  on the subs t rate .

The d i f f u s i o n s  w er e  ca r r i ed  out at 850 to 900°C in f l ow i n g

oxygen a tmosph e r e .  Before  d if fus ion , Ti w a s  oxidized at r e l a t i v e l y

l ow e r  t e m p er a t u r e , for  instance, 600° C . We found  tha t  in or d e r  to

obtain hi gh quali ty waveguides , the Ti f i lm has to be oxidized c o m p l e t e l y

to Ti02. Samples 1A and lB w e r e  oxidized at 600°C for  one hour ;  the

resu l t ing  waveguide s w e r e  hazy  in appearance and exhibi ted hi gh s c , t t -

t e r i ng  losses .  We measu red  waveguide  loss of 15 dR/ c m  fo r  the ‘FE -;

wave in the centra l  3 - m m - w i d e  st r i p w av e g u i d e .  By i n c r e a s i n g  t h e

oxidation t ime  to four  hours , the w a v e g u i d e  losses w e r e  c o n s i d e r a bl y

reduced.
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Both samples 4A and 5 can suppor t  onl y a sin gle TE mode over

the 4 ~.im channel reg ion. All the channels are parallel to the x-axi s of

y-cu t  LiNbO3 plate. Hence , the change in the ex t raordinary  index of

ref rac t ion  resul t ing f rom the metal  in-di f f u s i o n  determines the prop-

aga tion constants.  Since out -di f fus ion  of Li02 would also increase the

ex t raord inary  index, the d i f fus ions  were  carr ied  out at as low a temper-

ature  as possible. We were  able to dist inguish the guiding phenomena

due to Ti in-diffusion f rom that due to LiO2 out-diffusion . Figure 1
sh ows the mode s t ructure  coming out of a 4 urn channel. It is quite
clear f rom the absence of any other rn- l ine  output due to interrnode

scatte r ing that a single mode channel wavegu ide  has been formed.

Onl y one mode could be exci ted b y vary ing the reso nant coup ling angle.

Figure  1.
Out put mode pat tern of 4 urn
channel guide. 
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I I I .  E X P E R I M E N T A L.  M E A S U R E M E N T S

A. E f f e c t i v e  Channe l  Guide W i d t h

W hen the  guided  li g ht is coup led out of a channel  w a v egu i d e , t h e

d i f f r a c t i o n  ang le , 0, fo r  the  l o w e s t  o r d e r  mode is g iven  b y

Sine

w h e r e  K is the lig ht w a v e l e ng t h  in vacuum and d is the e f f e c t i v e  channe l

guide  w i d t h .  F rom the photograph in Fi gure  1, w e  e s t ima te  the  e f f e c -

t ive  wid th  is about  4. 7 urn , w h i c h  is comparab le  to the  Ti m a s k  w i d t h

b e f o r e  d i f f . -~sion . T h e r e  is no si gn of enhanced la tera l  d i f fus ion .

B. Rid ge Format ion  Studies

D u r i n g  evapora t ion, the  Ti f i lm  t h i c k n e s s  is moni to red  b y a

qua r t z  c r y s t a l  acous t i c  osci l la tor . A f t e r  d i f f u s i o n , we no t iced  t h a t

w a v e g u i d e s  f o r m e d  rid ges of hei ght about  3 t imes  the or i g inal Ti

th i ckness . Fi gure  2 shows the  i n t e r f e r e n c e  pa t t e rn  of the s t r u c t u r e  in

sample 4A a f t e r  d i f fu s ion . The 4 -u r n - w i d e  r idges  are  barel y seen

b e tw e e n  70 urn channel . Each f r i n g e  spacing in the i n t e r f e r o~~r a rn

cor responds  to a hei ght d i f f e r e n c e  of 2950 A, w h i c h  is half the wave-

leng th of sodium D line . We f u r t h e r  not ices  tha t  the  rid ge hei ght w a s

inc rea sed  by near l y the same fac tor  ri ght a f t e r  oxidation.  Fi gure  3

is the i n t e r f e r o g r a m  of sample 4B . A f t e r  f o u r  h o u r s  ox ida t ion  at

600°C , the rid ge hei ght was  increased  f rom 350 A to 1100 A.

C. W a v eg u i d e  Loss M e a s ur e m e n t s

W a v e g u i d e  loss of a wide  s t r i p ( > mm )  w a s  me a s u r e d  b y

us ing  the  t w o - p r i s m  techn i que.  U n f o c u s e d  H e -N e  l a se r  li g ht w a s

coup led int o the  waveguide  by the f i r s t  coup l ing p r i s m .  A f t e r  t r a v e r s i ng

a cer ta in  d is tance , the guided li ght w a s  coup led out by the  second  cou-

p ling p r i s m . By pl o t t i ng  the output  p o w e r  as a f u n c t i o n  of p r i s m

separa t ion  i n  a ~~- r i ì i l o g ; t r i t h t n i e  s al e , w e  ‘ ; m l c & z l a t & d  t he  loss

- - 10
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c o e f f i c i e n t  f r o m  the slope of t he  s t r a i ght line . Fi g u r e  4 show s t h e

m e a su r e m e n t s  fo r  sample 5 . The planar  w a v eg u i d e  can suppor t  t w o

TE modes . The m e a s u r e d  w ; I vegu ide  losses are  1. 1 d 13/cm for  TE 0
mode ;inj 0 . 9 d B / c m  for  TE 1 mode .

We have a lso  t r i e d  to m e a s u r e  the  w a v eg u i d e  loss of 4 urn

s t r a i c ht  c h a n n e l s  u s ing  f o c u s e d  input  li ght and b y v a r i f y ing  the p r i s m

s e p a r a t i o n . This  expe r imen ta l  t echn i que is qui te  d i f f i c u l t  to imp l e m en t

and a l a rge  exp e r i m e n t a l  e rr o r  w a s  found.  Howeve r , we  have been

able to conclude that the  loss of 4 urn channel  quide s is also on the

o rde r  of 1 dB/crri . Usual l y, t w o - d i m e n s i o n a l  channe l  guides  have

hi gher s c a t t e r i n g  loss than one-d imens iona l  p lanar  w a v e g u i d e s do

because  of the s ca t t e r ing  due to ed ge roug hness . For our case , w e

bel ieve the ed ge roug hness  of Ti coat ing is smoothed out d u r i n g

d i f f u s i o n .

D. Taper  Coup ling E f f i c i e n c y  Me as u re l l le n t

The taper  w a v e g uid e  s t r u c t u r e s  w h i c h  w e r e  t e s t e d , c o n s i s t  0

a 4 urn s ing le mode channel guide sec t ion , a l inear  expansion taper

sec t ion , a 70 urn rnu l t imode  channel  guide sec t ion , a l inear  c o n t r a c t i o n

taper  sec tion , and a 4 urn sing le mode c h a n n e l  gu ide  s e c t i o n . The m a s k

desi gn used  to def ine  th is  taper  s t r u c t u re  is show ii i n  l ig u r e  ~3 . ~& e

m e a s u r e d  the sing le mode coup ling e f f i c i e n c y  b e t w e e n  t w o  4 urn w i d e

sing le mode channel  guide sect ions . The impedance t r a n s f o r m i ng  h o r n  is

w e l l  unders tood  in m i c r o w a v e  c i rcu i t  t h e o r y .  If the  taper  is s u f f i c i e n t l y

gent le , rad ia t ion  wi l l  be t r ansmi t t ed  ad iaba t ica l l\ , con t inuous ly read-

jus t ing  to the  slow variat ion of the t r a n s m i s s i o n  l ine i mp e d an c e  wi th

v i r tua l ly no r e f l ec t ion  or coup l ing  to hi g her o rde r  modes . In r e a l i ty ,

one sca r i f i ce s  p er f e c t  coup ling in o r d e r  to use a t ape r  of r e a s o n a b l e

leng th .  In o u r  e x p e r i m e n t, fou r  d i f f e r e n t  t ape r  leng t h s , 300 , cOO ,

900 , and 1200 urn , w e r e  s tudied.

The t w o - p r i s m  technique w a s  emp loyed to m e a s u r e  t h e  c o u 1- I

e f f i c i e n c i e s  of the t a p e r s .  Both the inp ut and ou tpu t  coup l ing  p r i s m s

w i - r e  p laced on t he 4 ~irn c h a n n e l  s i - c tj o  n . h y ( - o t l i j i a  r i  t i g  I l i e  t ) i i t j ) I i t

p ow e r  of t h e  t ap er  .-~t r i i i t u r t -  w i t h  t h a t  u l  t l~~- I o e l g h l ) o r i t I g  -l 11111 L Ii.IIIIR l .
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we d e t e r m i n e  the t h r o ug hput  of the s t r u c t u r e  of one expans ion  taper

and one con t r ac t i on  taper .  A s s u m i ng  the expans ion  taper  and contrac-

t ion taper  have the same coup ling e f f i c i e n cy ,  w e  take the  square  root

— of the  t h r o u g hput and define it as the  taper  coup l ing  e f f i c i e n cy .

Table 2 l i s t s  the de tec ted  ou tpu t  power  fo r  t he  t apered  s t ruc-

t u r e s  f o r m e d  on samp les 1A and lB.  The H e-N e  l ase r  li g ht w a s
focused  on the input p r i s m  corne r b y a lens of f o c a l  l eng th f - 1. h c n i .

The focused  spot s ize w a s  e s t ima ted  to be a round 10 i~ru . The li g ht
coming out of the  4 p.m channel sec t ions  by ou tpu t  coup l ing  p r i s m  w a s

focused b y a cy l indr ica l  lens onto a c a l i b r a t e d  L 1)T I IC d e t e c t o r.

Set No. 1 s h o w s  i r r eg u l a r  behav io r  of t he  ou t p u t  p o w e r s  fo r  t h e

var ious  t apers  and channels.  We conc luded  t h a t  the  i i r i p e r f e c t i o u s

caused dur ing  p r o c e s s i ng  dominated the  p e r f o r r u t i i c€ -  of t h e s e  s t ruc-

t u r e s . In set No. 4 , all 4 I-un channe ls  have about  the  same  t h r o u g h-

put , wh ich  is ~~6. 4 t imes  hi g her  t h a n  the  r e s u l t  of t h e  h e st  t ape r .
Comparing the r e su l t  of 300 I.L nl t aper  and of t h e  nei g h b o r i n g  4 p .m

channel: we  e s t ima te  16~~ t h r o u g h put fo r  t he  s t r u c t u r e  of one expan-

sion taper and one contract ion taper . Hi g h e r  t h r o u g h put s w e r e  t h u s

expected for  be t ter  p r o c e s s e d  samp les.

Table 3 l is ts  the detected out put power  and t aper  coup ling

e f f i c i e n c y  for  s t r u c t u r e s  on samp le 4A. Table 4 s h o w s  the  r e s u l t s

for  sample 5 . The focal lens w a s  changed  to f - 20 cm and t w o  p r i s m s

w e r e  separated by 6 mm.  In the ca lcu la t ions  of t aper  coup ler  e f f i ~ l e E m c \ ,

w e  neg lected the sca t te r ing  loss d i f f e r e n c e  b e t we e n  4 p .m channe l  and

taper . This w a s  verified to be a cor rec t  a s s u mp t i o n  w h e n  w e  moved

the p r i s m s  to a distance of 12 mm and obtained s i m i l a r  r e s al t s .

F i g u r e  6 shows  the averaged va iuc  of coup l ing  e f f i c i en c y  fo r

d i f f e r e n t  taper  leng th  and the  va r i a t ion  of I n c a s u r e i n e m i t s w h en  the

p r i s m  posi t ions w e r e  changed . We e s t i m a t e  tha t  at l e a s t  1~- p .W He- N t

laser  li ght is gu ided  in the  4 p.m channel , w h i c h  co r responds  approxi-

mately to p o w e r  dens i ty  of 200 W/c rn 2 . No optical  d a m a g e  at t h i s

p o w e r  level was  observed .

15
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TABLE 2 . TAPER COUPLING EFFICIENCY MEASUREMENT
FOR SAMPLES IA A N D  lB

- I Detec ted  Output  Power  
-

IA (Set No . 1) I L l  (Set No . 4)

— 1200 p .m t aper  2 . 0  x l0~~ W 3 .2  x 10~~ \\

4 p.m channe l  0. 2 2 3 .  4

900 p.m taper  2 . 0  1. 4

4 p.m channel 0 .88 2 1.0

600 p .m taper  4 . 0  0. 3

4 p.m channel 2 . 6 2 3 . 0

300 p.m taper  6 .4  3 . b

TABLE 3 . TAPER COUP LING EFFICIE N CY MEA SUR E ME N T
FOR SAMPLE 4A

Detected Output 1 aper Coup l ing
Power  E f f i c i e n cy

1200 p.m taper 3. 16 x io 6 w

4 p.m channel 6. 64

900 ~im taper  1 .27

4 p.m channel  5. 70 —

600 p .m taper  1. 79

4 p .m channel 6. 77 —

300 p .m t aper  2. 33

I t ,

1~
- — 
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TABLE 4. TAPER COL 1- ’L1 r’~G E F F I C I E N C Y  MEASURE MENT
F O R  SAMPLE 5

Detec ted  Output Taper  Coup ling
Power  E f f i c i e n c y

120 0 in t ape r  4 . 3 9  x 10 6 
~ - 67~~

- 4 p.m channel 9. 74 —

900 p.m taper  1.03

4 p .m channel 9. 29 —

600 p.m t aper  1 .77  

~ 11
4 p.m channel 9. 94 --

300 p.m taper  1. 32

54 1 7 5
100

8 0-  -

A A -

£
~ 0 -  -

2

6

Cl)
Cl) - -

4 z 40 —

4
- £ 5145 A -

.63 288 
—

I
— 

0
0 300 600 900 1200

TAPER LENGTH . ~m

F i g u r e  Sing le mode coup l i n e  e f f i c i e n c y  f u r v a r i o u s
t a p e r  l eng th .
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I.,

We have  also measu red  the taper  coup l ing  e f f i c i en c y at  Ar~
lase r  w a v e l e n g t h  5145 A. At th is  s h o r t e r  w a v e l e ng th , the  f o u r  d i f i t - i- e n t

taper lengths wo u l d  correspond to 1200 , 2400 , 3600 , and 4800 t i m e s
the w a v e l e n g t h  in the guide. The laser  power  inc ident  on the  in p u t
coup ling p r i s m  w a s  reduced  to 100 p .W to avoid any poss ib l e  op t ica l
damage , since the damage threshold dec reases  w i t h  d e c r ea s i ng  \ . -

As shown in Fi gure  6 , the taper  coup ling e f f i c i e n c i e s  at 5 145 A ar e
- ; general ly hi gher  than the value at 6328 A fo r  each t aper  l e n g t h , w hi h

is consis tent  w i t h  the expectat ion that the  more  gent le  the  t ape r  l e n g t h  -

the g rea t e r  the single mode to sing le mode t h r o ug hput .

~~~~~~-- - - - —~~~~ -~~~~~~~~~~
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l v .  P L A N S  FOR THE NEXT Q U A R T E R

Because  the  70°~ t h r o u g hput obtained in the  e x p e r i m e n t s r e p o r ted

here  is not as hi g h as the  9O~~ r equired  t h r o u g hput , s e ver a l  des i gn

m o d i f i c a t i o n s  w i l l  be made and inc luded  in the f ina l  s w i t c h  d e sig n .

Ins tead  of expanding the 4 p .m channel  gu ide  to 7() p .m w i d t h , a l o w e r

value of 35 p .m w i l l  be used .  We wi l l  also i n v e s t i ga te  t h e  use of

parabol ic -shaped horns  to improve  the  t h r o u g h p u t .  
4

A LiTaO 3 boule has been o rde r ed  so tha t  the  t ape red  s t r u c t u r es

m a y  be s tudied in a m a t e r i a l  w ith m u c h  hi gh e r  dan~~Lgc t h r e s h o l d . The

new m a s k  desi gn , i n c l u d i n g  the  e lec t rode  m a s k , w i l l  be comp le ted

ea r l y in the next cluar te r  and the f a b r i c a t i o n  of t he  op t ica l  sw i t c h  t n t — k  —

w i l l  be c a r r i ed  out immedia te l y upon rece ipt of thi s f ina l m a s k .

~ W. K . Burns , P r iva t e  Comm u n i c a t i o n .
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V. SUMMARY

We have f ab r i ca t ed  and tes ted  l inear taper  horn  s t r u c t u r e  f or m e d

b y con t ro l l ed  in -d i ffus ion  of Ti int o LiNhO3. The single mode to s ing le

mode coup ling e f f i c i ency  for a TE wave  was m e a s u r e d  for  f o u r  d i f f e r e n t

t aper  lengths , corresponding to 1000 , 2000 , 3000 , and 4000 X us ing a

H e-N e  laser .  The measured  taper coupling e f f i c i e n c y  is as h i g h as

70~~ for  the 4000 )-~ t ape red  s t r uc t u r e . Waveguide  losses at 6328 A

have been found to be approximately 1 dB/cm for  planar guides and an

est imate of the single mode channel waveguide  losses yield approxi-

rnatel y the same value of 1 dB/crn .
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