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PhotohImit¤ sccncc and X -r ay dif f ract ion stud- s of M BE -grown

compress- cly st r aincd I nG aA s and I nG aA lA s quantum wcHs
for 15 5 P m laser diodc appl icat ions
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Compressively str ained I nG aA s and I nG aA lA s mult ip le quantum wel ls were grow n on I nP by molecu lar beam epitaxy and thc ir
mater ial qual it ies werc invest igated by double-crystal X -ray dif fr act ion (D CX R D ) and photoluminescence (PL ). From the satel l ite

peaks in a DCX RD c an. pre isc layer str uctures were determined. By compar ing PL spectra of st rait- d quantum wel ls hav ing
dif ferent wel l m icky- sscs, 75 A thick quantum wells wcre found to be more suit able for laser diode appl icat ions than th inner wCHs.
To achieve the rem ircd lash- wavelength of 15 5 P m wit h 75 ý wide st rained quantum wells. quaternary I nGaA lA s quantum wcHs
werc studied. I t was also found t hat quaternary I nG aA lA s strained quantum wells are less prone to st rain relat ion than t ernary
InG aA s.

1. I ntr oduct ion (M BE) grown, phosphorus-f rce InGaA lA s Ina- -

r ial systo n- W e have alrcady dcmong rated that
such dcviccs wi th latt ice matchcd quantum wcHs
havc comparable dcvice performances to morc
matt- c InGaA sP lascrs [4], and now hopc to
Mo ro- thcrn fun hcr- by ut i lizing strait- d quan-

tum WCHs.
To achic- this goal , a runt- - of strait- d

quantum wells with dif f¤ cnt thick - sscs and
composit ions wcrc grown, and thcy were charac-
tcr i- d by dot- lc crystal X -ray di ff ract ion

(DCX R D ) and photoluunne c- - c (PL ).

2. Nt ater-ial growth and char acter izat ion

Sa nd s uscd in this study wcrc grown by a
Riba 2300 M BE syste n- T hc growth tCHOw -
turc was around 530£C as monitorcd by a cal i-

bratcd pym ulct - q CXCept during thc growth of
strait- d layers whcn thc growth tCHIpcram rc was
lowcrcd according to thc amount of strain de-
sircd to bc incorpora- d. T hc pyroly- - r was cali-
bmtcd by scu ing thc tCIt. cram - at 530£C whcn

In rcCOlt years, it has bccn very $ 16 6 sfully
do rmnstratcd that pseudornom ina lly grown
strai t- d laycrs can grcat . Om ar- c thc pcrfor-

manccs of cIa tr ical and opt ical scmiconductor
dCVico - In ut i l izing straincd laycrs, or- - has to bc
carchH not to rcach a cer tain cr it ical thickness,
bcyond which matcrial quant - s of thc strait- d
laycr start to dcgradc duc to strain rclaxat ion and
result ing dislocat ion format ions. A l though thc
strain rclaxation by thc format ion of misf it dislo-

cat ions has bccn cxplait- d long ago by M atthews
and Biakcslcc [1], thcrc arc st i l l conf l ict ing rc-

ports on how thick a pscudomorphic straincd
laycr can bc grown [2], and it is rcported that the
st rain rclaxat ion mCChartism dcpct¤ s on thc con-

dit ions undo which strait- d layers arc grown [3].
T hesc unccrta nt ics ncCCSSita- a carch d study in
which thc opt imal straincd layer Su tta urcs arc
expa in- ntally dd e mit- d for cach specif ic dc-

vicc applicat ion.
T hc prcscnt goal is high pcr forma - c 15 5 P m

lascr diodcs based on thc mola ular ba rn cp itaxy
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analysis simplcr , idcnt ical matcr ial composit ions
wcrc uscd for both claddings and barr iers.

Once a San- lc was grown, it s layer thickncsscs
and composit ions werc dcta ttuned by matching
the rcnn t of D CX R D measuremcnt with that of
simulat ion. For the mcB ura n- u , a Bcdc modd
300 from thc Bcdc Scient if ic I ng rumo us with
Cu-K a radiation and an InP f i rst crystal or ientcd
for the (004) rcf lccHon was uscd. For thc simula-

t ion, a sof tware packagc, Rocking curvc A nalysis
by Dynamic Simulat ion (RA D S), Stu d - d by thc
same company was uscd. Fig. 1 shows thc rca nts
of D CX RD measuremcnt and simulat ion of a
strained mult iplc quantum wel l st rucu-- whosc
barr io s and claddings arc madc of thc San-
ma cr id composit ion. T hc cstin- - d thicknesscs
for top and bottom claddings arc O.12 and O.16
Pm, rs pca - cly . Thc sharp pcak locatcd at zcro
arc second is from thc InP substra- - T hc pcak
locatcd about plus 1000 arc sccord corrcsponds
to thc tuUma n- nally straincd quata rtary matcr i-
als of thc claddings and barrio s- Sit- c X -ray
alot- is not suHic- nt to deta unt- thc quat- -

fu ry composit ion, thc bandgap of this laycr was
Incasurcd from a low tempo -aturc PL Inca - -

thc r ef l ect ion h igh CI- - y c lcct ro t1 d i f f r act i on

(R H E E D ) f rom t hc I nP subst r at c und o aB a nc
over m e n - c chare cd f rom t he char ad e i st ic 2 ¿

to 4 ¿ p at ter ns w In k t he su In t r a- tCIt. c r am -

w as r aft- cd up .
E f ¥ Sion ccH t cm p e a u - s w cr c d et - -tn i t- d

fo r t hc dcsi r cd m at er ial com posi t ions f r om f lux

bcart1 cqu ivalet1t p r essu r c (B E P) m casu r a r- n t s
as w el l as t he r esu l ts of X - r ay m can n ery- nt s on

p r cn ous- grow n sam p les. L at t icc m atch ing t o

I n P w as ach icved u su al ly w it h in O.1% . T hc gr ow t h
r ate w as abou t O.6 um / h and thc ar so nc over -
p re ssu r c w as m ain t ain cd betw een 7 ¿ 1o - 6 and

1 ¿ 1o - 5 T o r r o f B E P. T hc in d iu m ccH tcryp - -

tu rc w as f ixcd du r ing t he ent i r e grow th and t hc
st r ai t- d l ayc r com po sit ions w c r c ach icvcd by in-

d cpo M a n ly scu in g t he tw o gal l iu m an d tw o alu -

m in um cc l l t c rm e an t- s fo r t hc d en . d co m p o-

si t ions, and sh u t - i ng t ha n as needed . Co nse-

qu cnd y , no grow t h in - - up t i on w as r cqu i r ed to

ad u st ccH t ctn- fu tu re -
T h c layc r st ructu r cs uscd in t h is study w c rc

cssen t i - - t hosc o f l aser d iodc dcv iccs, cxccp t

t hat t hcy l ackcd t h ick cladd in gs and a con t act
l ayer . Fo r so rt- sam p les, in o r d¤ to m ake X -r ay
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3. St rained quantum wel l thickness dependence

For strait- d quantum wells in lascr diodcs,
well composit ion and thick - ss must bc wcll con-

trol lcd in order to achicvc thc dcsircd lash-
wavela u th. A ccording to our calculat ion that ac-
counts for thc cf fccts of st rain on band-gap [5]

and band-oHsct [6], but not on thc cUed ivc
masscs of d cctrots and hols , thc rcquircd wel l
thickncss for a quantum wcl l made of 1% Ä m-

prcssWc© straincd I no.68G a32A s to havc a room
tCIt¤ - aturc opt ical t ransit ion of 15 5 Pm bg-

twcen an clcctrot1 and a hcavy holc is about 35 A .
To confirm this calculat ion and to invest - atc thc
opt ical quali ty dcpend- - e on str ait- d wel l thick-

ncss, sa nd s with four mult iplc quantum y clls of
dif fercnt thick - sscs of 25, 5O, and 75 A wcrc
grown and charactcr ized- To prcvcnt any possiblc
strain rclaxat ion, cspcd ally for widcr wcHs, rela-
t ively low growth tempo antre of 475£C was used

for the wcll and barr ier layers. Fig. 1 shows thp
rca nt of X -ray analysis for thc San- lc with 75 A
wel ls, and f ig. 2 shows the PL spcct ra of al l thrcc

m o n . W i th th is add i t ion al in fo rm at ion , w c w c r c
ab le t o d d em ur- t hc p r ecisc m at c r i al Ä m p o s1-

t ion - T h c m ost r cm ar k - lc f can t¤ of Hg . 1 i s t hc

Sa d i- pcaks loa d in t he lef t sid c o f t hc
subst r at c p cak . T- CSC Wc l l -dcf i r- d satCHi t c pcak s

ind icat e t h at t hc st r a t- - quan t um w c l l s ar e f r ec

of any m Ç o r d i sl ocat ions d uc to st r ain r c laxat ion -

F r om t he posit ion s o f t hcse sat el l it e p eak s alon g
w it h t hc know lcdge o f grow t h t in tc fo r w c l l and -

bar r ier m ater ials, t hc dc t ai lcd in f or m at io n of t he
w el l com p osi t ion , and w c H an d b ar r ier t h ick -

ncsscs can bc can ¤ dc ter ry1incd , and arc show n

in t hc f is t r c . T h c accu r acy of l ayc r st r um u cs so

ob t ain ed i s w ell n ta nk s- d by t hc goo d m atch ing

bc tw ccn m Cas tr o ncn t and sim u l at ion . T hc layc r

st r uct u r es of al l t he sam p les used i n t h is study

w crc dd em u r- - in t h i s m an ner .
For p hoto l unti t- - cncc char - - n a t io n , an A r

lasc r w as uscd fo r cxci t at ion - Sam p les w cr e coo lcd

dow n t o 15 K in a cl oscd¤ - lc h el ium cryostat

an d t hc l um inescence f rom t hc sa nd c p asscd

th rou gh a Sp cx 05 m m onoch rom ato r and w as
da cc¤ d by a lead -Su f id c p ho to condu ct or -

Energy (eí

F ig. 2. 15 K PL spectra fo r four h ong G am a - str ained quantum wells w ith diHero n wel l thicknesses: (a) for 75 A , (b) for 50 A ,
and (c) for 25 A wells. T he pcak positions and FW H M s are 786 and 82 mcV for (a), 855 and 1o.0 meV for (b), and 938 and 182

meV for (c).
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t cmpe an-rc lasing wavela - th of 15 5 ¯LOIn -
well thickness has to be f ixed at the non-opt imal

val¤ of 35 A .

4. Quater nary str ained quantum wel l s

T o ob tain st r aincd qu an tu m w cHs w i t h w id er

w el l th ick - ss an d th c l ash- w a d e - th of 15 5

P m , w e inVCH i p - d qu a- r fu ry I n G aA l A s

st r ai t- d qu an t um w cUs in w h ich a sm al l am ou n t

of alu m inu m is addcd to t he w c H r esu l t in g in a
h ighc r bandgap w c l l m at e -ial w i t hou t a chare c in

t he am ou n t of st r ain . T w o sam p l es w cr c grow n

fo r t his invest i gat i on . T he f i r st sa nd c h as t hr ec
80 A I I10 67G a o-33A s®̄qu an t um w el l s and t hc sec-

ond has t lu ce 75 A I n o.67G ao-27A l o.06A s w el l s.
T hc b ar r ier ma ter i al fo r bot h sam p l es is cst i -

m at cd t o bc 80 A t h i ck I 11052G a o-B A l o-- A s. Si ncc
clad d ings an d bar r ier s have d i f f ercn t com p osi -

t io ns fo r t hcsc sam p les, t her c is a sm al l am ou n t
of u ncCH a n ty in th i s est im a- - T hc gr ow t h t em -
pcr a m -e w as 5 10É fo r both sa nd s - X -r ay r c -

a Uts show w el l -d ef i t- d sat CHit e pcak s fo r both

sa nd s in d icat in g n o m ¯ o r st r ain r c l axat i on -

s a m p l e s . F r o m t h c s e , n o c v i d e - e o f m Ç o r s t r a i n

r e l a x a t i o n i s o b e y e d -

T h c c a l c u l a t e d 1 5 K P L p c a k s a r e 7 8 5 , 8 3 1 ,

a n d 9 3 8 m e V f o r 7 5 , 5 O , a n d 2 5 A w e l l s , r e s p ¤ -

t i v c l y . W i t h t h e c a c p t ¤ n o f 5 0 A w c l l s , t h c

a g r c a n o n i s c X C C H o u - T h e r c a s o n f o r t h e 2 4

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

l a t i o n f o r t h e 5 o A w c H r e q u i r c s m o r e i n v c s t i p -

h o n .

I t i s c l e a r l y o b s a v e d f r o m t h e f i g ¤ c t h a t t h i n -

l ¤ t - w e l l s h a v c l a r g o P L f u l l w i d t h a t h a l f m a x i -

m u m ( F W H M ) . T h i s i s d u c t o t h e f a c t t h a t a

s l i g h t i n t o f a c c r o u g h n e s s i n a t h i n n e r q u a n t u m

w e l l c a t s c s a rÄed lhaa tu iÓv cd lõy l a r g e r ed lkc cd tõ r OÌ 1nm1ç-4 Ih1mod lk c t r a n -

s i t i o n co rnm1HÄ́coa:±±Ir. .g y f l u c t u a t i o n t h a n i n a t h i c k c r w e l l .

F o r i n s t a r - c , a m o n o l a y e r f l u c t u a t i o n i n t h e t o t a l

w c H t h i c k n c s s i n t h c 2 5 A w c H c o m m o n d s t o

a l m o s t 5 % c l u n g c i n t h c c a l c u l a t e d t r a n s i t i o n

l c v Í a S C0 t r o a t -c d t o l e s s t h a n 1 % c h a r - c i n t h c

7 5 A w e l l . T h c s i g n i f i c a n c e o f t h i s r e s u l t i s t h a t

t o o t h i n w c H s a r e n o t o p t i m a l i n a n a c t u a l l a s c r

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

w c l l t h i c k - s s a n d / o r w c H c o m p o s i t i o n w i l l r e s u l t

i n a l a r g e r c r r o r i n t h c r C SU I t i n g l a s h - w a v e

l a u t h . H o w c w t -, f o r t h c s p c c i f i c a t i o n o f r o o m

( .D .®) PS cav- -¼

Energy (eV )

Fig. 3. 15 K PL spectra fo r 3 ¿ 8o A I no.67Gam - (a) and (b), and 3 ¿ 75 A I no.67G aM A l m - , (c). T he peak posi t ions and

FW H M are 757 and 2O.4 meV fo r (a), 781 and 7.6 meV fo r (b), and 864 and 72 meV fo r (c).
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tcr dcvice pcrform at- es than tip sc with tu tu- r
InGaA s ta nary wells [9].

5. Conclusion

W e h a v c g r o w n b y M B E a n d c h a r - - r i z c d b y

D C X R D a n d P L a n u m b e r o f d o e r -c n t c o n o r c s -

s i v e l y s t r a i n e d m u l t i p l e q u a n t u m W C H s . F r o m t h i s ,

w e h a v e s h o w n t h a t t h e m o s t o p t i m a l c o m p r e s -

s i v e õ s t r a i t - d q u a n t u m w c H s t r u c t u r e f o r 1 5 5

P m l a s c r d i o d c a p p l i c a t i o n s i s t h c o n c w i t h t h c

q u a t a n g y h ¤ a ¤ A s q u a n t u m w c l l s w i t h a rÄcÄ a. -

sÄoÆtn1¢a bM lk c w e l l tu£ lhM1uiï C kb 1n1ÄcÄ s$ sL . 1h t w a s a l s o f o u n d t h a t t£h e

a d d i t i o n o f a l u m i n u m amp pm cÄ aaa rrB .s t o fnmtn½aa kï c td£lhÅ
1Ä c

sgmm tuõm 1rmm .au¹ ÷¥ ihm 1nm 1Ä cd d lh¼ aW y. ca r l e s s pW rm¦ oÆm tnm 1. c t o s t r a i n r c l a x a t i o n -
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Howcver, in PL , thc two sa nd s show a remark-

ablc d o er- ¤ e as shown in Hg. 3. First , thc PL
peak for the qua- r fu ry San- lc is indccd at a
dcsircd posit ion. T he quaternary San- lc has thc
room tcop era - c PL pcak at 15 5 Pm, as com-

pared to 1.73 P m for the ternary.
A lso, the quaternary San- lc has a singlc nar-

row (FWH M = 72 mcV ) and strong PL pcak,

whereas thc ta nary has two peaks: a narrow one
(FWH M = 7.6 meV ) and a broad- - d onc
(FWH M = 2O.4 mcV ) at a low- cna w - Broad-

cnit- and shif t ing into a lower encrgy of PL
peaks as wel l as the reduct ion in PL intensity
have been ida m ned as the sign of st rain rela -

anon [7] . From this, wc can ida to- the narrow
pcak as the luntit- - cncc from thc port ion of
quantum wel ls that werc grown pscudomorph -

cal ly and the broad peak from somewhat rclaxed
layers. I t is likely that a narrow PL pcak from
mult iplc strait- d quantum wcHs can be obtaincd
only if at least one quantum wcH is grown pseu-

domorphia lly. From this, we can spg ula- that
thc rclaxat ion in thc ternary San- lc happencd
af tcr the growth of the first quantum wcH. This
puts thc cr it ical laycr thick - ss of the tg nam
wel ls to bc SOft- wherc bctwecn 80 and 240 A . On
the othcr hand, quat - -fu ry wØ s hw e a cr it ical

layer thick - ss larger than 225 A . For a compar i-

son, the cr it ical layer thickness f rom M atthews
and Blakcslcc s̄ model [1] for the San- amount of

strain without considcr it¤ the cUed s of lat t ice
matchcd barr ier ma crid s is about 1m A . Thc
cxact cause for this Unprove n- u in thc quater -

nary sa nd s rcquires more detai lcd study, but i t
is consistent with our cxpcr ia - c that grow ing
m o n omorphic GaA s layers on InP is much morc
dif f icult than A lA s, both of which have about the
samc amount of st rain-

I t should be noted that widcr st rait- - quan-
tum wclls in las- - diodes have the addit ional

advantage of an crou t- cd electron- hole overlap
intcgral result ing in highcr vale s for opt ical ma-
tr ix elements [8]. In fact , Bhat ct al . havc da non-
g rated that M 0 CV D -grown lascr diodes with
thickcr InGaA lA s qtu to r- ry wells do show bet-
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