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1 .0 INTRODUCTION
This report suninarizes the results of the Injection Laser/Wavequ i de Coupler

Pr~qram (Contract ?400173-78-C-0087). The orocram goa l was the development and
fabrizit ion of an ef f i c ient ,  rugged, stn~ le mede laser to th’n f il m optical wave-

ulde zoupler tha t operated over a 30C temperature ranoe and was stable against

vi bration and handling for extended periods. The design Qoa ls ~nc1uded .1 mW
opt ica l power coupled ~nto the waveguide , wh iC h was Ti indiff used LiUbO 3 , and a

spot size at the input to the waveguide not to exceed 10 rn at the ( l/e ~ 2oints .

The beam profi le was to be as nearl y Gaussian as possible , and scatter ir ,~ into
the waveguide was to be at least 0 dB below the primary beam.

The proqrar . whtc!i was schedu~ed to be a one-year ef’ort , consisted ~~‘ •

‘ollow in g tasks: (1) waveguide coup ling anal~ sis. (2~ laser and wavequf~ t~
deve lopment . (3~ wavegu ide edge pol ish i nc development. (4 ’  wave~’,i de :~
decou~ l~~’’  oeve lopment, (5) a lignment ~‘~ ture deve loprient , (6)  1aser’~sa veguide
zo.~p ler ‘ r’:at ’on . and (~~

‘ lase r ’wavegu ide coupler evaluat ion . Tie orograrn
zalled ‘-~ r :“ø deli.erv o~ two laser wa v ec uid e coupler units , the firs t o’ ~rch
was to be ~is~~~c,s,d at the end o ’ e~ qht ionth5 and the second iTT iroved device

at t’~e c3rc~ jS’on ~ the prooram . This ~in aT Report Is beinc subrni tte~ as a
ie~ ~ver3b le 4te— as requ ired b~ the contract Statement of Work .

-
~~~~ ; . ii ‘eader ~t ~(DAC-S L hj~ been 3r~ Robert R . R’ce , Advanced Space

~~~ct r ’ z c c~ irt-~nt ‘E 41 3 , and the act iv it ies under the subcontract tc~
~n vr r s $ t. nave been directed by Dr . W i l l i a m  S. C. Chanq , Laboratory

‘-‘r ~~~~~~~ •~~~ ~~~ct ronic Sc iences . 3ther personnel at MOAC-STL who have contr ’t~-
te~ s ‘r ’~ :ri t~~i to t’~e program in~ lud~ Mr. Joseph 0. ~~~~~,, wav equlde measurements.
:r -~‘- ic ~~. Cal l , wavegu i de measurements and couplin g anal ysis ; Dr. Louis . ~

, 1len .

~~~~ development . Dr . David A . Bryan , edae polishlnq and alignment fixture

ieve~~- --ent ; and wr . ~hI 1iD 0. Bear , coupler chip assen~ ly. Substantial contribu-
tions ~~~~~~~~ ~~SO “ade by Gordon H . Burkhart , Herbert G. Ko’~iig, and John A . Powers.

Both approximate and exact theoretical analyses of the coup1in~ process con-
clude tha t couplin g efficiencies of approximatel y SOt can be exoected undCr typical
opti”ized condit ’ons using a direct end-fire (butt) coupling approach. Subsequent

to the development of an edr~e-~o1ish1n’, and an anti-reflection edge-coating ro-

cedure for the Ti:LiMb ’.~ wave”u l des, and after assemb l y of an apparatus capable of
precise alignment oc a laser diode and a waveguide , It was shown that a 50% couplina

1 j
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efficienc y could actual l y be achieved. The sensitivity of the l aser/waveguide

coupling efficiency to both transverse and longitud inal misalignmen t was measured

using an apparatus with submicron resolution. The measurements showed that the

longitudinal separation between the laser diode and the wavegu i de could be in-

creased to about 15 microns with only a 5O~ (3 dB) reduction in coupled power.

The transverse misal ignment sens itivity , on the other hand , was quite severe

in that a misalignment of less than one micron resjlted In a SOT reduction in

coupled power . Because of this stringent transverse alignment constraint , the

‘~ybr id coupler chips (a flip -chip configuration with both a LiNbO 3 waveguide

an d a GaAl~ s laser diode bonded to a silicon substrate) did not achieve the

theoretica ’ l~ ”it of 50” coupling efficiency. The two coupler cni~ s delivered

to MRL had coupling effic iencies in the 5’. - lOt range .

2.~ T(C~PUCAL DISCUSS ION

2 . 1  The :nj ect ior Laser Radiat io n Field
:~ order to cai zulate the couPlin g efficiency between a double heterostructure

laser diode and a Ti-irtdiffu sed LIMbO
3 
wavegu i de , a model for the radiation field

of the laser diode must be developed . The electric field patterns of semiconductor
‘asers have been reported 4n the l4terature as closel y approximating an elliptical

1 ’-er—’ te-Gaussian beam profile ‘ .

~r~r the physical data of the heterostructure used In the MOAC-SIL laser for
the coup lin o experiments , ~.a~~8Al 0 2 As - GaAs - Ga0 ~

Sl ø 2As with an active region
th Ickness o’ 2d • 0. ~ m and a widtri of 10— 12 ;.m, the radiation field ins ide the
lase r diode was a ls.’ modeled as that of a synretrlc wavegu lde. Usi ng a single mode
laser w i t i a center wavelength . ~. • 0.8350 ,~m , n(Ga Al As) • 3.495 and n( GaA s)
3 .635 , t’ie electric ‘Ield of the TE guided modes of this laser was found to be:

x. z) • A cos (hd ) ,.xp [—pdx ~) — d~~ exp( j€a& (2 1)
for ~x . > 4

E z. :) • .\ cos .hx) •xP

for x < d 
(2 .

2)2
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~ laser diode typi ca lly has an active region that has a very large width and

a very small hei ght. Thus its radiation field can best be approximated by a two-
dimensiona l gaussian beam (i .e. , an e l l ip t ica l  gauss ian beam wi th a very w ide
beam width in the y direction). For a two-dimensional gaussian beam (—

~~~~
- • 

~
) with

Its beam wais t  at : • 0, its E— fi el d i~ :

E (~ .O’ • A exp (_ x 2 /w0
2
) (2.3)

:n order to approximat e a gu i ded wave mode, the half-beam width , w3, was adjusted
so tha t the magnitude of the electric f ie ld wi l l  be Ale at the same value of x as

the rE mode given ~~~~ Equa tions 2.1 and 2.2. Thus ,

w
0 
, 

1 • in [cos (hd)j d . (2. 4)

For the mode given in Equation 2.1 , a value of w0 • 0.20396 ~rn was obtained .
figu re 1 shows a plot of both the gaussian beam the the TE0 mode at z • 0. It

Is clear that the transverse pattern of the TE~ waveguide mode of the laser can
be closel y approximated by a gaussian field variation at z • 0.

3
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= Base d ~~on the ,~‘eced i nq discu ssion , the ~~l iot~i ’~: ~rtss i on ~~~~ used to

~estribe the eleL tr ic ‘ield of the laser diode in a ll 0’ t ’ i~ ~naly ’~ ’~:

~~ 
• — :) -

_ _ _ _ _ _ _ _ _  - _ _ _ _ _ _ _ _ _ _

.~ c A \ T  _ _ _ _ _ _ _

— i~~~ (-:.~.:)*x’p
— 

V
.

ex~ 
-
~
‘:

~ 
~~ (2 . 5)

~ 
. •
~w 0~~)~

~~~~~~~ there are also other ‘-ethois tha t -say be used to f i t  a gaussian

bear’ t~-, the rad iat ion  ‘i~~ld .“ ,~ri 1n~ection ‘aser . For example, one may choose
to ‘it  t’~e qaus s’in bear ’ te the ‘ar ‘ield rad iat ion oattern of the laser . :~
t’lat case , a ii’’eren t w~ va lue w i l l  be obtained .

.
‘. ~~de Pro ’ ’ e ~ ‘ ~~“~i - n ~,”used l.P~b0 3 Wav e o.~’de

Coniputat~ o~ o’ the overlap inte~ra1 between the laser diode radiatio n fie ld

ird ‘ne L’ ’
~bh wa,e~u i e  7u ’iCd wave —v~de requireS the deter- nation of the mode

.‘~-~‘~le ~i .e., the transverse variation of the 1E 1 mode) o f an ind i ffused wave-

~u1ie is a ‘j ric~ 1~ n ~~‘ tie wave~~’de parameters. n the followi ng subsections ,

( i l  y’s~ re jt ’~~” s - ’ 1  tw~” “ir —.o~~ -‘ro fl i e anl t’e di’fusion ~rofile; (b~
tie ~‘“~~; 1~~r 

-
~r~
’’’e t ia mu be ~‘b aiiP1 ~v~er 1me nt all’~, arid (c) the e’ectric

‘~e
’i “ t’r ~~de. ~i~~l be ~‘sC~ssed .

Jpt’:a~ wavegu i des “ave a re’ractlve Index which i~ a smoothly vary ing func-

ti on ~~‘ ieot”~ hi-ie r near the surface than in the bu lk r’aterial . Theoretical

anal yses o~ the modes of LIMbO 3 waveguides have been performed 
for refractive

i ndex vir atlons ~n the ‘or— of a complementary error function , a gaussian func-

lon , o r an exponential functipn 4 7
.

5

-— ..: __. __ .  ~~~~~~~~~~~~~~~~~~~~~ — —. — ——. -‘- —,- -— —V .--—- ~~~~~~~~~~~~~~~~~ — - -V — — —



_ _ _  _ - - - V ..-_V~~~~~~~~~~ V V

O~ he tiree .~r ,’i l e s  1 ~,tt’~ above . Dfl l t rc  “E ‘~o oe’ O~ t ’~t e .~ o ne nt ’ a l
:a’l be .j o ta ’~~eo ana l .-~~ca1l in a closed ~~~ ‘‘

-
~ . ~or ¶ “ ~~ .

‘ ‘ n n ~r, .i1 ~a 1~~~~it i ) n . “ic ~~~~~~~~ ~r ’1.- ‘ t ie 1’ it ~’rm . i . e .  • tr ~
~~~~~~~~~~~~~~~ ‘r ~j ’ .. ~ re ’rac i , t  ~ndex , “as been i ’ - ~~~~’’~~~~t~~ ~~~, i’ exponential

~ar 1ati on . ~u e r  i t ~~‘l i~~~o t~e , ‘i~~wn hat ~~~~ an ‘~~~~~l~iat1on does not

‘ cad t )  .~ I ~~ ~e ,~~-r•o r ~~~‘ ‘~~e ~~lC~ l - ut ~ )r O~ co~~l ‘ e ’’’ ~ efl~ , - r a ~2€~

e amo 1

r i - i  vefl ~1” ‘‘~is ‘ .)‘l r~~
4 i le the -

~~~ ~e ~~~~~~~ le is oet~ r,nIned whenever the

~ro~ a’~a t i~~n wave nurber ~ a ’ ¶“c ~~de is ~ newn . :~ a 1- i ndi ’’~~ed wavequide
the r&at ‘- . ‘ ‘;-  betwre r ‘ e  nor”al’:ed ~~‘ ‘ ‘~~~~i~~ ” ~e~th , ., ‘i -r”~a l i~ e 1  ~~de

- I):e ‘rde~ . ~~~~ ° r ,ar ’-~~~~~ ~~~~ ‘~.5 i - ’r ;:r D ’’~~~ “a~ a~ re adw ~eer. ~~~~~~~~~~~~~

~~~~ ~~~r n ’ , ~~~~~~~~~ ‘f l r’~ ~~ p.~~j ri~ nt al ~ ‘~~~‘~~ ‘~ i ~n r~j ’~~e ( ‘ b ,  e ’) lr~ ~e’j~ri”

a s n ~:’,1 
‘~~ e ~iv :ulde (e’~ • 0’ , one ~‘~ tr”s :

V / — ~j” ±x • ~-
• ~~~~~~~~~ f f . ~s .,—~~ ept ~

• ~~ : ~~~ 
• — ~2 . 7 )

• ~~~~~~~~ mode ~~~‘

• — 
- i :  ~~~. 

• — ( .~~~

~ere . ‘1b s t”e re’ract ive index 0~ the substrate (fi b ~~~ at . 3.8350 .. r) .

n “, is t’~e re’ractlve Inde x at the waveguide too surface and £ is the diffusio n

de~ ti . “

~~~~~~~ 

is the e f’ec t iv e index of the rode (i .e., normalized propagation con-

stu nt s f . ) .

6
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The o n ly  approxir ’dt !ons that have been .ade in obta in ing E.~uat ion .‘ .6 are

1~ 
.

—

• £.. 
‘ 

.•— - ‘~~

• int o Equat io n ..‘.6, one obt ains

—

‘ —

~~
• — -

- I
s _I.

i — V — _~~~~b, —
.

2 j .  —
. 

v — ~~~~~~ *
•— — (r ~~~~~~~)•~~~~~~~~~

. 
~~~ 

I
— 

— b

—
.

— — , . — — . 
~ tan • - — 

- 
• .

a ~‘- ,e~ . . E~~ ation ~. 0  can be solved ‘or b us ing Mewton s method .
‘“‘ s n j’-~~r ’ 3  ;~~~~t ’ o” i4 e d 5  va ’jes ‘~f b, (i.e., va lues of 

~~~ 
as a func-

t~~n ‘ ( ... • ‘“ and tha t are c,ntr~ilied by the experimental process).

~ ‘ t ” ~~~-~b c.’’.~Yrins - ‘ b ha-g e a ’readv been presented graphicall y in Referenc.

4 , the ~~~~~ ‘r~cedureS te r~~’~~~S ~~~~ to the high dejree of accuracy’ necessary

‘‘r c .hc .  en r . er ca i ~~~~~~~~~~

a gi ven b (~ .e.. ‘eq~
L one --an define a mode dentPi x 3 where x0 is the

ubc~ ~te ~a1~ e o ’ ‘1 (i .e.. x 1 ’) at which n(x 1) • “eff

• -
~~ In 

—

L .~fl . (2..1 )

7
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Tn~ -vie ie~ t n de f i ned in th is  manner has the physical mean in-~ of beinn the

~ta’~ti nq point j f  tie evanescent ta ’ 1 ~f the e lec t r i c  f ie ld .  :n a stronql y
iu~ dCd ‘x,de , ene m a y  assure tnat iost of the ootical power ‘s confined in the

reg on ‘~on • ~ to * • ~~~~~. In a weakl y gu i ded mode t ” e powe r interpretation

of the mode depth is not correct. Fipures and 3 c hOw the ~ai~.jlate ~ rode

dept ri * .~ (live n in Equat ion .l l as a ‘.~nct1 on of d i ff j ~~ Ofl depth , ‘ , for various

~n ,alues at • 3.6329 an .~ • 3.8350 rn. Observe that x (or n ) , useful0 ~1f
for r . ’. spe tr’j r anal y sis app licat ions, is l imited L’~ tie requirements for both
s ing l e-mo d e o perat i on (shown as a dashed l ine)  and ease in experimental fabrica-

tion process (shown as t ne l i ne w i th  dot -das h es ) .  :~ the re~1on above the line

‘or easy e,~,er i~~.er. ta l  ~cnt’-o I o’ *~~~, small var ia t ions in l or •n w i l l yield very

‘ a r-;e var’~~t o ns In • , ‘~~~1 - , n p  tha t ~n tie latter region it would be difficult

TE
0 MODE DEPT H VS DIFFUSION DEPT H

I I “

~~~~~~~

‘

.
‘;
‘

/ x~~~~~~~~~s.

,~
/

‘ 

/

\
\
\ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 
‘ii

: 
~~~~~~ 

~~~~ 

4 1.. 3 .4 1. 5 1 ¶ 1 1 u .s
Diffusion depth . 6 laicrons)

F IGURE 2
8
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o :ent ro l  t~ e mode de;ti ~~~er~~*n tal1 ,. A~ ‘ t  will be discussed in a later
:o.3~- ;’ n ( l  e ’’’C~~’ n Cv e l l be verb sm all jnieSs the mode dept ’ .

-o ’ t ’’e ‘abr$cat e~ w a - ~p’ u ’~
p a” be b e r t h  s m a l l . There fore , i t  is ap~’arent

~~~~~ i~ ‘- ‘ri ~~~~~~~~~~~~ rø~~~ - ’fl ~ tia ’. ~ctwecn tie dashed line an: i’ne with

t i s. ‘~,“~ r~c3 ’ cal :.~’a t l rn s ~ ‘ cou~~~lnp e ’’’c1eir~ will bel l r’ ited  to
- r~~ — ‘,i

he $ - ~ id ”j~ ed V ’4b0 3 waveguides were fabricated accordIng to the following
procedure. he wavegu~ 1e substrates were V-face cut LiMbO3, polished to ~/lO on the
top sJ r ’ac e . A 1 f i l m  • A thIck was depos i ted on the too surface In an Ar a~nos-

~Pe re -~~ in’ a r .f~ scutt erinq apparatus. The samole was placed TI covered side
‘ace down on platin,aii f0 11 lining the bottom of an A1 203 boat, placed In an *1.503
‘urnace tube and “ushed with Ar gas at 30 cc i”iln for t~~ hOurS. The flow rate
wa s changed to 6 .25 cc — in and the furnace teroerature was ra ised to 1000’C In
tP~$ r t ø  .“ lrutes At twP l~~ ~inut pç before the end of the diffuSIon run, the
di”-~c ion atmosphere was cPianQed to 0, at a flow rate of 6.28 cc/m m . At time

9~
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t . the end of th~ i’i ffusion run , the furnace was shut of~ and al lowed to coo l

S ’
~~w i ,  (overn i ght) to room teriperature in the ) .  atmosphere at 6.~5 cc/r im .

For sucn a di f’ .~sion process . j m f f u ç ~~~~n theory predicts tha t

P • ~~~~~~~~ constant • P., ezp — .-, , (P.12)

— —
~~~~~~• - • ~.it . _ - . -

ror hi s ~r~~ e cs , 3 I~ the ~i”~ c ion coef f ic ie n t a lo ng  the v direction (3)

~n t~e L’ ’~bJ 3 cr -.stal ~ i s  perpendicular t the to~ surface ~n tiis Qeometry).

O pt ’ c a l  mode .leasurerents at 3.6328 •- have been used to deter’i’~~e tie y c or-
ponent, 3 ,  o ’ the an isotr opic d1 ’fus~on coef ’ ic lent for th i s  process u~ ‘abr,ca_

ting i~~. ’4bO 3 wa vegu ldes. S.~ec~ f ic&i y . exp er im enta i ’~ obtaine d effective mode

~“~jIce~ , ~~~~ have been ‘1 to p ublish ed normalized mode dispersion CurveS~ under
t:~ ass~—vtIo r o’ a -~ajsstan ~ndex ~ro ’’le, with the result 3 • x io

_ 1 3 
cr2

s at l 200’C S~~~i l a r ‘reasjre—ents on wav ecuides fabricated at 1025°C Indicate.

uS ’f lg  E~~at io f l  _‘. ‘Z . that 2 • 6.8 ~ 13 ” cri” s 1 
and .~ 

. 2. x 104°k . Comoarable

data o ’ ~a ’to i~i et a1 8 -i~el~i . ~.6 x 10 c—” s at 000°C. From direc t pro-
btn~ 0’ .,aye~u1des ~~

‘ srcwn d~ 9fusion ~ar3v~eters , ~ 4kJria et al ? found P • 4 .6 x l0~~— 1~ ‘

~ ~~~~ 
T ‘ 1 3C3’C and Burns ~t al found P • 4.6 

~ 
c~~ s at I • 1000°C.

~~~r the ‘~~~~r w ” ~ ca~~.~’ at ons, a vaThe o ’ 3 • 4. 10 ’ cm 2 S~~ , whi c h IS the

average ‘ ‘4t and tie latte r two va 1 ues “-or the probing experiments, has been
iss~red .

The ‘ c -,ncentrat~ ”' I” L~ ’ib~~ ,Js - ing the e~ponent al profile approx imat i on
15 ; ‘- .

~~~~ b,

C(z.. . :) • .xp (z~/~ ) for 11 < 0 (2.1k)

where Is the ‘iii’~er of atom s per unit vol~sie in the sputter deposited film

• ~. i 1022 c 3
~ . t ~s the thickneSs of Ti deposited on the top surface

i i
10 
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(un it S :  ~~~~ at’ ~ C ~~ nor ’ali ed s~.ch that .~~~~ CC .- 1 , t )  dx 1 
• 

~~
- 
. ‘he quantit i

n ~s related
b to C by ~ 

a C (0 )  ~~~~
. where ‘ 1 .6 . io -23 cm 3 . Thus ,

~‘t dn

• — 9.6020 x 13 ” (2.15 )

where ‘s ~n un it s of A and t is in units of minutes. Equations 2. 12 , 2. 13 ,
and 2.14 re late t”e parameters .n and ‘ to the experimental parameters • t and

that are used in the actual ‘abr lcat ’cn process.

For a given Ti layer thickness, , f the d f ’ ~~~iOn t ime t is  les s than a
ini r i t J n  va lue , t ,  there w i l’ be a layer of TiP., residue left on the surface

after 4’”jSlori . ~t ~s we l l  known that such a Ti3.~ residue will increa se the
s~~a t t e r i n e  1os~ and tie surface rou~Pines;. There is no generally accepted

~r’ter’on re ardinq the naxi~ Ir thi ckness of a 1102 layer tha t can remain on
tie wavegulde sur’ace w ’tPiout ‘rtroducing signi ficant attenuation. The

‘ol low lni  ~.ali tatIve ~ sual i”snect~on criterion fg r ~no 1102 residue” was
devised : ~et t”e’-e be a step diScO nt inu~t~’ o’ the deposited Ti film pattern
‘r tie ~~r” of a stra 1q~’t edge. After dl”usiOn , the sanple is placed under
an or~tica l — ic~~scope focused on the top surface , at 700X magnifi cation , using
..,itI~e r f i l t e r  nor polarizer , in the transmission r~ de. The boundary line

seoa rat~ iç t’~e T- ar~i ~iO- i reg ion shoul~ be clearl y visible, and the sample

s trans late s slowl , under the icroscope In a direction parallel to the
boundary ‘ri ~~~ 8~ comparing the two regions and by correlating the observa-
t o n  with tie i near motion , one can now recognize any surface defects such

as ‘$ 3., reSidue patterns that may occur in one region and not in the other

‘-e~~i-or . ‘ both regions appear to be i dent ical , the sample Is classified as
having no residue . If there are 1102 resIdue patterns in one reaion ,

‘ne sample Is then scanned In a direct ion perpendicular to the boundary l ine

o assess the total exten t o’ 1102 residue.

.~sing the preceding criteria , the 1102 residue on LiNbO 3 waveguide surfaces
was esamined after differen t diffusion tImes for several Ti thicknesses . The
result p1 this experimental investigation is shown in Figure 4. From this

11
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IN DIFFUSION TIM E VS TITANIUM THICKNESS

100
‘30

:
~ ‘.~~~o C

~ • :
— 3 10 ~~~S1~~ ,j•

~~ :k-.ss , ~ ( °A~ FIGURE 4

~
‘i
~~~~re 

4~~ was clear tha t for 150 A - 250 A , tmjn could be defined ~ri~irIcall y

• 29 22 •xp ~O.OO8$ T . (2.16)

12
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Equation ‘.16 (i .e.. the no-residue 1 i ’~it )  ‘s represented by the so~~d curve
with circles in Figure 3. Th~ calculated mode effective inde x , “eff’ of the
rode s p lotted as a function o~ diffusion time t for various Ti l ayer thicknesses
in ~igures S and 6. Figures and 8 are Fioures 2 and 3 replotted with rode depth ,

as a funct ion of dif fuSion time , t , for various thicknesses , -
• of the deposited

T~ layer . The non-resilue l imi t and the lines ‘or easy experimental control and

~or s’rigle mode operation are indicated once more l~ these Fig u re s . Clearl y, one
is onl y Interested in waveguldes that fall w i tiin these limi t s .

For a LiMbO 3 wavegulie with an exponent iall y varying Ti atom concentration
7,

one ‘lr .jS:

~ exp (
~ 

: )  (2.17)

where t1b 5 the ref ract ive Index of the substrate 
~~ 

• i’.18 at • 0.3350 _ m )

i~ the refractive index on the waveguide top surface , and is the
ji”.~sio n ~ept r .

. s”j ~~nwel~~ s .-ps~ lt , tie e!e~tr~c ‘ield of tl~e TE , mode Of tie LIM b O 3
wa~ e~~~’~~e is ~‘ven by

1.
• A. 

~
-
~~ : •~~ (—~~z)• - -s - -

for  x. < 0 in .iNbO, (2.jB)
.1

- 

• A. (~, cx; :— -~ ~
-
~: •~~ (— ~~z)

- 

fo~ x. ~ 3 ~.n air

• ~.si1 ~.n ~~i~~-f the order
-5

2..
~~, 

• ‘ — n~

• 2k.,~ :~~b

- • ~,t  
. • —•

~
‘ 

~eSf 
‘

~~

• constant

n ,, • •ffscti.. iDd•z of the mode • 5/k .
so ’

13



TE0 MODE EFFECTIVE INDEX VS IN DIFU SSION TIME

I ’

I ill

~ ii.

— I ‘i

, ,•• 0,•4. 3 I II~~ ~~~~~~~

-l OS

‘-4 ‘1.11 I
a, lI I.~~~I. ’

~ 30i w~~. I

I 350 

(~

‘“ ‘ “‘‘

~

“ 

~~~~~ 

- H

::“
• S. sos is. ~•s si i.. oH di

Indiffusion time s t (minutes)

F IGURE S

14

V . —  — -- ——--V ----- -- - V.— ~~~~~~ —- - ~~__-~~~ S~~~~- .-S - - —~~~



-- - -

TE
0 

MODE EFFECTIVE INDEX VS IN DIFFUSION TIME

I I

3 554

% ~~~~‘ , 5 ~II 
“ 4

.• u s e
3 . 505  

“b’ 3’ ’°

0 .4~~ I Ii~~ ~~~~~~~

L I I)  

0~~

: ~~~.I II ITtT~~~~~~~• lea 151 III •oe s.i 551 711 III

I n d i f f u s io n  time 1 t (minutes )

F~OURE 6

* 
15

__________________ _ _ _ _  ~~~—~~~~ --~~~~



_____  —- _
- - - — ------ -—-—-—- ---------- ---- --- — ~~~~ 

.

TE0 MODE DEPT H VS INDIFFUSION TIME

~ ~.:

fH:
~~~~~ 04

.5  1
S

I
, I.. SI as. )3I h I  151 III

Indif fu sion t ime 1 t (minutes)

F IGURE 7

16 

_ _



- _ _

TE0 MODE DEPT H VS INDIFFUSION TIME

I-

I I •.0I. -
—I 4~’r pS abS.

S 
• 411.550 ~~~~~

I 

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

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

In d i f f usion t ime 1 t (minutes)

F IGURE 1

17

-~~~~ --- - — - - - —-- — --- -— .--- - -~~~~~-- . -.-- -  - - ~~~~~~~~ - -—---~~~ --- ---
~~~~~~~~ -- -



~~ The Cou~lt n g Geometr1

The first part of the calc u lati on 4ssumes ; (a) that the directions of guided

wave propagat ion in the GaAs laser diode and the LiMbO 3 waveq .~ide are parallel

(i .e., perfec t angular aliQnm ent w ith 1 and b) tha t the end surface of LiMbO 3
waveguide is ant ireflection coated to elir’inate ref1ection~. The geometrical con-
figurat ion for this part of the calculation is illustrated in Figure 9. Here 20
is the lonaitudin al s~parat~on and ~. is the transverse displacersent of the top
surface of tie LiMbO 3 waveguide with respect to the center of the laser diode
GaAs acti ve layer .

THE GEOMETRI CAL CONFIGURATION OF THE INJ ECTION

LASE R-LIN bO3 WAVE GUIDE COUPLING PROBLEM

S.~~e V~ sw

.aser

A~.r
x .— 0

FIGURE 9

the second part pf the calculation the an gular alignment. ‘~~. becomes a
va r Ia ble. The geometry for thi s part o’ the calculation is shown irs Figure 10.
The angle , -~, between directions p9 the prooaqation of the guided wave mode in
tie ~aA s ‘ a c e r  i ode ( a l so  tie propagation direction of the nausslan beam) ,
:. and tie direction p1 propagation of the It0 mode in the LiMbO3 wavegu i de , 2,

~s de’ined tc be posi’ 4-.~e when It is measured 1rpm the z’ ax is in the counter-

C O C ~~W ’ c e  i l reC t ’ f l . ~ ‘ c  paral lel to when ~ ‘ 0. The displacei’sent. ~~~~ for

18 
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ANGULAR ALIGNMENT GEOMETRY

~~~~~~~~~ Wav .gs~~de

x.

.aser :.~~ e 

I 
~~~~

‘ 

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

~~~~~~~~~~~~~~\\
\

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

~#4”//
/ -

Z ’ Z
aser .3d0 .

Face •_ ~~~ bL
3

Edge FIGURE 10

t~~s ‘ir 0’ t ’ ~P :a :- ~~ it~ ofl . ‘S tie transverse d’solace’-ent of the top surface

~~
‘ t’~e Li’tt ’-~3 wave~u1de w ” t i  respect to the :‘ a ils . Constant va l ues were

CiQSCn “~ t ” ic  par t  ~~‘ ‘~“e calculation.

o obtain the inc i dent ‘1e1~ on the LiMbO 3 waveguide from the incident beam

~‘ven by Eiuation 2.5. a transformation from x .y,: to ‘ , y .  z coo rdinates wi l l
be “ade . The a’’ropriate transformation is :

‘ ‘~
‘ cc~s — sin (2.21)

-. x ’ ~jn z~ cos ~ (2 .22)

where i ’ is t~e i.~ s parallel to V’e LiM bO 3 wavegu ide edge and 20 is the axial

i ’ s~’~ i ce”e ” .
19
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Sub stitut i ’~-~ E.’,uat~ ins . .~1 an~j . . . ‘
. ~nt o £~ u.~t ~n 2.5 , n~~ obta i r’’. ~.ie

o1 lowirq  in cli ~n t  ‘‘e~d jn the L i~lbO, w~ rt~~ui Ic ~r~I , -~“‘~ ce ..t : ‘

~
-. v , ( ‘  — :, ix ; :—~~ ~x. s.~ ~ 

• ~~~. :.s
- A . . .  - -

- . x~. , ~
) • —• ,7 si~ e ~ ~~~ V *

~~~~~~~~~ (x. $~~ V :.. ~ :.~s ~~) ~X : C~~1 V — :., •~~
cx;

— 
4 X , s~~ os ~Y • (.‘.r . Y  J

- _ x . ~~~~~~ 
— 

~~ ,. •~~ ~) .  - 
-

ex~ .. -

— ~~~. ~~~~ 
— :,.~ ~$ e~

~~~ ec~~r ’ ~u~~~’O’  ‘,~,“..-~cj ’ E -~-i~~uat -~ ~ . ‘ t ” (’ C~~i ’~~~~~’’~ : . ~~j

~~~~~ ..n~~ ~~u T ~~~~iC~~~ ~‘~‘ t~ e L 1
~b ’

). wa ve’~u~ ~e - ) re :in c ’ e~~r ’ i e.~ ress 
~rc

is a su~’er~~~s i t ’ D n  o’ a~ tie iis crete an~ cDrt in u o - J5 rnodes Y the Li’~bO. wave—

u’~ e ‘JS t ’~ re’~.’ te (~ r,ii ia tio fl ‘ie 1~ s. For any end surface tiat has an

.~‘‘r _ ’
~~e riYre’’~~. t’oi zoa~~r*c , ~~~~~ rø ’~ect e~ r,i ’ i’1~~n ‘‘ t~~~s were ‘ound tD

‘~‘ ‘ .~~;
‘ i “~~~e i” -~, ~~~~~~~

“ •
“ ‘~~‘ ‘ - ‘ r ) ’ ~e’~~ ’QS ~‘ ‘P ~~~~~~ t~1c

• -“~~
‘
~ — g ef f  - 4 1nz’: •

•~~~~~~ 

dx

- - 

J ‘inc ‘inc dxf.. -
* • • dx

t ’ ~~ “~— a ’ -’n , “e cou pl int~ ~
cc ,~~i~ n~y i~ independent of the normaliza-

tion c ’ r c t a r ~ts ~‘. ~~~~ A’ i~~ EquatIons 2.5. 2.18 , .l t~ and 2 . 20 .  For t~’e f~ rst Dart

~~‘ t~’e :-i~cula tion x 1 and x are related to each other by

x l 
• - -

. 
. (2 .25~

20

— - -  ~~~~~~ - - -~~~~~~~ -V . - - — - V - - V  — V.-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - -~~~~~



_ _ _ _  
—

c’r the ~ec~~d part o’ the ca~~j~atic n (“ ~ 3) ~~, and ~~
‘ 
~re rc~ated to eacn

-j tier b,

‘1 - (2 .26)

where .. is tic 1iw~acerent o
0 tne t -p surface .)‘ tie L~’ibt3, ~avegulde w ith

respect t~ tie ~e” te r ~ tie act ive ayer for • 0 i~ both cases , as ShOwn in

~
‘ i~~ure 9 and ~~~~~

“e cOuP Ing e”icie nc, between the laser diode and the LiMbO 3 waveguide

is deter—’~ne~I by calculat i n g tie overlap 1ntegra~ between the incid ent fie ld.

-~~~tio n ~ ~r 2 23’. and tie luided wave ~iode ‘E-~uat ions .H . J9~
:~ ven b~ E~~ ati ~ n 22 4 .

E : a t i - ~r 2 .. 4 was e~ i ’.u4ted ~~~~~~~~~ ~ Si— ~psons rule on the IBM 36C/2065

:~ —~ .~te r w ’ti ~ ‘ -3 . 2 “. Tie 1’— ’ts o’ th e 1nte~rat~On were truncated at value s

-~~~~ ~ “cre (4 ,:) • ( - D ,:).c’4. The Besse~ ‘jn~~t 1 on ~r EQuatiofl~ 2~ l8 and

~~~~~~~~~ w~c ~~~~~~~~~~~~ 2 ’ ‘r i~~na~ order , rea~ ~ r’~u~~~nt , ar ~ was c~~rut~~ by the

— . k
- - - — • - x.

— ~x • — . — 
V. - -

~~:. ~~~~~~~~~~~~~~~~~~~~ -
-

.~‘ere 
- 

~ t e  ~a—r.a ‘unct~ ”n and a -~oub 1e -r eclsl o n procedure was used for the
: . t.j t~~2f~ . Tie ser~es was tru ncated at the kth ter.’, when the value of the kth

te’— .~is less tiar n 16
. ~~e~jar’son a’ the 2 ( . )  eva~uated in this manner with

t”e tab t ~~ated va ues ind~cated t i a t  t ’,e accuracy was better than 4 signl’icant

~2,
’ 3

~“ Q ct5 ~~~~~r a r i 5y Q r s~ 31sp lacevi~nt

“e couohn~ e”ic lency is given in Figures 11 through 19 for the case of

Per’ect an-~u~ar a~~~’ rrent (6  0). Figures 11 through 13 show the coupling

e’~icie ncy as a ‘unct ion o’ transverse displacemen t, ~~. for various x0 and ~
wa ’ JeS charac teri zing the mode in the LiMbO3 wivegulde and for 0.5 m

separa t’on between the end surf aces of the waveguide and the lase r . Figures

21
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COUPLIN G EFFICIENCY VS ,~~im) Z ~ O.5~ m
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14 tirou~~ ~9 shOw the resu~ ts of s i- i i lar ca~cu lati on s for the same *0. and
values -obt ained at 1 .0 • rn and ‘.0 m separations.

To tl ~ ustrate the coup lin g e~~ici ency that -‘av be obtained in e*perimentall~
rea~~:ible wa verluides, the coup lin g effic ien cies have been evaluated for the
arid ‘n (t  and - ‘ values marked by trian gles in Figure 20. To show the significan ce

o~ the mode pro’il e variat ions, points beyond tie “no T i 0
2 

resi due ” l imit , t~’7ica1l y

• 3. ’ -
, have been inc l uded .

e that even at ‘ • 3.7 r~ and • .35 ..r~. correspondino to ~n • 0.05
• ‘

.
‘ 

. ..  tie ~~~4 i’~ Ui’~ e”ici e ncy is 43 for ‘. • -J . ’6 ..‘~~~. Coupling efficiency

‘o ’ tie 2rlPr o ’ .5~ t. -’ 3t~ is obtained n other cases. The coup ling efficiency i 5

not very sens~ tl ve to errors in transverse disp lacement a1”~nr~ent . The coupling

e”1 -~ er~, also does not degrade r api -.il y as the longitud inal separation distance
‘
~~~ ~r~~r~~j 5~~4j j~ shown in F i g u r e  2~ .

Th e :e”cr~~ :-on cl-usi on is that the c~~~~i nq ef’ic~encv is fairl y low which

s :a~ sed ~~. tie — ‘ c ~~a t : h  between tie LIMbO 3 wavequ i de mode and the incident
aser l’ode rj j i~~~~ i - r  ‘ie d. F~ r t~e ChoSen beam waist s’ze, w0, the following

~ e’- -~- it’- ~ s :i” ~‘e made : ~~~ :~ ~
- 0.07 . — , t he mode derth is made larger

~ :), t’~’e nal ’ beam wi~jti , an~ tie beam radius of curvature , R(z) Is very
‘ i’-ie. ~e’e ‘c a i~~—.e irc~ i tude r’ismatch and s—.all phase variations between

and .,. 
ror 3.J~ .r - 2 . )  ~r”- , w(:) and Q (z) z resulting in a

c ose i~~i i t - .~ie —.at ..M and ~arge phase — ‘sna tch between ‘
~inc 

and •
~~~~~

. For 20
2 . )  —

‘ 
. , - -  ~ ‘:)  and ~~~ is large, resu lting in a ~a rge anvlitude mi smatch

jr~ c’-a~ pha se .ari .i~~ - , rs between . - and , . The net effect is a small value
‘nc 1

~ - r  t”e ~‘v .r~ ap rt e - r a ~ in E.~uat~on 2.24 for al l values of Z~~.

The ‘n c~dent radiayor ~ e~d was shown to fit a gaussian beam with half beam

wai st c’ze , w~ • 0 .2  -‘, In Section 2.1. In general , there are two methods which

~ ar be used to deter—inc the parameter, w3: (a) to match the gaussian beam field

dis tributio n to the ~-fi e1 d of the gu i ded mode at the laser diode end surface and

(b~ to —.itci t~’e gaus sian far field di strib ution to the calcu lated far field pattern

(3’ .3l) (~~r the experimentall y -easured far field intensity profile) to find w0.

25
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In the ~recent an~ l , ’,is, w~ has been chosen acco riiri ~ to nethod (a). F~ r

cOu P i i f l Q  e’ficie ncy calci ~ 3ti on s the radiat~ on field Ji~ tr ibu t io n in tie nea r

f i e l d “~s i  be needed . There ore , matching tie ;.suss~an beam to the oscillat in g

mode profile at the ‘aser end surface ma-i provide a more accurate representation

of the near field rad iati on pattern . Botez has done a s ’ - ” i l a r  calculat ion to

a .aussia n J ’str ibut ion to the ~s ciI1at ~ng mode profile for sl i ghtl y

different parameters
16

. Fo r an active region thi ckness d • 0.288 .m ,

3~~~..ri, n , • 3.6 and .-.n • 0 1 3 . Erlua t’on 15 and Figure 3 ( i )  in Reference 14

,~el-i s w0 
a 0.32 ..m.

r~ cri er to m a t c h  tie far ‘~e~d pat terns , tie ‘~~~~~ -- 
~i •e r- ,ef l ce o’ a Jau SS id fl

be a— ‘s ~e !er” ie~ .i~cord ing to

• t3n ‘
._

—
~~

-
~~

— - ) ,  

~~~~~

where - - ‘S  t ’e  h e  ~o’nt 3f tie fir  field dist r ibut -~ci (i .e., the hal’ beam width).

3~st~ er et ~.iv e ~~~‘ ie~ -‘ as t~e ar~~le subtended between ‘~e hal ’  i~~ten~~1t ~

po’’ s .~~‘ tie fir ‘‘el d t e~ s ’ t ~ d i str i but i o n in the plane per~mn dicu1a r to the
‘n

~- 1 Dw’”o ~~~~~ 
I. .

- ~~
1 - -

• ~ , (2.29)
— 0

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

- (2 . 30 )
V • I

— .

Butle r et al  have ca l— ~ late~ the ‘ar field intensit y profile. F’qure 10

o’ ~eference ~bows as a c-~not ion of the effec ’lve guide width 0.9. d/~ 0 for
Index licferences between the active layer and surro~iding layers , ,‘.n • 0.06 to

0.22. ~-ç~ n’~ the ph ysica l -iata of active layer thicknes ses and index difference

34
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given for the MOAC-STL laser (i.e., 2d • 1 .2 ~~~~ . ‘ ~).83SO ri , n 1 
• 3.635 ~nd :n •

O .l3~ and the -
~ given ~n FIgure 10 of Reference 15 • we find w0 • 0.45 m . If

the -• value exper ’—~ntah 1i measured by ~~AC-S~t. in the far field is matched to
the bear .iiver ;enI~e of a gaus sian beam , a v a! .je ran~ in ’ ‘ro’— J 4 Q  n to 0.~ 1 _ ri

s ~>bt ..s1ned .

ne va r ’ .3:’. r between the value of w
3 

0.20396 ~~r deteri-iined by method (a)

~n Section 2 .1 and the w3 va l ues from tie far field ca1cu~ations and experimental
measurements o’ Use intensity profile ind icate that the coucilinq efficiency should
be exami ned for w _I • 0.45 ..~~~~. Therefore , the coupling efficiency as a function of

~~l~ ce~’ent -~ ‘s presented a.as n In Fi-;jri ~s 22 to 30 ‘or 10 
0.5 ri , I ~n’, and

2 - — ~- --~r • 3 . 7 . )6 and 7 .4 • m at varIous -‘ode depths x0. Clearl y an i ncrease
‘n ~~4ohn -.~ e’’’cienCy bi a ‘act~)r o’ two - .in be obtained at w0 

• 0.45 rr as coi’i—
pared to w3 0.2
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I tX) 0 ~~~~~~~~~~~~~~~~~~~~ “r””’ .t..t—. nn. r.w ..n r~~
..n..r. .m 

X 1 $ p l 4 . 0 7
900 -

- 
— — - $ 1 3

i s o  -L 500 -

s o w — 0 .4 5  ,.a
0 0 ~~~~~~~~~~~~~~~~~~~~~~~~ 1’ 00 0 2  0 1  06 08 $ 0  5 .2 5 .1 5 .6 5 .0 2.0 2 2  2 1

A ( ji a a) F~GURE 22

35

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

- - TV.T1~_ 
- _  _ _ _ _ _ _ _



__________-V.-—-__________

COUPLIN G EFFICIENCY VS ~~~m) Z 0.5 gm

~0O ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
—.-—-.-—•,•••••.--

95 0
~~~~~~~ 4 . 3 . 0 5

90 0
. 2.38

850
/ ,2.i0

800  
~~~7 6 0

750 
/~~~~

- ‘ ,
‘ 280

— 
700 /~

‘ -

0 • 7/ /
- - ‘ 3 2 0

_ 6 0 0

300  ,•

?5 0 ,
.~() 0

:~ ~50 w 0
. 0 . 4 5 .~m

0 0 T ’ ~~~~’v - -

00 02 ( 1 1  ( 1 6 0 8  5 0  I ?  I i  $ 6  5 8 2 0 2 2 2. 1

A ps)

F IGURE 23

36

-a 

- ---~~~~~~ ---- - - - -~~~~~ - - -~~~~~~~-- ---- —-V . - —  ~~~~~~~~--~~~~ -- -~~~~~---~~~~~~~~~~~~~



___- 

~1~~~ 
-- - - - —V.--- _

~

V.-

~~ ~~~~~~~~~ 

V.

COUPLIN G EFFICIENCY VS ~~jun) Z = 05 gim

5 ~X~ 0 ~~~~~~~~~~ 
95- 0
9 00  

x.I_ 4 .1. 10
2 .50

0 50
2 60

— 
70 ~~ /‘2 ‘ ~V..-., / /  , / /

-- 65 0 ‘
_

/ 
‘,‘,/ 136

~ so o ,~~ ,/J/, / 
- 

/ /6  12
U 5 5 0  “ ,,//  / “1
z -

U 5 00  -

p__4
,s 0
100

t~i~ 35 0
Li .‘ ‘~ ‘~~~30 0 ,J .i,o ~,4.

2S 0

0

A 
( s.)

FIGURE 24

37

1 ’
-- -- -V.-  

~~~~- - ——~~~~~~~~~ -- - - ~~~~~~~ _ -~~~~~ - -



-V. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - — - - -  —V.-

COUPLIN G EFFICIENCY VS ~ (nm) Z 1.0 pm

tOO 0 -.-. —I 

95.0
X~~IpsI 4.0 70
‘.35-85 0 
I 13

800  5 1 6
75.0 __—~~~~~~~~~~~~~~~ 

-

III -

:: 
-

~~~~~~~~~~~~~~L”~~~~~~~~~~~~~~~~~~~~~~~

50 0
5- 0  W .~ — 0 . 45  .~m
0 0

0 0  0 2  0 1  0 6  0 8  5 0  I . ?  5 . 1  5 . 6  5 . 0  2.0 2.2 2, 1

A (~ .)

FIGURE 25

r
- - - - - - -V. --~~~~~ -—  -—V.- -V . - -——-- -_  - -~~~~~ —V. -— - - -- -—- - —-



-

COUPLING EFFICIENCY VS~~~~m) Z ~ 1.O~ m

I 1*) 0 ‘---—— ~—— -- ----- r ’ ~~~~~~~ r-’--——- —-~—- - , ~~~~~~ i--- -------- I

.35 0
x • .,.i 4 . 5  05

2 38

~; 
:~ 

-

~° ‘
‘
.. ‘ ‘a • • .~~

4 1) •~

~~~ 0
III t )

-. I) 
— 0 . 4 5  ~m

0 0
00 02 0 1  0 5  0 8  5 0  5 2  5 1  5 5  5 6  20 12  1 1

A I v .)

FIGURE 26

1 , ’  39

-V.-—-- -- -~~~~~~~~~~--~~~~~~~~~~ - -  ---~~~~~-—-  - - -- - --— - — -—~~~—



V . —  
. :: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

COUPLIN G EFFICIENCY VS ~ (pm) Z = 1.O im

I C o O -  _ _ _ _ _ _ _ _ J _ _ _ _ _ _ _ _ _ J _ _ ~~V. — 

95.0
4 . 5  10

90.0
2 5.0

/~~~~
70

~
0

:_. 65.0 /,-‘/// 4 36

>-. 60 0 / / ‘/ / / 6.12
55-0 

/
~

-
~~~

- -i
~~~~~

/
’ 7/

(Li 50 0 /
I S O

‘-~~100 -

~~ .0 - ~~‘-‘J /
Lii

30 0 0J p~~ ,p*

~i7

0 0  

-

0.0 0 2  0.1 0 6  0 0  5 . 0  I .? 3 . 1  1.6 3 . 8  2.0 2.2 2.-I

A ( p.)
FIGURE 27

40 

-1’

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
- -—V.-~~-_--- -~~~~_ -~~~~~~- - V .~~~~-—_ - --_-



- - -- - - - - V .  I _ - .V.~ 
- ______________

COUPLIN G EFFICIENCY VS ~ (pm) Z 2.Opm

500 0 —

95 0
X,1 ,.I 4 .0 .70

90 0
‘- 35

85- 0
000 .

-

.- 5 . 16
7 5 0  - - —

I 53
70 0 

~ . 70

~~~

30 0 ,~~~ ,‘ 4 ••’

2S 0 ~~~~~~~~~

70 0

:~SO • 0 . 4 5  i~m
00 - ‘— — — — ~~~~‘

- 

0 0  0 2 0 1  0 6  0 0  1.0  5 . 2  3 . 1  5 . 6  5 . 8  2 .0 2 .2  2 .1

A ( p .)

FIGURE 26

41

I .:



~ .~ - i--

COUPLING EFFICIENCY VS ~~ *m) Z 2.Opm

I 01) 0 — ———- — r —  ..—~~v — . — ~~~—,-— -
~

-
~ 

-
~~~~

-—-- —-I-—
~~

--—

95.0
X • 5 ,,I 4 . 5 .05

900 
,23885 0 

“ 2. 10
80 0 / .‘

/ , 2.60
75 0 - 7.80
700 /- .-“/300

_- 65- 0 -
, 

- 3 20

>~~ 60 0  //U 550 - 
‘ ‘7

V. / /

75 0
a~~~ ~ -~~20 0

~
° 

r~~~ — 

0 0 0 2 0 1 3) 6 0 8 I .0 I 2 5 . 1  I 6 5 . 6  2.0 2.2 2 . 1

A p.)

42

— —  1
- _ -~~~~~~~~~~~~~~~~~~~~~~~~ -— — --- -- - -— - - -  -—-_ —---- -— ---- - --



COUPLIN G EFFICIENCY VS ~4gam ) Z 2.Opm

I CX) 0 - — — -  — - — ,—- -~~---~~ • ‘—,~~~
•——• - - —v-——— ‘— ‘ r- ——— ~’- -r - —i- - ‘—• -—i - ‘ ‘— -i ~~~~ ‘-‘ I”

95. 0
~~• 

1 r~
t 4. 5 Iii

90 0
2 50

05 0 /
/~~~~5~)

00 0 2.70
75 0 -

-

~~~~ ~~~7 0 0

65 0 - 

V. / / ~

:~ ~:i ”0 0  0.2 0.-I 06 08 3 0  5 . 2  5 . 1  I S  5 . 0  2 0  2 2  2 . 1

A ( p .)

FIGURE 30

V. - 43

- - 
~~~~~~~~~~~~~~~~~~~~ -~~~~-- - - -  _ _ _



- -

-~~~r r
2.6 Ef fec ts  of An~u1ar Al ijnment

The coupl in g efficiency between the laser diode and the waveguide for -- 0

ic determined by calculat ing the overlap integral between the inciden t electr ic

fie ’d, as given by Equation 2.23 and the guided wave mode. A smal l mode

d~pt i , • 2.38 ,~~~~ and • 1 .06 .m , is chosen s close to th e “no 1102 residue ”
- - hr’it as experiment al fabrication wil l ‘h ow . The resul ts are shown In Figures

31 and 32 for 20 
• 0.5 -.m and 1 .0 ri , respective l y as a function of (_150 -‘

— .15’’ and ‘(-3 . 2. 4 km).

COUPL ING EFFICIENCY VS~~(pm) Z 0.Spm
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At pos-tive values of -- . the incident electric field as~,hi tude decays slower
in the negative x ’ direction than in the posft~ve ii ’ direction . Such a field

‘arc hes t~e amplitude variation of the oulded wave mode somewhat better. However,
the radius of curvature R of the wavefront (i .e., the constant phase surface) of
the ln cic ~ent gauss ian bean is also a function of the distance of propaQa tion away
fr-or the lase r end surface. Figure 33 Illustrates the var iation of R as a function

o’ : for the gaus sian beam in our ca lculation . At 10 
• 0.5 w’s the phase of the

incident field for * 0 varies more rapidl y across the wave guide edge at h erger
pOSitive angle of ~~, and the phase variation tends to reduce the va l ue of the
over lap integral. The opposite effect occurred for negative values of -

~~. Thus ,

the ~e t effect of these two compensating factors , i.e ., the amplitude and phase
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BEAM RADIUS OF CURVAT URE , R( z), w0 0.203% pm

—
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R

-

k

0 0.5 1.0 1.5 2.0

z ( .~ i , FIGURE 33

variat ions , i s tha : the couplino efficiency Is not very sensitive to angular mis-

alignment and that a -slight l y higher efficiency is ach ieved at • 100 than at

•

Z . -C orvar1~ on wi th Erro r F~n~tI~ n C~~~lement Diffusion Profile

The possible errors that can be produced by using the ass,a~t1on of an
exponential di ffusion profile have been examined . In an unpublished work ,
Mocke r 1 

has g i ven a computer Cal culated electric field pattern of the
mode for V • 9.30 and b • 0.469 in an erro r function diffusion profile. Using
the same V va l ue It was found that b • 0.56079 for the equivalen t mode in the
expone ntial 11-ff uç l on pro fil e. Figurt 34 shows a comparison of the field
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MODE PROFILE CO MPARISON
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FIGURE 34

patterns ‘r’ t”e two cases. Fliure 35 shows the calculated efficiency as a

‘unCt~~n ~ ~‘s’lace~’*nt for a mode with an exponent ial diffusion orofile with
a 3~ ~95H and • 2 . 0  .~~-‘ ani an error function corv~ement diffusion profile.

~4 Ot 1ce t~ e ~ ‘ -~se agree’i~n t  tha t exists between the two cases. Therefore, it is
jn h i e’ .’ t”at the ~se of an exponential diffusion pro file is an important source
Y error 1” tri e calc~~at ion o~ couplin g efficiency.

.~~~ o-~pl’”~ Ca lcula t ion Gaussian Approximat ion

comp i e-~ nt the calcu lation performed at Washington Un i versity and described
in Section 2. 4 of thi s report , a second calculation was performed by P’~AC-STL .
Th~s ca lcu iati on took a simplifi ed approach in which the wavegu i de mode and the
‘aser mode were both approxlinted by Gaussians. While such a model cannot be cx-

oected to or-edict all features of a couoling experiment, it does provide a cisoed
cov-.~. resu lt ‘~r the Coupling efficiency as a function of both longitudinal and
t r a nsverse -iisalignments The closed form result can then be used to check the

gross features i’ Pie exact numerical calcu lation of the previous section .
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The elect ri c ‘ield en~ rg ing from the laser diode and inc i dent along the

:~~~~ re:t~~~n ~~~ ne edce of the pl ana r wa veguide was assumed to be of the form :

l ( . .:) ..(:) exp 

~ 

exp 

~~ 

k~x-&~2) e
1 (¼z— ~t) (2.31 )

where A z )  is a z-dependent amplitude , is a transverse offset , k •

an-I w1 (z) and R 1 (:) satis fy tPi~ usua l relations

2 2 1  21
w1 (z) w10 [1 

• (_ )1 
2-

~ 
(2 .32)

W10 J

I
!
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R 1 (z) z ( iO~~
] - 

(2.33)

~lr’ i~~ar~~ , t~’ø wavequ i de node was assuned to be of the ‘o r-”

r ~ 21 ~~(k:-
_ t) ( 2.34 )

• 9 ( z )  exp I- ( -) e
L- W 20 ~

where w ,~ ‘c t !~e wa ist radius o’ the waveguide -‘ode and B( .z ) is a :-dependent

a~p li t j~e. The cOuphn~ e~~~’c~ ency - is qiven by

2
-
‘ 

.. ~x .z )  •~~~(~ .z) dx 
- - - 

(2 .35)

.
‘ 

*~ (x.z) e , ( z . z ) d z ! * ~ (x ,2) u~ (x ,Z)dx

~er’~)r inO t~e necessar:, 
integrations , one ‘~ndc

~~~~~~~ ~ - • 2 -
- 

•1—~ - - 

- 

•
~~~~ ‘ (2.36)

2 2I 1 1w~l W20 
n
~ 1

~ e -v - 12R i~~ J t.’ ~ 
- J ‘ (2 .37)

and n o 
2 W1 W20 (2.38 )

W
i
2 + W2O

2

is the maxi .um value of the coup ling eff iciency when z • 0.
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W h ile this Gaussian-Gauss ian coupling model is a very s i m p le  mode ! . i t s
)reL~iLt~ins cor~are very favorabl y with the results of coup 1’n~ experiments.

‘ his w’fl be d’scussed in greater detail in Section 2 .6  o• this report. :t

is in~~ r~ct~~ve to e~ ar’ine (quatior (2.36) in some detai~ . For example, agai n

assum ing o~ t i-~~’ transverse alignmen t ( - . ‘ 1’ . the role 0~ the phase v . r’a-
t i - on -

~~~ 
.

~~~ 
~* ,:)  in degrading the cou pl ing  e”icienc -v can be determined by

- 1or both the exact case and the case for whi Ch R 1 (z) • -- . A cor’-

pariso n -~f these two cases is shown ~n Figure 36 for w,3 • 1 .4 ..r~ and

0..~ je’~ Both ca ic- j l a t Ions ~iel d v i rtua lli i dent ical curves for z 30 ni and

!~o~ h ~~~~ the same coup ling efficiency for : • 0. However the “no phase ’

-.~‘ ‘ ir.~ e” cie nci -;oe~ through a ~arge peak near : • 2 m whereas the inclu-
ç~~~

-
~r ‘ phase e”ects ~~~~~~~~~~~~ ~~~~~~~~ e”’c’enc~ wfl ich is a rel at ivel y slow

~n4 Crc n~~~~~~ -~ecreas’n -~ ‘-jrct’cr o ’ :. The large peak in the ‘no phase~
c~~~

’ i ” ;  e”~c eno , c ‘-o be expected since, as shown ‘n E~uation 2.32 . the
w i~~~’i . . ( . .:) ‘ncr-eases wit h and so there exists some va i~ie 0~ z for which

- :~~~
‘‘-‘

~ 
~~~~~~ ~~~~~~~~ ‘a.e equa ’ w ’~~t ’S. 

C~~1~r~ ~~
‘ s:~c,W~ t~c phase o ’ 1

.1 ‘~~~r~~~~t ’ ”  ~‘ ~ ~)r .‘. • 0 and : • 2.0 r’ . The Severe departure f rom constant

o”iase ‘S res~ -r sib~e ~ -‘r tri e 5 t r ’ & ~~n~~ ~~~‘‘.‘rp” A ~etween ttie two zurveS ~n Fio~.rc ~6.

EFFECT OF PHASE ON COUPLING EFFIC IENCY

100 -—- -- - -- -- - -  - _ _ _ _  _ _ _ _ _ _ _

15 . ---- - —
W1 0 — 0 . 4 pm

-~~ NO ~~~~~ W~ • 1.4 pm

I 00 . - . - .  _ _ _ _

S.

- 
--- WITh PHASE

* —— -—— - - - - ------— --—-——.- -- - -—-  ____________

0o 10 31 40 00
1 —

FIGURE 31
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FIGURE 37

2 . .aser ‘ -ie 
~~~~~~~~~~~~~~~~~~~

‘
~‘e 7j s~ r 

~~o4es ~ce 4 “i t h is  ~rogran’ were ‘b ricated f r-on corr~ert~ al ( TT )
wa’e’-c o ’ dou b e  ~eterost ructu re G~~~As. F~qure 3~ shows a typical diode layer

: ‘ Q~r a ’ ~~r ‘ C ’ -4~~~r-~ Icrant concentrat$r,rs and ~a~er thicknesses. The far-

“.H r a J ’ i t ’ ” - ’  ‘a t t e ’ nS  ‘rom seve ral S~ c b i’odes were measured and found to cx-

a ,a..ssian ~eDendence upon the coord i nate perpendicu~ar to the junction

DiODE LAYER CONFIGURATION

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

~0- 3 ‘S3

• .,%IP’.Pc CA . p 3 . 3’  ~0 ’ - ---~~ i MAP ~PLIU

- ..V P ‘.Pf P*ISI~.~ ~~~~ 
,
~ *p0 ~~~ A , • IO~ c~~~ GIN~~AP,.iii’.$

____________- -1 O J ~~.At’’’’t A( ~~ ~~~~~~~~~~~~~~~~~~~~ I ‘0 3 $I U-COPuI

• ~~~~~~~ • P~ P ~ 0 a .  (S Ga~ ,g Aig ~~ A, ~ I ¶ 0~~~ t.’4 ti,~

‘4 T ’ V P( GaA, I I I Q ’I v~~3

FIGURE 38
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‘

.l ane . The Gaussian waist parameter (w
0) values required to fit the data typ ical~~

fell in the range 0.4 m - w - 0.5 m . The radiation pattern measurements for the
T -mate rial ‘aser diodes were compared to those for other c orriercial diodes and

an example is shown 1fl Finure 39. The solid lines are Gaussians and the tabular
n~et ;ives the type of laser diode , the fu l l width at the half-powe r (FWHP) points .

and the w4lSt diameter C. 2w ).

‘0 ~~~~ ‘

TRANSVERSE LASER BEAM PROFIL E

WAIST
FWHP DIAMETIN (I/ 2 )

i c ~
‘ -

~~~ 0S4 ,.m
- C MOAC IiV.T I 3S° - O W 0 .,’
O l-SI7ACHI 

- 
24° I4S~..,,

0 U - - --- .- - —-—---
~~~~~~~

— 
~~~
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~~~

—
~~~~~

MOAC I I T T I

Os - _____________ ________ ... H ITA CHI —

— I 
I I

I .— ‘ I
I - I -

o t — . —---- — 1- -- - — -.—- -

o z — — 
~
- 

~~ 
—---- 

V.- 
- — -V . — _

~
__—_ I I

I -
0

I ~ a
I 0

- 1 ~ A

-so ~ —so ~ --20 -10 0 10 20 30 40 50 SO 70
- - D4O~~EE$ FIGURE 39

cr ~se • r ~ ‘“e :cuc ’ ing a l’ rv’-men t sens itivity measurements, the laser didoes

were mounted ~r~ t r-jdtng from their heat sinks by about 9 ..r’. The laser diodes

used in the ‘abricati~n of the coupler Chips were bonded to the silicon substrates

~~ j r  ‘ n~~4 - ~’ soldering process. A’ter oxidizing the silicon substra te surface, a

~a -v er ~f ~~~~~~~~~ was electroplated onto the Si02, followed by a layer of sputtered

~o ’d . a layer o’ elec troplated nickel , and a l ayer of electroplated Indium solder
‘ale r . PIe final processing step was the Indium soldering of the laser diode to
the c ’ack described above . Thi s procedure was found to be successful provided

eac h sur ’aLC was xti~.it LiCa n before and durin g the deDosit ion of the nex t layer.
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2 . ~~~~ ‘ v ’..i~ e E~ -:e Po! isri in :

we l ve Li’1b03 wavegu ides were successfully polished during the course of

th e oroqram. The -lost serious prob~em, fractur ing of the waveau i de at the

scribed ident ificat ion r’i.~rk during pol ishi ng , was elimi nated by scribin g the

iJenti’ica tion -‘iark in the center of the LiNbO 3 substrate before deposit ing

‘he tit ~n’~ r’ (Ti~ layer . Wh il e some wavegu~de edges prove easier to pol ish

than others , no cons i stent pattern could be i dentified and the procedure can

be said to be reduced to routine .

The edqe polis hing procedure invo l ved mount ing the wavequides , grinding ,

and pol ’sPilnq. ~~unt lng the wavequides was the rest critical part of the process.
The wavequ~des were Stacked together w it h  a thin Li,er of wax ~as close to optical

contact as possIbie) an~ a piece of si ” il a r ‘nater’al waS mounted on each side of

the ~tacx to  act as riders. Once in contact and co&ed , the wavequides wet o

heated i n ~ ‘i x t u r ~ w ’ ’Pi wei j h~ .ipp li ~d to the stac k to squeeze out .xr.ss wax.

The c r -,- st3! surface po ’ ’s~ii nQ procedure consisted o’ three operations:

(
~

) ~~~~~~ y-’nd-ing. ( .‘)  ‘~ne :v-i ndl nq, and (3) po ’ ’shinq . The rough grinding

step ‘
-
~~~

-.~~~~ i red —cre than one abras~ve s~ze i ’ less than O ,~~ci’- of mater ial needed

to be ~~~~~~~ ‘ more t hd n ~~Sr,r ~f —iateri~ J needed to be rer,oyCd then several

-~~“,r ent size a~irasives were required . The f ,ne ~r1nd 1n q step required onl y

~“-e abras~ve s~:e. The po’ic p I ’n -~ step ‘I r s t  required c ’earn ng the surface and

hen two 1i ”erent s’:e ~‘Shir1~ powders were used to achieve the desired sti r-

‘ice ‘-“ ‘c’ .

1~~ ca~~C oat ’~’1Jeve~~pn*nt
The -o p ti cal co-a inq developmen t consist ed of the design , dep osit ion , and

eva a’’-” o’ a t~-nn ‘r-~ an tire ’lection (4R~ coati ng. “he design consisted of a

~‘n~ lø ~a .er ‘ ~9.9999t Pure fused silica (SiD ,. The AR coating was desioned

‘ have an o,tica l th~ckness of a quarter wavelength at 
-. - • 840 tim , which is the

,~~roxf~”ate center o’ the IL~ wavelength band . The ILO wave length limits were

to be ~T 0 ‘ii- to 870 rim , whi ch had correspondi ng refl ectances of 0.18

and J .~ i ’ , respec t iv e li . Figure 40 is a plot of the calculated reflectance

.er cuc wave ’erI~ tPt ‘or the ‘i :LiMbO 3 wavegulde and the SK-l alass wl tfliSS sa mple.

I is a l’st o~ re’lectance values associated with Figure 40.
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AR COATING FOR WAVE GUIDE EDGE
(LL D Wavelength Range: 810 am — 870 am)

SINGLE LAYER S-S02 AR COATING
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FIGURE 40

‘e ~e~csit Ion pa’-a—eters of the tb ’n fi~ r’ AR coating were : . 840 mIt;

c~ t’-:a~ h’c kness - nt ‘ * -4 . substrate temperature • 25O~C; and the deposition

cressure • tor-r. A schott iass, SK-l was used as the witness sat’~ le
I~~ each :oat ing r-jfl•

Th~ eva l uation ~f tbe thin film coitinq consisted of: (1) deterrilnino the
-.‘-

~~~•~~ 
-
~~~‘ refraction and thickness of the deposited thin film using an ellipsometer ,

(2) -easu r ing the reflecta nce at near normal incidence (using I4eP4e laser radiation,
- . 

~33 nm of the witness samp le and wavegulde , and (3) measu rIng the refl ectance

at near nor~ial Inci dence us~nq ILD laser radiation ) of the witness saii~ le and

w a-d e~ u ’ de.
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TABLE 1
PERCENTAGE REFLECTANCE VERSUS WAVELENGTH

_______________ 
10 292’.

I L P4bO 3 ~~

‘ ‘2 24
~~( F L ( C T A P ~C( R t c t . ( C Y A P s C (

-‘I

~ 30 - 4 16  2 9 6
402 262

_______ - 
33 ’  2 7 ’

660 
— 

2 92 234
679 210 2 4 1

________________ 
54 2 3 7

I-

703 194 226
‘20 ‘ ‘ 9  22 ’

2 1 4
‘30 096 - 209

203
‘SO 031 -

‘93 020 00
$10 012 19$

- 
(23 006 1 97

640 006 197
001 19 1

•70 2 ’’ - ‘96
6*3 0~~’ ‘99

3 2 9  j 20 ’
913 3)4 :03

2.~ 2 ~~~~~~~~~~~~~~~~~~ Coup ling E~~~riment

:~ order to deter~ine the fabrication tolerances associated wi th the deve l op-

—ent o ’ a laser diode-to-di ~~used waveguide coupler , the sensitiv ity of the coupling
ef’i c t e ncy to both ~ong-tudinal (:) and transverse (x~ alignment was measured . A

sket ch o’ the experinent al syster is shown in FIgure 41 and a photograph is shown

n ~lgure 4 2 .  :~ this system , a GaAl As laser diode was mounted on a series of

sta~es w~iIcn provided three translationa l and two rotationa l degrees of freedom.
“wo Buri e i n  !ncbwo ’— t’~anslators were used to scan the laser diodes in the x-

a”~ :-~ 1 re ct iori s with respect to the (fix ed) waveguide while a silicon detecto r

—cnitc red he intens it- ? of the rn-line coupled Out of the waveoulde through a
r-jtflC prism .

Since the Bur leigh Inchwo rm s were nonlinear , it was nec essar y to develop a
tecPin $~ ue ‘or accu ra tel y measuring the displ aceme nt of the laser diode w ith re-
s~ect to the LIMbO 3 wavegu l de. To accosi,llsh this , two Nichelson interferoeteters

a !4.Ne lase r sou rce ) were constructed with one mirror of each interfereometer

attache d to adjacent sides of the translation stage . The data we re taken using a
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2-pen chart recorder with a time based scan . W hi le one pen recorded the nt-line

intens ity , the second pen recorded the fringe s produced by the appropriate inter-

feror*ter in response to the motion of the BunleigPi Inchwo rm. In this way , an

accurate record o’ the rn - l i ne ~ntensi ty as a funct~øfl of either x or was readily

obtained . As an example of a se~nent of a raw data, F igure 43 shows a t- ipi ca l

scan of the “-line intens ity as a function of the transverse coordinate x. It is

SAMPLE OF RAW DATA

m — LINE INTENSITY

4.4~ m
INTERFEROMETER
OUTPUT

.32øm

TIM E -
~~~~~

57 FIGURE 43
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i mportant to note tha t the Inchwo rm cannot scan CofltInuou~~-i over a range ~uffi-

L ie nt ld large to cover the total displacemen t needed in t~e experiment. Instead,

the Inchworm “pauses , takes another **bite *e and then con tinues scanning. These

~iuses” lead to shoulders in t~e rn-line scan and elonQation of the fringes and

are clear l y evident in Figu re 43. In spite of th is disadvantageous feature of

the Burleigh !nchwo rrn~ , no fri nges are lost if the data Is analv -ed care fully

and, for example, the data of Figure 43 can be corrected to give the plot shown

in Fiqure 44 .

REDUCTION OF DATA OF FIGURE 43 ,.
~~~~ 
,~~
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Fi gure 45 presents the results of our measurements of the rn -line intensity

as a function of z, the longitudinal separation , for a wavequ i de with an AR .

coated edge. The data were collected by performing a transverse scan (x) for

several values of z, and each data point in Figure 45 represents the maximu m
intens ity for each value of z. The solid tine is merely a guide to the eye , not
a fit to the data, and actually passes thr ough one additional data point at z
72.5 rn winch is not s hown on this plot. It should be noted that the vertical
ax i s in FIgu re 45 gIves the system throughput and not the actua l butt-cou pling

THROUGHPUT EFFICIENCY VS. ILD/WAVEG UIDE SEPARATION
‘0 - 2126Wavegu ide Edge is AR Coated
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efficiency. The system throughput was decreased from 100’ by the butt -coupling

ef’iciency, the prisn’ coupling effic iency , propagation losses in the waveciuide .

reflection losses at the prism edge , and reflection losses at the lens positioned

in front of the detector. For the waveguide used in this experiment , an estimate

of 45t for al l other system losses resulted in a butt -couplin g efficiency of 50 .

Reduced estimates of the pri sm coupling efficiency give a correspondino Increase

in the inferred butt-cou pling efficiency.

n add ition to oroviding a measure of the sensitivity of the rn-line intensity

to ~onq ’t4~ 1nal nisalignment , the experiment measured the transverse m’is alionme nt

sensi t~ v i ty . As the laser diode was translated in the x-direct ion , the rn- line

‘nte n slt , recorded by the detector assumed a roughly Gaussian shape and a few

—~ ir-v ’es are shown in Figu re 46. The ‘u~~ width at half ( power) maximu m ( FWHM)
~0 ~~~~ I

THROUGHPUT VS. TRANS VERSE DISPLACEMEN T

iI ( ‘ V.——

4. -

7..m SEPARAT ION

SUSSTRATE 

7 

~~~~~~~~ AIR

21.7 SEPARATION

72.5 m JIPARATION

-14.2 -i�~i — 4 4 0 54  12.5 19.2 23.5
TRANSVERSE DIPLACEMENT - FIGURE 46

‘‘ thi s intensity distribution is plotted in Figure 47 as a function of the

OnQl tud~ na~ C:) Separation between the laser diode and the wavequlde edge. The
sol ’~ lin e 1~ a least squares f i t  to the data point s and has the equation

FWNP4 (_ m ) . 3. 16z e 1 .3 ..m (2.39 )

where Z 15 in m icron unitS . 60
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FWHM VS. ILD/WAVEGC IDE SEPARATION
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FIGURE 47

The data presented in F’~ure 45 and 47 provIde infornation regarding the

alignmen t t-3lerances associated with the fabrication of a hybrid coupling chip.
Fi-~ ur~ - 5 de~~ristrated that the couplin g efficiency was a slow function of the

longitudinal separit ion . ~ ~eparat’on of approximate ly 15 mIcrons resulted in

~rl a 50’ ‘edjctlOn ‘rom t’ie maximum coupled power. The transverse alignment
j erance . on t i e other hand, was extreme l y tight. For laser/waveguide separa-

t Dns ,‘ 5.3 .. -“ ~~r iess , a transverse displacement of one micron or less in

either ~ji rection reduced the coupled power by SOt . Therefore, the fabrication

~ ~ v t ” ’~i coupler cPn p requires a transverse positioning capabil ity with a

reso lut i on c if  less than one micron .

The bulk electromechanical appa ratus has been used to evaluate the effective-
ness o’ the AR edge-coatings in reducing feedback to the laser diode . Hunsperger,
Varlv , and Lee18 demonstrated that, when placed in close proximity , the polished
wav ’guide “~ -e and the front face of the laser diode formed a Fabry-Perot inter-
‘°rometer which modified the amount of power that was coupled into the wa veguide .
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:n tne ir e.pericnent, the coupled powe r osc i l l a t ed  between maxima and minima as a

‘unction of the long itudinal C :) separation , with a iix dul ation depth of approxi-

mately 2O~ of the average power . This same effect has been observed in conjunc-

tion with the ~~rk with a simil ar va l ue for the modulation depth (- 20.). F igure s
4~-~ and 49 show plots of the ~‘- li ne intensity as a funct ion of : for both an un-

coated aid a coated waveauide edge . For the coated wavegu i de. the modulation depth

as been reduced to approximatel y 2~ of the average power and represents a facto r
of ten improvement over the uncoated edge.

THROUGHPUT VS. SEPARATION DATA
SHOWING FABRY-PEROT EFFECT

(No AR Coating)

~ o~
_• I

SEPARAT ION -

FIGURE 48
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THROUGHPUT VS. SEPARATION DATA
(With AR Coating)

4 .~~~~~~ • - . ..  • .
- V .— — —- , • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

SEPARATION - .,,.

FIGURE 49

.~~, 
—

~~ny  ~~~~~~ ~~ ‘“ c r~~~~~ r ’~ • the Gaussian-Gauss~an coup linv~
—‘~ e : r 1 d •~~e; j 

~~~~~~~~ 
‘‘

~~~ ~~ ~~~~ ~~~~~~~~~~ ~3ur- l in  sen sit’~ ’~ y, as ~.hown ‘n

~~~~~~~~~~ s~~. :~ :~~- r~~~~~ E~~at’~ n ‘Z.~ 6) ~~~~~~ 
- ‘ 0) w’th the data, ‘t was

~~~ ~~
—
~~~-: ~~~ w , 3fl~ w,~~. ‘he first of these was inferred to be

O.- cr-~ eters ‘rvi- ~easurements of the laser d~ode far field pattern .
•

~~~~ çe~
- -‘r i r~1r~~

t pr w.,, was treated as an adjustab le -arsrieter . ‘Pie agreement

~~~wøø’~ ~~PCr -i a’~d experiment 1~ i ul tC good for 1 .5 ~tii • w 20 1.4 ~ni~ If one
. : - .,a ’os . .. .~~ 

-
~~~

- ‘ ‘ the —ode ~~~~ o’ t’-~e ~~ guided wave in i :Li ~4b03, one obtains
j 3 - —r~4. 1~pf~ wt~~r”  i s  r r ’ i ç ’pr w P h  nth~r measuremen~ c ~nd e~lcu 1ations .

~~ is ~—çr~rt~int to note that the vertical axis of the plot i n  Figure 50 Is

~~~~~~~~~~~~ ~~~~ not coup ’i nq e”iciency . The experimental points are ratios of

t”e — - 1i ’~ ‘ntensity to the total intensity emitted by the laser diode . To com—

iare ~~‘eor-, and experiment, the couplin g efficiency given by Equation (2.36) was
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LONGITUD INAL SENSITIVIT Y -.
Theory and Experiment
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I 0 1.4 p.1% I
0 1.8 48.1%
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I
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x - 
-

S - -—  __________-

W~~ — 1.4~~m C

o ~10 2 — Mm

FIGURE 50

~ .~r-~ i ’:e d ~o ‘“at the va~~es at : • ~
) were the same . Th ’ s  Is equi valent to

~~~~~~~~~~~~~~~~~ the edqe-coup l-n q effc~enc .~ by a transmission factor which accounts
‘- ‘ r j l  ‘-A ’4”- ’-iOnS• propagation losses in the wavenulde . and the prism cOup inri

a”ic•ency. Since t’~e agreement between theory and experiment i~ very good, this
“tYn-~ procedure can be used to extract the actua l (mai1’~im) edge-coupling
,‘~-c -~ ”~:: ‘ro— the 4-~ta. Th~ inferred values of -

~~~~ 

are s hown in the tabular

~n5et in c
~~ ur, 50 and are • 52 .8~ and -

~~ 
~~~~~~~~~~~ for w 20 ‘ 1.5 rn , respec-

t i  4 !1 v .

2. 1 ~r~totype Coup ler

~~e prototype Coup ler is presented in Figure 51. It consisted of an oxidized

sIl .:On s~bstrite . LD. 1 :L f ’~b03 waveouide , conducting pads , and bond wires. The

s~bctrj e had a 1?’r wide b-~ ~.OOSi’m deep channel in which a L27”r long by 0.2S~sii

e ,nth~c t$r~ .’coi4er 4 nq pad was deposited . The prototype coupler required n i n e
‘~~~r $-~~~jOn ste~c: (1’ a S0.44r diameter x 1.27rvi thick silicon wafer was cut to

- -  _ _ _ _ _V .
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.1

PROTOTY PE CO UPLER SCHEMATIC

1.0 mm TOP VIEW

I—H (NO T TO SCALE )

TI L.NbO3WAVEGUIDE — ‘ ... ‘:ç :‘- -- 
—

OXIDIZED SILICON WAF ER .~~~

: 1
~~~~~~ 

I
~~ 

-
~~

lID ~~~~ 4-i

CONDUCTING PAD 1~~~7mm

I —.. 

- 
- CONDUCTING ’SOLDER PAD

S ~~—ILDCHANNEL0 5 mm
025 mm

lID
Ti-LSNbO3 WAVEGUIDE~~V. i -

- - 
-

I ___  - .~~~~~~~~~~~ :~~— 5.5
S1LICO~ SUBSTRATE —r I

~~~~ 12.0 mm

SIDE VIEW
(NOT TO SCALE)

FIGURE 51

t”e ~es~ ;re~j - : - ~~‘i’4  ;urri ir . (2 ) a Channe l was chem ,ca1l~ etched ~nto the si 1lco n ,

M ’~~ C~ Served 0 a~~ :ri ~~~ I~~ ;unc t ’ o r  to ¶‘~w’ plane a’ the waveQu~de. (3) a layer
‘‘ ;‘~~~~~- :-~“ 1’~~’~~~ø ‘Sfl..) wa’ thermal’ , - r owr ove r the entire su rf a , to provide

•‘~D’ ’~~ :a “sj .~t~ an and a relativel? low refractive ~‘~ei i nterface between the

w a - ~~’i~e ~ n-~ substrate . (4) the ccrI ’~~:t ~ nq pads were deposIted , (5) indium was

~~ite~ ~~~~~ ‘“c e~ectr~~e in the channe l , 6~ the ILD was soldered at the edge
the di - . 1 pad. ( )  4 rø leads were bonded ‘ram the lID to the wider electrode,

(
~ the w ave ~u i~ ” was actively aliin,d and coupled to the 110, and (9)  the wave-

-~iu~de was t~- nded onto ‘Pie Subst rate.

‘Pi.~ ~ro~~~~;~ Coupler successfull y coupled radiation ‘ror the lID to the wave-

~~4~1e. ‘he ~~~~~~~~~~~ ir Figure 52 jhows the quided wave radiat ion propaqatino

t’. • ‘~~ a ’ t h# w avegu $de . ‘Pie v erti ca l st ructu re on the bottom of the center
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RADIATION PATTERN OF INJ ECTION LASER DIODE
COUPLED TO A Ti:LIN bO3 WAVEGUIDE

‘0 ~S34

FIGURE 52

was t’e ;~‘ded wave rad iat I3n . ‘e bar structure res~4 i ted from Substrate modes

— e’”n ~~w the :LD. ‘he separaya” a’ the ~ and wavegu i de turned oi~t
t’e abo4t ‘ ~~~~~~ c~’ tha t ~ r l~~ a ‘~w percent o~ the L~ ~~~~ ..as coupled Into

“0 ~uided -de.

• :~~- t’~~l’ ,- . the hei~ ht 0 ’ the p-n funCtiOn was deter~1ned by first bonding an
-‘n

~~~ a çiHç- ’n substrate and then .~rindInq and polishing the sili con and 110

~ ~~~ ta e  ‘he measjrement o’ the thickness of the bonding material. The entire
~~~~~~~~~~ wa s pia:4’d under an in ’rar,d —icroscope and the 110 was activated to a

“uoresc$no state. ‘Pie seoara ticn between the a-n l unction and the ~flico n substrate

wis —e4s9 red to be approx1vnatel~ ~~S .~~~~~. A ohotograoh 0~ this ‘I xture i~ shown i n
U.

— 
66
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PHOTO OF SOLDERED ILD
10-- 2S33
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-
~~. S L I S T A A Y I  Su~~~~ ACt
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SuSST~~A t t

~40I ~~~~~~~~~~ C A ’

FIGURE 53
“e ~ “ r i p h  if’ ~~~~~~~ S4 is an .riterference pattern between the :LD and ~~~

~~“ ‘‘ic s.~b ctrate ~‘c ’’re wave Q~~i~~e C3~ P~~’nQ. The interference patter’~
w as ~~~~~~~~~ 

‘~~
- ,~e t e r —~~ ’~~ t”c ne ’ :nt i~ t he p-n n~~t~~~’r above the substrate (Figure 54b).

SOLDERED ILD RADIATION PATTERN
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

______ 

‘0- ~337

-Ji

I

• •w~~?t~ D’ ~~~~~~~~ ~~~~~~~ “ ~.i.O” D $ w...o. P*I *Pst*T ,Otu

FIGURE 54
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The equation used to ~a1cu 1ate the p-n ~unCt ion he i lTht was:

• o~-~ , (2 . 40 ’

whe re .

~~~ 
~s the opnca~ wave l ength . D is the separation between the source and

observation plane , and I is the separation between adjacent minima . This measure-

-~ nt was ¶ne standard procedure in characterizing the lID so lde r i ng process.

2 . i 4  :—vrove~ C~ up i er

4 5 h e— 4 t i~ 0 ’ ‘he 1 r-pra,e~i - :cjple r ‘ S  shown in Figure 55 . The basic fabrica-

t’on Procedure ~5 s’mi~ ar to the ;r~’ t C t . -pe coupler with the fo~1owi ng exceptions :

(I) the s~b str3te c~~n q i u r a t i~~n ~s a 2—r’ by l~~r rectavvl e . 
{
~ the lID channel

w i - i t h  ‘s  - S r ’ . and (3 ’ the a~ i1t ’on o~ two ~-r ~~~~ by 0.25eri wldC by 0. 125n’i

1o~~’ ~ a~na-~e cnannels . The add it~on -~ f the 1r~lnaqe channel s i~~ for the excess

:~~ - -i” and •-c’-~ j~~r~~S an e*tra che”Ica~ rt ?v step in the fabriccation procedure.

~ p”at ;rj ~~h ~ ‘ on~ 0’ the twO coupler unit s iie ’ ’vered to P4RL IS shown In
c rc 56. The wa we- u ’e ‘s bonded to the s ’ 7i c~n substrate by 2V c~ r$ ng cement

ir - nas seer des~ ;“rd to overhang the s~ l iz o r  substrate to accomodate an output
p’” c— . Because o’ the t i  ;“t a~ iqflment tolerance in the transverse dimension .
t ’ ~~ ~~~o ’ er ~b * p -  ir ’~e ved onl y a ~ - lOt throughpu t as measured through the
ed-:c o’ t”e w a a ~i e .  ~“ic represents an edae-coupling efficiency two to four

t’ *s ~ess th a f ’ ‘bC theoretica~ h— i t o ’ ipprox imate iv  SOt. . ~o achie ve the theo-
ret~ ca ‘ ‘ — i t .  It w I~~ be necessary to devise a scheme to reliabl y i dentify and
-~ $ntaf ” apt’—x~r a ’, 4 -~n-ment  d u r i n C  ‘abricat ion . F’ gure 5~ ~h0wS a photograph of

~“e ~~~~~~~~~~~ ,~er’~ing f mor~ the eiloe o’ ~i : L i M bO3 wavequide mounted on the coupler
. b i p .  he sha rp-edged vertica~ bir~ In the photograph correspond to substrate
t :tal -4 nterna ’ -re’~’e(t1on —odes. “ PiC wayegtji de radiat4on Is rather diffuse and

~ ‘, i ’~oate d ~t the center of the photograph .

I ~~~

‘
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PHOTOG RAPH OF THE IM PROVED COUPLER

FIGURE 56

PHOTOGRAPH OF RADIATION EMERGING
FROM WAVEGU ID E EDGE
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-; 70
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3.3\ CL~s:c ~s
The e”’~.iency with which a double-Pieterostructure . GaAlAs laser diode can

be edge-coupled to a TI :Li ’~bOç ~iiffused waveguide has been Studied using both

theoretIcal and experimental approaches . Both the analyt ical and the numerical

esti~ ates of the ~oup Tin g effi¼. iency predict ~- ‘axir~tr efficiencies of approximatel y

5;- ‘or the laser diodes ~sed in this program . Measurements Qf the sens itiv ity

o’ the coupling efficiency to both transverse 3nd longItudi na l m isalignment have

been performed and these measurements show the coup ling efficiency to be a slow

function o’ t~ie l ongit ud ina l separation and a strong function of the transverse
of’set. When the measured data are “t to an analytical model , the results in-

ii- . a t e  tn at a ~~~i— ur’ Loup nq ef’iciency a’ about SO: ha~ been achieved . Two

ou;ler .hl p s were fabricated and d~~Hv~~r~ d to P4RL . Th~ coup l er chip s used a

‘‘~ip-~ h~p ~ies’~ n and were fabricated r n  ~‘i l’con substrates. The units delivered

to MRL had -~phn~ ef’lc iencles of S l~t and thus fell short of the theore-

~~~~~ predicted e”lciency . Thi s result was due prim arily to the strinoent

al’ ;ni—ent t’ cr~nce I osed bi the sensit~v ,t , o’ the cou pling ef’icaency to

transverse Y’ce.
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