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A n o v d d i st r ¤ u t cd f ccd b ac k st r u c t u r e h as b een d o d o - d i n w h i c h t h e g r a t i n g i s p a t t er n ed o n t o

t h e si d ew a l k o f a r i d ge w av eg u i d e - Su c h a l aser st r u c t u r e r esu l t s i n sb y- l i n ed p r o c essi n g i n t h at

t h e g r at i n g f ab r ic a t i o n i s i n d ep en d en t o f b o t h t h e m a t er ia l s g r o w t h an d t h e g u i d e f o - n at i o n . T h e
r i d ge w av eg u id e i s 6 r st f o r m ed b y w et -c h ertHc a1 et c h i n g . T h en , a p o 1y ( m et h y l m et h ac r y l a t e )

g r a t i n g ( A = 2 30 n m ) i s p a t t er n ed o n t o t h i s r id ge w av eg u id e u si n g x - r ay 1i t h o g r ap h y . A T i / A l

et c h m ask i s l i n ed -OH t o ser v e as a m ask f o r su b seq u en t r eac t i v e- i o n et c h i n g . G r at i n gs w i t h

l o n g -r an ge sp a i d - p h ase c o h er en c e an d n eg i g u e d ist o r t i o n , c h a r ac t er i st i c s w h i c h a r e n ec essar y

f o r ac c u r a t e c o tu r d o f t h e w av el en gt h an d b an d w i d t h , a r e o b t a i n ed u si n g a Ih1Od 1bOggg Irm.a pMIhM½Hi®cÄa®lHl±
y

g e n e r a t e d X - r a y m a s k .

|. lNTRODUCT lON hours, it is weH known that wi th production-type x-ray

sources (synchrotron or laser plasmas) exposure times
would be a few seconds.D i s t r i b u t e d f e e d b a c k ( D F B ) s t r u c t u r e s , s u c h a s 1 a s e r s

a n d c h a t t y - 1 - d r o p p i n g n h e r s ( C D F s ) 1 a r e e s s e n t i a l c o m -

p o n e n t s i n l o n g - h a u l h i g h - d a t a - r a t e o p t i c a l c o m m u n i c a t i o n

s y s t e m s . D F B l a s e r s o p e r a t e i n a s i n g l e - 1 m e i n - i n a l m o d e

r % r e e a i 1 y i n t e g r a b 1 e w i t h e l e c t r o n i c d r i v e c i r c u i t r y a n d

k J U S p a s s i v e o p t i c a l c o m p o n e n t s . C D F s , o w i n g t o t h e i r

n a - - w b a n d w i d t h ( ~ O . 1 I n t o , a r e i d e a 1 f o r w a v c l e n g t h -

d i v i s i o n - r m H U M m i n g s y s t e m s - 1 B o t h o f t h e s e d e v i c e s r e l y

o n e i t h e r u n i f o r m o r p h a s e - s h i f t e d g r a t i n g s , w h o s e l e n g t h s

r a n g e f r o m ~ O . 2 t o s e v e r a l m i n i m e t e r s -

T y p i c a 1 l y , i n t h e f a b r i c a t i o n o f a D F B l a s e r t h e f o r m a -

t i o n o f t h e g r a t i n g i n t e r r u p t s t h e e p i t a x i a l g r o w t h o f t h e

l a y e r s t r u c t u r e , t h e r e b y r e q u i r i n g a n o v e r g r o w t h s t e p - 2 ú

S u c h a n o v e r g r o w t h r e s u l t s i n i n c r e a s e d p r o c e s s c o m p l e x -

i t y . R e c e n t l y , M i l l e r e r a P p r o p o s e d a l a s e r s t r u c t u r e i n

w h i c h l a t e r a l g r a t i n g s , p a t t e r n e d w i t h e - b e a m l i t h o g r a p h y

( E B L ) , a r e r e a c t i v e - i o n e t c h e d i n t h e t o p c o r u i n i n g 1 a y e t - o f

t h e l a s e r o n e i t h e r s i d e o f t h e c o n t a c t s t u p e . T h e g r a t i n g s

s e r v e t o p r o v i d e b o t h o p t i c a l f e e d b a c k a n d 1 a t e r a 1 o p t i c a l

c o M m u t e r H , w h i c h a r e d c p e n d e n t o n g r a t i n g d e p t h . T h i s

p r o c e s s , w h i l e r e q u i r i n g o n l y o n e e p i t a x i a 1 g r o w t h s t e p , i s

c o m p l i c a t e d b y t h e f a c t t h a t e x t r e m e - d e e p ( ~ O . 7 - 1 . O

p m ) g r a t i n g s a r e r e q u i r e d . K o r n e r d 6 p r o p o s e d a l a s e r

s t r u c t u r e i n w h i c h t h e g r a t i n g i s p a t t e r n e d o n t o p o f t h e

n d g e b y E B L f o l l o w e d b y r e a c t i v e - i o n e t c h i n g ( R I E ) .

W e a r e d e v e l o p i n g a n o v d D F B s t r u c t u r e i n w h i c h t h e

g r a t i n g s a r e e t c h e d i n t o t h e s i d e w a l l s o f t h e r i d g e w a v e -

g m d e . T h e g r a t i n g s a r e p a t t e r n e d b y x - r a y l i t h o g r a p h y

( X R L ) w i t h a h o 1 o g r a p h i c a l - g e n e r a t e d x - r a y m a s k ( A

l g = 2 3 0 n m ) . X R L o H e r s g o o d p r o c e s s l a t i t u d e a n d a l a r g e

# q - t h - o f - f o c u s , a s p e c t s t h a t a r e e s e n t i a 1 f o r s i d e w a n p a t -

i ® n g . I n a d d i t i o n , t h e d e v e l o p m e n t a n d e x p o s u r e p a r a m -

|l 1Øó¥± ®hË¦º² ®Ðêº¹¹ ca¦õ rB³¢ Sq¶ ā rÇmÔßâ enmý imß nm d eÔÆ§ pÁ§§â em¦ nm d m¦± tmm odï fh smm©© u£®Ò bb¶¦¿ sg¦¦¿â tõmß¿§ rmm̈ aa¦ t× e aa¦¦© tº¦¦òÔ e¿m¦¦ rnÜ¹ iM¦ a£ l mm®â aa£©§ kh¢¦ï im¦ n¼É gc t£ä h e

f p r o c e s s e q u a l l y a p p l i c a b l e t o I n P , G a A s , a n d s i l i c o n . A l -

t h o u g h e x p o s u r e t i m e s i n o u r r e s e a r c h a p p a r a t u s c a n b e

l L D EV lC E D ES C R l PT I0 N A N D D ES IG N

F igu r e 1 is a schem at ic of th e r id ge-w aveguide sidew an -
grat in g D F B 1asex-- A s show n , t he gr at ing is pat t er ned on

the sidew ans and b oth sides of t he r i dge. F eedback occur s

due t o th e i nt er act i on of t he lat eral He1d s and the index
m odul at ion in t r oduced by t he grat ing. Since th e m ode p r o-

nl e faHs oH r api d1y w i th d ist ance, i t i s d esi r abl e to pat t er n
t he gr at ing as f ar up ab re t he sid ew aH as possibl e. G r at -

i ngs ar e not pat t er ned on t op of t he r i dge to al l ow for a

m etal con tact for cur ren t inj ect ion - F abr icat ion con sist s of
m ater i al s gr ow t h , w avegu id e for m at ion , and grat ing for -

m at ion , w i t h each st ep ind ependen t of t he other t w o.
F i gu re 2 sh ow s a sch em at ic of a r id ge-w aveguide

sidew an -gr at i ng D F B laser w i t h a t ypical l ayer st r uct ur e
( I nA 1A SA t- ) , along w i th th e im por t an t design par am e-

t ers: t he r id ge w id t h w, t he r idge sidew an an gle d , t he

gr at ing dept h a, and t he di stance f r om t he l at er al su r face of
t he w avegui de t o t h e t op gr aded index ( G R I N ) 1ayer f 1¤

C om put er Sinnnat ions w er e car r ied out t o cd o nate the

couph e coem d ent x for a r ange of val ues of w, d , 5, and

f l ¤T he oper at ing w avel ength w as tak en to be 15 5 P m and

t he di st ance f r om th e top of t he r id ge t o th e top G R I N

layer w as Hxed at 1.5 p m . F or a w of 3 P m , a Ë of 60% a 3

of 200 nm , and a q of 0 .1 P m , t he coupl ing coemd ent K
w as ca1cu1atcd to be 54 8 cm - l . T o r educe th e eHects of

spat ial -hole bur ning,7 one should U r ga a NL p roduct of

~ 1.25, w her e L i s t he gr at ing l engt h . F or XL = 12 5, the

gr at i ng 1engt h is ~ 225 p m . F or t he par am eter s given

above and t he l ayer st r uctu re show n i n F ig. 2, i t w as found

th at 335 % o f t he coupl ing is d ue to the sidew al l grat ings,
and the r em ai n ing 665 % t o t h e gran t- s on t he nat sur -

faces.
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FIG. 1. Schematic of r idge-waveguide sidewan-grat ing D FB la w -

4) O2 RIE 5) Been-oplate 6) Etch Plat ing Mold

F IG. 3. Schemat ic of process for fabricat ing a grat ing x-ray mask

holographic l i thography .

I H . F A B R l C A T l O N P R O C E S S

O u r f a b r i c a t i o n p r o c e ss c o n s i s t e d o f t h e f o l l o w i n g s t e p s .

F i r st , a c o n t a c t m e t a l i s d e n n e d b y l i f t i n g - OH T i / P t / A u .

T h i s m et a 1 se r v e s t w o p u r p o s e s : a s a n e l e c t r o d e f o r c u r r en t

i n j e c t i o n , a n d t o p r e v e n t g r a t i n g s f r o m b e i n g p a t t e r n e d o n

t o p o f t h e IM p . N e x t , a r i d g e w a v e g u i d e i s e t c h e d c h e m -

i c - - i n t o t h e su b s t r a t e o f c h o i c e . W e u se d t w o m a t e r i a l s

s y s t e m s : I n A 1A s l a t t i c e m a t c h e d t o I n P a n d G a A s . A f t e r

e t c h i n g , 1m n m o f S i O x , w h i c h se r v e s a s a d r y - e t c h m a s k

f o r t h e R I E o f t h e se m i c o n d u c t o r , i s m u t t e r e d - T h e s u b -

s t r a t e i s t h en c o a t e d w i t h p o l y ( m e t h y l m e t h a c r y l a t e )

( P M M A ) r e si st ( 9 5 0 K m o l e c u l a r w e i g h t ) a n d b a k e d a t
1 8 0 £C f o r 1 hh . A n* rBsdtç-£OÆw ¼rd.d e¿r g r a t i n g w i t h a p e r i o d o f 2 3 0

rnmm1Hmrnm tn ½ i s t h en p a t t e r n e d i n t o t h e P M bM1A u si n g X R L . W e

u t i l i z e a n e l e c t r o n - b o m b a r d m e n t so u r c e a t t h e C u c 1i n e

Ï = 1 3 2 n I t o -8,9

P r e s en t - d a y E B L sy s t e m s su r e r f r o m H e l d d i s t o r t i o n ,

d n n , a n d s t i t c h i n g e r r o r s , 1* l 2 w h i c h p r e v e n t o n e f r o m

h a v i n g D F B g ra t i n g s w i t h 1o n g r a n g e s p a t i - - p h a se -

c o h e r e n c e . S u c h c o h e r e n c e i s n e c e ss a r y f o r s i n g l e - m o d e o p -

e r a t i o n a n d a c c u r a t e c o n . £ 1 o f t h e l a s h - w a v e l e n g t h , b o t h

o f w h i c h a r e e sse n t i a l t o h i g h - p e r f o r m a n c e o p t i c a l c o m m u -

n i c a t i o n sy s t e m s [ e .g . , w a v e l e n g t h - d i v i s i o n m u l t i p l e x e d

( W D M ) s y s t em s ] . I t w a s f o r t h e se r e a so n s t h a t w e u se d
h o 1o g r a p h i c H t h o g r a p h y t o m a k e t h e x - r a y m a s k - u ,13 H o w -

ever , a m ñ o r advan t age of usi ng E B L is the ease
w h ich a quar ter -w ave-sh i f t ed gr at i ng sect ion can be
d uded . I t i s w el 1 k now n that such a quar ter -w ave |
i m p roves m ode discr im i nat ion and decreases the -

l i new id th -14,l5 T o overcom e th e t rad i t i onal d i ma n tis
E B L , w e are dem on ng spat ial -phase-lock ed E BL for r

r ia n t- x -r ay m ask s fo r optod ea r - - dev ices-to
T he hologr aph ic l i t hogr aph y process is i l l ust r ated ¯

F ig . 3. A f ter cl eaning t h e m ask b lank , a p lat i ng !
( N i c y-:A u ; 52 0 nm ) is evapor at ed . I t i s th en ½ 4

coated w i th 350 nm of an t i - n ect ion coat ing ( A R C ) ± |
195 nm of photoresist - A 230 tun -per iod gr at ing is ®
h ol ograph ical - exp osed d = 35 1 nm ) and developed. I

photor esist i s t hen shadow ed at + 3Y and - 3Y w ith
nm of e-beam evapor at ed SiO x ¤-
m ask du r in g oxygen R I E th rough th e A R C 1a. r . ,¤

im u tt1 of 2O nm of A u -

som e sl igh t over-etch i ng. T he x -r ay m ask is then ,
e1ect r-op lat ed t o a t h i ck ness of ~ 2m nm , w h ich -

spond s to 10 dB at ten uat ion . T h e oxi de is ,
H F and the r em ain i ng r esist and A R C st r i pped in r

ygen M ag na-
A f t er x -r ay exposur e th e San- 1e w as

developed in a m i x t ur e of 1:2 .

( M I B K ) : i sop r opy l a1cohol ( I PA ) at 2 1 É , I

r i nse in eth yl al coh ol an d 1 m in i n an
system . A T i/ A l ( 3O nm / 20 m n ) et ch m ask w as
l in ed -oí fo1low ed by R I E i n C H F 3 to etch th rough

ox ide. R I E i s th en used to t r ansfer th e gr at ing into

sem iconducto r . F or etchin g I nA 1A s, a m ix tu re of

gas is used , w her eas fo r etch ing G aA s, S C h .

lV. EXPERlMENTA L RESULTS A ND DISCUSSl0 N

For the r idge waveguides on InA lA s lat tice
I nP, an epi taxial layer grown by molecular-beam é

was used, whereas for the ridge waveguides on |
bare substrate was used. Ridge waveguides 4- 8 p m

F IG. 2. Schemat ic of a r idge-waveguide sidewall-grat ing D FB laser show-
ing a typical layer structure ( I nA lA SA t-P ) and the relevant design pa-

ranteters.
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F 1G. 5. SEM of T i/ A l ( 3O/ 2O nm ) grat ing 1ines ( A = 230 mn ) on ridge
waveguide on I nA lA SA t- after l i ft -off -¤ 4. SEM of PM M A grat ing (A = 230 mn ) 1ines denned using X R L

£ n¯ nA l A SA R d- waveguide- m e n dge hu m id -O p m, m e side-
;1e is m ¤, and the resist thickness 250 tun-

et ch ing w i th l i t hogr aph ical l y

½ 1 denned phot o- sist m ask s. A m ix tu r e of w ater , hyd r ogen

i 1peroxide, and phosphor ic acid ( 1:1O:1) was used M the
® ¤wet-chem ical et ch ing. T h is p ar ti cu1ar com binat i on w as

h 8 chosen so t h at t1@ r 6 1110 11g Hdgs ar e a n t a1l ogr aph i cal -
1- I denned in the ´ 110 µ d i r ect ion -IS T h e r idge h eigh t s w er e

w 1varied f r om 1.O P m for I nA l A SA t- t o 1.8 P m for G aA s

». Osince a t yp ical r id ge-st r ipe l aser d iode has a r idge h ei gh t in

Figur e 4 show s a 230 run -per i od gr at i ng i n PM M A pat -
- over a 1.O P m h igh I nA 1A SA t- r id ge w aveguide

gwith a SM ew - l ang1e of 60£. T he PM M A l ines Hd e up t h e

n¤ T Idewal ls and t ends t o be th inner on top t h an el sew her e d ue
ne ± 0planar-izan on , as em a ted - T he 1i H-oH w as st r ai gh t for -

. guard, as show n in F i g. 5. I t i s w or th not i ng th at pat ter n i ng

ng l PLIMA l ines onto the r idge sidewalk would be dimcu1t

cn ½ß h other 1i thogr aph ic t echni ques d ue to scat t er ing * om
he ò he ridge topogr aphy an d th e w i de1y var ying r esist th ick -

he |

H2 | T o i n v e s t i g a t e i f t h i s p r o c e s s w o r k e d w e l l w i t h t a l k r

- , m o r e s t r o n g 1 y c a n t ¤ d ) r i d g e w a v c g u i d e s , w e p u r -

ç Ï Ý t h e r e s u l t s h o w n i n F i g . 6 : a 2 3 0 r u n - p e r i o d P M M A

- 1 . 8 P m

s i d e w a n a n g 1 e o f 4 Y . I t i s d e a r - f r o m t h e H g t ¤ e t h a t

n o | n e a r t h e t o p o f t h e s i d e w a l l i s t h i n n e r t h a n t h e

3n¹ x± y aY Y¢NRNº ihM sM t t o w a r d s t h e b o t t o m a n d o v e r t h e b u l k o f t h e s u b -

:bU d» : 1TÜ ®h£ uMò tk e TnÁ hk e h±¦® i²® gp h pw¦¦ rm¦¦Ã OÄ¦ cÄm eÄ ss lh¢¢¿ aamm¹ tn£¦¦ ih¦¦ tm¦ uM d* e O¿ mÞ® rÄ¦ ed d b± y XR¼ R» L ad¦â lb¦¦ Om§ n¼ g

o f f e r - e d b y P M M A . r e s i s t a H o w s o n e

F IG. 6. SEM of PM M A grat ing ( A = 230 nm ) l ines denned using X R L
on a G aA s r idge waveguide- T he r idge height is 1.8 Pm, the sidewan angle
is 4Y , and the resist thickness 5M tun-

Sci. Technol. B, Vol. 11, No. 6, N£v/ Dec 1993
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w £ng ef aL: DFB st ructures fabricated by XRL2 6 2 4

to ° over- develop,, t he PM M A near t he t op of t he sidew al l

w i t hout com prom ising t he overal 1 st r uctu r e.

V . C O NC L U S IO N S

W e have descr ibed p rogr ess i n developing a novel r id ge-

w aveguide D F B st r uctur e i n w h ich t h e gr at ing i s denned

af ter bot h the m ater ials grow t h and t he gui de for m at ion .

Such a st r uctu re avoids epi t axi al regr ow th and al so per m i ts
independen t cont rol of the degr ee of later al op t ic- con fi ne-

1nem . X R L w as used to pat tern 230 run -per iod un ifo r m

grat i ngs i n PM M A onto r id ge w avegu ides w i t h heigh ts up

to 1.8 p m .

ACKNOW LIEDGM ENTS

T he authors thank M . M otu o1, J. Por ter, and R . Sissort
for assistance throughout the fabUcat ion process. T his
work was suppor ted by the U .S. A rmy Research o n ce,
A RPA through D A L E and the Joint Services Electronics
Program.

1H . A . H at-s and Y . h i , I EEE J. L ightwave T c hno1. L T 4 O, 57 ( 1992) .
2H . T o nkin, R . A . Logan, N . A . 0 lssort, C. H . H enry , G . J. D ol¤ L R .

F . K azan 110% M d L . F . Johnson, I EEE J. L ightwave T c hno1. L T 4 ,
520 ( 1986) .

3C . J. A n ytimead, B. R . But ler , S. J. Clements, A . J. Collar , D . J. M od e,

S. A . W heeler , M . J. F ice, and H . A hmed, Electron. t a t . 23, 592
( 1987) .

4B. Borch- t, -B . Stegmul ler , and R . G es -- r , E lect ron. L et t . 29,

( 1993) .
5L . M . M il ler , J. T . V erd e- n, J. J. Coleman, R . P. Bu an, J. J.

K . J. BeeryHnk, J. S. H ughes, and T . M . Cocker Hl , I EEE Photon.

nol . L et t . 3, 6 ( 1991 ) .
6M . K or n, T . K Od er , A . Form el, and P. Roentgen, J. Vac- Sci .

B 8, 1404 ( 1990 ) .
7H . Soda, H . I sInkawa, and H . I n-ai, Elect ron. Let t . 22, ¯

8A . M Ä 1, M . L . Schat ter- urg, J. M . Car ter , and H . I . Smith, J.

T echnol- B 8, 1648 ( 1990 ) .
9R . A . G Iu nbari , W . Chu, E . E. M Ä n, M . Burm ardt , K .

A rnomad s, M . L . Schat ter- urg, K . W . Rhee, R . Ba s, M . C.

and M . R . bfellÄ h, J. V ac- Sci. Technol - B 1O, 3196 ( 1992) .
10M . K OHL A . Form el , M . M olu le, R . G erman-t, K . St ra tbel,

Scholz, M icroelect ron- Eng. 6, 57 1 ( 1987) .
11T . K j el - - g and R . Schatz, IEEE J. L ightwave T echnol - L T-10,

( 1992) .
12E . H . A nderson, V . Boegh, M . L . Schat ter- urg, D . K ern , r

Smi th, J. V ac- Sci . T echnol - B 9, 3606 ( 1991 ) .
I3M . L . Schat tenu - - c . R . Carda --es, D . D ewey, K . A .

H aut-- t t , A . M . L evine, K . S. K . L um, R . M anikkalingam,

M arked , and H . I . Smith, Opt - Eng. 3O, 1590 ( 1991 ) .
14H . A . H at-s and C. V . Shank , I EEE J. Quantum Electron.

( 1976 ) .
±K . K oj ima, K . K yurt- , and T . N akaYama, I EEE J.

L T ¤3, 1048 ( 1985) .
16J. Ferret-a, V . V . W ort- s . RM uon, V . Boegli , E . H . A nderson,

K ern, and H . I . Smith, J. Vac- Sci. T echnol B 11, 2342 ( 1993) .
l7Exper imental A RC-X L -M IT , Brewer Science, -

18Y . M on and N . W a af- ba, J. Elect rochem- SÄ . 125,

J. Vac. ScI. TechnoL B, v £I. 11, N£. 6, N£v/ D¤c 1993


