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~~~~~~ — ~ aveguide of either Ta’~0~~ or Nb’20~~. At least one watt of peak optical
power was to be coupled into the lowest order waveguide mode with a
coup ling efficiency of greater  than 10% All of the stated program

• objective s were  achieved and in some cases surpassed. The approach
used was  to couple commerically available (GaAI)As laser diode s to
thin film planar waveguides in a direct end-butt coupling arrangement.

The laser diode s used were  single heterojunction (GaA1)As devices
ernitti0ng peak pulse optical power  as hi gh as 24 W at a wavelength of
9040 A. Standard production laser diodes were  sli ghtl y modified to
permit close coup ling to the waveguides  by omitting the usual cap and
lens and by specially mounting the laser diode s to be f lush with the
ed ge of their heatsinks.  The waveguides , supplied by the Air Force ,
were thin film planar guide s of ei ther Ta2 05 or 7059 glass on glass
substrates.  Waveguide thickness ranged from 1 to 2. 5 ~m. Calcula-
tions for the specific case of a (GaA1)As laser and Ta2 05 waveguide
indicate that a coup ling efficienc y into the lowest order mode of
approximately 90%is achievable for  the ideal case of waveguide
thickness equal to laser emitting layer thickness.  Although we did
not attain that ideal efficiency, the results  we produced were in good
agreement with theoretically predicted value s for the laser and

<~
, waveguide thicknesses that we used. The most difficult  problem in

/ the end butt coup ling approach is how to accurately ali gn the laser
and waveguide to the close tolerances required without chipping the
polished end faces of either the laser or waveguide. Theoretical and
experimental results both indicated that control of the laser-waveguide
spacing and the t ransverse  lateral ali gnment of the laser and waveguide
plane s had to be within 0 . 1 ~m in order to obtain optimum coup ling.
This problem was solved by using alignment f ixtures  drive0n by piezo-
electrically adjusted micrometers  with a resolution of 40 A/v. The
various tilt and rotational ali gnment s were  found to be much less
critical then the spacing and lateral position , and were  easily adjustabli
using a relatively simple mechanical stage. One of the two waveguide
hybrids which was  delivered combined a 2. 0 ~m Ta2 05 waveguide with
a Laser Diode Labs type LD-67 laser diode . Peak optical power
coupled int o the lowest orde r mode was at least 2. 39 W , corresponding
to a coupling efficienc y of l7~~ based on the optical power emitted
from the waveguide . When corrections are made for  waveguide
attenuation of 2 dB/cm and output reflection loss of l l%t h e  calculated
value for coupled power is 6. 44 W and the coupling efficiency into the
lowest order mode is 45 . l~~ The second laser/waveguide h ybrid which

( was delivered co~upled an LD-67 laser to a 7059 glass waveguide that
was 1.0 ~i.m thick.  The peak optical power coupled into the lowest
orde r mode was 3.06 W at an efficienc y of 11. 3~~ in this case uncor-

• rected for waveguide losses since the attenuation of the glass wave -
• guide was not known accuratel y enough . This glass waveguide sample ,

which was fabricated by Rockwell International under separate contract
to the Air Foi~~e’; had an overlayed Ta2 05 thin film lens which was
found to be effective in collimating the beam diverg ing from the laser

1 -  at a FWHM angle of 30° to an angle of 8° .
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S EcT I O N  1

INTRODUCTION AND SUMMAR Y

The object ive  of thi s p r o gr a m  was to develop  and d e m o n s t r a t e

tec hni que s for  e f f i c i e n t l y coup 1in~ a semiconduc to r  in jec t ion  l a s e r

source  to a hy bri d optical i n t e g r a t e d  c i r cu i t . In par t icular , it was

des i red  that  an in jec t ion  laser  be coup led to a th in  f i lm Ta 205 or

j Nb 205 w a v e gd i d e  for  eventual  ap pl icat ion in an acousto-optic  RF spec-

trum ana lyze r  of the type descr ibed  b y Hamil ton and Wil le .  The

specif ic  desi gn objective s were  to produce and del iver  two hy br id

coup led la s e r /v ~ave guide sources  in which the laser  was operated at

300°K , dr iven  with 20 to 250 nS length pu lses at a repet i t ion rate up to

I O 4 P. P . S .,  emitt ing li g ht at a wave length  between 0. 8 ~m and 1. 0 I.~m

into  a t hin f i lm planar  wave guide of ei the r Ta 205 or Nb 205. At least

one wat t  o f peak opt i ca l power was to he coup led into the lowest  orde r

waveguide mode with a coup ling e f f i c i e n c y  of g r e a t e r  than 1 0%. All of

the stated pro gram ob jec t ives  were  achieved and in some cases sur-

passed . The approach used was to cou ple commerc ia l ly available

(GaA 1)As laser  diodes to thin f i lm plana r waveguides  in a d i r ec t  end-

butt  coup ling a r r a n g ement . Cr i t i ca l  ali gnmen t  of the l a se r s  and w a v e -

guide s was accomplished us ing piezoe lec~r ica l ly d r i ven stage s . The

ali gned lasers  and waveguides were then clamped togethe r in specially

desi gned f ixtu res  to f o r m  a l a ser /wavegu ide  h ybrid unit. The resu l t s

of this work have been summarized  in a pape r by R. G. H u n s p e r g e r

and A . Lee. 2

The laser  diodes used were  sing le h e t e r o j u n c t i o n  (GaA 1)As

devices em itting peak pulse op t ical  power as hi gh as 24 W at a w a v e -

length of 9040 ~& . Standard production laser  diodes were  sli g htl y rnodi-

fied to permi t  close coup ling to the wav eguides  by o m i t t i n g  the usua l

ca p and lens  and b y specia ll y mount ing  the lase r  diodes to be f l u sh  w i t h

t he ed ge of the i r  hea ts ir iks .  M e a s u r e m e n t s  of the near  f i s  li c ’missior

pat te rn  of the l asers  indicated an essen t ia l ly Gaussian mode shape in

1 - - 
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t he di rec t ion no rma l to the j unc t io n p lane with a f u l l - w i d t h-a t - h a l f

maximum (FWHM) of approximate ly 5 ~im. The w n v e gu i d ~~s , sup pl ied

by the Air  Force , w e r e  th in  f i lm planar  guides of e i t h e r  Ta ,05 or

7059 g lass on g lass  subs t r a t e s .  V~ave guide t h i ckness  r~~nged f rom

1 to 2. 5 pm.  The ratio of waveguide t h i c k n e s s  (t g ) to l a se r  diode

emit t ing layer  th ickness  (t L) i s an impor tan t  p ar a m e t e r  fo r  end but t

• coup ling.  The theoret ical  expression which  was de r ived  for  the coup ling

coef f ic ient  A SIZ (the f r ac t ion  of laser  power coup led into the S orde r

• mode ) is

AS~
Z = 

s~~
2 

(n L + n
~~~ ~ (~

. 
[ (

t
)2 j � 

• S~~~fl (
~
),

where the mode numb er  S = 1 , 2 , 3 1 4 . .  . and and ng are  the indices

of re f rac tion  of the l ase r  and guide r e s p ec t i v e l y. Calculat ions us ing

this ex press ion  fo r  the specif ic  case of a ( G a A I ) A s  laser  and Ta 2O5
waveguide indic ate t hat a cou pling e f f i c i e n c y  into the lowest orde r  mode

of approximatel y 90% is achievable for  the ideal  case of t g / t L
Althoug h we did not a tt ain that  ide al ef f i c i ency  the resul ts  we produced

we re in good a gr e e m e nt  with theore t i ca l ly p red ic t ed  values  fo r  t he  laser

and waveguide th ickne sses that  we used . The most  d i f f icu l t  prob lem

in the end butt cou pling approach is how to a c c u r a t e l y ali gn the laser

and waveg uide to the close to lerances  r equ i red  wi thout  chi pp in g the

polished end f aces  of e i ther  the laser  or waveguide .  Theore t ica l  and

ex per imenta l  resul ts  both indicated that  con t ro l  of the  l a s e r -wavegu ide

spacing and the t r a n s v er s e  la teral  ali g nment  of the laser  and waveguide

planes had to be within 0. 1 pm in o rde r  to obtain optimum coup ling.

• This prob lem was solved by us ing  ali gnment  f i x t u r e s  d r iven  b y p iezo-

e lectr ica lly adjusted m i cr o m e t e r s  with a reso lu t ion  of 40 A / V . The

va ri ou s t ilt and rota t ional  a lignments  w er e  found to be much less cr i t ical

than the spacing and lateral  posi t ion , and were  easi l y ad j us t ab le us in g a

relat ively sim ple mechanica l  s tage .  To fac i l i ta te  ali gnment  and subse -

• quen t bond in g into a hybr id  un it a l a s e r/w a v e g u i d e  assembly was desi gn ed ,

• •
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• c o n s i s t i n g  of two basic component s , a 5 /8  diamete r l ase r  hea t s ink

• cy l inder  and a support  s t r u c t u r e  in wh ich  the waveguid e  is secured by

two  c lamp ing b a r s . The cy l indr ica l  laser  hea t s ink  f i t s  in to  an ove r -

• s ized hole in the waveguide support  s t r u c t ur e  in such a way that  ali gn-
0 •

ment adju s tmen t s  are po ssible (ang les ~ 10 , t r an s l a t i ons  ~ 0 . 125 ).

• Fol lowing ali g n m e n t  the laser  hea ts ink  cy linde r and the waveguide

• support structure are clam ped t o g e t h e r  b y m e a n s  of ei ght s e t s c r e w s  to

f o r m  a hyb r id  unit  which  can be removed f r o m  the ali gnmen t  s tages  and

tran sported as des i red . One of the two l a s er /w a v e g u i d e  hyb r id s wh ich

was del ivered combined a 2 . 0 pm thick Ta205 waveguide with a Laser

Diode Labs type  LD-67 laser  diode. Peak optical power coupled into

the lowest  o rde r  mode was at l eas t  2 . 39 W , c o r r e spondin g to a couplin g

e f f i c i en c y  of 1 7%, based on the opt ical  power  emit ted  f r o m  the waveguide .

W h e n  c o r r e c t i o n s  a re  made fo r  waveguide  a t tenuat ion  of 2 d B/ c m  and

output r e f l e c ti m loss of 11% the calculated value fo r  coup led power is

6. 44 W and the coup ling e f f i c i en c y  i n t o  the lowest  or d e r  mode is 45. 1%.

The second l a s e r / w a v e g u ide h y br id  wh i c h  was del ivered coupled an LD-67

la se r  to a 7059 g lass  waveguide  tha t  was 1. 0 pm th ick . The peak optical

power coupled into the lowest  o rder  mode was 3 . 06 \V at an ef f i c i e n c y  of

11 . 3%, in this  case u n c or r e c t e d  fo r  waveguide  losses  since the at tenua-

tion of the g lass w a veg u i d e  ~vas not known accura te l y enoug h . This g lass

wave guide sample, w h i c h  was  f abr ica ted  b y Rockwel l  I n t e r n a t i on a l  unde r

separa te  cont rac t  to the Air  Fo rce,  had an over l ayed  Ta 205 
thin f i lm

lens which was found to be e f f e c t i ve  in co l l imat ing  the beam d ive rg ing
0 0 H

f rom the  l aser  at a FWHM ang le of 30 to an ang le of 8 .

The pr i n c i pal l imit  to the coupling e f f i c i e n c y  wi th  the butt

coup ling method is the  t h i c k n e s s  m i s m a t c h  be tween  the laser  li g ht

e m i t ti n g  l ayer  and the waveguidc , c h a r a c t e r iz e d  by the  ratio t g / t L.

By u sing a double h et e r o s t r u c tu r e  cw (GaA 1)As  i n j e c t i on  l a s e r  w i t h  an

e m i t ti n g  l aye r  t h i c k n e s s  = 0 . 25 pm the ratio tg / t L can be i m p r o v e d  by

a f a c t o r  of 20 compared  to that  for  the pulsed laser  diodes . Such cw

lasers  became available toward  the end of this prog ram and we did

• i nves t igate coup l ing  one to a 7059 glass  waveguide .  However  we

achieved a coupled power  of onl y 0. 74 W (10% e f f i ci e n c y )  because the

3
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l a se r  diode was not f l u s h  w i t h  the  ect g~’ of the h e a t s ink , p r e v e n t i n g  close

coup ling of the laser  and wavegu ide . The need f o r  the  laser  to he f l u s h

m ounted  or p r o t r ud i n g  on the h e a t s i n k  p r e s e n ts  a p a r t i c u l a r  p rob lem in

the case of p r e s e n t  clay cw l a s e r s  wh i c h  r e q u i r e  e x t r e m e ly good heat-

s ink ing .  As i m p r o v e m e n t s  in l a se r  and h e a t s in k  desi gn a re  made this

problem will  become less  si g n i f i c a n t .
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SECTION II

THEORETICAL ANALYSIS OF THE BUTT COUPLING PROBLEM

• A. De ri vat ion of Coup ling Coeff ic ients  for Paral le l  Butt Coup lin g

In what follows we will derive an express ion  for  the f rac t ion of

powei that can be coup led from a large waveguide to a smaller wave-

guide by but t coup ling as shown in Fi g. 1. Practical situations where

this problem may be of interest to include the coupling from a large

optical cavity laser to a thin film modulator waveguide .
The approach consists  of expanding the fields on both sides of

the butt joint in terms of the respective wav eguide modes and requiring
continuity across the interface of the tangential electric and magnetic

~4J field components. The analysis will be carried out for  a TE wave . The
results  are expected to hold also f o rT M  waves if operation is well

above the propagation cutoff condition. Since we are interested in

powe r exchange between mode s the problem of mode normalization

requires careful attention. A general formulation of these modes is

• unnecessarily complicated for our purpose. In the case of propagation

well above cutoff , we can take the y component of the fundamental

modes as

cos

= ( 1)

• where  the g and L subscripts r e fe r  respectively to the waveguide and

Easer with heights tg 
and tL as shown in Fi g. 1. In the case of the

output waveguide we will also need the form of the hi gher order mode s

which may be excited. These are 3

5
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Figure 1. Butt coup led laser collinear with waveguide.
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~gs~~~~~~
2
~~~~~~~t g 

~~~ 
, S = 1 , 3 , 5 . . .

~~gs~~~~ 
= 2 sin S = 2~4... . (2 )

~I gS g g

• The normalization constants of (2)  are such that the integral

i f  *- ~~ J E ~H dx = 1

if the field s

• E and H = -  I

y X a z

~4J are taken as the mode fields as given by (2) .  Since

! I E H ’ dx
• 

2 j  y x

I -

~~• I correspond s to the power carr ied by the mode for unit width in the y

direction , it follows that a mode with a field E = A ~ (x) ca r r ies  an
y gS

amount of power equa l to IA W/m. Returning to the problem at hand ,

let us assume that field is incident f rom the left on the interface z = 0 uf

Fig. 1.
The field at z < 0 will be taken as that of the incident fundamental

) mode p lus a summation over the reflecte d modes

— — -i~~~z — i~~~z ‘ç —
~ (x) = ~ (x) e + r c~’ (x) e + r 

~
‘k~’~~ 

. (3)
y 0 0 0  k~~O

The incident  field ~~~(x) is taken with a unity amplitude. The reflection

coeff icient  into mode is r k . The incident magnetic field at z < 0 is

• obtained from

• •,

7
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— ~ a —.w (x)  - — — ~~ (x)
Y Z y

= - 7 (x) e ° + r ~ (x)e k + 
r~~ 

~ (x )e °
• 

~~ o ° k~ 0 k k  k o

- ( 4 )

The t ransmit ted field to the ri ght of the interface (i.  e. , at z > 0)

• is taken as a sum over the normal mode s

• 
~~ (x) = > A ~~~~~~(x) e m

f3 A -i13 z
• .~~‘ (x) =~~~~~ - 

m m  
~
t
m~~~

e rn (5)

The continuity of ~~ (x) at z 0 leads to

r~~~~(x) + (r + l ) ~~ (x) =~~~~~ A~~~~~~(x) (6)

- l )~~ (x) ~~ - 
~mAm ~~~~~ 

• (7)

L We multiply ,  in turn , (6) and (7) bY~~s
(X) and integrate over the

r • cross  section using the orthonormality condition
3

8 (7a)4 <m/S > [ ~ m
(X) 

~~~~ 
= 13g S,m

The result is

r ~~~~ Is~~ + (r + 1) ~~~~ Is> = A (8)
k,~0 k PS S

8
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r~~ <~ IS~ + ~~(r - 1) ~~~~ ts> = - 2~~ p A (9)
kAO k o S

where we are using the top bar to indicate the mode function at z < 0

~~~~
ls

~~ -
~~~ ~~~~~ 

es dx . (10)

Our prime interest  is in solving for 1A 5 1 2 , the fraction of

the power c oupled from the fundamenta E mode incident from the left

(z < 0) into the waveguide mode to the ri ght (z > 0). The un-

knowns appearit i g in (13) and ( 9 )  are r k and As. The equation s cannot

be solved in the i r  present  form since the number of variable s is too

r4’ 
large . A solution for A5 can be obtained if we assume that 

~ k = for

all k i . e . ,  neg lect the mode dispers ion.  This is nearl y true for model

well above the propagat ion cutoff where 3k ~~~/c )n L. With this assurnp-

tion we rewrite (9) as

2~ p A
L r <k I S > + (r - 1) <0 !S> - S ( 1 1)
k~0 

k o p

Subtracting (1 1) f rorn (8 )  gives

<ols>  =~~p A (~~~~ 
+ . (12)

S
\ S  ~3/

Solving (12) for A5 and using the definition in eq. (7a) y ields

~~~

(

1 /~ ~~5 —
A5 = 

~~~ ~~~~
°

+ ) J n~~(x) e~(x) dx . (13)

2
The coup ling coefficient into mode S is given by IA 5 I . To evaluate

it we need to know the mode functions ~~~(x) and ~‘5(x) as well as their

propagation constants  and In the limit of well confined modes

‘ H  9
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we use eq. (2 )  to w r i te  eq. (13)  as

4~ l/2 
1/2 

t
g/2

A = 
~~ ~S J cos ~~~~~ cos ~~ dx ( 14)

S 
+ PS

) [çtL ~tg
/2 

t
g 

tL

using ~0 ~~~
/c)fl L . 

~~ ~~~~~~~~ 
in the prefac tor  of (14) we obtain

t / 2
• 4Jii~~n gr

d L S  ~xS
A~ = 

(n L + n
5)J~~~~ -t’/Z 

~~~~ COB

g S = 1 , 3, 5 . . . .

A5~~~0 S = 2 , 4 , . . .

Carrying out the integration yields

A5 = 
8/ ~~~ 

cOs(~~~~) ~~~~~~ 
-

The fraction of the power coup led f rom the fun damental mode p 0(x) at

z < O into the mOde S at z > O is

I IA 5 ! 2 ~
s)

2 °L~ S 
2 

2 1

L I t  \2 L

l~~~~1-&-
\St L

• S = 1, 3 , 5 . . .  ( 15)

l i t

1A 5
1 2 0 S = 2 , 4 

10

~~~~~~~~~~~~~~~~~~~~~ I • •. •• •~ •
4 ,~~~.k _a — — ~~~~~~~~~~~~ aS*~~~ .*



• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

For waveguide mode s far  above cutoff l i t t le e r ror  is in t roduced

by ta king 11
5 = fl g t and also the d issapp earance  of the even order modes

can be concisel y stated by including a factor sin2 
S1T/2 .

= ____ ~~~~~ ~~~~ 

~~ 
1 

2
• S ii• 

~~~ 
+ flg ) \ U / ~

\StL

• 2 / Sxr \sin . ( l 5 a )
L

• ) A comparison of calculated value s for A~ 
1 2 with experimenta El y mea-

sured results is given in Section V.

• B. Angle Butt Coup ling

Here we consider the effect  on the coup ling coefficient IA 5 I 
2

of having the two wave guides tilted by an ang le ~ as in Fi g. 2. Such a
• situation may arise if the butting plane are not exactly normal to the

- 
waveguide axes. Using the coordinate transformation

z ’ = z c o s ~~~- xs tn Ø

= z sin $ + xcos $ (16)

now on the butting p lane z ’ = 0 so from eq. (16)  we have z = x tan

The result of this t ransformation is to change the overlap integral  in

I eq. (13) to

g — 
i~~ xtan$

..t /2 ~ 
dx . (17)

This integral is alway s smaller than its counterpart  in eq. ( 13 ) .  The

difference , however , is not appreciable until 
~~s

t /2) tan 0 ii wh ich
-- 

• can be written as

11
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Fi gure 2. Butt coupled laser ang led wi th  waveguide .
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(tan $) = —h-- . (18 )
max nt

g

Equation (18) can be used to esttmate the limiting ang le at which we may

- expect decrease of coup ling efficiency. As an example for n = 3 , X =  1

• pm , t g = 2 p.m , we have

I (tan 
~~max 1/6

1 $ = 9 . 46°
• max

Thus we see that ang le butt coupling has a lowe r coupling effi-

ciency than parallel butt coup lin g for all ang les and is not a prefer red

~4J 
coup ling technique. However , the tolerance to angular misalignment i~

• such that a minimal decrease in coup ling efficiency occurs for ang les

less than ~9° when the parallel but t coupling technique is used.

I

Ii
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SECTION III

DESIGN OF THE LASER/ WAVEGUIDE H Y B R I D  A N D
ALIGNMENT FIXTURES

A. Lase r  Diodes

Commercially available , single heterojunct ion , pulsed laser

diode s were u sed because suitable devices emitting grea ter  than 20 W

peak pulse power could be obtained for  less than $50 . 00 each . Diodes

were  ordered without the usual cap and lens to permit  butt coupling.

W e tes ted  f our type s of diode s with the manufacturer ’ s specified charac-

j t e r i s tics , shown in Table 1. All of the diodes were  found to conform to

the manuf act u re r ’ s specifications. In orde r to obtain the required close

coupling between the laser and waveguide it was necessary to have the

laser diode positioned flush wit h the ed ge of the heatsink or protruding

4! slightly over  the ed ge so that the heatsink would not inte r f e r e  with the

waveguide substrate .  Since the standard production diodes are generally

mounted on a slight l y oversized  molybdenum pellet , as shown in Fi g. 3

(to faci l i ta te  prepackag ing test ing) ,  it was necessa ry  to order specially

fl ush mounted diode s . Since the range of typical peak emitted power

for  the 400 pm wide diodes overlapped that of the 600 ~im wide diodes

(see Table 1),  we dec ided to use the 4 00 ~im wide LD-67 diodes which

have a lowe r threshold c u r r e n t  and l arger  duty fac tor  but can be specially

selected to have peak emitted powe r of 20 to 25 W .

One of the LD-69 diode s was examined by means of the scanning-

electron-microscope and elec t ron _beam -mniCr Opr obe to determine the

thickness of the li ght g e n e r a t i n g  layer . Thi s diode is a sing le hetero-

junction confined field type which has a p-type li ght emitt ing laye r of

4 GaAs on an n-type GaAs substrate capped with a p-type ( G aA I ) A s  con-

fining layer , as shown in Fig. 3. The measurements  indicated that the

thickness  of the li ght genera t ing  layer , bounded on top by the (GaA1)As-

GaAs heterojunct ion and on bottom by the p-n junct ion , is 2. 0 pm .

Optical measurements  of the near - f i e ld  pat tern of the diode (operated

p
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Figure 3. Scanning_electron_micrograph of
(GaA1)As laser diode .
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with a dc I~ z 100 mA) indicated an essential ly Gaussian mode shape in

the direction normal to the junct ion plane with  a full width at half max i-

mum of approximately 5 ~tm . Spreading of the li g ht f rom the genera t ing

layer is to be expected since thi s is only a sing le heterojunct ion laser

and there  is no confining layer on one side of the p-n junction . The

ef fec t  of thi s spreading on the coupling eff iciency is discussed in detail

in Section V.

The l a se r s  were mounted on 1. 5 in . long 5/8 in . i n diamete r

coppe r heats ink cylinders , and were driven b y means of a Laser Diode

Laboratories type LP-210 pulser . With the pulser and laser diode inter-

conne ct ed b y a 6 in. length of coaxial cable a clean cur ren t  pulse is

obta ined as shown in Fig. 4. The emitted li ght pulse closely follows the

shape of the c u r r en t  pulse , as can be seen in Fig. 5. As the length of

the coaxial cable is increased the pulse shape degrades , increasing in

both r iset ime and tota l pulse length . Thi s de g rada tio n can be seen in

Fig. 6 which shows the pulse shape for  the case of a 48-in . intercon-

nect ing  cable. The slowe r r i se t ime reduces overall laser diode

eff ic iency because a g r ea t e r  percentage  of the pulse leng th is composed

of current  below the threshold level for  lasing. Thus it is adv isable

to keep the interconnect ing cable as short as possible.

TABLE 1 . LASER DIODE DATA

Maximum Em it t in g Maximum Peak

Di ode Peak Typ ical Area  W avelen gth
Thresho ld  Dimens ions , of Peak Pulse Emi t ted

Power at
Type Forwa rd

C u r r e n t  - 
In tens i ty , Len~ th 

MaximumC u r r e n t , Wid th  x
Thick ness , A or 10 PPS CurrentA r a te n sec W

( 
LD-67 75 16 400 x 2 9040 100 15 to 25 

—

LD-69 100 30 600 x 2 9040 60 25 to 30

4 S G2 O I O  75 2 5 400 >c 2 9040 100 15 to 20

SG2012 100 36 ~~~~~~~~~~~~~~~~ 9O40 

• 

50 

— 

20 to 25
5 .4i• 1 

____ _________I

Note : T y pe LD Laser  Diode L a b o r a t o r i e s
p -

T ype SG = R C A
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Figure 4.
Current  pulse driving laser  diode

~~~~ LD67-7 (throug h a 6-in , length of
coax). Vertical 20 A/div; horizontal

• 100 ns/div.

4 8 0 2 -12

II HUU$

I 
•VIR~I

Fi gure 5 .
Li ght pul se emi t ted  f r om laser  diode

• LD67-7 (coupled to waveguide DC-i).
I 

• Vertical 0. 4 W/div; horizontal
!• 100 ns/div .
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F i g u r e  6.
C u r r e n t  pulse d r i v ing  laser  diode
LD67-7  ( th roug h a 48 - in,  l ength  of

• wax). Vert ical  20 A / d iv ;  ho r i zon ta l
100 ns/di v .
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In addition to the pulsed laser diode s, which were used in most

of the wor k , we also pe r fo rmed  some coup ling exper iments  with a

Laser Diode Laboratories type LCW-5 room tempera tu re ,  cw laser

diode. Thi s device is a double h e t e r o s tr u c t ur e  type laser  with a nominal

emitting layer thickness of 0. 25 1im and width of 12 1tm . The wavelength

of peak emission is 8900 A. The particular laser used had a threshold

current of 270 mA and a maximum emitted cw powe r of 8. 9 mW at a dc

current  of 320 mA .
• Since polarization of the emitted laser li ght will s trong ly a f fec t

coupling eff ic iency into a particular mode , we measured the polarization

• of the output from some la~ er diode s by using a prism polarizer . As

expected, the lig ht was strongly polarized with the E vector t ransverse

to the direc t ion of emi ssion and parallel to the plane of the junction .
For LD-67 and LD-69 (pulsed) laser  diode s operated near peak output

f( power the ratio of the t ransmit ted  intensi ty with the polar izer  oriented

perpendicular  to the junction plane to that wi th it oriented parallel

• was 0. 0006 . For a type LCW-5 room tempera ture  cw laser diode the

corresponding ratio was = 0 . 001 .

B. W ave guides

Two type s of waveguides , Ta 205 and glass waveguides  both on
• g lass microscope  slide substra te s, w e r e  supplied by the Air Force for

use in this  work.  Table 2 g ives a summary of the fea tures  of these

waveguides  and lis ts the assi gne d labels that we will use to identif y

them t h r o u g hout this  re port . To p repare  the waveguides for  butt coup ling

t hey we r e scribed and broken to produce samples of various lengths  and

4 
t he end faces  were  d ressed  to 90° and polished . T he poli shing was

accomp lished by a tedious but eff ect ive hand lap pin g and f in ish ing

process .  Alumina abras ive  was used f o r  roug h lapping followed by fine

polishing with cerium oxide. To p r e v e n t  rounding of the cr i t ical  wave-

guide ed ge , the sample to be r ol i shed was sandwiched between micro-

scope slides waxed togethe r. A lapping fixture was used to hold the

waveguide sample perpendicula r to the polishing plate containing the

20
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TABLE 2. WAVEGUIDE DESIGNATION AND DESC~ ION

Thickness ,• Label Material m Comments

DC-i  DC Sputtered 2. 0
Ta 205

DC-2 DC Sputtered 1. 0 2 samples provided
Ta 205

RF- I  RF Sputtered 1. 7
J Ta 205

BA-i  Barium 0. 5
Silicate

• Glass

R - i  7059 1. 0 Included Ta 205 t h in f i lm lens
Glass with double convex shape

R-2 7059 1. 0 Included Ta205 thin film lens
Glass with round spot shape

R-3 7059 2. 5 Included Ta2O~ thin film lens
Glass vdth double convex shape

abrasive slurry. During polishing, samp les were repeatedly examined
by 1000X optical microscopy to evaluate the condition of the polished
surface.  Afte r polishing they were examined in the scanning e lec t ron
microscope to check the final polish and to determine waveguide thick-

• 4 
ness. Figures 7 and 8 are optical photogra phs of waveguide s D C_ i  and
DC-2 , respectively. It can be seen that the waveguide ed ge on the air

side is not rounded and that glitches in the su r face  polish take up less

• than 10% of the total area of the waveguide face.  It was possible to
locate reg ions where no signif icant  defects  were visible over lateral

• lengths of 100 I.tm. The thickness of the waveguides can be accurately
determined in the scanning electron microscope e i ther  by observing

21
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• F igure 7 .  Optical photograp h of wave guide
DC-i (1000X).

• 1 4802-5

.5 • •

I

~~ ~~ 
•

- 

Fi gure 8. Optical p hotograp h of waveguide
DC-2  ( l000X) .
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the image generated by secondary electron emission as in Fig. 9 which

clearl y shows a IJ rlg t l ine at  the wavegu ide-subs t r a t e  in terface , or

by m a k i n g  an x - r a y  rate sca n  to  de t ec t  x ray s emi t ted  by one of the

\~a \ e g u i d e  constitutent e lemen t8 .  A typ ical rate scan for the TaL ~
line , ‘ t n i t t , d  f r o m  w a vegu i de  DC-I  is shown in Fi g. 10 . By using the

SEM in both the s~~ o n d i  r 1  e l e c t r o n  and x -r a y  emission modes one has

a dual c hec k  on waveL u l d ’  t h i c k n e s s .

C . Laser Heats ink  and Wave guide Support Structure

) Th e hybrid l a s er / v a ~~egui cle a ssembl y consists  of two basic com-

ponen t s , a 5/ 8  in . d i a m e t e r  laser  heats ink cylinder shown in Fig. 11

and a waveguide support structure shown in Fig. 12 . The heatsink

• cylinder is drilled and tapped to accept eithe r the Laser Diode Labs or

RCA lasers  on one end , and a s tandard BNC f i t t ing  on the othe r end .

The waveguide is held in i ts  support  s t r u c t u r e  by two clamping bar s.

• A modification made to the waveguide support structure during the

optimization phase of the program was to add two 1 /16  in . th ick  Teflon

pads unde r the clamping bar s to p revent  chi pping or crac king of the

wave guide. The cy lindrical laser heatsink f i ts  into an oversized hole

in the waveguide support structure in such a way that ali gnment adjust-

ments are possible (ang les ~ 10°, translations ~ 0. 125 in . )  prior to

se tscrew clamping and/or  epoxy bonding of the heatsink and waveguide

support. In the initial desi gn the ei ght se tscrews were  in tended to pro-

vide on ly prel iminary clampin g unti l epoxy bonding of the heats ink

cylinder and waveguide support could be accomplished by filling the

space between them with epoxy ; however , the setscrew clamp ing alone

4 was found to produce reliable bonding between laser and waveguide

sufficient to maintain optimum alignment during normal handling and
• t ranspor t . Hence the epoxy fil ler was not used in the laser/waveguide

F 
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4 J Figure 9. SEM p hotograp h of waveguide DC-i  by
1 secondary electron emission.

4802- I

• ~1 2 ~~m #

4~ 
F igure  10. X- ray  rate scan of waveguide

I 
• DC- i  for T L line .a a
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Figure  12.  Waveguide  h o l d er  d r a w i n ~~s .
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hybrids which were  del ivered except  to lock the s e t s c r ews .  This will

permit laboratory rep lacement  of the laser  diode should burnout occur

at some future date . We evaluated a number of epoxies in the course

of th i s work to de te rmine the best  one to be used . A summary  of the

• resul ts  is given in Table 3. Most of the epoxies tested did not harden

• suff ic ient ly at room tempera ture  to be useful . The Hysol Epoxy-Patch

• 1C was found to be sa t is factory .

D. Ali gnment Fixtures

The test  f ix tures  used to achieve the cri t ical  ali gnment  of the laser

diode and thin fi lm waveguide are  shown in Fi g. 13 . The laser hea t s ink

•
‘ cy linde r was held on a Jodon hi gh resolution x -y - z  microposi t ioner  stage

equi pped with Tropel PZM e lec t romicromete r  dr ives .  The PZM microm-

~~~ eters  are mechanica l /piezoelect r ic devices which have a mechanica l

adjustment range of 0. 5 in , augmented by an e l ec t ron ic  movement  of

4 ~m/ l 0 0 0  V , giving a fine adjustment resolut ion  of 40 A / V . The wave -

4 guide support s t ruc ture  was held on an Ealing stage which provided

rotational and two -dimensional tilt adjustments .  Thus all of the d e g r e e s

of f reedom needed for  ali gnment of the relative posit ions of laser and

waveguide were available.
The slots on the sides of the waveguide support s t ruc tu re , visi ble

in Fig. 13 are desi gned to accept a sliding prism clamp assembly pe r-

mi t tin g a st ron t ium ti t anat e output coupling pr i sm to be positioned at any

point along the length of the waveguide. This pr ism out put cou pler  was

used to determine  the modal dis t r ibut ion of optical power in the wave-
• guide as well as to measure  at tenuation in the waveguide.
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TABLE 3. RESULTS OF EPOXY EVALUATIONS

4716 - 3

OBSERVED ROOM EFF T OF 48 ~ 
LINEAR EXPANSION

NO. TYPE TEMPERATURE CURING TIME TREATMENT AT ~o° c AFTER HEAT TREATMENT

SETS IN 76?, NO LOSS OF ADHERENCE
1 EPO-TEK 4 DAYS FOR PLASTIC NO IMPROVEMENT <4 8  10~~HAR DNESS IN HARDNESS

SET IN 16 Ii NO LOSS OF ADHERENCE
2 EPO-TEK 4 DAYS FOR PLASTIC NO IMPROVEMENT <8x  10~~10 HARDNESS IN HARDNESS

STILL HAS TAR-LIKE
.41 EPO-TEK CONSISTENCY —
(7 

AFTER 20 0AYS

FREY
4 ENGINEERING SET IN 3mm . BUT

CF-3009 REMAINS GUMMY

HYSOL SET IN 2 h NO LOSSO F ADHERENCE.
S EPOX?-PATCH 2 DAYS FOR GLASS-L IKE NO OBSERVABLE CHANGE ( 6 x  10~~1C HARDNESS IN HARDNESS

• SUMMERS SETS IN 16 I~ NO LOSS OF ADHERENCE
6 LE NS BOND 5 DAYS FOR PLASTIC NO IMPROVEMENT IN I < B x  10~~

— 

8162 HARDNESS HARDNESS J

,1
4
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Figure 13. Alignment f ixtures  and laser/waveguide h yb rid.
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SECTION IV

EVALUATION AND OPTIMIZATION OF THE
LASER/WAVEGUIDE HYBRIDS -

A. Butt Coupling — Power and Efficiency

The alignment fixtures shown in Fig. 13 were used to butt couple

many d i f fe ren t  combinations of lasers and waveguides. In all cases a

calibrated Si photodiode was used to measure the peak output power of

/ 
the laser and the peak output power emitted from the end of the wave-

• / guide when coupled to the laser. The overall t ransmiss ion eff ic iency

(including lumped waveguide loss and input/output coup ling loss) could

thu s be determined. Roug h ali gnment was pe r fo rmed  while observing

4/ 
the image of the waveguided li ght focused onto an image upconver ter

tube by means of a microscope objective. Final ali gnment was done

by adjusting for maximum measured powe r . Figure 14 shows the image

of the light emitting layer of an LD-69 type laser diode, while Fig. 15

shows the light emitted from waveguide DC-i  when coupled to that

same laser . The waveguided light is seen to be well confined , with a

neg ligible background of unguided light traveling in the substrate.  Note

that the thickness of the layer of waveguided light appears to be onl y

about 1 /3  the thickness of the laser light emitting layer. This is con-

sistent with the thickness measurements of 2. 0 ~m for the waveguide

and~~5 ~m for  the laser as described in Section III. The polarization

of the light transmitted by the waveguide was measured with a prism

polarizer and found to be totally TE . No TM component was observable.

4 This result was expected since the laser was operating in the TE mode

as described in Section III. In addition to the measurement  of overall

transmitted powe r we also determined the modal distribution of the

powe r in the waveguide for most samples. This was done by clamping

a strontium titanate prism to the wave guide to act as an output coupler .

Light was thus coupled out of the waveguides in a patte rn of “rn-l ines’ at

di f ferent  ang les corresponding to the S = 1, 3 and (in some cases)

29
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S = 5 mode s. The rn- l ines  were  clearly vis ible  when viewed v 4 i t L  .i

“snooperscope ’ on a ground glass screen placed seve ral centin~ -t ’r s

f rom the pr ism , and the relative power in each mode could be In4 ~~sured

with the calibrated Si photodiode. The coupling e f f i c i ency  of t L~ p r i s m

was between about 10 to 40% and varied depending on clamping p ress u re

and quality of surface contact. Thu s only the relative power in each mode

could be measured rather than the absolute power. The power in each

mode and the coupling eff ic iency into each mode were  then de termined by
assuming that the total power t ransmitted by the waveguide (as measured

with the calibrated Si detector)  was divided between the various modes

J in the same proportions as the relative powers measured in the rn- l ines .

J The validity of this assumption was supported by the fact  that the rela-

tive proportions of power in each mode remained constant when the prism

was moved to various positions along the waveguide and was always

4/ 
repeatable even thoug h the absolute power levels measured varied con-

siderably, depending on prism clamping p res su re ,  etc. The constancy - -

of these ratios also indicates that inter-mode coupling or mode con-

version was not occurr ing as the light t raveled along the waveguide.

Since all of the modes observed in these waveguides were  well con-

fined and far  f rom cutoff we also assumed that the prism coupling

eff ic iency was the same for  all modes. Any e r r o r  introduced by this

assumption would tend to make the resulting calculated power in the

lowest order mode appear less than actual and the value s for  hi gher

order modes appear greate r than actual. Thi s is because the lowest

order mode is theoretically better confined than the hi gher  order  one s

) 
(which are  closer to cutoff)  and therefore  the prism coupling ef f ic iency

should be wors t  for  the lowest order mode. Thus the value s for  powe r

4 cou pled into the lowest order mode that we have determined are - -

conservative.
In the course of per fec t ing  our ali gnment techni ques , a great

many measurements  of total powe r coupled and modal dis tr ibut ion were

made. However the si gnificant data can be concisel y summarized as

shown in Table 4 where  only the best resu l t s  achieved for  each wave-

guide are tabulated , since these represen t  the closest we were able to
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come to ideal  ali gn m e nt , in each case . It should be noted that the

e f f i c i e n c i e s  shown in Table -4 a r e  actuall y overa ll t r ansmis s ion  eff ic ien-

Cies r a the r  than input coup ling e f f i c i e n c i e s  since they have not bee n cor-

rected for  e i ther  waveguide at tenuation or for  ref lect ion loss at the

output of the waveguide.

Looking at t hese  raw data one can see the si gn i f i can t  e f f e c t  of

waveguide at tenuation in that  the e f f i c i e n c i e s  for  long waveguides  are

much less than those for  shor t  ones . F rom the dependence  of measured

ef f i c i ency  on waveguide length , we es t imate  the wave guide at tenuation

to be approximate ly 2 dB/ c m .  In the case of waveguide DC-2 detailed

measurements  we re made of the a t tenuat ion loss. A la ser diode was

j coup led to the waveguide and clamped in position to maintain constant

input coupling. Then the output coupling pr i sm was moved to var ious
• 

-
. positions along the length of the waveguide and the relative power in

~
4f each mode was measured as previousl y descr ibed . There  was a si g-

- 
- I nifi cant sca t te r  in the data , probably because  of va r i a t i ons  in the pr i sm

coupling e f f ic iency  f rom one spot to ano ther . N e v e r t h e l e s s  we were

able to determine loss coeff ic ients  by drawing a strai ght line throug h

the points on a semilog plot of r e l a t i v e  power v e r s u s  distance.  The

r e s ul t s  indicated the fol lowing losses  fo r  the th ree  mode s observed :

S = 1 1. 6 dB/cm

S = 3 1 . 6 dB/cm

S = 5 1 . 8 dB/cm

The reflect ion loss at a Ta 205 wavegui de out put t o air  is

I
)  2 2

R - 
(rL~~ n

1\ - (2. 0- I  \ - 11- - 

\2.0+1 J 
- 0.

When the  m e a s u r e d  e f f i c i e n c y  data of Table 4 for  Ta 205 waveguides

are  correc ted  fo r  the above output  r e f l ec t ion  losses , and also for  an

assumed waveguide a t t enua t ion  of 1. 6 d B / cm  f o r  waveguide DC-2 and
• 

~ d B/ c m  for  the o thers  the value s shown in Table 5 result. These

value s probably more accurately represent the actual input coupling
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TAB LE 4 . MEASURED COUPLING EFFICIENCIES BASED ON
TRANSMITTED P O W E R  UNCORRECTED FOR

• WAVEGUIDE LOSSES
~‘ -E ?8 ~

EFFICIENCY• LABEL WAVEG UIDE LASER WAVEGU IDE IPERCE 4? T OF LASER EMITTED POWER)
~ EMITTED TRANSMITTED

w~~~ MATERIAL THICKNESS LENGTH POWER 
TOTAL MODE T MODE MODE

LD67 —8 T.205 1.0 4.0 12.8 0.66 5.0 4 .0 0.81 0.19

LD69- I  Ta205 1.7 
• 

4 .0 16 0.84 5.2 4.4 0.8 • —

LD67
~

3 T h O  2.0 4.0 16 1.04 6.5 5.2 1.3 —

• —

• 1067 7 Ta205 2.0 • 1.9 12.8 2.39 19 17 .0 2.0 —

• 
-— • - - -t

L069 2 Ta205 1.7 0.7 2.08 0.56 27 
•

L069 1 Ta205 2 .0 0.7 16 8.32 52

* 
-

LD67-9 1 .0 - 4.5 23 .9 3.06 12.8 11.3 1 .5 —

*HYBRID DELIVERED TO AIR FORCE

TABLE 5. COUP LING EFFICIENCIES CORRECTED FOR
WAVEGUIDE ATTENUATION AND OUTPUT• 

REFLEC TION LOSS

________ ______________________________ ________ 
CORRECTED FOR WAVEGUIDE LOSS ~~~~~~P2

COUPLING EFFIC I ENCYLABEL WAVEGUIDE 
EMITTED WAVEGthDE (PERCENTOF LASER EMITTED POWER)

WAV EGIJIDE MATERIAL THICKNESSJLENG~~~1 
POWER POWER 

TOTAL ~~0~~E 7  M9DE MODE

LD67-8 Ta205 1.0 4.0 12.8 3 9 249 200 40 09
-—--- - — - - - - - - -

~
- -.—f -- - - - - -

~~~
- 

~~~

— —+
L06?-I T.205 1.7 4.0 16 371 34.3 5 8  —

~~~~~~~~~~~~~~~~~~~~ 2.0 4.0 16 73 6  4 6 1  369~~~ 9 2
- - - 4 - - - - - -~ - -

+
-

~~~
-

DC— I Ta~O5 2.0 1 .9 12.8 6 4 4  5 0 3  4 5 1  • 5 2  • —

• L069-2  T 205 1.7 0.7 2.08 087 4 1 6

LD69-I Ta205 20  0.7 16 12 - 9 806

*HYBRID DELIVERED TO AIR FORCE

_____________________ -• —-•- -. ---5- -~~~—-~~
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ef f ic ienc ies  achieved than do the uncorrected  data of Table 4 . Howeve r ,

even if one takes the more conservat ive  viewpoint and does not correct
fo r wave guide att enuation and out pu t re f lec ti on loss it is ob vious th at t he

program goal of I W coupled into th e lowes t or der  mode was sig-
nif icantly exceeded in the two laser/waveguide  hybrids that were  delivered
(LD67-7/DC_l and L D 6 7-9/ R -l ) .

Before  concluding this section on butt couplin g powe r and

eff ic iency we should mention that the ang le-butt coup ling a r rangement

shown in Fi g. 2 was also experimentally tes ted , even thoug h the

theory predicted that coupling efficiency would be lower than that for

the col l inear  butt coupling case. Samples of waveguide s DC-i  and

RF- l  0. 7 cm in length were polished on one end to an ang le of 55°

whi le the other end of each sample was polished at the usual 90° ang le

to permit measurement  of emitted powe r . Laser diode LD-69- l  was

butt coupled to each of these samples by me ans of a specia l f ix ture

which held it at 55° to the direction of propagation in the waveguide .

The best  t ran smiss ion e ff iciencies we were  able to ach ieve were

for waveguide R F-l  and 35% for  waveguide DC-2 . Comparing these with

the corre sponding value s of 27% and 52% obtained with collinear butt

coupling to 0 . 7 cm long samples of RF-l  and DC-i  (see Table 4) sup-

por t s the theore t ica l prediction of lowe r eff ic iency for  angle butt

coupling.

B. Rockwell Waveguide /Lens  Samples

Three of the waveguides su pplied by the Air  Force (listed in

Table 2 as R-1 , R-2, and R-3) were sputtered 7059 g lass waveguides

4 with overlayed Ta 205 lenses .  These were  f ab ri ca ted by Rockwell

International unde r separate cont rac t  with the Air Force Avionics

Laboratories.  The coupled powe r and e ff ic iency data fo r  the LD6 7 -9 / R- 1

hybrid have alr ead y been discussed in Section IV-A . In this section we

comment specificall y on the pe r fo rmance  of the lenses , which were

- 
. desi gned to collimate the d i v er g ing beam of coupled li ght a f te r  it had

spread to a width of approximatel y 1 cm .
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The LD67-9 laser diode emitt ing a peak power of 23 . 9 W was

coupled to R-1 , a waveguide with a double convex shaped Ta 205 lens .

The lens is visible in Fig. 16 , which shows the operating hybrid. No

polishing of the waveguide was done pr ior  to coupling because fortunately

there was a clean strai ght-broken ed ge at exactly the ri ght position for

ali gning the laser with the lens (which was offset  from the center  of the

waveguide). Visual observation of the t r ansverse ly scat tered li ght wi th

a snooperscope revealed an apparent collimation of the waveguided

laser beam by the lens , from a ful l-width half-maximum (FWHM) diver-

J gence ang le of approximatel y 30° to one of less than 100. This collima-

tion is shown in Fig. 17 which is an in f ra red  photograph of the coup led

laser beam. Because the response of the film to the scattered li ght

from the beam is not linear the detail s of the beam shape are difficult

to see. However , a f te r  being coupled in at the left  hand ed ge the beam

diverges until it reaches the lens , located about 2 / 3  of the way along

the waveguide . After  passing the lens the beam appears as a collimated

band , with a width sli ghtly less than that of the lens. The alternating

bri ght and dark bands visible af ter  the li ght passes the lens seem to be

due to in te r fe rence  between the waveguided beam and unguided li ght

reflect ing from the back sur face  of the substrate  where it is pressed

against the coppe r waveguide holder . These in te r fe rence  line s are not

visible at the f ar  ri ght end of the photograph where  the waveguide

sample protrudes out of the holder by about 0. 5 inch and is backed with

a piece of black tape . It is in thi s reg ion tha t the collimated beam can

j be seen most clearly. The random bri ght spots are caused b y specks

( of dust which  unavoidably settled on the waveguide during the 20 minute

time exposure required to make the photograph . (The film used was

Kodak Ektachrome Infrared. )

When an output coup ling pri srr~ was put on the waveguide two

rn-lines were observed. As viewed with the snooperscope on a trans-

lucent screen spaced 10 cm from the prism , the two modes appeared

to have full width half maximum divergence ang les of 9 for  the lowest
0 -order  mode and 6 for  the highe r order  mode . By comparison the cor-

responding divergence ang le for  the LD67-8 laser and DC-2 Ta205

_ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~ ii
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waveguide hybrid was measured in the same way to be approximatel y

20~ for  all three rn-l ines.  To obtain quantitative data the two rn- l ines

of the LD67-9 /R- 1  hybrid were  scanned with the Si detector , masked

to a 1 mm square aperture.  The results indicated FWHM divergence

ang les of 80 for both modes. Thus the apparent na r rowe r d ivergence

of the hi gher  order mode as observed visually seems to merel y be the

• result of the low power level in that  mode and the nonl inear  response

of the eye.

We attempted to couple li ght into waveguide R -Z  with the round
• spot shaped lens (see Table 2 ) but the scribed and broken ed ge was too

rough to permit  significant  coupling. Unfortunately when we tried to

polish the waveguide using our standard techni que de scri bed in Section III

it cracked , destroy ing the lens and preven t ing  f u r t h e r  experiments

with it.

C. Coupling of cw Laser Diodes

The LCW-5 laser diode described in Section III was butt  coup led

to waveguide R -3 . Pr ior  to coup ling the waveguide sample was polished

on both ends so that close coupling would be possible and that t ran s-

mitted optical po wer could be measured.  In coupling the cw laser to a

waveguide there  are two competing fac tors  affect ing the coupling ef f ic iency

as compared to that obtainable with a pulsed laser  of the type we have

used . The nominal emitt ing layer thickness of the cw laser is only

0. 25 ~.im compared to 2. 0 ~im for the pulsed laser. This is expected

to produce better coup ling efficiency by minimizing area mismatch.

However, because of diffraction the cw laser has a FWHM divergence
4 0 .  - . - 0

angle of 50 in the plane perpendicular to the junction rathe r than 10
:~ as is the case for the pulsed laser. Therefore, the spacing between

the cw laser and waveguide is much more crit ical than that for  the

case of the pulsed laser. Thi s proved to be the limiting factor  for  the

particular LCW-5 laser that we used. Althoug h the laser diode

appeared to be flush with the edge of the heatsink as required for  close

coupling, we found that it was actually set back about 0. 001 in . The

heatsink edge was rounded , giving t he  appearance of f lush mounting.
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• Because of this setback true close coupling could not be achieved .

Nevertheless a cw power of greater than 0. 74 mW was coupled into the

waveguide as dete rmined by t ransmit ted  power measurements. Since

the laser  emiLt ed  powe r for  a cu r ren t  of 310 ma was 7 .5  mW , this cor-

responded to a t r ansmiss ion  ef f ic iency  of approximately iO% . The
- actual coupling eff ic iency was of course g rea t e r  than 10% as that value

- is uncorrec ted  for  waveguide loss. In order to achieve greate r coupling

ef f ic iency  with a cw laser it will be necessa ry  to have one in which the

laser diode is carefully positioned for  f lush mounting on a specially

j machined heatsink with a square edge. Since especially good heatsink-

ing is required for  cw operation it will not be sufficient to merel y mount

the laser diode so that it is protruding ove r the ed ge of a standard

production heatsink. -

I• ~1

:~
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SECTION V

COMPARISON OF THE RESULTS ACHIEVED WITH
THEORETICA L PREDIC TIONS

A. Coup ling Efficienc y

In Section II a theoretical expression wa s der ived  fo r the

coupling coeff ic ient  lA St 2  for  the case of parallel end butt coup ling

(E q. 15). Fi gure 18 show s the normalized curves  of lA St
2 v e r s u s

the ratio of waveguide thickness  (t ) to laser lig ht emit t ing layer thick-

ness (T L). The solid curves  are the theoret ical  curves  for  the th ree

lowest order  TE modes in the case of t L 2. 0 1.i.rn , the nominal emi t t ing

layer thickness for  the LD-69 and LD-67 type lasers . The plotted

points are the experime ntall y meas ured value s of coup ling coef f ic ien ts

(4/ (efficiencies) from Table 5. It will be recalled that these  value s have

-~~ bee n cor r ec ted  for  waveguide loss and output reflection loss as described

in Section IV. T hus the y re pr e sent the best  est imate of t rue  input

coupling e f f i c ienc ies . It can be seen f rom Fi g. 18 that the experi-

mentally determined data for  the S = I mode fall signif icantly be low

the theoret ical  curve,  while the data points for  the hi gher  order  modes

are above the theroetical ly expected values. Thi s is par t icular ly evi-

dent f or the case of the 2 . 0 ~m thick waveguides where  tg / t L 1. One

possible explanation for  this  discrepancy is that we have just  not

ach ieved the pe r f ect alignment for  which the theory is derived.  Howeve r

we feel that the actual reason for  the d i f fe rence  between theory  and

experiment  is that the 2. 0 ~m light emitting layer  thickness specified

by the laser manufac turers  is not the true thickness of the emitting

4 layer.  The scanning electron microscope measurements  descr ibed in

Section III clearly show that the distance between the p-n junction and
- 

• the G a As - ( G a A1) A s  heterojunction is indeed 2.0 Ii~m (see Fig. 3).

However light which is generated in this 2. 0 ~im thick active (or inve r ted

population) region of the laser tends to spread out of it because of

d i f f r ac t ion .  On one side of the junction the li ght is confined by ref lec t ion
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at the G a A s- ( G a AL ) A s  he te ro junc t ion  but on the other  side it is able to

spread , thus  i nc rea sing the  t hic kness  of the light emitt ing layer . The
optical measurements of the near field pattern of an LD-69 laser that

were  descr ibed in Section III in fact  indicated that the emitted li g ht had

an essentially Gaussian mode shape in the direct ion normal to the junc-

tion plane with a FWHM thickness  of approximately 5 im.  The f act

that the li ght emitting layer thickness is 5 lim reduces the achievable

coupling eff iciencies  below those predicted b y theory based on the

assumption of t L = 2 p~rn as in Fig. 18. If the same expe rimental  data

points are plotted as shown in Fig. 19, assuming a laser li ght emittin g
layer thickness of 5. 8 ~.im the agreement  with the theoret ica l  curves  is

much bet ter .  The specif ic  choice of tL = 5. 8 ~m rather  than just

tL =5 i.~m is based on a fit t ing of the experimental  data to a theoretical

curve giving the variation of coupling eff ic iency with late ral t r ansve r se

misalignment of the laser and waveguide. These tole rance data are

described in the next paragraph.

B . Tol erances

The tolerance to t ransverse  displacement of the laser relative

to the waveguide was experimentally studied by butt coupling la se r

LD-67-8 to waveguide DC-2 with the ali gnment f ixture s, then inten-

tionally moving the laser laterally in the t r ansverse  (x) direct ion by

chan ging the voltage on the piexoelectric mic romete r . Becau se of the

hi gh resolution of the PZM micrometer  (40 A/ V )  an accurate curve of

relative coupled power versus  laser  displacement  was obtainable. The

) results are shown in Fi g. 20. The solid curves  are  the experimentally
measured  cou pled power data for  the three  lowest order  modes , while

4 the dotted curve is the theoret ical ly expected coupled powe r variation
for  the fundamental  mode assuming a laser li ght emitt ing layer thick-

ness T L = ~~ 8 ~m . Thi s value of thickness was chosen to fit the

experimental  data to the theoret ical  curve  for  laser displacements  toward

I ~ the surface (+x) of the waveguide . The broadening of the experimental

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • •
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curve for  laser displacements toward the substrate (-x) results because

the step in the index of re f rac t ion  profile is not as grea t  at the waveguide-

substrate in ter face  as it is at the waveguide -air interface.  Thus the

waveguide mode is not as well confined on the substrate side . This

effec t  is even more noticeable fo r  the hi ghe r order modes , which are

somewhat closer to cutoff and hence less well confined.

These dis placement tolerance data confirm the fact that the

laser li ght emitting layer thickness is greater  than 5 ~m as indicated

by the optical near field pattern measurements, rather  than being just

2 i.~m as nominally specified by the manufacturer. This is seen con-

vincingly by noting that a laser displacement of 1. 6 p.m toward the sub -

strate reduced the coupled powe r by a factor of only 0. 5. If the laser

emitting layer were only 2 p.m thick , as specified , such a displacement

would place it totally out of ali gnment with the 1 p.m thick waveguide,

4/ with no ove rlap at all.

While the coupling eff ic iency was found to be very sensitive to

t ransverse  misalignment the most sensitive paramete r was found to

be the spacing between laser and waveguide. The spacing tolerance

data of Fig. 2 1 for  laser LD-67-8 and waveguide DC-2 il lustrate why

that was so. The coupled power decreased when laser to waveguide

spacing was increased , remaining relatively large over a distance of

several wavelengths as one would expect. However the decrease was
not uniform . The magnitude of the coup led powe r oscillated between

peaks (traced by the solid curve) and minima (traced by the dotted

curve).  The spa cing between the peaks was equal to 1/2 wavelength.

) This ef fec t  resulted from the fact that the polished end face of the laser

and the polished end face of the waveguide together formed a Fabry-

4 Perot in t e r fe rometer  which acted to modif y the effect ive refiectance

of the laser output face , thereby altering the coupled power . The

practical significance of this observation is that the resolution of the

adjustment to laser-waveguide spacing must be bette r than 0. 1 p .m to

enable one to obtain peak coup ling ef f ic iency,  even thoug h the total

spacing can be as much as 4 p.m without causing more than a factor  of

0. 5 decrease in coupled power . The Fabry -Perot in t e r fe romete r  e f fec t
r -3
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cou ld in p r i n c i ple be elim inated by using an index matching f lu id  o r

• epoxy b e t w e e n  ~ic- l a se r  and wavegu ide. However the pract ica l  dif-

f i cu l t i es  in achieving a stable match  appear to be prohibi t ive  for  the

l imi ted  im p r o v em en t  in coup ling that  would resul t .

)
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SECTION VI

CONCLUSIONS AND RECOMMEN DATIONS

The work described in thi s repor t  has established that the

parallel end butt coupling method is a viable technique for  coupling an
- . inject ion laser to a thin film waveguide.  Theoret ica l  calculations pre-

dict that most  of the optical powe r is coupled into th e low est o r d e r  mode ,

and that coupli ng eff ic iencies  into  that m ode as hi gh as 90% can be

j ach ieved f or the case of a GaA s la ser and Ta 205 wave guide both with

the same thickness li ght emitt ing  or guiding layer . A s the th ickness

-
• of th e wave gui de is decre a sed r elat ive to that  of the laser  the coupling

- - ef f i c iency into the lowe st orde r mode is decre a sed and m o r e  powe r is

coupled into the hig her or der modes. However , even for a ratio of

¶7? t g / t L = 0. 5 the theoret ical  maximum couplin g in to t he lowest order

mode is 60% while that into the next hi gher (S = 3) mode is 4%. The

I theory  also predic ts  that ang ling the end face of the waveguide to increase

effec tive  area does not improve the coupling ef f ic ien cy  because ihe

comp et ing reduct ion in coupling result ing f rom misalignment of the

• optical fields in the laser and waveguide is dominant . Thus the parallel

end butt coupling collinear with the waveguide is best . The experi-

menta l  results  achieved agree  well with the theoret ical  predict ions .

Overall t ransmission eff ic iencies  determined by measur ing  power

emitted f rom the waveguide were as hi gh a s 52% for  the case of a

2 . 0 p.m thick waveguide. When this value was corrected for  waveguide

/ attenuation and output ref lect ion loss the calculated input coup ling

efficiency was 80%. Measurements  of modal powe r distribution con -

fi rmed that more than 80% of the power coupled into the waveguide went

into the lowest orde r mode in all of the cases examined . Only the

- S 1 , 3, and in some cases S = 5 modes were  observable in the wave-

- -  - 

guide s, as predicted by the theory .

The two lase r /waveguide  hybr ids that were  delivered had lowest

m ode coupled powers of at least 2 . 39 W and 3. 06 W corresponding to

coup ling e f f i c ienc ies  of 17% and 11 . 3%, res pect ive ly. These are  ve ry

-
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conserva t ive  value s because they  are based on measurements  of power
emitted from the waveguide , uncor rec t ed  for  waveguide attenuation and
output r ef lec t ioi i  loss. N ever the les s , they exceed the program goal of

I W coup led into the lowest  mode with l0~”o efficiency. If the waveguide
loss corrections are  made as described in Section IV , the calculated
value s of coup led power into the lowest mode and coupling efficiency
become 6 .44 W and 45 . 1%fo r the LD — 6 7 -7 / D C- 1  (Ta 205) hy brid. We
feel that these are probabl y more realistic values than the 2. 39 W and

17% uncorrected ones.
One important  fact that emerged from the coupling expe riments

was that the thickness of the light emitting layer in the sing le hetero-
junction asers  that Were used was grea ter  than 5 p.m, even thoug h the
light gene rating layer was 2 p.m as specified by the manufac turer. This
thicker li ght emitting reg ion must be taken into consideration when

. . - .calculating the theoretical  coupling ef f ic iency in any given case , since
eff ic iency is reduced for smaller values of t g /t L•

8 In orde r to achieve the coupling ef f ic iencies  that have been

reported , critical alignment of the laser and waveguide necessitates the

uSe of piezoelectrically driven fixtures or some equivalent means.
The spacing between the laser and waveguide and the t r ansve r se  lateral

waveguide-laser  ali gnment are the most crit ical parameters,  requiring
an adjustment resolution of bet ter  than 0. 1 p .m to ensure optimum coupling.
Piezoelectr ic  micrometers  with resolution of 40 ~~/V were effect ive  in

this application . The various tilt and rotational alignment parameters
were found to be much less critical , and could be adjusted for  optimum

coupling with a relatively unsophisticated mechanical  stage.

Laser diodes had to be speciall y o rde red  mounted flush with the

edge of the heats inks  and wi thou t  caps and windows to pe rmit close

• cou pling with the waveguides .  However  these slightly modified versions
— of the basic production laser diode were available at only a small price

increase over that of the standard diodes. Because the laser diodes

were f lush with the ed ge of the heatsink , or in some cases protruding
.4 sli ghtly,  extreme care had to be taken during ali gnment  to prevent

chi pp ing e i ther  the laser or the waveguide by butting them togethe r .
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For thi s reason final alignment was always performed with onl y the
piezoelect r ic  adjustments . Once optimum ali gnment was achieved the

laser and waveguide were  bonded togethe r by means of the ei ght clamp-
• ing se tscrews on the waveguide support s t ructure.  Tightening of these

setscrews as a delicate task to avoid destroy ing the ali gnment in the

- 
process.  However we found that it was possible to tighten the setscrews
to the point where the Allen wrench would beg in to bend while still
maintaining optimum alignment , as long as one was careful  to adjust
opposing setscrews alternately while monitoring the coup led power
with the Si detector.  Once clamped in this fashion the laser /waveguides
could be removed from the ali gnment f ixtures  and handled with normal

• care without any shift in alignment.
Ultimately it should be possible to obtain even better  coupling

-
‘ efficiency with a cw laser than with the pulsed laser  diodes which we

used. This is true because the cw lasers are double heterojunct ion diodes
with light confinement on both side s of the p-n junction to an emitting
layer thickness of 0. 25 p.m. Compared to the 5 p.m emitting layer
thickness of pulsed diode lasers thi s offers  a potential advantage of a

-
~ fa ctor of 20 in increased tg / t L ratio. However increased beam diver-

gence due to diffraction in the cw laser makes close spacing of the laser
and waveguide absolutely imperative. The need for the laser to be flush
mounted or protruding on the heatsink presents  a particular problem in
the case of present day cw lasers  which require extremely good heat -
sinking. As improvements in laser and heatsink design are made this

- 
problem will become less significant .
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ACCESS COUPLING OF A SINGLE OP TICAL FIBER

INTRODUCTION

Recent advances in the field of f iber  optics have made feasible

the use of single f ibers  as a communication channel .  In order for a

sin g le f iber  to service a system of many terminals , it is neces sa ry

to develop a low inser t ion  loss optical access coup ler . The purpose

of this portion of the contract  was to fu r ther  the state of the ar t  in

this area .

Among the d i f ferent  methods for cou p ling between sing le f ibe r s

are  coupling by close proximity of air coup led f iber  cores , coupling

by adding an index matching medium between the f ibers , and coup lin g

by fusing the cladding of the two f ibers  together . This effor t  was

conducted using the clad fusing technique.  The source of heat was a

j 2 W CO 2 laser and the f ibers  were Corning low loss , step index ,

• 

- multimode f ibers with an 85 p.m core diameter and a 125 p.m outside

diameter.

WELDING TECHNIQUES

The technique by which the fibers are held has a great  effect

on the result s of the fusing process .  Three  different  holding fixtures ,

circular , straight and curved , were used. The circular  holding f ixture

which is shown schematically in Fig. 1 was used initially. Originally

the f ibers  were loaded directly into shallow grooves on the 2- 1/2  in.

diameter aluminum cyl inders .  This proved to be too great  a heat

sink for  the laser  power density available at that time (beam power =

2 W , lens  = 6 in. focal length) . Hence , ceramic inserts were added

A l
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behind the f ibe r s  in the area of the weld, but this had little ef fec t  on

the excessive heat s ink ing .  A small flat area was then ground

behind the f ibers  in the area of the weld . Thi s removed the heat

sink and allowed suff ic ient  heating of the f ibers  for  lus ion  to take

place. Since the f ibe r s  were  not res t ra ined both in f ront  and back

(in the p lan e of bend), they tended to move in an uncontrol led manner

as tension s were relieved during the heating process .  This made

repeatable fusion almost impossible and was sufficient reason to

develop a new type holding f ix ture .

In an attempt to eliminate the uncontrolled motion of the f ibers

as they were  heated , a fixture was designed to hold the two f ibers in

contact with each other and in a straight and uns t ressed  manner .

Thi s straig ht holding f ixture (Fig.  2) solved the motion problem as

long as care was taken in p lacin g the f ibers in the fixture and they

were f r ee  of static charge . The length of the weld was determined

by translat ing the f ixture relative to the laser beam so that the beam

~ scanned” the junction of the two f i b e r s .  It proved too difficult  to

obtain a smooth weld over any reasonable distance with the small

) 
focused spot of the spherical  lens.  A one-inch focal length cylindri- 

- 
-

cal lens was purchased to replace the sp herical  lens . The combina -

tion of the new lens and thi s fixture (Fig. 2) has been very successful

I ~ ~~- and has provided all the best results obtained to date. Welds as long

as 1.3  cm can be made at one time . One 3 cm long weld was made

by welding, moving the fiber pair on the f ixture  and then continuing
-
I

the weld .
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It was felt that better coupling mig ht be obtained ove r a shorter

distance if the f ibers could be welded while radiused rather than

straight.  The result s of the circular holding fixture indicate that the

fibers must be supported along their entire length in the fixture if

- 
they are  to remain still while being heated. This in turn requires

- hig her powe r density to offset the f ibers  being heat sunk to the f ix ture .

In order to obtain a higher power densi ty,  a short focal length (1. 5

inches) spherical lens was obtained. Figure 3 shows thi s curved

- holding fixture.  The radius of curvature of the f iber  holding p ieces

is 25 cm. Although the power density was sufficient to make the

weld , the sp herical lens again produced an uneven weld and indicated

(4/ the need for the cylindrical lens. This time the combination of the

one inch focal length cylindrical lens and the 2 W laser did not produce

sufficient power density to make a weld. An attempt is being made to

-
‘ secure a hig her power CO2 laser .

- MEASUREMENTS

Tap ratio and insertion loss measurements were made on the

couplers .  The tap ratio and insertion loss are defined as

P
% Tap p~~( 100)

1 1

4 
_ _ _ _Insertion Loss 10 log 

~
, 

8 1r~I -~~

where P1 is the powe r int o the origina l fiber , P3 is the powe r out of

~ I the original fiber after tap and P4 is the power out of the tap f iber .

p

~ -4
- 
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The measurement  of the tap ratio data is straight f o rwa rd .

The output powers P3 and P4 w e r e  measur ed , usually with a United

Detector Technology Model 80X or Model l i l A  detector , af ter  the

coup ling weld was made . However , the inser t ion loss measurements

- were  somewhat more comp licated. Because of the particular arrange-

ment in the laboratory,  it would have been more convenient  to be able

to measure  P1. remove the input f ibe r  f rom the test source , go to the

CO 2 laspr and make the coup ler , re turn  to the test source with the

/ input f iber  and measure  P3 and P4. No sat isfa ctory f ixtur ing was

- 
found to ensure  that P1 was the same before  and af ter  the tap. Hence ,

the following two methods were  emp loyed instead: ( 1) the input f iber

41
1 was left in its holder while making the weld , or (2) the weld was

made , P3 and P4 were measured and then the input f iber  was cleaved

with the source in p lace and P1 measured .

All of the measurement s were made with a g lycerol saturated

felt pad mode s t r ipper  on the input f iber , a short  distance f r o m  the

source .  During the initial phase of thi s work the tap data was taken

with the coup ler itself held in a large mode stripper .  This was found

to result in a hig her  measured inser t ion loss than that obtained if the

) junction region were left suspended in f r ee  space and the cladding

4 
mode stripping accomp lished separa te ly at each port of the access • 

8

coup ler .  This could be attributed to the excitation of cladding modes

• in the ju nction region which coup le back to core modes when leaving

- 

- 

-
- the j unction region if they have not alread y been stripped away with

an external  mode stripper .  
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RESU LTS

A total of 2 1 acce ss  coup ler  (number s  11 th roug h 32) were math-

during this  portion of the co n t r a c t .  Results  of ear l ier  coup lers  were

typically not repeatable and had a ve ry  low tap ratio with low inser-

tio n I~~~s o r a hig her  tap with hig h inse r t ion  loss .  The later coup lers

showed much i m p r o v e m en t  in repea tabi l i ty,  tap percentage and

inser t ion loss as shown in the following table.

Coup ler No. Insert ion Loss (dB) % Tap

18 -0 . 08 0 .17

• 19 -5 .0 2  3 .9

::
31 - 1 . 9  6 .2

32 - 1.1 6.6

The devices delivered were couplers 29 to 32.

A p hotograp h of the output of a coup ler is shown in Fig. 4 along

with a schematic drawing of a coup ler .  Figure 5 is a photograph of

coup ler numbe r 32 with a blow-up of one end at the welded section.

• The photograph in Fig. 6 shows a cleaved end of a welded junction .

Note that the cores show little or no distortion , yet are  separated

- 

( by only one clad thickness.  This is a significant fact since in these

fibers the core glass melts at a lowe r temperature than the clad.

CONCLUSION

-

~ 

- As a result of the three-month ef for t  we have found that

(1)  Good welds require s t r e s s - f r ee  f ibers  or f ibers which are —

completely re strained;  (2)  Good welds also require sufficient power
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Fig. 4. Schematic i l lustration of two fused fibers wit h a He-Ne laser
exciting the main channel fiber. Photograph of the output.
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Fig. 5. Photograph of coupler number 32. Magnified photo of the region

where the two fibers join .
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density for  quick welds and a cylindrical lens for  a correctl y shaped

beam; (3) Further effort is needed to reduce insertion loss and to be

able to select a desired tap percentage; and finally (4) most important

is that this work has shown that an efficient access coup ler can be

made by welding togethe r two step-index, multimode fibers using a

- CO2 laser.
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