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i n v e s t i g a t e d f o r t h e H I -s t t i m e b y b o t h a b s o r p t i o n m e a s u r e m e n t s a n d p h o t o m o d u l a t e d

t r a n s m i t t a n c e m e a s u r e m e n t s . P h o t o m o d u l a t e d t r a n s m i t t a n c e s p e c t r o s c o p y h a s b e e n s u c c e s s f u l l y

a p p l i e d t o c l e a r l y r e v e a l c r i t i c a l t r a n s i t i o n p o i n t s . M e a s u r e d t r a n s i t i o n e n e r g i e s a r e i n g o o d

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

F o r w e l l w i d t h s o f 2 . 5 - 7 . 5 n m , o s c U l a t o r s t r e n g t h s a r e s m a l l e r f o r t h e s t r a i n e d l a y e r M Q W s t h a n

f o r t h e l a t t i c e - m a t c h e d M Q W s b y 3 5 % - 4 5 % . T h i s i s d u e t o t h e l a r g e r e X C H o n r a d i u s f o r t h e

s t r a i n e d M Q W s r e s u l t i n g f r o m s m a l l e r i n - p l a n e r e d u c e d e & d i v e m a s s e s ( O . 0 3 1 - 0 . 0 3 8 m o ) ,

w h i c h a r e 6 5 % o f t h o s e o f t h e l a t t i c e - m a t c h e d M Q W s . ®

Ä m u on m easur em en t . I m por tant resu l ts w hich show

w eak er exci t orHc t ransi t ions fo r t he com pr essively stra nd

M Q W s r esu l t i ng f r om sm al ler r educed d a t ive ma m are

descr ibed .

l . INT RO DUCT IO N

A n exci torL w hich is in fact a m any body eHect , con-

sists of an elect r on and a hole int eract in g w i t h each ot her

t hrough C oulom b at t r act ion . I t i s w el l k now n i n quan tum

w el1s that exci t or1 eHects ar e erot- - ed because of t he w ave

functi on corm nem en t perpend icular to t he quant um w el l

p lane. Str on g excit or1 resonances in quantu m w el l s have
ba n repor ted -M 4 A m ong m any m m u um u u - w el l

( M QW ) st r uct ur es, st r ai ned l ayer M Q W st r uctu r eslM 8

have ba n intensively st udied in recen t year s for t heir ap-

p l icat ion to hi gh per for m ance opt ical devices such as low
t hrÄ hold , h igh-pow er , and h i gh-speed 1asets -± - 34 E spe-

cial ly , t he st rained layer I nG aA s/ I nA lA s, I nG aA s/

I nG aA lA s, and I nG aA s/ I nP m ater ial syst em s are at t r ac-

n ve and im por tan t , because these m ater ials em it or absorb

t he l ight at around 15 5 P m w avelengt h, w h ich i s t he op-

t im al w avelen gt h for opt ical com m unicat ion system s.

T herefore, a system at ic under stand ing of t he behavio r of

m o to rs in st rained layer M Q W s in these m ater ial system s
IS very im por tant fo r advanced photon- dev ices. O n l y few

resul t s .£ t he basic opt ical proper t ies have been re-
por ted , ¦ - ± how ever , and t he i m por tant physi cal param e-

ters of the exci tor1s i n the st rain ed layer M Q W s as a fu nc-

t ion of t he w el l w idt h have not yet been deter m i ned .

I n th is paper , the physical pr oper t ies of exci t ors , i .e.,

t r ansm on ener gy , osci l l ator st r ength , l inew id t h , b ind ing

ener gy , and reduced eHed ive m ass, in st r ai ned layer
M O W s based on long-w avelength m ater ials ar e p resented .
T o the aut ho rs- know led ge, t h is is t he Hr st system at ic re-

por t on t he room tem peratu r e exci t or1s in long-w avelength

st rained layer M Q W s. Ph otom od ulated t ransm it t ance

spectr oscopy is found to be a m ore eHed ive w ay t o reveal

the subband st r uct ur es com pared w i t h conven t ional ab-

l I. E X PER IM ENT S

A . Sagn p le s t r uc t u r es

T hr ee k inds of st r ained l ayer I nG aA s/ I nGaA lA s
M Q W st ruct u res w i t h d iHer o n w el l th ick nessÄ (sample

A , B , and C ) w ere gr ow n on ( Ä 1) I nP :F e subst rate by

m olecular beam epi taxy ( M BE ) . For com par ison, a latt ice

m atched I nG aA s/ I nA l A s st r uctu re ( sam ple D ) was also

fabr icated . T h e w el l th ickness in each sam ple w as prem¤d y

deter m i ned by Ha i r- -a sim ul ated satel l i te pat ter n to x-ray
d i mpact ion spect ra-J, T able I sum m ar izes the sa nd e

st r uctu res. Sam ples A , B , and C cont ain fou r 2.5 nm wells.

fou r 5.0 nm w el ls, and four 7.5 nm w el ls, respectively.

T h e I nd ium com posi t ion in the I nG aA s ter nar y com pound

i s det erm ined to be O.652 fo r sam pl e C and alm ost same
fo r sam p les A and B . T h is cor respond s to 0 .83% compre -

sive st r ai n i n t he p lane of t he quantum w el l . T he wells in

each sam p le ar e separ ated by 8.5 nm thick

h o moG ao 255A lo.275A s bar r ier s w hich have O.43% tensile

st rain . A l t hough the t otal w el l th ickness fo r sam ple C is
m ore t han a cr i t i cal t h ick ness,± t he st r ain is not relaxed,

par t ly becau se the grow t h tem per atu re is low ered± and

par t ly because the total st rain is com pensated by t he tensue

st rained bar r iers. T he upper and low er cladding layers
have the sam e com posi t ion as t he bar r i ers and are O. l 2 and

0 . 16 Pm t h ick , r espect ivel y . T hey are ¼loped w i th Si and Be
fo r n and p t ype, respect ively , to 5 ¿ 10 ± cm - 3 except O©

P m uM oped r egion s in each l ayer w h ich cover t he M QW

r egion . T hese th i n urM oped layer s are em p loyed to avoid
any dopan t d i m s- n in to t he M Q W region , w h ich is un-
in ten t ional l y doped . T h is p -f.-n st r uctur e is helpfu l for the

ph otom odu lat ed t ransm it tance m easur em en ts as w i l l k

descr i bed later . T he r eference sam pl e D consist s of M
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TA BL E I . Structural parameters of the Sax¤m ls invest- ated- L Land L .
g e the wel l width and bam er width, resm nvely. Sarm s A Ì have
corr. rS S1Vely St ra nd I nG aA s quantum wells with InG aA lA s ba r ters.
Sample D ha latt ice-matched I nG aA s quantum wells with I nA lA s bar-
nerS.
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Ar Laser

lat ti ce-m atched quan tu m w el l s w i th 7.2 mn t hi ck ness and

InA 1A s bar r iers w i th 7.2 nm th ick ness. T he w hole st r uc-

tur e i s uni ntent ional- doped for t h is sam p le. D et ai l s of th e
a m p le gr ow t h have been r epor ted elsew her e-35

FIG . 1. T he photonnn ulated tr ansmi ttance measurement setup.
Chopped A r laser l ight at a p wer of l mW was used to mÄ ulatd the
internal bui l t -in neld in a a mple.

m ost com p let el y supp r essed . T he photom odul ated t rans-

m i t t ance is p rod uced by a con tact less elect r ic Held m odu -

l at ion by m a ns of a laser beam . A r laser l i ght at 1 m W

pow er w as chopped and shone on t he sam ple a show n in
F i g. 1. A st rong incr ease in both r esol ut ion and Op al-to -

noise rat i o com par ed w i th t h e conven t ion al room tem per -

atur e t r ansm ission spect r oscopy w as obtained by the add i -

t ion of a m od tHated l i ght sour ce. I t i s fou nd t hat t h is

techn ique is m uch m or e sensi t ive w hen i t i s used fo r the
p + n st r uctu r e w h ich has a r elat i vely st ron g bu i l t -i n elec-

t r ic Hel d .

B. A bs o rp t io n m easu rem e n t s

W e m easu red t he opt ical absorp t ion spect r a of t he

sa m Hs at room tem per at ur e by conven t ional phase-
sensit i ve l ock -in t echni que using a m onochr om ator and a

tun gsten ( W ) lam p . A PbS detector w as used for l i ght

detect ion . F or t hese m easur em en ts, t he rear sid e of the
sam p l Ä w er e po l ished by B r -m et hanol t o avoid l i ght scat -

teHn g. A perpend icular i n ci dence geom et r y w as em ployed .

Th e abso r pt ion coem d ent w as deter m ined by com par ing

the t r ansm i t t ed l ight in tensi ty w i t h (Ó ) and w i t hout ( L )

the sam ple. By denn in on of t he t r ansm ission Com o - 1t T ,
/ -® We obtain t he fo l1ow ing r elat ion bet w een these tw o quan-

t1t1es:

T = f 1/ f 2= ( 1 - R ) 2 exp ( - a d ) / [ 1 - R 2 exp ( - 2a d ) ] ,

( 1 )

wher e R is rena t ion coem d ent , a is absor pt ion coemd en t ,

and d is total th ick ness of w eU layer . T he abso r pt ion coef-

Hd en t w hich is m easured fr om a t r ansparen t point below
the band gap ener gy t akes t he fo l low i ng h r-m :

d MQw = a - a ¯ = ln ( T ¯/ T ) / Ì 1 + x ( a ) ] , ( 2 )

wher e a ¯ is the absor pt ion value at alm ost t ransparent

point . T h e calibr at ion factor x ( a ) is exp ressed as

x ( a ) = ln { [ 1 - R 2 exp ( - 2a d ) ] /

[ 1- R 2 exp ( - 2a V ) H A a - - ¯ ) d , ®( 3)

and th e value is found to be ar oun d O.2 for our st r uctu res.

For sam p les A and B , m ore t han one p iece of w afer are

su cked and m easured to im p rove t he si gnal -to -noise r at io .

C. Ph m £ m £ d u la te d t ra n sm it t anc e m eas ur e m en ts

M od ulat ion opt ical spect roscopy is a ver y at t r act ive
technique because of i ts h i gh sensi t i vi t y . T he photom od¤
latd t r ansm i t t ance ( P M T ) techn iqueX 39 is sim il ar to
m ot or-enectar- e ( PR ) spect roscopy -4* 42 For st ruct ur es

grow n on t ranspar en t su bst rat es, sam p le t h inni ng is not
necessar y , w h ich m akes t he t ransm it tance measurem en t

techn ique m or e at t ract i ve. M or eover , spect ra can becom e

ls s com p l icated because the su bst r ate con t r ibu tion is al -

lH. R ES ULTS A N D DISC USS IO N

A . T ra ns it io n e ne rg y

F igure 2 show s the m easu red room tem per at ur e ab-

so r pt i on spect ra fo r t h ree k inds of t he st r ained l ayer

M Q W s ( sam p les A , B , an d C ) and the lat t i ce m atched
M QW ( sam ple D ) . T he ar r ow s ind icat e calcu lat ed exci-
ton ic t r ansi t i on energies. C lear t r ansi t ions bet w een el ( HI-st

subband in a cond uct ion band ) and hh 1 ( 6r st Sabbat1d in

a heavy hole valence ban d ) ar e obser ved fo r al l sam p les.

T h e ener gy val ues ar e O.897 ( and al so 0.9 13 ) , O.792, O.73 1,
and O.835 eV for sam pl e A - D , respect ivel y . H owever .

cr it ical point s are not alw ays clear for h i gher order t r ansi-

n ons.

F i gu r e 3 show s the cor respon di ng phot om odulated

spect r a. A s show n in F ig. 3, PM T signals are ver y sensi t ive
at cr i t i cal point s. I n t hese Hp res, t he conven tional absor p -

t ion spect r um i s su per im posed for com par ison . T he ar row s

ind icate cal cu lated excit or- t r ansi t ion ener gies. T h e PM T

signals are st r on ger by an o rder of m agni t ude fo r sam p les
A , B , an d C , w hi ch have t he p -J.-n st r uct u re, com par ed

w i th t hose for sam ple D , w hich is unin tent ional l y doped .
T he signal level i s of t he order of 1o - 3. T hi s is t hough t to

be d ue to t he r elat ively st ron g bu il t -in elect r ic Held in the

st rained layer M QW sam ples.

I n general . the absor pt ion change, * a , in t he PM T
m easur em ent is p ropor ti onal to t he chan ge in the im agi -

nam pan of t he d ielect r ic funct ion . A Ì resu lt i ng f rom the

chan ge in t he in tensi ty of t he pum p beam P. F or exci torHc
t ransi t ion s, A gr- can be expr essed aC l --
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FIG ¤ - RÄ m temperature absorpt ion SÁ Ctra (solid l ine) and 6t ted G aussian CUR e (da l-d l ine) . ( a) Sample A has stra nd layer M QW with 25
nr¤- wel l wn th- The arrows indica- calculated e-ter - es for el a td (0.882 eV ) and el a n (O9 85 eV ) transit ions. ( b ) Sample B ha St ra nd layer MQW
wnh 5.0 nm well w1dot- n e m ows Indicate calculated ener g s for el - -h 1 (0.772 eV ) and eN h 1 (0.872 eV ) tra n noys - (c ) Sample C ha st ra nd h y-
M QW with 7.5 nm well width. n e arrows Indicate calo ng d m er - Ä for eL IOd (O.726 eV ) , eI ¤M¤ (forbidden 0.761 eV ) , el -l l- l (0.815 eV ), a d
e2-hh2 (O9 l 5 eV ) trm slum s- (d ) Sample D ha la nce matched M QW with 7.2 rur¤ well w idth. n e an 0WS Indicate calcu lmd ener- - fw el d- ±

(O.833 eV ) . el a n (O.867 eV ) , el - - ( foru dder1 O.986 eV ) , and e2-Iatu ( l .07O eV ) tram n ions-

a [ JÌ ½ d ç Ì [aEA Rn Red d ss= {¼ ¹ aP R am - ¦ 3 Hð , (4)

w here ç h is t he exci to-t energy gap, r i s a phefto rner- - g-

ical br oadeni ng par am et er , and S is t he i n tegr ated in tensi ty

of the exci tonic t ransi t ion . T he relat ive cont r ibut ions to t he

PM T l i ne shape ar ising f r om the li new id th , ener gy gap,

and in tensi ty m od ulat ion m echan ism s are determ ined by

the m agn i t ude of the bracketed coemd en ts in Eq. (4 ) .

T hese coemd ents are funct ions of the pum p in tensi t y and

t he sm u t- i ndices o f t he exci tor1S. W hen the 6s t tem in

Eq . ( 4 ) is dom inant , t he l i ne shape w i l l be a d ispersive

shape. w hich has bot h posi t i ve and negat ive pan s, and the

zero crossm g p01m gIves t he exci ton ic t ransi t ion ener gy .
W hen t he seco nd o r t he t h i r d tem is dom inant , the l ine

shape w Hl be sym m et r ic and the peak gi ves t he exci tor-

t ransm on ener gy . T h is relat ionsh ip is schem at ical l y d raw n

in F i g. 4 . I n act ual cases. i t i s t ho ught t hat t he si - al shape

is the com binat ion of t h ree l im i t i ng cases descr ibed above.

T her efo re, t he interp retat ion of PM T signals is not alw ays

easy and i t should be done carefu l l y, but it gives not on ly

com p lem entary in for m at ion but also usefu l c lues to reveal

cri t ical POURS- Em pir i cal l y , in m any cases. a m iddle point

betw een a peak and a bot tom i n t he PM T si - a peak

cor responds to a cr i t ical point in the abso r pt ion sp- tra-

T hey can be at t r i but ed to exci t ors com posed of elect rons
and heavy ho les, and elect rons and l i ght holes. n e a d -

ton ic t r ansi t ion ener g s b r e1-l h 1 ar e deter m i ned to k

O9 9, O.87, O.8 1, and O.86 eV for saf-- lÄ A - D , rS Á C-

tWeb - For sam ple C and D , t he exci to -t ic t ransi t ions from

hh2 to e2 ar e also observed . Pan t y for bidden t ransit ions
betw een e l and hh 2 and bet w een ¢ M d lh 2 are also re-

vealed in sam p les C and D , respect ivel y . Sam ple D shows
ex t r a peaks near t he ba d edge w hich w e Ca na yet ex-

p lai n .

T he excit or- t r ansi t ion eng ¤ Ä w er e calculated by

usi ng e& d ive rt- ss approxim at ion incl ud ing heavy hole

and l i ght ho le ener gy sp li t at t he gam m a poin t due to
st rain . T he eº ect of st rain on t he band 1i net- s w as calcu-

lat ed in a st r aigh t for w ard m anner ba d on t he m odel sol id
t heor y proposed by V an de W al le and M ar t in - -° T he

ener gy sh i f ts of art aver aged valence ban d posi t ion ç av a d

a cond uct ion band posi t ion E r i nd uced by t he hyd rostat ic

st r ai n com ponen t can be exp ressed a

dE,,av = a, ( AO/ n ) ( 5 )
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, ¢FIG. 3. RÄ m tergum - ure photomd ulatd absorption sp- t ra- A m orpt tort sp¤ - a are super-rrun sd for comparison. T he m ows ind¤ - e calculated

a mn ion ener g s - (a ) Sample A , (b ) a mple B, (c ) sample C, ( d ) a mple D .

dE c= ac( A n / n ) , ( 6 )

where a , and dr are t he hyd rostat ic defo rm at ion potent ials

for t he valence and conduct ion bands, r espect ivel y . T he

&Q/ n is the fr act ional vo lum e change w hich , for sm al l

strains on ( Ä 1) subst r ates, can be app roxim ated by

( 7 )An / O = ( 2e£ + ez ) ,

where the strain components (q ) are denned as

e£ = (ao/ a - 1 ) , ( 8 )

A b s o m u o n

e. = ( - 2cu / C11)e£ , ( 9 )

w her e a£ i s t he lat t ice constant of I nP , a is t he lat t i ce
con stant of t he f r ee-stand ing I nG aA s epi layer , and C£ is

th e elast ic st ig -- ss constant of I nG aA s. T he valence band

degener acy at t he gam m a poin t is l i f t ed by t he shear st rain

com ponen t . T he ener gy shi f t s for t he h eavy hole ( |J ,m ·
= | 3/ 2,3/ 2 µ) val ence subband , the l igh t hole ( | 3/ 2, 1/ 2 µ)

subband , and t he spUt -on- an d ( | 1/ 2, 1/ 2µ) ar e calculated

w i th r espect to th ei r w eighted average and given by

dE u.hh= * £/ 3 - 5E m l / 2, ( 1O)

dF Elt-= - Ao/ 6 + 6E m 1/ 4 + sp, ( 1 1 )

( 1 2 )dE,,.Ä= - * (/ 6+ 5EÄ1/ 4- sp,

w i t h( c )( a ) ( b )

( h G 4 Schemanc pIn to-nod ua d u ansm nance line shapes b r thra
dqm¦¦lu.m!ummmYnmmß1mß©̄nm¹MtnMMi±m§YnÞ®çg Ä Þ : ( a ) d 1s p e r m - ® l i k e l i n e s h a m d u e t o t r a n s m o r t e n c . y

l u n g e ® ( b ) s y m m e t r i c l i n e s h a M d u e t o h n e w t d t h c h a n g e . { C ) Sy r ¤U t t a r -

m e s h a m d u e t o t r a n s m o r t U t t e r ts n y c h a n g e .

SP= l / 2 [ Ü + A È E m + 9/ 4 ( 6E m F l u - ( 13 )

w here * £ i s t he spin -or bi t sp l i t t i ng in t he unst rained bu lk

I nG aA s, and 6Em l i s given by
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T A B L E H . M ater ial pa r am et ers fo r t he binary Co rfu - und I rm s- G am -

and A R s- L a n ce co nstan t . an ; el ast i c m @ ui t- - Ì : shear defo r m- t ao ft
p ten t - l . * : sp in -o r b i t sp l i n t-¤g, * m w etglu ed aver a ge over t he t h ree up

pa n tost v alence band s at gam m a. E ¤a¢ ; h yd r ost at ic d efo rm at - n po t en t 1a l

fo r t he valen ce band . a l-¤ and fo r t he co nd uct - n band . a r ; and t he d a -

I r on . heavy ho le. and h gh t ho le eHa m e m a s s at gam m a. m , , ,HIn- - and

Ç h ¤ reSê CUR l y - I n ter po lat ed val ue fo r tern ar y ( I nG aA s and I n A lA s )

and q ua er y- r y ( I n G aA lA s ) m at er i als a r e used fo r ca lc u la to r--

A l A s bI nA s® G a A s d

6.O5 84
8 . 3 29
4 5 26

- l . 8

O. 3 8
- 6. 67

l . Ä
- 5 .O8

O4 l
O.O2 5
O.O23

$ 6 5 3 3

l l . 8 8

5 . 3 8
- l . 7

O . 34
- 6 9 2

l . 1 6
- 7 . 1 7

O. 4 5

O. O8 2

O . O6 7

5 . 65
l 2 . 5
5 . 34

- l . 5

O. 2 8
- 7 4 9

2 . 47
- 5 . 64

O. 409
O. 1 5 3
O. 1 3

a o ¤ p ¤m m eh q q b AöÒ a a m m m

A
1 0 ± d y n -

l o l l d y n ,

e V

e V

e V

e V

e V

m 0

m £

m £

Ev.so -7.O15 l

¯ Ev,so -7.182

FI G . 5 . T he band lineups of st rained InGaA S M d I nGaA lA s used for

calculations.

®aR ef er ence l 5.

bR eference 4 3.

and ç is t he excHon bindin g ener gy . T he calcu lated t ra t-

si t ion ener gy and exper im en tal resu l ts w er e p lot ted in Fig.

6. A l t hough no Ho ir- par am eter i s used , th ey are in gÄ d

agr eem ent , w hi ch Corti i r m s t hat t he st rain eHect causa

sp l i t t in g of t he heavy hole band and t he li ght h ole ba d.

U ncer tain t y in m at er ial par am et ers such Ä eº ed ive m a s,

ban d d i scon t in ui ty , and band gap especial1y for
I nG aA l A s47 is t hou ght t o be a cause of sl i ght d iga -- ¤ e in

exper i m en tal and calcul ated val ues. T he r elat i vely st rong
bui l t -i n Held m ay also m od i fy t he t ransi t ion ener gy , how-

ever , it is est im ated t o be l ess t han sever al m eV . T he h igher

or der t r ansi t ions and t he pan t y for bidden t r an si t ions Ob
sen d i n t he PM T spect ra also m atch t he calcu lated t ran-

si t ion ener gy very w el l .

B . Osc i l la t o r st r en g t h

I t is w ell k now n that t he exci to -tic t r ansi t ion is well
Hu ed by a G aussi an d ist r ib ut ion funct ion -u 2 By 6t t i ng the

d ata using the G aussian l ine shape, t he in tegrated intensi ty

S w as ob tained . N on l i near least squar e m et hod w as usd

FI G . 6. ExC1tonic transit ion en- - Ä for e141h 1 (C1rcle) and e1411
(cross) as a function of wel l width. Sol id and dashed curvs show calcL
lated values for eL IOd and el a n - rÄ m CUR ly-

8Em 1= 2M ez - - . ) , ( 14 )

w here b is t he sh ear deform at ion pot ent i al for a st rain of
tet r agonal sym m et ry . T he numer ical par am eters are calcu-
lated by V ega -d ¯s law f rom t he b inar y com pound data. T he

param eter s for binar y m ater ial s are l isted in T abl e H .H.43

Band gaps for I n 1æ G a» s ( th is is obtained by an in ter -

po lat ion of the band gap for G aA s, I nA s, and
¢ 53G &m A s) and I n l æ - yG a, A l xA s45 at r oom t em per a-

tur e are exp ressed Ä

Eg( I nG aA s) = 0 .36 + 0 .62 12x + O.4438U , ( 15 )

Eg( I nG aA lA s) = 0 .36 + 2.093x + O.629y + O.577x 2

+ 0 .436Â + L OB o - 2.OU ( 1 - x - y ) ,

( l 6 )

respect i vely . T he I nG aA s/ I nG aA lA s band l i neups used
for t he calculat ion are show n in F ig. 5. T h e su bband ener -

gies were calcu lated by an eHed ive m ass envelope funct ion

app roach. Band nonpara bo l ici t y associated w i t h t he real

w ave v- to r in t he conduct ion band of t he w el l w as t aken

i nt o account as fo l low s-

m , = m g ( l + a E ) , ( 17 )

a = ( 1 - m ° m o) 2/ ³ , ( 18 )

w here m . is elect r on m ass at an ener gy E , m m is band

bot tom m ass. and m o is f ree elect r on m ass. For sim pl ic i t y ,
valence band eHed ive m asses of the unst r ained bulk m ate-

r ials were used , al t hough the St rain causes com pl icated

valence band non par abol icit y . C onti nui t y of t he envelope

funct ion Ë (z ) and of [ 1/ m ( E n d- (z ) / dz w ere used as

boundar y condi t ions. T he abso r pt ion ener gy is given by

E ph= E . + E * + E g- E * , ( l 9 )

w here E . and E * are elect r on and hole st¤ b¤ - ener gies in

t he quan tum w el l - Ì is the band gap of t he wel l m ater ial .
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T A BL E XI I - F in d values of G aussi- - att i --g { a (E ) = a£ exp[ - (E
- Eph)2/ ( 2¸ ¹ } for absorpt ion sM a ra: a nonlinear la st square methd

ws usd in the atm¤ - For Sample A . a rmmure of two G a- start m n s

wÄ 6t to the sp- trum-

/ (

B C D

FI G . 8. Excitor- radius a a fund - n of wel l width for st rained (OÁ n
circle) and la nce t-- tchd (clog circle) quantum wells. Cross 1S from
Ref. 12. n e ling are a guide to t he eye.

l inew idt h d ue t o st r um -r a1 nucm an ors in t he quan tum

w el l . I t is a1so i m por tan t in calculat ing t he l i gh t i n tensi ty at
w hich exci t orm star t over lappi ng w i t h each ot her and cau s-

i ng ver y st r ong opt ical non l inear it ies- T h e i nt egr ated in ten -

sit y of the excHon spect r um based on t he eReco ve rrtass
appro xim at ion is given by l2

S = µ mU Po n 2| ´ Ë e(z ) | Ë H a n - ( H am - pItu - - ,

( 2O)

w here e is the elect ron char ge, P er is t he op t i cal m at r ix

elem ent , Ë , (z ) is t he el ect r on envel ope w ave fu nct i on ,
Ë * (z ) is t he hole envelope w avc funct ion , e£ is t he perm it -

t iv i t y i n vacu um , C is the speed of t he l i gh t , and n is t he

ref r act i ve index . T he exci tor1 r adi i w er e obtai ned using Eq .

( 2O) by subst i t u t ing exper im ental S values, w h ich ar e 40 6,
24O, 1 16, and 2 l 3 eV / cm fo r sam p les A - D , r espect ivel y .

A s show n i n F i g. 8, t he values are 13. 1, 13.8, 172 , and 122
m n fo r sam ples A - D , respect ively . T he incr ease of exci t o r1

radi i is t he m ai n r eason for sm al l S values in the St r ained

M Q W st r uct ur es.

for t he data Hu m s I n F ig. 2, t he 6t t ed cur ves are p l ot t ed -
F or sa- - lÄ A H 3, t h e bun t-in Held m ay cause sl igh t

chan ges in th e absor pt ion sp- t ra- H ow ever , t he chan ge in

an absor pt i on area is neg - - ly sm al l accor d in g t o t he sum
rule-5 T he im eg at d i n tensi ty is p r opor t ional t o an osci l -

lat or st rength dM d d by t he w el1 w i dt h L . F or sam ple A ,

tw o m u d G aussian s1tap s ar e usd for the nt u ng bc ause

bot h t h e absor pt ion spÄ t r um a d t he PM T spect r um show

double peaks at t h e absor pt ion d ge. T h e nt td valms ar e

l ist d in T ab le I I I - T he absorp t ion coe» d ent s for e14 1h 1

exci t orHc t ransi t ion ar e 9550 ( and al so 12 320 ) , 13 840 ,
72m , and 12 170 cm - l for sa nd s A - D , r espC UR ly - F i g-

ur e 7 show s the im eg atd in tensi t y Ä a funct ion of t he

wel l w idth . T he data for 1at t ica tta ched M Q W s f r om

Refs. 8 a d 12 are al so p lot t ed . I n R ef . 8, t he d ata ar e tak en

at low tem perat ur e, how ever , i t i s r epor ted t hat the t em :
per m -- depen dence of oscUl ator st r en gth is ver y sm al l -°

1t is found that S is sm al l er by 35% - 4 5% for t he st rain ed
( 1ayer M QW s th m t hose for t he lat t ice-- 1at chd M Q W s at

- the sam e w eU wi d t h . A t t hc sam e w avelen gt h , how ever , S

is alm ost M m e for bot h st rai n a d lat t ice-rnat chd M Q W

str um ar s . I t sÄ m s that t he w el l w idt h dependence of S is
1/ Ò fo r bot h st r a nd and lat t i ce-m at ched M Q W s w hen
L is m or e t hm 5 m ,48,W w h il e i t is less dependent on the

wel l w id th fo r nar r ow er w el l w id ths.

I t is ver y im por tant to kn ow t he spat ial extent of t he

exci t or1, A£ , in the quan t um w eH because t h is in for m at ion

is usef ul in undema ndi ng t he br oadenin g of th e excHon
C. L in ew id t h

T h e exCHon spect r um br oadening at low tem per at ur e

is p r im ar i l y due to t he spat i al inhom ogenei t y of t he exci to r1

ener gy level caused by st r uctur al im per f ect ions in t he
quant um w el l s,5O such Ä inter face rou ghness, com posit ion

m u ta n ts in const i t uen t al l oys, a d nonper iodi ci ty i n
m ul t ip le quan tum w el ls. A t h igh tem peratu res, t he exci -

tons ar e ion ized to f r - elect ron -hol e p lasm a by phonon

scat ter ing. T he increase of ph onons r ed uces t he exCHon

l i fet i m e, and broadens t he exci to -t ic t ransi t ion spect r um

accord i ng to t he uncer tainty pr incip le. F igu r e 9 show s the
r oom tem per at ur e FW H M ( ful l w id th at hal f -m axim um )

of t h e heavy h ole exci t or1 peaks as a funct i on of the w el l

w id th . T he data from R efs. 2, 11, 12, and 46 are also

p lot ted . R efer ence 46 i ncludes a FW H M val ue for a
st r ai ned M Q W . T he dashed l ine is a gui de to t he eye. T he
val ues ar e i n t he r ange of 1* 15 m eV for both st r ained and
l at t ice-m atched M QW st r uct ur es except at nar row w el l

w id th . F or t he 2.5 nm w el l , t he st r ained M Q W st r uct ur e

R G . 7. 1meg atd 1THefts-ty a a Amm on of wel l WIdth for st ra nd (0¼Xn
C1rcie) and la nce-rnatchd (closd C1rcle) quantum wel ls. T he data from
Refs. 8 and l 2 are also mcludd (cross) . T he l ine are a guide to t he eye.
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FIG . 9. Heavy hole m o tort l inewidth at rÄ m ternm ature as a funct ion
of wel l width for g ranted (open circle) and latt ice-matched (clo- d ci r-
cle) quantum wells. T he data f rom Refs. 2. 1 l . l 2, and 46 are also plot ted
(cross) . T he dashed l ine is a N Ide to the eye. T he solid CUR e shows the
calculated energy sInh due to monolayer m o u to n-

FIG . 10. Binding energy a a funct ion of wel l width b r Sta nd (Om
circle) and lat tice-matched (closed circle) quantum wells. The data from
ReA . 8 and 12 are included (cross) . The l ine are a n ide to t he eye.

show s st rong br oaden ing as w ide as 3 1 In ev - T o i nvest igate

t his broaden ing, the t heor et i cal subban d ener gy change d ue

to one m onolayer nud um - n is also p lot ted in F ig. 9. I t i s

reasonable t o th ink t hat st rong enhancem ent in the l ine-

w id th is pan ¤ d ue to t he m onolayer nucm an ort of t he

quantum w el l w h i ch has com parable i sland size to th e ex-

cHon radi us. Stat ist ical com posi t ion nucm an o rs m ay be

anot her cause for t h is st r ong linew id th b roaden ing.

T he d ata i n t h is st ud y show nar row er FW H M values
than t hose of repo r ted values. l l ¤° T he sm al ler n um ber of

quan tum w el ls i n our M Q W s i s t ho ught to be one of t he

reasons- T o reveal l i new id th broadening m echan isms, low

tem perature m easurem ent s are also needed and are now

under study . T he P M T spect rum w i d ths are also usef ul in
study ing e l -h h l excit or1 l inew id t h - T he broadeni ng for 2.5

nm w el l is also observed in the PM T spect rum .

w here Aex is t he eHed ive Bohr radius of the quasi bidiom -

g ottal exci tor1. A s w e k now t he values of t he exci tor1 radii

exper im en tal l y , t he r educed e& d ive m ass and t he binding

ener gy can be calcul ated based on £ . ( 2 1) . n e d a tive

wel l w id t hs w ere used fo r t he calculati on . F i gure 10 shows

the exci t or1 bind ing energy Ä a funct ion of t he well w idth.

F i gur e 10 incl udes t he data for lat t i ce-- ®at chd M QW s

f rom R ef . 8, in w hich t he values are deter - und by mag-

net oabsw pt ion m easurem en ts and f rom R eE 12. n e E,

increases w i th decreasing w el l w id t h and a value of 7.8

m eV is obtai ned fo r a 2.5 nm st r ained layer M Q W . T he ç

seem s to satu rat e in t he nar row w el l w id t h reí on for both
lat t ice-m atched and st rained layer M QW s. n e ç is

sm al ler fo r t he st r ai ned M O W s t han t hose for t he latt ice-
m atched M Q W s by l - 2 Inev -

F igu re H show s t he reduced e& d i ve m ass a a func-
t ion of t he wel l w id th . D ata for lat t ice-m atched M QW s

taken fr om R efs. 9 and 12 are also plot ted . I n R eE 9, the
values are det erm ined by magnet oabso r pt ion m easure-

m en ts. Sm al l reduced e& d ive m asses for t he st ra nd layer
M QW s are obtained . T he value ar e in t he range of n on -

D. B ind ing ene r g y and red uc ed e f f ec t iv e m ass

T he ¼W0-d imension al exci tor1 rad i us can be determ ined

by a VÕ Õ onal m ethod by m in im izi ng d1e exci to r1 bind i ng
ener gy ,®---

ç (Aex) = - m2/ ( 2P L ) + £ * | l / p | * µ/ ( 4# E) , ( 2 1 )

w here p is the red uced eHed ive m ass par al l el to t he q uan-

m m wen- layers ( 1/ p = l / m ®| + 1/ m hh|| ) and p = Dh u -
- ZAn u - , w here z. and h ar e t he coo rd inat es perpend ic-

ular to t he p lane of t he layer of the elect r on and hole,

respect ively . T h e r is t he relat ive posi t ion of elect ron and

hole in t he plane of t he layer . T he 6 rst ter m in the n gh t-

hand side in Eq . ( 2 1 ) is t he k i net ic ener gy of relat i ve
elect ron -hole m ot ion in t he quan t um w el l p lane. T he sec-

ond term is t he Coulom b potent ial ener gy of the elect ron-

ho le relat ive m ot ion . W e k now that a sim p le M al wave

fund 1on of the gr ound stat e is

* = Ë e ( z , ) W * ( Z * ) Ë ex ( r ) { Z4 j
FI G . 1 l . In-plane reduced M a uve ma s a a Amm on of wel l width for

st ra-nd (open C1rcle) and la ncem atched (closd circle) qu. -tum wells.
The data from Refs. 9 and l 2 are mcludd (cross) . The l ing are a g- de
to the eye.

w i t h

Ë ex( r ) = ( 2/ # ) l/ 2 exp ( - r / Aex) / Aex ,
( 23 )
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o.OH m - w hich are 65% of t hose of t he lat t ice-m atched

M Q W s. I t is w el 1 know n that t he heavy hole m ass in t he

quan t um w el l p la te decr eases w i t h com pr essive st r ai n . 0 u r

resul ts r en ect th i s st r ain eHect as w el l as bot h t he elect r on

a d hol e d a t ive m ass chan ges due to a com pos t 10n

Ch ange in t he w el l m ater i al . T h e calcu lat ion s w er e car n ed
/ ( t usi ng sim ple m od els-53,54 F or w el l w idt hs of 2.5- 7.5

nm , t he calculat ed r educed e& d ive m asses ar e 0 .027-

0 .032m n for t he st r ained st r uct ur es, com par ed t o n o n -

0 .039» for t he l at t ice-m atched st r uct ur es. I n spi te of us-

in g sim pl e m odels, th e calcu lat ion r esul t s expl ain t h e

decr ease of t he r educed eHed i ve m asses qual it at ively . T h is

r ed uct ion of t he r ed uced eHed ive m ass i s the m ain r eason
for t he l u ge exci t or1 r ad ius and t herefor e t he sm al l i m e-

grated intensi ty for t he st r ained layer M QW st r uctu r es. I n

a sense, t hese r esul t s are negat ive for the appl i cat ion of t he

com pressively st r ai ned M QW s in advanced devices w h ich
use exci t onic eHects such a quant um coniined Star k eHect ¹

and opt ical Star k eHect ,5536 how ever , t ensi le st r ain m ay

enhance t he exci t orHc eHa t - T h e use of I nG aA lA s for t he

w el l m ater i al i s al so pr om isin g, because t he elect r on m a s
wi l l be incr eased by t he addi t ion of A l . F erntosecon d d y -

tu rn- s of exci torm of t h ese st r ained sam pl es are also in ter -

est in g pr oper t ies, and w i l l be st ud ied .

lV. CONCLUSIONS

T h e physical pr oper ties of th e room tem peratu r e exo -

tons ( t ransi t i on ener gy , osci l l at or st rength , l inew idth -
( bind in g ener gy and r ed uced eHed i ve m ass) i n t he com m e -
/ livel y st r ained I nG aA s/ I nG aA l A s m u l t ima tu m -w el l as a

h ncHon of the w el l w id th w er e in vest i gated by both ab-

sorpt ion m easur em en ts and ph otom odulated t r ansm n ance
(PM T ) m easur em ent s. T he PM T tech nique for t he Sam -

PIs w i th a p -i-n st r uctu re is found to be ver y eHed ive for

reveal in g Sum a-- st r uct u res. M easu red t ransm on m er g es

are in good agreem en t w it h t he calculat ion w hich includes

the heavy hole and l i ght hole spl i t t ing due to st r ain . T he

osci l l ator st r en gth f or th e sam e w el l w id th is sm al l er fo r
the st r ained layer M Q W s than those for the l at t i ce-

matched M QW s. T h i s is due to the lar ger exci t or1 r adius
for t he st r ain ed l ayer M Q W s r esul t ing f rom the sm al ler

in-pl ane r ed uced eHed ive m ass. T he em pl oym en t-of tensi le

strain and the addi t ion of A l to I nG aA s w ell are pr oposed
to incr ease t he exci t orHc t r ansi t ion in tensi ty . T his new in -

form ati on is ver y i m por tant for appl ication of st r ained
layer M Q W s to advanced photon - devices w h ich use ex-

CROft- eHa ts in M Q W such as quant um con¤ - d Stark

eHect and opt ical Star k eHem -
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