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A nalysis of QW w it h St rained T hin Layers for Polarizat ion
Insensit ive Opt ical A m plifiers
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A pract ical approach t o achieve t he polarizat ion i nsensi t ive opt ical ga n at 15 5 Pm wi t h quant um
wen (QW ) in w hich t hin and highl y t ensile st r ained l ayers are embedded is numer ical ly invest igat ed .
T he precise band st r uct ures and t he opt ical ga n char act er ist ics of t he st ruct ure are cd o n at ed -
Compari ng wi t h t he restdt s obt u nd f rom t he t ight -binding model , we concluded t hat t he k ¤p

met hod based on t he envelop funct ion approxim at ion is st i l l v- id f or such compl icat ed st ruct ures
l ike d-st r ained quant um wells.

I . I N T R OD U CT I ON r esu l t s, t he Q W w i t h one G aA s 6 l ayer h as a ser ious

b an d m ix i ng at t he zone cen t er . T hi s h eav y b and m ix in g
o ccu rs w hen t he t en si le st r ai n is appl i ed below 1 % , m ak-

i ng i t not p ossi b le t o have low t h reshol d cu r r ent den si t y
dev i ces. T he w ay t o redu ce t he b and m ix i ng eHa t s is in -

ser t i ng m ore del t a l ayers t o t h e wel l , w h i ch in c¤ Ä e t he
b an d sp l i t s b et w een heav y-h ole st at es and t he l i gh t - hol e

st at es. I n t h is st udy , w e anal y zed t h e Q W w i t h one and
t h ree 6 l ayers. A l t ho ugh w e used * -p m et ho d b ased on

t h e E FA (envelo p f un ct ion app r ox im at ion ) , w e ob t ained
al m ost sam e resul t s w i t h t hose of [14] . T hese resu l t s in-

d i cat e t h at t he * -p m et h od b ased on t he E FA can st i l l

ex pl ain such com p l i cat ed st r uct u res. W i t h t h i s i dea, w e

an al y zed t he Q W w i t h t hr ee 6 l ayers. W e det er m i ne t hat

t he b an d m ix i ng eHa t s ar e m u ch reduced com p are t o t he
cÄ e of Q W w it h one 6 l ay er by show ing t he op t i cal gai n

coeÅ d en t s of each st r uct u re.

O p t i cal arr. l i n ers are a key com p onent i n t h e l ong h au l
op t i cal com m u n icat io n sy st em s. T he sem i cond uct or op t i -

cal am p lin ers (S0 A U hw e gr eat p ot en t i al Ä am p l in er s,
sw i t ches and w avelengt h conver t ers Ì . B esi des h igh g ain

an d h i gh ou t pu t p ower , p ol ar i zat i on insensi t i v i t y is a key

feat ure for m ost S0 A ap p l i cat i ons. Size i nequ al i t y i n t he
cross sect ions of t h e act i ve region gi ves r ise t o pol ar i za-

t ion sensi t i ve con fi nem ent f act or s for T E an d T M m o de
gains. I n t h e qu an t um wel l (Q W ) st r uct u res , t he degen-

er acy of valence bands are m ak i ng t he t op valen ce ban ds
t o heavy- hole st at es. H̄ afn iu m - i nvol v i ng t hese st at es

have a st ron g T E com p onent .
I n or der t o ach ieve t he p ol ar i zat ion insensi t iv i t y , sev -

er al S0 A st r u ct u res w i t h st r ai n ed lay ers have been p ro
posed [1- 8] . T he m ain con t r i bu t i on of t he st r ai n i s t o

ch ange t h e st at es of heav y- - le and l i ght -h ol e b an ds. T he

t ensi le st r ai n r ases t he st at es of t h e l i gh t - ho le b an ds. I n

I th - - G a, A s t er n ar y wel ls an d I nG aA sP qu at er nar y b ar -

r iers gr ow n on I n P subst r at e, t he op er at in g w avelen gt h

is l im i t ed by t he cr i t i cal t h i ck ness of t he st r ai ned l ay er .

T he t ensi l e st r ai n b el ow 1 % is not r ecom m en ded , w her e
t he st rong b an d m ix ing b et ween t he heav y - hole an d t h e

l ight -hole st at es causes h igh er t h r esho ld cu r r en t densi t i es

¹ . T her e are sort- p ap er s rep or t i ng t he 15 5 Pm p ol ar -

i zat ion i nsensi t i ve S0 A ba ed on Q W st r u ct ur es [2 ,8] .

Esp eci al ly , t he Q W st r uct u re in t he r eferen ce [8] show s

pol ar izat ion i nsensi t i v i t y f or a w i de r ange of w avel en gt h

an d has t he m er i t s of easy gr ow in g w i t h del t a st r ai ned

l ayers em b ed ded in a l at t i ce m at ched I n G aA s/ I n G aA sP

QW ¹ . T h e t heo ret i cal an al y sis on t he st r uct u r e w i t h
t he t ight -b i nd i ng m et hod h as been rep or t ed for t he ca e

of Q W w i t h one G aA s 6 l ayer [14] . A ccor d i ng t o t hei r

H . M ODEL

For analysis, we used t he convent ional methods for
band st ructure cal culat ions. T he band offsets of each
st rained layer is obt ained from t he model sol id t heory
[1Ì . For t he conduct ion bands, an isot ropic parabol-

ic band was used . For valence bands, we used 4 ¿ 4
LtHUnger-K ohn Hamiltonian bÄ ed on t he * ¤p met hod
[14] A ft er t he uni t ary t ransform at ion of 4 ¿ 4 IJUt t ing- -

Kohn Hami l tonian wi t h a uni ax ial st ress, we obt ain [11]

P ¾ Q ¾´ R
ª 1 P Á Q Á ´ + V(z)H ¯ =

w h e r e
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p rob ab i l i t i es of el ect rons and h ol es i n t he ®h con duct ion
b an d and m t h valence subb an d of ener gy of W and E h u .

õ n is t he i n t r a,b an d rel ax at ion t i m e. T he l i near gai n g(w)
i s den ned a t he im agin ary p ar t of t he elect ron i c suscep-

t m i n t y

P =

Ø ) = Á Imfox- )
7Zr

where p is t he permeabil i ty , nr is t he ref ract i ve index ,
and c is the speed of l ight in free space.

where V (® is t he potent ial for hole, m ,72, 73 are t he
IJUt t ing- parameters, m is t hef ree elect ron m ass, 5 =
i (m + 72) , M is the a¦ oint of R , r = U or L represent s
the upper or lower block , and ´ , t he st rain pot ent i al is
given by I I I - RESULT S

W e chose t he st r u ct ur e shown i n [14] Ä a r efer-

ence w i t h w h i ch i n ou r resu l t s ar e com p ar ed . T he

st r u ct u re is consist ed of a 153 A I n o.53G ao-47A s wel l

and I 110 %G ao-72A so m p o.39 b ar r i er s, w hi ch are l at t i ce

m at ched t o I r¤ - I n t he m i dd le of t he Q W , a G aA s l ayer
w i t h 3- M L (9 A ) t h i ck ness i s l o cat ed . T he val en ce ban d

offset s d ue t o t he st r ain defor m at i on p ot ent i als of t he
a-st r ai n ed Q W ar e shw on in F i g . 1. T he resu l t s wer e ob-

m i ned * om t he m odel sol i d t heory [10] . A s in F i g . 1, t he
ener gy level of t he l igh t -hole ban d (dot t ed l i ne) is m u ch

h i gher t h an t h at of t he heavy - hol e band (sol i d l i ne) i n

t he d-st r ai ned l ayer . T his m eans t hat t h e 6-st r ai ned l ay -

er conn - s heav y hol es m ore st r ong t han l i ght hol es. A s a
r esu l t , t he qu an t u m - n levels of t he heavy hole st at es w i l l

b e l owered w her eÄ t hose of l igh hole sat es w i l l be r ased .

I n F igu re 3 , t he B * d ispersion relat i ons of t he Q W w i t h
one G aA s d-st r ained l ayer are p resent ed . T he E -* d is-

p ersio n r el at i on s of Q W w i t hou t t he a-st r ained l ayer ar e

also p resent ed for com p ar i son and su ch r esu l t s are i n el -

sew her e H U H - W e l ab eled each sub b and Ä H H or L H
accor di n g t o t hei r n at u re at * || = 0 w her e t he h eav y hole

and t he l i ght hole are decoup led - C om p ar ed t o t he Q W
w i t h ou t t h e 6-st r ai ned l ayer , t he GU st subb an d of t he va-

l en ce b an d i s ch anged f r om h eav y-hol e ban d t o l i ght -hole

C n + C m 1´ = b ®í ° E = 5 6E m

w her e b is defor m at i on p o t ent ial , f i s t h e st r ai n , C 11 and
C 1̄2 are t he el ast i c const ant s, an d 6E m i s t he shear com -

p onent of t h e st r ai n .

T he upp er and l ow er b lock envelop fu nct i on s are gi ven

b y

where £ )ï || , z) are t he envelop funct ions, { |v } de-

notes t he t ransformed Bloch basis at t he zone center .
Ò|| = * , * + * , 9, p = z * + y9, and m is the index of t he
subbands- T he not at ion for v = 1, 2 are for the upper
block , and 3,4 are for lower block . T hen , t he envelop
funct ions sat isfy t he fol lowing coupled digerent - J equa-

h ons

Î [H ­ || , - « ) + V ( ú + H Z× ¯) ê

= E $ (* ||)£ ) ( * || , z )

W e solve t he ab ove equ at i on usi ng t h e F i n i t e E l em ent
M et hod (F E M ) [12] . T he advan t age of f ¤ M Ä a num er i -

cal t echn i que over F D M i s t h at i t can u t i l i ze a nonun i fo r m

m esh , hen ce t he energy ei genst at es an d w avef u n ct i ons of

arb i t r ar y shap ed C om d r ¤ s w i t h w i de r ange of l at er al
d i m ensi on s can b e an aly zed accu r at el y . T he l i n ear el ec-

t ron i c sus a 1pt m in t y x (w ) of a st r ai ned qu an t um wel l

l Ä er can b e der i ved usin g densi t y m at r ix for m al ism [11] .

¾ ì = é Ì Ì Ì |f M õ (k||)|2
o,n J,m * ||

ï - fP,
´ ³ (h ||) - ¢ ¯ (h || + & - nw - ² ó }

n is t he elect ron spin st at e, f and m are t he subban d
indices for conduct ion and valence bands, respect ively , f
is t he pol ar izat ion vector of t he opt ical Held, f o is t he
perm it t ivi t y of Oee space, M g is t he opt i cal dipole ma
t rix element between the ®h subband in t he conduct ion
band wit h a spin st ate n and the mt h subband in the
valence bands, f c and f . are t he Ferm i-Dirac occupat ion
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Fig. 4. Opt ical ga n characterist ics of QW with one GaAs

* g r a n t e d l a y e r Ä a f u n c t i o n o f t h e l o c a t i o n s o f t h e 6 - s t r u t t e d

l a y e r . T h e s o l i d l i n e s a r e f o r T E m o d e a n d t h e d a s h e d l i n e s

a r e f o r T M m o d e g a n s . T h e H r s t s i m u l a t i o n i s s h o w n Ä ( 1 )

and the third Ä (3) in the 6gure
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Lions. T o cl ar i fy t he m ai n cont r ib ut ions of t he d-st r ai ned

layer , w e cal cu l at ed w i t h var y i ng t he p osi t io ns of t he 6-

st r ain ed l ayer f ro m t he cent er t o one of t he si de of t he

Q W w h ich i s p resen t ed i n F ig . 1. W e p resent ed i n F i g .

4 t he T E m o de and t he T M m ode gai n w i t h sol i d l i n es

and d ashed l i nes, r espect i vely . T he 6 rst si m ul at ion is

show n Ä ( 1) an d t h e t h i r d Ä (3) in t h e M ur e- T he st ep
si ze t o m ove t he d-st r ai ned l ayer is 24 A . A s we m ove

t he d-st r ai ned l ayer w i t h t he st ep si ze, t he T E an d t he

T M m ode gain are i n creased si m u l t aneou sly . Bu t , t he

r at i o of T E an d T M m ode gain i s r edu ced . Because t he
p er t u r b at i on is r edu ced a t he d-st r ai ned l ayer is m oved ,

t he r esol ved band m i x i ng redu ces t he den si t y of st at es i n
t he valence b an ds. From t he ab ove r esu l t s, we can i n -

fer t h at t he m ain cont r i bu t i on of t h e d-st r ai ned l ayer i s

not m er ely i n t rod uci ng t he st r ai n m eet s t o Q W b ut also

p er t u r b i n g t he w ave f un ct ions of t h e val en ce b ands.

W e h ave also p er f or m ed t he com p ar i son b et ween our
cal cu l at i ons an d t he r esul t s i n t he ref eren ce [14] , w h i ch
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Fig. 3. T he E k dispersion rel at ions of 153 A t hickness QW
wit h one GaA s a-st r ained l ayer obt ained by FEM .
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b an d Ä ex p ect ed and p resent ed i n t he r em - n ce [14] .
O n t he ot her hand , t he d-st r ai ned Q W show s not on l y
ser ious band m i x ing at ¹ = 0 b u t al so t he n egat i ve ef -

fect i ve m ass. A l t ho ugh t he al m ost i sot r op i c op t i cal gai n

can b e ach i eved i n t h is con di t i on , i n t he point of v i ew of

em c¤ - y an d rel i ab i l i t y , t he h eav y b an d m ix ing eHa t s

are undesi rab le i n m ost op t i cal dev i ces. T hese ad ver se
aspect s of t he O-st r ained Q W st r u ct u re can b e i m pr oved

by i nt rodu ci ng m or e d-st r ai ned l ayer s t o t h e p r op er p osi-

k (2m/a )
||

Fig. 5. T he E k dispersion rel at ions of QW wit h one GaA s
* st r u tted l ayer obt ained by FE M and by T B model . T he
sol id li nes are obt ai ned by FEM and t he dashed lines are
obt ai ned by T B model .

nU Ev nu --

Fig. 2. T he E* dispersion
Ino.53G£ 47A V Id ½aA sP quart
Each subband was labeled a
nat ure at zone center .

relat ions of 153 A thickness
tum wen obtu nd by FEM.
HH or LH according to their
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are obt ai ned f r om t he t i ght - b i n di ng m et ho d . A s i n F i g .

5 , t he resu l t s are qu al i t at i ve- si m i lar ex p ect t he ban d

m i x in g at ¹ = O w h ere t he heav y hol e an d l i gh t ho le
sol u t i ons ar e decoup led i n t he * ¤p t heor y . Fu r t her dev i-

at i ons Ä * || i n c¤ a es can be regar ded a un i m p or t an t ,

w h i ch ar e bel i eved due t o dM erent m at er i al p ar am et er s.

Si nce heav y band m ix i ng i s not desir abl e i n m ost cases,
i f we av oi d t he si t u at i ons of heavy ban d m i x i ng , t he * ¤p

m et ho d b ased on t h e EFA is st i l l app l i cab le t o com p l i cat -
ed st r uct u r es l i ke d-st r ain ed Q W . W i t h t he assum p t ion

t hat t he * ¤p m et hod b a ed on t he E FA st i l l app l i cab l e, we

present ed t h e r esu l t s of Q W w i t h t hr ee d-st r ain ed l ay ers

(sol i d l i n es) an d w i t h one d-st r ained lay er (d ash ed l i n es)

in F i g . 6 . W e r edu ced t he G a com p osi t ion t o O.8 . T he

resu l t s show clear l y t h at t he h eavy b and m ix ing i s m uch
reduced com p ared t o t hat of one d-st r ai ned l ayer . T he

op t i cal gai n ch ar act er i st i cs of t h e t wo st r uct ur es ar e p r e-

sent ed i n F ig . 7 f or com p ar i son . T he T M m ode gai n i s
m uch enh an ced t h an t h at of on e 6-st r ai ned case w hereas

t he T E m o de gai n is sl ight l y decr eased because of t h e

resol ved band m i x in g and m or e per t u r bat ions d ue t o 6-

st r ai n . T h is can i m p rove t he per for m ance of t he dev i ces

b ased on such Q W . A s i n t h e case of Q W w i t h one 6-
st r ai ned l ay er s, t he p osi t i ons of t he d-st r ain ed l ayer s w i l l

chan ge t he b and st r u ct ur es an d t he op t i cal gain p r on e-
T he m ost i m p or t ant m er i t s of d-st r ai ned Q W over con-

vent ion al t ensi le st r ain ed Q W is t h at one can ach ieve t he

T M m ode dom i n ant Q W st r u ct u re at 15 5 Pm w i t h cur -

rent gr ow t h t h echt1ol ogi es m or e easi l y . I n ou r cal cu l at i on ,

t he w el l w i t h of 1 % t ensi l e st r ai n ed Q W m ust ex ceed 180

A t o obt ain t he p eak w avel en gt h of 15 5 p m .

£,
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Fig . 7. Opt ical ga n charact erist ics of QW wit h one and
t hree a-st r ained layers. T he sol id l ines are T E mode and t he

dashed lines are T M mode gu ns.
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I V . SU M M A RY

In t his paper , U ni te element analysis on t he QW wit h
6-st rained alyers has been performed . T he main cont r i-
but ion of d-st rained layers on a lat t ice m at ched QW is

t hat t hey conn . L H st ronger than HH in t he QW SO Ä
to change t he Hrst subban d of t he valance bands t o L H
band . For the widely known l im i t at ions of * -p met hod ,
our resul ts showed same t rend wit h a former t r ial which
were obt ained with t he T B model . We also showed t hat
t he heavy band m ix ing was vanished in t he case of QW
wit h t hree d-st rained layers. I t m igth be t hous h t hat
t he QW wi th d-st rained layers can be appli cable to op-

t i cal dev ices of which polarizat ion insensit ivi t y is cri t ical
such Ä S0 A and opt ical modulat ors.

R E F E R E N C E S

k ( 2 m / a
l|

Fig. 6. T he E k dispersion relat ions of QW wi t h one and
t hree a-st ru tted l ayers obt a tted by F EM . T he solid l ines are

of QW wit h t hree d-st ru tted layers and t he dashed lines are
of QW wit h one 6-d ra fted layer .

[1] P. b us ier , P. Gar m edian, C . Gr aver , D . Bonnevie,
T . F£ on , E . Dem u rt , M . M a tt¤ t , J. G . Provost , D .
Led a c a d M . K leftk , I EEE Phot on . Technol , Let t . 6 ,
170 ( 1994) .

[2] K . M ag a-ri , M . Oka- tot o and Y . Noguchi , I EEE J. Qua-
t um Elect ron- 30 , 695 (1994) .

[3] L . F . T iemeber , P. J . A T hus, T . van Dogen , R . W . M .
Sloot weg, J . M . M . van der Hebden , J. J. M . Bins t¤ and
M . P. C . M . K ruin , A pP . Phys. Let t . 62, 826 ( 1993) .

[4] A . Godefroy, A . Le Con e, F . Clem , S. Sala- 1, S.
Lmu nche, J . C . Si mon , L . Henry, C . Vaudry, J. C .
K gra nt- s, G . Jot-l id a d P. IJam mu- , I EEE Phot on .
Technol . Let t - 7 , 473 ( 1994) .

[5] M . Joft- , H . Hon kawa, C . Q . X u , K . Y am ad a, Y . K a ph
and T . K amboh , A pP . Phys. Let t . 62 , 121 ( 1993) .

[6] A . M at in- and P. D . D am - , A pP . Phys. Let t . 6 1, 2845
(1992) .

[7] M . I l oving -, B . Gopah n , F . G . Johnson and M . D age-

naj s, Proc. I EE E L a ers and Elect r * Opt icaJ Soc- A nnu-
M eet -, Bost on, M A (1996) .

[8] F . Self- t h , F . G . Johnson , S. A . M e ri t t , S. Fox , R . D .
W It- ey , Y . J. Chert, M . D agenu s and D . R . St one, I EE E
Phot on . T echnol . Let t . 9 , 1340 ( 1997) .




