
Ò¡Ü Ö- il--Í

T e c h n i q u e s a n d a p p l i c a t i o n s o f g r a d e d - c o m p o s i t i o n l n G a A l A s a H 0 Y õ
¹z±¢é° ,

J am es C . W e k a) W o o -Y o ung C ho i, a nd C lifto n G . Fo nd ad ( ®
Da gron. ,r qf H eer-- af D ¤P¤H¤- mg and Compufer SUCH- , M ag ad g et- f a m - - qf Techno - , ®

e arnbrd ge, M an - m a d eg

( R ecei ved 30 Septem ber 199 1; accept ed 29 O ct ober 199 1)

A s m olecular -beam epi t axy cr ystal gr ow t h techn iques steadHy pr ogr ess f r om the rs a r ch stage

in to fun -scale p r oduct ion the need for p r eci se con t r ol of t he cr yst a1 grow th prÄ Ä s becom es

i ncr easi ngly i m por tant . T h n s par t icular l y t r ue fo r em an a1 l ayer st r uct ur es r eq ui r i ng p recisely

d u rol1ed com posi t ion al gr adient s. W e have developed tecIn qu es fo r the grow th of Hnear l y

graded I nG aA 1A s w hi l e precisely m ain tain ing lat t ice m at ch i ng to t he I nP subst r ate, su ch t hat

x-r ay fu l l w i dt hs a{ hal f -m axim um close t o m e m a g ical l im i t h ave k en ach in d - n rou gh the
Ä of these t echni ques, heter î unct i on b ipol ar t r ansisto r s and gr aded-index sepg ate

coM m u terH ha erost r ucture laser d im s have been gr ow n , fab r icated , and t ested -

|. INTRODUCT lON
H. DO U B L Y G R A D E D H ET E R 0 J U N CT IO N B IPO L A R

T R A N S l ST O R (H B T )
I n t he doubly gr aded H BT ,2 th e base i s of a nar r ow er

band gap th an bo th the em it ter and the col la tor , and t he
al 1oy com posi t ion is sm oot h ly var ied th r ough bot h j unc-

u on rep ons-
T h is p r ov ides im proved ou tp ut character i st ics, ow m g to

the use of th e w ide gap col lector , in add i t ion to the en -

h anced cu r r en t ga n i nt r insic t o t he H BT ds i g 1. A w ide

gap coHect or i s Oh m i cu lar im por tance i n dev ics , w U ch

w o uld u t i l i ze the ter nar y I no.53G ao-47A s fo r the ba e

region -3
¯ T o pr ov id e sumd ent ba d gap d im - - e k t¤ - n

the em i t t er and base, th e quat ernar y com pos t - n
I 110 53G ao-09A lo.38A s ( cor responding to four pg B of g u m -

tu tty1 for ever y one of gal l ium ) w as chosen . T h is pr ou dd

a 560 m V band gap d ig g er- e bet w een the em i t t er and

base, of w h i ch r ough ly 160 m V l ies in the va¤ - e ba d -

T he I nG aA lA s quater nar y al loy syst em , l at t ice-m atched t o

I nP subst rates, is an idcal cand idate for th e im plem en ta-

t ion of bot h elect r onic and opt ical devices, d ue to Hs

unique band st r uctu r e. T h i s band st r uct ur e not on l y span s

the 1.3- 1.5 P m op t ical w avelengt h r ange, but aHom s Ä

w el l a conduction band oº set of up to 5m m V , betw een t h e

ter nar ies I no.53G ao-47A s and I 110 52M OR A s- F ur ther , t h i s

m ater ial system is w el l -su i t ed to grow th by t r ad i t iona1,
sol id-sou rce m olecu lar -beam ep i taxy ( M B E ) . T o fu1ly r e-

al ize t he prom ise of th is m ater ial syst em , epi t axi al l u es

i ncor por at ing com posi t ion al grad e ar e na s sa y -

A ch ievem ent of t his goal , h ow ever , is com pl icat ed by th e

need to m aintain l at t ice-m atch ing to th e I nP subst r ate

w hi le var ying t he const i tuen t n uxes du r ing M B E gr ow t h -

T h r ough carefu l cal ibr at ion of eHuSion cel l nuxes, i t h Ä
been dem onst r ated that the gr ow th of gr aded and l at t ice-

m atched I nG aA lA s al loys is not si gn iHcand y m or e dim cul t

than the grow t h of t he lat t ice-m atched t em an s

I non G ao-47A s and I no HA lo-48A s, as evidenced by t he
gr ow th of uni for m ly gr aded I nG aA lA s layers w i t h x -r ay

fu l l w id ths at hal f -m ax im um ( F W H M ) close t o th e thÄ -

ret i cal l im it -l T echniques for the reduct ion of nux und er -

and over shoot at t he endpoints of nux gr adien ts have al so

been developed , resu l t i ng in the reduct ion of such t r ans¤ n t

eHc t s by a factor of 50% or gr eater -
T o dem onst r at e the usefu l ness of gr aded all oys i n t h is

m ater ial system , w e p resen t t hei r appl icat ion t o both an

elect ron ic device, a doubly graded heter î unct i on b ipo1ar

t ransistor ( H B T ) ( in w hich both th e base-em i t t er and

base-coll ector j unct ions are com posit ional l y gr aded ) t hat

ut i l i zes t he large band gap span avai l able in I nG aA 1A s Ä

w el l as t he h i gh room tem per at ur e m obi l i t y of

h 1053G ao-47A s to advantage; and an opt ical dev ice, a

gr aded -i ndex separate com m uterH ha er ost r u ct u r e

( G R I N SCH ) l aser diode em i t t ing w h i ch usÄ
I no.53G ao-47A s quan t um w el ls and graded I nG aA 1A s q u i-

cÒ and d a r ical Cott- - rnen t layers to achieve emd ent

em ission at 1.5 p m .

F IG. l . Band st ructure of doubly gradd I nG aA lA SA -- H BT . T he t
val ley minimum is shown a Ec- T he alloy cornu - ino-- prome, d ig 1d t t

band prome, is shown at top-
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FIG. 2. f f - vs Peg characterist ics of an l l Pm ¿ 1l Pm em it ter doubly

gradd H BT .
F IG. 4. D ependence of t hrs hold cur rent densit y upon inverse cavi ty
length for l m Pm st rÁ broad ar-a device.

exceed 13 and 20 V , r Ä peCUR ly - T hese val ues clear -

dem onst r ate t he eHecOver- ss of t he col lector com posi -

t ional grad ing in im pr ovin g th e device out put character i s-

t ics. F ur ther , th e d f set vo l t age charact er i st ic of H BT s hÄ

been red uced to ls s t h an 2O m V , dem onstr at ing t hat
the gr ad i ng of the base-em i t ter j unct ion has red uced the

tum -on vol tage of t hat deu ce to d ose to that of t he

I m .53G ao-47A s horn î unct ion -

HI. 15 P m G R INS C H-M U LT IP L E Q UA NT U M W EL l-

(M Q W ) LA S E R D l O D E -

T h e epi tax ia1 1aye - st r uctur e em ployed in the

G R I N SC H -M Q W laser d iodes fabr icated is depicted
in F ig. 3. A 1 Pm th ick Si-doped ( n = 5 ¿ 10 l7 cm - 3)

I no.HA lo-48A s layer w as Hr st gr ow n on an n + I nP sub-

st r ate. T hen , a 0. 18 P m l inear - gr aded w avegu ide 1ayet-

w as gr ow n , w i th t he m ater ial com posit ion vary ing betw een

I 11052A 1048A s an d the quater nary I no.52G ao-U N o-- A s. T h is

t h ick ness w as chosen to y ield the m axim um com nem ent

T he col la tor com posit ion w as chosen to m at ch that
of the em i t t er . A space - layer t h ick ness of 2m A pr ovided

protect ion against d im s- n o f base dm a tt in to t he
w ide gap em it t er . T he graded base-em it ter t ransi t ion

layer t h ickness w as m atched to t he em i t ter doping level of
± = 2 ¿ 10 l7 cm - 3; to avoid th e f or m at ion of a spike in the

conduct ion ba d in t h is j unct ion , t he com posi t ion w as

gr add parabol ical ly t hr ough the t r ansi t ion r eÎ on .
A p -type co1l ector t ransi t i on re³ on w as err- 1oyed in

¢ t h is device to prov ide a dow nw ard CUR in g band edge pro -

® n1e, a seen in F ig. 1. T his p laces t he l ow est neld r eÕ on of
, the base-col l ector t ransi t i on 1ayer nearest t h e base, m axi-

m i zing the velÄ it y in that re¢ on ( due to t he negat ive

d ig . ent ial velÄ i ty of h 10 53G ao-47A s ) , and m i ni m izing the

distance over w hich car r iers m ay ava1arc i- - T he ber y l1i um

concent rat ion w as graded exponen t ial - over t he t ransi t ion

re³ on to provide the desir ed band d ge p om e-

F i gure 2 show s the outp ut character ist ics of an 11 P m

square doubly gr aded H BT . A n Ear l y vol tage greater than

25 V at a cou- - r cu r rent densi ty of 3 k A / crr. is achieved ,

w hi le t he open base and open em i t t er break dow n vol tages
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FIG. 3. Epitaxia1 layer str ucture of 15 5 Pm I nG aA lA s G R 1N SCH -M QW

la er diM e. A lA s layer above gradd cladding r£ on provide etch stop
layer fbr r idge format- -t (Ref. 4 ) . F IG. 5. u sing spect r um of 4 Pm ¿ 29O Pm ridge Str ipe laser .
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a d etched to fo r m contact openings, a d Cr / A u w aS $ 111

ter ed on to th e t op sur face to fo rm t he d m ic Ä ntact m

bond i ng pads. A f ter backside lapping a d A t-G e evaporE

t ion , t he sam ple w as clew d int o bas of d ig erent 1eng¤

and cu t in to indi v id ual devicÄ for character izat i on .

F igur e 4 show s the dependence of thr Ä hold cum-

densi ty on t he in ver se cavi t y length fbr Ä Ver¤ 1Ä p t
w ide br oad area stu pe dev¤ s . T he low s t t in -s ho1d cu

r en t den si t y ach evd w a 8· A / O-R for a cav i t y l ength ¶

865 p m . F m g 1y , the lash - spect r um of m 8 P m ¿ 3Ä Pr

dev ice is show n in F ig. 5.

f a c t o r , a d e t e r m i n e d f r o m n u m e r i c a l c a l a n a t i o n s o f t h e

m o d e p r o m s o f t h e w a v e g u i d e s t r u c t u r e . T h e a c t i v e r e ú o n

h Ä H v e 9 . 5 n m q u a n t u m w e 11s s e p a r a t e d b y 8 n m t h i c k

I 110 5 2G a o -24A 10 2 4 A s b a r r i e r s . T h e t w o s e p a r a t e c o r m n e m e n t

h e t - -o s t r u c t u r e ( S C H ) r e ¢ o n s a r e s y m m e t r i c , a n d n e i t h e r

t h e S C H r e g o t - n o r t h e m u l t i m a t u m n w e l 1 r e ¢ o n w e r e
i n t e n t i o n a l 1y d o - d . A 2 P m t h i c k , p = 5 ¿ 1 0 17 c m - 3

I % .H A l o -4 8A s t o p c l a d d i n g l a y e r a n d a 1 d P A p = 1 ¿ 1 0 20

I r h .53G a o -4 7A s c o n t a c t l a y e r c o m p l e t e t h e s t r u c t u r e . T h e

s u b s t r a t e t e m p e r a t u r e w a s h e l d a t 5 3 0 É d u r i n g t h e

g r o w t h o f I % .H A l o -4 8A s l a y e r s , 5 1 0 É d u r i n g t h e g r o w t h

o f t h e q u a n t u m w e l l s a n d b a r r i e r s , a n d 4 M É d u r i n g t h e

g r o w t h o f t h e I 110 5 3G a o -4 7A s c o n t a c t l a y e r . T h e A s b e a m
e q u i v a l e n t p r e s s u r e w a s m a i n t a i n e d a t 1 ¿ 1 o - 5 T .

F o r t h e d e v i c e f a b r i c a t i o n , s t r i p e s o f d i g ¤ - u w i d t h s

w e r e f o r m e d b y e t c h i n g t w o p a r a l 1e l c h a n t - 1s n e x t t o t h e

s t r i p e b y a s o U t - n o f d e - i o n i z e d w a t e r , p h o s p h o r i c a c i d ,

a n d h y d r o g e n p e r o x i d e . Ss iÜO x w a s t h e n pM lhaÄ sgMfnmrnm½M. a* -d empp OÄ sômiu¥tï cd
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