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H i g h r e s o l u t i o n x - r a y d i n a c t i o n ( H R X R D ) h a s b e e n u s e d t o d e t e r m i n e t h e l a y e r c o m p o s i t i o n s
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e m b e d d e d i n t h i c k c l a d d i n g l a y e r s t h a t a r e n o m i n a H y l a t t i c e m a t c h e d t o I r ¤ - T h e e n t i r e l a y e r

s t r u c t u r e w a s a c c u r a t e l y d e t e r m i n e d f r o m t h e r s u l t s o f H R X R D m e a s u r e m e n t s f o r a s i m p l e

s t r a i n e d M Q W s t r u c t u r e i n w h i c h b a r r i e r s a n d c l a d d i n g s a r e o f t h e s a m e c o m p o s i t i o n . T h e

e s t i m a t e d m a r g i n s o f e r r o r a r e l e s s t h a n 1 % f o r t h e q u a n t u m - w d l i n d i u m c o m p o s i t i o n a n d ¾ 2 . 5

A f o r w e l l a n d b a r r i e r t h i c k n e s s e s . T h e l a y e r s t r u c t u r e o f t h e a c t i v e r e g i o n i n a c o m p l e t e

I n G a A l A s g r a d e d - i n d e x s e p a r a t e c o r m n e m e n t s t r a i n e d M Q W l a s e r d i o d e h a s a l s o b e e n

d e t e r m i n e d b y H R X R D .

m easur ed for sym m etr ic ( m 4 ) r ena t i on w i t h t he goniom -

eter incr em en t of 2 arcs- and t he count t i m e of 2 s.

F igu r e 2 show s m easured and sim u lated H R X R D
spect ra of sam p le A ( the d etai ls of t he sim ulat ion ar e d is-

cu ssed later ) . T he satel l i te peaks in t he dat a show t he
Ri d a ) / sin k - dependence pred icted by t he t heor y -3,4

I n ord er to anal yze these dat a, i t is Hr st necessary to un -
der stand h ow x -r ay d iFract ion f rom em bedded st rai ned

M Q W s is aHect ed by the su r roun d in g cladd i ngs. T h i s is
done by separ at ing t he tot al di Hr acted x -r ay neld in to t hr ee

d iHer o n pan s as

´ total ( @) = E d O ) + E MQw (O ) exp o r U

+ ç ( O ) exp [ H T b+ T MQw ) ] ,

w here E b̄ and E , cor respond to the d iHr acted x -ray nelds

d ue to t he bot t om and top cladding 1H ers, respect ively ,

and E MQw to t hat of th e M Q W r egion . ç , E r, and E MQW
are in gener al com p lex quant i t ies and depend on the i nci -

den t x -ray angl e, O . F or our anal ysis, only one Pol an a t ion

is consi dered and the dynam ic eHa ts are not consider ed .
T b and 7±MQW are the layer t h ick ness of th e bot tom clad -

d ing and the M Q W region , r espect ivel y . Phase factors ar e

in t r od uced to account for the spacial sh i n s of t he M Q W

reÕ on and the top claddi ng layer . T his separ at ion is show n
schem at ical l y in F ig. 3. T he m easured x-ray in tensi t y is

then

| E total | 2= | E £ + | E MQw | 2+ | Ì | 2+ 2 | E MQw |

¿ cos( T b+ 9bM Qw )

+ 2 | E Ì | cos( r , + 7±MQw + 8Ï

+ 2 Ú MQwí | COS( T MQw + OMQW,r) ,

w her e Ob.-¤Qw , 0*., , and 8MQw., represent t he phase d iHer--

ences betw een cor respond ing X-ray Hel ds. F rom the ab ove

expression, i t can be easi ly obser ved that t he product term s
represent i ng coupl ing betw een x-r ay Held s from d iHero n

layer s have signincant con tr ibut ions onl y in t he r ange of 0

w her e ³ or | × is signi Hcan t . I n t ypical H R X R D scans

of em bedded st r ained M Q W str uctu res, most dom inan t

T he ut i l i ty of h igh reso l ut ion x-r ay d i Hract ion

( H R X R D ) for t he st r uct ur al assessm ent of epi taxi all y

gr ow n sem iconduct or layers is now w el1 estab lished .

A m ong l ayer st r uct u res char act er ized by H R X R D , those

w i th m ul t ip le quant um w e1l s ( M QW s) or s o m a t ices

have recei ved m uch at tent ion since quan tum conone t- nt

e& ct s in such st r uct ur es are t he basis of m any advanced
ha erost r ucture devices. I n x -r ay invest i gat ion of these

st r uct ures, t he com posi t ions and t h ick n esses of w el l s and

bar r ier s can be accur ately det erm in ed f rom t he analysis of
¯ ® sat el l it e pa k s caused by t he amino an y added per iod i ci ty -1

I n th i s l et t er , w e repor t the resul t s of a H R X R D i nvest i -

d / gan of1 of com pressively st r ai ned I nG aA s M Q W s em bed -
éz ded in t h ick nom inal l y l at t i ce-m at ched t op and bot t om

claddi ng layer s. T he i nterest fo r invest i gat ing such st ruc-

t ures by H R X R D st em s f r om thei r tu n i ty for such device
app l icat ions as st r ained M Q W laser d iodes and m od ula-

tors.

F igure 1 show s t w o layer st r uct ur es used fo r t he

pr esent H R X R D st udy w i t h t hei r tar get com posit ion and

th ick ness values. Sam pl e A is a p + n st r uct ur e w i t h fo ur

com pressively st r ained quan t um w e1ls and quater nar y

I nG aA lA s bar r iers and cladd i ngs of th e sam e com posi t ion .
Sam p le B is an actual d evice st r uct ur e for gr aded-index

separ ate con ii nem en t ( G R I N SC H ) st r ained M Q W l aser

diodes. T he goal of the invest i gat ion w as t o deter m ine t he

com posi t ions and th ick nesses of w el ls and bar r iers in t hese

st r uct ures f rom t he resu l ts of H R X R D m easurem ent s. T he

sam p les are tw o of m any sam pl es w i t h d iHer o n st r ai ned

M QW st ru ctu res gr ow n in order to opt im ize t he st r ained

M QW st r uctu r e for 1.5 P m laser d iodes. T he gr ow t h w as
done on ( Ä 1) I nP w afer-s by m ol ecular beam epit axy

( M BE ) ; the det ai ls of M B E gr owth for st r ained M Q W
st r uctur es can be found elsew here-2

T he H R X R D m easurem ents wer e done on a com m er -

d al ly avai l ab le Bede m od el 3m tw o-cr yst al system f r om

/ ¬ Bed e Sd en t i0c I nstm m ens L im i ted - T he C t¤-K a r adiat ion
.

w as gener ated by a R i gak u R U 2m gener at or w i th t he bias
¢ vol tage and the beam cur ren t set at 60 kV and 2m m A ,

respC UR ly - A n I nP subst r ate or iented for the ( M 4 ) re-

na t ion w as used for the Hrst cr ystal . R ock i ng cup s w er e
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T .§ nm mP³Ýàm =o ®m S¢½ FIG . 3. Schematic diagram for separat ing an embedded strai-- n M QW
structure into three diner- n regions: M ttorn cladding, wells and ba r ters,
and top cladding. Not ice that T MQW is denned a t he thickness of four
wel ls and four barriers.
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FIG . 1. Layer str uctures * r samples A and B with target composit ions
and thicknesses- A ll the I nG aA lA s quaternary layers have t he M me tar-
get composit ions 8 shown in the 6CAre- The G RIN SCH layers in sample
B are hnearly graded from I11052A loq A s to I È UGh - A loHA s- InGaA s
and I nA lA s layers have the lat t ice matching target compositions,
I non Gao47A s and I noHA lo48A s, respectively.

bar r iers are of ident ical com posi t ion and th ick ness, respec-

t ivel y , a si t uat ion w h ich can be easi l y achieved w it h M B E .

F ur ther , it is assum ed th at t her e is no st rain r elaxati on
inside t he w eHs and al l t he st rains are coheren t1y incorpo-

rated by tet r agonal d isto r t ion . T h is is ev idenced by the

sh ar p satel l i te peaks in t he H R X R D scan and a nar row

and a st rong exci ton ic photol um inescence peak w i t h fu l l
w idt h at hal f -m axim um of 6.5 m eV at 10 K f rom sam ple

A . T he task is t hen r ed uced to obtain i ng fou r independent

equat i ons involv ing the above fou r par am eters. T h is can be

done in t he fo l1ow in g m anner .
( 1 ) Si nce t he bar r i er s and claddings are of t he sam e

com posi t ion , at ,b can be deter m ined f rom t he separ at ion

betw een cladd in g and subst rate peaks in the H R X R D

scan .
( 2 ) T he posi t ion of t he zer otb order satem - peak

should cor r espond to the average ver tical lat t i ce spacing in

t he st rained M Q W region , a t ,o, or

satel l it e peak s are located aw ay f rom the cladd ing peak

and , consequen t ly , t hey ar e easi l y r esolvable and can be

descr ibed by the an aly t ical exp ressi on der i ved f rom M Q W s
w it hout cl addi ng layers-± T h is is d ig ¤ - 1t f r om the c8 e of

lat t ice-m at ched M Q W s em bedded in th ick cladd ing layers

in w h ich the sat em te peak s ar e not as easil y r esolvable and
suffer- m ore severe in t er fer ence f rom t he cladd ing layers.

A 1though the eº ect of th e subst r ate is neglected in t he

above analysis, i t can be t reat ed j ust l ik e anot her cladd ing

layer and the sam e r esul ts can be obtained .

F or t he com pl ete determ i nat ion of the st r ai ned M Q W

st ruct u re in sam p le A , i t i s necessar y t o deter m i ne fou r
i ndependent param et er s: w el l com posi t ion, or t he ver t ical

lat t ice spaci ng inside t he w el ls ( a t w) ; w el l th ickness, or

t he num ber of m onol ayer s inside t h e w el ls ( N Ï ; bar r ier

com posit ion , or t he ver t ical lat t i ce spaci ng i nsid e th e bar -

Her s ( a t ,Ï ; and bar r ier th ickness, or t he num ber of m ono-

layers inside the bar r iers ( N ¢ . I t is assum ed t hat w el ls and

N. ¿ A .w+ Nb¿ A .b
a t .o =

N. + Nb

w her e A ,o can be easi ly d eter m i ned f rom t he posi t ion of

t he zer ot b or der satem - peak . I f the zer ot b order peak is

located cl ose to t he cladd ing peak , t hen the posi t ions of

h igher o rder p eaks can be used t o determ ine t he cor r ect

zerot b ord er peak posi t ion w i thout th e in ter f erence of the

clad di ng b yes -
( 3 ) F rom the k now n exp ressi on for the satel l i te peak

per iod ic i ty ,4 w e obtain

,-M

A -§
-q4--A

where A is the spacial periodicity in M QWs ( = N uÅw
+ N ,4 ) , A x-ray wavelength, 4 8 the separation between

two adj acent satel l ite peaks, and 8 is the angle around
which the satel li te peak separation is determined.

(4 ) Finally, the tota1 eP layer- thickness f can be ex-

pressed as

f= 7NoA .*+ nA,

w here n i s the num ber of quan tum w e1ls and 7 cor responds

to t he r at i o of t he t otal c1add ing th ick ness to t he bar r ier

w hich can be easi l y d eter m i ned f rom t he target grow t h

durat ions fo r cladd ings and bar r iers. T he t otal epi layer

FIG . 2. M easured and simulated H RX RD scans of sample A . T he input
parameters for simulat ion that are determined from the analysis are
shown in the Hs u e.
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F IG . 4. M easured and simulated H RX RD scans of sample B. T he input
parm eten b r simulat ion that are determined from the analysis ¦
shown in the Hs u e.

t h i c k n e s s c a n b e m e a s u r e d b y a p r o m o n - - r m e a s u r e m e n t

o n a s t e p c r e a t e d b y s e l e c t i v e l y e t c h i n g t h e e P l a y e r -

B y s i m u l t a n e o u s l y s o l v i n g t h e a b o v e f o u r e q u a t i o n s , i t

1S P o s s i b l e t o u n i q u e - d e t e r m i n e a 1l f o u r p a r a m e t e r s , d l m ,

% , q , * , a £ % . T o d e t e m i n e t h e q u a t e r n a r y cÄ Om m DË uá× d± À
tuimOÌ 1n ½ fÃoÆr b aa rõ rn 1.mea¿ frB .s a n d cd lha d dd ihmrn½. gÊ s f r o m a® é b t h e b a n d g a p o f

t£¦ h. F q u a t e r n a r y w Ä m e a s u r e d f r o m l o w ¯ t e m p e r a t u r e p h o -

t o l u m m p s c e n c e ( 1 . 1 0 e V a t 1 0 K ) a n d t h e c o r r e s p o n d i n g

c o m p o s 1Q o n w a s c a l c u l a t e d - T h e r e s u l t i n g l a y e r s t r u c t u r e

1S 7 3 A I t h - - G a o -30 8A s f o r t h e w e l l s a n d 9 8 A

I 110 550 G a o - l 9 6 A l o .2 54 A s f o r t h e b a r r i e r s . U s i n g t h e s e v a l u e s ,

a s i m u l a t i o n w a s d o n e w i t h a c o m m e r c i a l l y a v a i l a b l e s o f t -

w a r e p a c k a g e c a l l e d R A D S ( R o c k i n g C U R e A n a l y s i s b y

D y n a m i c S i m u l a t i o n ) s u p p l i e d b y B e d e S c i o n i H c I n s t r u -

m e n s L i m i t e d , a n d t h e r e s u l t i s s h o w n i n F i g . 2 . N o i t e r -

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

u m b e t t e r m a t c h i n g b e t w e e n m e a s u r e m e n t a n d s i m u l a t i o n .

T h e m a t c h i n g a s s h o w n i s e x c e l l e n t , i n d i c a t i n g t h e a c c u -

r a c y o f t h e a r M U d s - I t s h o u l d b e n o t e d t h a t t h e d e t a t t u n e d

v a l u e s a r e t h e a v e r a g e v a l u e s o v e r t h e s a m p l e a r e a p r o b e d

b y t h e x - r a y b e a m , w h i c h i s a b o u t 1 m m b y 1 m m .

T o e s t i m a t e t h e m a r g i n o f e r r o r i n v o l v e d i n t h e a n a -

y S1s , a n e r r o r a n a l y s i s w a s p e r f o r m e d . T h e m ñ o r s o u r c e s o f

u r u ¤ n a m t ¤ s w e r e c o n s i d e r e d t o b e i n d e t e r m i n i n g t h e e x -

a c t p e a k p o s i t i o n s f r o m t h e x - r a y d a t a ( ¾ 10 a r c s - i n a n

e n l a r g e d H g t ¤ e ) a n d t h e e P l a y e r - t h i c k n e s s f r o m a p r o m o -

m Ï e r m e a s u r e m e n t ( ¾ 1 M A o r a b u t ¾ 2 % ) . B y c a l c u -

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

t e s t h a t s p a n t h e e n t i r e u n c e r t a i n t y r a n g e , h i s t o g r a m s o f

p o s s i b l e c o m p o s i t i o n s a n d t h i c k n e s s e s w e r e o b t a i n e d .

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

u o n S 1s m t h e r a n g e o f 0 . 6 9 2 ¾ 0 . M 5 ( o r ¾ 0 . 7 % ) w i t h

7 9 % g o d d e r - e , a n d t h e w e l l b a r r i e r t h i c k n e s s e s a r e 7 3

¦ ¤5 A ( o r ¾ 3 4 % ) a n d 9 8 ¾ 2 . 5 A ( o r ¾ 2 . 6 % ) , r e s p e c -

t w e l y , b o t h w i t h 7 3 % C 0 I n d e f ¤ e . T h e l a r g e r m a r g i n o f

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

u n c e r t a i n t y i n t h i c k n s s m e a s u r e m e n t b y t h e p r o m o m e t e r ,

w I n c h i s t h e a c c u r a c y l i m i t i n g f a c t o r .

F i g u r e 4 s h o w s t h e r e s u l t s o f H R X R D m e a s u r e m e n t

and sim ulat i on fo r a com p lete laser d iode st r uct ur e of sam -

ple B . B road ar ea laser devices m ade out of t h is sam p le lase

w i t h t hr eshol d curr en t densi ty of abou t 9m A / cm 2 for

k nob b y- uncoated cavi t ies under pu lsed cur rent excit a-

t10n at r Ä m tem per atu r e. D ue to t he com plex layer st r uc-

t u re, t he en t i r e layer st r uctur e cannot be deter-rtu ned by

H R X R D r esu l ts alone. H ow ever , t he sam e val ues for bar -

m ar com posm on and t h i ckn ess as i n sam p le A can be used

for sam ple B , since bot h sam ples w er e grow n on t he sam e

day w i t h t h e sam e target val ues for bar r i er com posi t ion

and t h ickn ess. A lso, i t can be assum ed w i t hou t tÄ m uch

d iM cu l ty t hat the in i t ial 98 A of the top G R I N SC H region

has the sam e com posi t i on as the bar r ier , pr ovid ing four

com p lete quan t um w el l s and bar r iers as r equ i red . T w o re-

m a1m ng. Ä nd i t ions are obtained f rom t he satel l i te peak

pen odic1t y and t he zeru th -or der satel l i te peak posi t ion .

T hen , t he laser diode act ive r egion st r uctur e can be com -

M ete- determ ined, as show n in F ig. 4. F or t he sim ulat ion.

t he top con tact layer w as assum ed to be lat t ice m atched

O tto-53G ao-47A s) and t he t op and bot t om G R I N SC H re-

p ons w er e each m odeled by nve l ayer s of constant cornD0-
S1t ions l inear l y var y ing fr om the bar r ier quater nary . to

I nA lA s cladd i ng. W i th t he excep t ions of t he br oader c lad-

d ing l ayer peak and larger back gr ound noise, t he agr ee-

m ent bet w een m easu rem en t and sim ulat ion is excel len t .

i nd icat ing t he accur acy of t he anal ysis fo r a com plete laser

diod e st r uct u r e. T he br oad I nA l A s peak is p robably due to

not opu m al st r um - a1 qual i ty of t h ick I nA lA s layer s-5

B y com par i ng the target layer st ruct u re w i t h that de-
ter-m ined by H R X R D , w e can ver i fy that t he eHuSion cel l

tem per at ur es w er e set co r r ect ly fo r desir ed m ater ial com -

pos h ors w i t h t he except ion of th e alum in um ce1l , w hose
tem perat ur e should have been h igher by about 6 £C . T his

infor m at ion can be used fo r the subsequent M BE grow ths

for a bet t er con t rol of cel l tem per atu res. I n add i t ion , t he

accur ate dev ice st r uct ur e deter m inat ion by H R X R D as

w a done fo r sam ple B is essent ial fo r the cor rect analysis

of dev ice char acter ist ics. I n t he e r egar ds, H R X R D char -

acter i zat ion i s essent ia1 for successfu l grow th of I nG aA l A s

m at eHal s on I nP and, in par t icul ar , for st rained M Q W s for
d evice appl icat ions.

T he autho rs would l i ke to t hank D r . B r ian Bennet t at
N aval R esear ch L abor ator y for helpf u l d iscussions on
x -r ay anab sis and Joe A dar i o at M I T Cen ter fo r M ater ial

Science and E ngi neer ing for k indl y prov id i ng the com put -

ing faci l i t ies for t he x -ray sim ulat ions done for t h is w ork .

T h is wor k w as funded by JSE P th r ough t he M I T R esear ch

L aborator y of E 1ectro tHcs, C on t r act N o. D A A L 033 2-

d P 1, and by D A R PA th r ough the N at ional Cent er for

I ntegr ated Photon- s T echnology , Subcont ract N o .

542383.

!J. M . Vander- - g, R. A . Ha run- M . B. Panish and H . Ten-k in, J.

A ppl . Phys. 62. l 278 ( l 987 ).
È -Y Ch0I m d C G Fond a - J Cryst G rowth H 7, 555 ( l 993 )

; A Segmuller and A E Blakeslee, J A ppl Cryst 6, 19 ( l 973)
¤v . Swa ntru m - 1 and A . T . M g rander - M agen- f 4 spec¤ qf GË 4s and

h P-Based S q u ares (Prent ice-H al l , Englewood Clin . NL l 99 l ),

Chap. 3.
5E. TOUR-H, y .a Zharts N . J. a lg or-d. and K . PlÄ g, J. A ppl. Phys.

7O, 7362 ( 199 l ) .

28 1 7 ADd . Phvs [ R§ Vn l R9 Nn 99 qq Mou , £££


