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T.l?e propose siiiiple a.iic1 approxinia.t,e a.iia.lyt-ic expressioiis t1o estiniate tlie iiit,erdiffusion coef- 
ficient (D) of part,ia.lly clisorderecl qua.iituiii well lieterostriictures (QWHs), directly from the 
measurement of tlie pliot,olumiilescei~ce peak sliift ( 4 h v )  associa.ted with layer interdiffusion. 
Q W I s  of t,wo 111-1' coiupouncl senzicoi~ductor sy:rtenis n w e  iiivestigat,ed: In,Gal-,As/GaAs 
(s N 0.2) and GaAs/Gal-,Al,As (s 0.3). Iiy assiiming tlie envelope function approx- 
imat,ion and Ficlí's Iaw! ~ v e  have calculated Ah7/ as a. function of the int,erdiffusion length 
LD = (Dt ) ' l 2 .  wlicre t is tlie iiiterdiffusion time, coilsidering Q W  thiknesses (L,) i11 the 
r m g e  of previoiis lit,terat,ure dala.. A siiizple relat,ionsliip was obta.ined for tlie variation 
of A/zv wit,li t,lie diincilsioiiless pa.ra.iiieter L D / ' L ,  in cacli system, t,lius providing simple 
expressions for D tis a. fuiiclion of 4h11: L ,  a.iid t .  kvithiri a factor of two, these expres- 
sions satisfactorily accoui~t for inost D values previously reported, iii tlie range of as-grown 
con~positioiis a.nd L,, va.lues consiclered for each syst,eni. 

Considei,able attent,ion has been given in rccent 

yea.rs to i.hr investigat>ion of partia1 lager iiit,erdiffu- 

sion in 111-'i coinpouiid seinicoiicliictor cluant,um well 

lieterostructures (QM'FI~)['-"]. Tliis pheiioiiienon has 

found inipoitaiit applica.tions in the fal~ricat~ioil of op- 

toelect,ronic clevices because high t,eiilpera.ture a.nneals 

arc ofteil re(luirec1 during piocessing, such as epitaxial 

overgrowtli mc1 ohmic conta.ct a.lloyii~g. Iii adclitioii, 

tlie QW s h a , ~ e  ca.n be inteiitionally altered by apropri- 

ate tliermal t,reatnzeiits: tlius enabliiig tlie fa.brica.t,ion 

of ()W laseis witli a.cljust,ecl einission ~ v a v e l e i i ~ t l i [ ~ ~ ~ ] .  

Tl-ie layer ir t,erdiíFusioii process is liiio~vii to cliange 

tlie opt,icul 1)roperties of QIYIIs, resiilt,iiig i11 a. sliift 

of t,lie pl~otcluniiizescence (PL) peali associa.t,ed witli 

tlic ground state ei~iissioii t,o Iiiglier eiiergies. Tlie iii- 

terdiffusiori coefficient (D) is generallg deteriniiiecl I,y 

solving Schrildinger's equa.tioii for t.lie QWH, assuin- 

ing Fick's la.vr for tlie i~ i t~ermixi~ig  process! ancl adjust,- 

iilg the PL c1 tt,a witli tlie inteicliff~ision lengtli defiiied 

n.s Lu = ( ~ t ) ' / ~ ,  wliere t  is the interdiffusion time. 

'i'his procetlure a.ccouiits for a wicle range of D values 

obtsa.incic1 ir1 QWHs for various 111-V coinpound semi- 

coiiductor sy .q ter i~s[~-~] ,  however it is time consuming, 

r -ome~~l i a t  complicatcd and uripractical for a rapid and 

approxiina t,e a.na.lysis. 

Iii i.he present worli, we propose simple and ap- 

pioximate expressions to  determine the  interdiffusion 

cot:íficiciit of pa.rtially disorderecl QWHs from tlie di- 

rect ii~eusuremeiit of tlie sliift of the  PL pealí (Ahv)  to  

liigher cnergies associated with tlie interdiffusion pro- 

cess. Two iniporta.iit 111-V coiz~pound semiconductors 

were a.nalysecl iiz the coiiiposition range aiid Q W  thick- 

nesses of iiiterest for optoelectronic clevice applicatioiis: 

tlie stra.ined layer Iii,Ga.i-,As/GaAs (.z: N 0.2) system 

a.iid tShe lat,t,ice nza.tclied Ga.As/Gai-,&As (z N 0.3) 

system. %'e have calculated from first principies Ahu as 

a f~inctioii of LD considering values of the as-grown Q W  

thickness (L,) aiid 4 h u  in the  range where most pre- 

vious da.t,a. has beeii reported. Simple expressions were 
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l'lie iiitcmliffiisioii proctw i11 Q\YJJs iiiay I)(. re- 

gar(It:d as t . l i t ~  t.ransitioii of ;i11 iiiit,ially as-gron'n ahriipl 

rectaiigiilar conipositioiial ~)rofiI<' 1.0 ;i fiiial gr;i.tlt~l coiri- 

posit,ional profile. 'i'lie ()\Ir (.iliissioii is 1 lic silin of t lic 

first t?lectroii sublxmd (>iiprC;y. t.lie lirst h ~ a v y  Iiolt- ~1113- 

I~antl eriergy and tlie I)aiicl gap of ~ l i c  iti;it.crial insitle 

tlie well. \$'c have calci.ilatt:tl t . 1 ~  goiiiid st,at,c tmis- 

sion iil  Q W I s  preseiit,iiig a.n o1)i'iipt rcct.aiigiilnr com- 

positiona.l profile! as wcll as iii clisorclercd gra.decl coiii- 

posit,ional profiles. F'irst.. IW slinll clcscrilx &\$'Hs i11 

the strainecl layer Iii,Gnl - ,T: . l~/(; í~t\  s syst.tm. Since t.li(: 

11i,Ga.~-,Xs QW layer is iiiiclr:r n coiiipressivo st,ra.iii rel- 

a.t,ivc: t,o Ga.As, t,lic 1iyclrost.at.i~ coinpoiieiit. of the st ,rai~i  

iiicreases t,lic fundai~iriital I~ailtl gap mitli rcspect. t,o 

t,he unst,raiiietl iiiat,eria.l, mliile tlie I)ia.xial coinpressioil 

lifts tlie clegeneracy of tJic Iicxvy iii i t l  ligt,h Iiolc vdencc 

Imiids. 7'Iie sliift, of Ilic Iic~a\~y Iiolc valciicc~ h n c l  is 

smaller t1ia.n t.1ia.t of t,lie liglit. liolc  leiice ice b:i.licl! so t,lie 

grount-l s h t e  ei~iissioii iiivol\-es only the íirst. licavy Iiole 

siil~bancl. Tlie expressions iisecl for t,lic coniposit,ional 

tlepcnclence of tlie baiid gap of t,he unst.ra.inetl in:ite- 

rial, t.lie bancl gap cliaiigc diic t.o tlie sí,raiii, aiicl tlte 

interpolating paramcters of GaAs aiicl Iiihs a.rc tliose 

report.cd in ref.[7]. Tlie band gap was a.cl.justc:cl witli 

t.he st.ra.in! aiicl we 1ia.w ossumetl ri 70/30 split for tlie 

coiidi~ct,ioii/valeiic~? ba.iit1 o ~ s c t . [ ~ ] .  'Tlie grouilcl st,ates 

of t,lie QiI'Hs l)ot,li a.briipt aiitl graclecl were calciilatcd 

in tlie f ra inewrk of tlie eift4\rc. n-iass thcory iisiiig tlic 

envelope fund,ion al,prosiniation["]. Iii t.lic final gradccl 

profile we have assumeti Fick'x seconcl law of tlifhsion 

and tlie fact, tliat In ancl Ga. l-iave t.lie s m i c  diffiision co- 

efficient,! wliicli is isotropic antl intlepeiiclent. of s. Tlie 

final grí~tl(id profile is rty>reseiit.etl 1,y t hc siip~rpositioii 

wliert? 2 is tlie growth axis aiid niu is tlie as-growri corn- 

positioii of t l i ~  ()\I. iiiat.rria1. Iii the corriposit.iorially 

gradetl profilcsl RY llave i~ntlertakeii a st aii(lard niiincr- 

ical calculation of thc. elcctrori aiid lieavy Iiole ground 

st.iitc cileigies coiisidering botl-i t.lie strain aiid quant.um 

sizri ( ~ f f e c t ~ [ ~ ] .  111 tlie calcula.t,ioiis we liave also included 

t,he cliaiiges of tlic efftxtive inass arid strain as a func- 

t.ioii of coniposition in the harrier layers. it'e have also 

ca.lciil3ted irrider t.lie s a n e  assiitiiptions t he PL peak 

sliifi. to Iiiglier eiiergies iriducrd 1,y layer interdiffusion 

i i i  ()\VHs of t l ~  C:a.As/Ga.i-,Al,i\s systeni. A 60/40 

split. for t lic coiidiict.ioii/valence band offset was used in 

t,lie calci.llations ivith the material parameters reported 

in rcf.[l0]. Iii t.lic; calculat,ions of the  disordert:d QWHs 

v e  liave also iilclurled tlie effective mass change as a 

fiinction of t . 1 ~  compositioil of the barrier layers. In 

tliis ca.se t,he initial c,oiiiposition ZQ origina.tes from the 

barrier layers, and tllerefore tlie final graded profile is 

rc.preseiit,ed by a sliglit.ly different expression. w1iicl-i is 

~ri\7c1, lIy[3,11 -131: 
b 

111. R e s u l t s  

111.1. I r i ,Gai- ,As/GaAs QWHs 

'The resrilt,s of the ca1cula.ted PJ, pea.k energy shifts 

A1111 t,o higlier energies as a function of LD for zo = 0.20 

a.nd L, = 1 0 0 A  a.re preseiited in figure 1. The  de- 

penclcnce of the coiifinemeilt energies of the electron 

a.rid heavy liole i11 t,erms of Ln are also shown. After 

tlie layer intercliffusion process, the energy separation 

of the electxon aild heavy liole subband increases, re- 

sult.ing in a. shift of the ground d a t e  emission to higher 

eiiergics. One not,ic.es t1ia.t tlie coilfineri~ent energies of 

of iwo coiiiplemeiit,a.ly wror f~i~ictioris['~~'~"I: t,lic elcct,ron and lleavy Iiole increase witli the diffusion 



L. ( A )  
Figure 1: Ploi of Ahr/ versiis Lu for ai1 Iii,Gai-,As / GaAs 
( x  = .,O) QW1-I wit.11 = 100X. Also sliotvn are tlie con- 
fineinciit eiiergies of t,lie rlect,roii (E,:) aiitl t.lir Iicavy Iiolr 
(Ellll). 

lengt,li iint.il àpproxima.tely oiie t,liircl of t.he well t.liiclí- 

ness. At t,lie;;e diff~isioi~ leiigtlis t,iie ~ ~ c a l i  s1iift.s elrre to 

ai1 iilcrease i11 confi~~crilei~t  eiiergy of tlie partieles anel 

to a decreasc. in Iii concent,ralioii at  tlic cciit rc of tlie 

well a.rc appi~oximately eclita.1. Slie ma.in coiltribulioii 

t o  tlic ped i  rhift for tlie sma.llcr iiilcrrliffusioii lcngtlis 

is tlie cliaiigc iii co~ifiiieiilerit, ciiergy, wliile for largcr 

int,erdiffusion lengt,lis is a.n orit.diffiisioii of In from t,lie 

Q\i' layer. 

Wheii L, clecreases. Ahv incic~iscs more sbec?ply as 

function of L,, (dat.a not shonlii). 11eca.iise a. snia.llcr Q\\: 

exliibits a laiger increase witli LB t.1ia.n a. la.rger Q\T:. 

Homcver: for ..ery 1a.rg.e vnlrres of I,» tlrerc. is a. t.raiisitioii 

aftcr whicli tl- e opposite l~chavioiir is 01)ta.iiied. Tlie a.s- 

grown Q\V trailsit,ioii eiiergy iiicrc;ases wit.11 ;I dccrea.se 

i11 L,. í~iid bccaiise tlie (211' groiiiid statc: ciic3rgy riliist, 

bc al~vays I>elow t,lie lmidgnp of t li(: 1)urric.r la.yers, Ahi/ 

saturat,es t,o :. lower \:alue for n siiiallcr L, .  Sincc. \\Y 

are maiiily in ,erest,ed iii t,lic? raiigc of low Ai:// and Ln 

values, this poiiit will not. 1xi clisciissetl furt,lier. 

In ordei to compare data  with differcnt Q\1' thic1;- 

nesses, we lizve evaluat,ed tlic PI, p ~ a l i  enefgy shift 

as a function of tlie tiimensioidess cliff~isioii pa.ramc3t.er 

L,IL= 
Figurc 2: Plot of Ahu versiis L u / L ,  for an In,Gai-,As / 
ClaAs ( . r  = 20) QWII (solid line). Data points are from: 
ref.[4] (opeii circles) wit,h = 0.20 - 0.24 aiid L, = 60 - 
11:iOn: rc.i.[7] (closed t,riangles) witli .c0 = 0.23 - 0.24 and 
L, = 80 - 10011, ref.[9] (closed circles) witli .c0 = 0.23 and 
L ,  = SOA, and L, = ri0 A: and ref.[l4] (cresses) with 
:i:,] = 0.20 and L, = 100A. 

Lu/I,,.  Figure 2 preseiits tlie calculated curve of 4hi/ 

iii terms of L U / L z .  I11 t,liis case! a coininon behaviour 

is obt,aiiiecl for tl-ie va.riat.ion of Ahv with different va.1- 

um of L,  in t,lie raiigc 60-100A with zo = 0.20 - 0.24, 

wliicl~ rctprescnts reasonal~ly well the previous data  re- 

port,etl by various invest,igat.ors. These c1at)a corresponcl 

t,o rneasiired peak shifts wit.11 calculat,ed va.lues of L D  

of siiigle QFI~HS[~~ ' ' ~ ' " ]  as well a.s ~ u ~ e r l a t t i c e s [ ~ 1 .  111 ref- 

crenccs wliere Ido da.ta were ilot available. tliey were 

ol,tainecl froiii tlie relatioii LD = ( ~ t ) ' / ' .  The cliange 

in .xO affcc.t,s priiriarily tlie barrier heiglit, which induces 

a la.rger iiicrcase of 411~ witli LU goiilg from 0 .2  to 0.24, 

l~ut .  tho iiet eKect I-ias a. minor contribution compared 

t.o t.lit: sprcacl of tlie reported &ta. Although A/2v sat- 

uralcs at higher values, t,lie coinriion trerid obthined in 

t.ci.ri-is of L B I L 3  iii tlie range sliown in figure 2 rnay 13e 

approsiinaterl by a simple exponential expression hav- 

iiig tlie following forin: 

where k: = 345ine\T and 9 = 1.52 if Ah.11 is expressed 
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in meV. Tliese values of k: antl 3 are d i d  only in t,he 

range of zo aiid L,  values s l i o ~ ~ w  in figure 2. k a.nd 

3 a.re primarily dependeiit o11 t~lic barrier lieigl~t of the 

QWI-I, a.nd conseq~ent~ly incre;isc wit.li xo. 111 fa.ct, lower 

values of tl-iese f i t t h g  pa.ra,met,ers are obtained for zu = 

0.14, where k x 1GOmeI: a.nd 3 x 1.27. k a.iid :3 also 

present a small increase wiih L, in  t,lie range of d u e s  

shown in figure 2, which ca.11 bc iieglected on a first 

a.pproxiination aiialysis. Ilcncc, a clirect rclationship 

cai1 be extmcted for D ris a. fuiiction of A h u ,  L2 a.iic1 i! 

for tlie data sliown in figrire 2:  

The In-Ga iiiterdiff~isioii coefiicient,s iii 111,: Ga.1-,,As / 
GaAs QWHs cai1 tlierefore Ile rougldy calcula.t.ec1 wit,li 

this siinple relation from tlie linou~lcdge of the a.s-gro~vii 

Q W  tliickness L,: t,he intcr(liff~~sioii l ime t ,  aiid tlie 

measuiemeiit of Ahu. Most of tlie D clat,a. previously 

reportecl slio~vn i11 figure 2 a.re less t.11a.n a. fa.ct,oi of 

t,\vo from t,lie ca.lcula.ted d u c s  iisiiig t,he simple forn~ula. 

s1io~vi-1 above. 

111.2 - GaAs/Gai- ,AI , ,As  Q W H s  

We lia.ve obta.iiietl a. similai. l~eliaviour for Ah7/ as 

a. f~inction of LD slionm iii figure 1 (clata iiot ~ I i o ~ i i )  

for QWHs of the Gx..\s/Gal-,AI,As syst#em, but, ~ ~ 4 t h  

a la.rger increase of t,he peali sliift, in tcrms of L D .  This 

larger sliift. occiirs 11eca.iise tlie Ga.As/Ga -,7Al,cils sys- 

tSem is lat,tice niatched: aiid tlierefore tlie baiid gap 

cliange due to  stmin whicli rccluces tlie PI, peak sliift 

in a compresively st,rainecI Qi1'11 is abscnt in t.11is 

case. Figure 3 presents tlie calcrilated curves of Alw as 

a. f~inction of tlie dimensionless parameter L D / L ,  for 

GaAs/Gai-,Al,ils QJYIIs foi. tnro values of lhe barrier 

layers composit,ion: zo = 0.25 a.ncl xu = 0.3. Also sho~v1-i 

are previorrs data report.ed by va.rious iiivesf,igalors cor- 

responcliiig to  ineasured peali shifts with calciilatetl L D  

va.lues, wliere most dat.a are with 20 = 0.3 a.nd L, i11 tlie 

range 80-160A [1.3.1"1"1. but. thcie are also sonle &ta 

with l o m r  L ,  [31 and with z0 = 0.25 aiid L ,  = 130A [I1]. 

The  clata can 1x2 satisfactorily reprcscntecl by tlie sanie 

expression of AIzl/ i11 terins of L u / L ,  giveii iibove foi 

Figure 3: Plot of A h u  versus L D / L ,  for a GaAs / 
Gai-,.Ai,As QWH with x = 0.30 (solid line) and xo = 0.25 

(daslied liiie). Data  p0int.s are from: ref.[l] (closed circle) 
wit,li = 0.30 and L, = 55-a, ref.[3] (closed triangles) with 
10 = 0.30 and L, = 54 - IGOA, ref.[l lJ (open circles) witli 

xo = 0.25 aiid L, = 130.a: ref.[l2] (crosses) with zo = 0.32 
aiitl L.? = 80A, and ref.[l3] (open triangles) wit,h xo = 0.30 

aiitl L,, = 150.&. 

strained QWHs, hut with different fitting parameters k 

a.nd 5. In figure 3,  t,he solicl line (zo = 0.3) can be hest 

fitt*ed nlith k x 540rneV and @ FZ 1.5: and the  dashed 

line (zu = 0.25) witli k FZ 390meV and 3 N 1.4,  if Ahu 

is expressed in meV. However, a. better fit of tlie data, 

previously reported i r i  the range of low Alzu may be ob- 

ta.i~ied 1vit~11 k N 720meV aiicl /3 FZ 1.75. The  same con- 

siderations discussed a.bove apply here to  k and /3. The  

clia.nge in QTV widtli has a. minor effect compared to  the 

change of barrier height and also wit,h trhe spread of the 

da.ta points shown iii figure 3. The  A1-Ga interdiffusion 

coefficients cai1 tlierefore be a.pproximately calculated 

Srom tlie simple relat,ioil above with the  knowledge of 

A h u ,  L ,  aiicl t ,  i11 tlie range OS zo and L, considered 

in figure 3. Most of the D values thus obtained witli 

tlic q ~ p r o p r i a t e  f i t h i g  parameters k and ,$' are within 

a. fa.ctor of tmo froni the true da.ta points. 

IV. Conclusion 

In coiiclusion, we propose simple and approxiniate 

expressions to  det,ermine D froin the measurenient of 
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Ahv induced hy layer interdiffusion. QWHs of tlie 

strained laycr In,Gai-,As/Ga-Ls (z N 0.2) syst,em and 

of t,he lattice inatched GaAs/Gal  - xA1,As (x N 0.3) 

system nleni in~es t igat~ed.  We have calculated Alzv 

for given values of L, a.nd L D ,  a.nd Ire l-iave ohta.ined 

for each sy:;tem, a simple expression for tlie va.ria,- 

tion of Ahv witli the diinensionless cliffusion paramet,er 

LD/L , .  These expressions provide a direct rr,lat,ion- 

ship for D iii terins of Ahv, L, and i!? whicli sa t i s fx-  

torily accouiit for niost previous report~ed dnt,a i11 the 

range of as-;;rown coiilpositions a.nd L I  values coiisid- 

ered in this 3tudy. Finally, these simple formu1a.s may 

be extended to a. wicler range of 4 h v  aiicl LD d u e s ,  

as well as to  otlier 111-V compound QWH syst,emsl hy 

an apropriate modification of t,he fittiiig p ra ine te r s  k 

and 9 wliicli can be obtained from similar ca.lcula.t,ions 

described he -e. 

1. I<. Meeliaii, J .  M. Brown, P. Gravilovic, N .  

Holoiiyd Jr .!  R. D. Buniham, S. L. Paoli ancl 

\V. Streifer, J .  Appl.Phys. 55, 2672 (1984). 

2. S. O'Brien, .I. R. Shealy, F. A Cha.inbers ancl 

G.Devaiie, J .  Appl. Phys. 71: 1067 (1992). 

3. T. E. Scilesinger ancl S. Kuech, Appl. Pliys. Lett. 

49:  519 (1986). 

4. G. P. 1;otliiya.l ancl P. Bhatt,aclia.rya., J .  Appl. 

Pliys. 6 3 ,  2760 (1988). 

5. S. O'Brien, J. R. Sliealy, V .  K .  F. Chia and J .  Y. 

Chi, J .  Appl. Phys. 68, 5226 (1990). 

6. K.  P. Homewood, W. P. Gillin, R. E. Pritchard, 

TV. S. Truscott aiid I<. E. Singer, SuperIatt. Mi- 

ciostruct. 7, 359 (1990). 

7. M. T. Furt,ado, M. S. S. Loural, E. A. Sato and 

NI. A. Sa.cilotti, Semiconcl. Sci. Technol. 7 ,  744 

(1992). 

8. G.  Rastard ancl J .  A. Brum, IEEE J.  Quantum 

Elect,ro. QE22, 1623 (1986). 

9. I;. Iilawa, P. Mot,isuke, J .  A. Brum, M. Sacilotti, 

A.  P. Rotli and R. A. Masut, J .  Crystal Growth 

03, 336 (1988). 

10. H.  C. Casey J r .  a,nd 111. B. Panish, in Heierostruc- 

i f z i le  Lnsers Pa.rt A ,  Ed. by Y. H. Pao and P. Kelley 

(Academic Press, New York, 1978): Chap.4. 

11. L. J .  Guido, N. HoIonyak Jr . ,  I<. C. Hsieh, R. 

TV. I<alislci, 1%'. E. Plano, R. D. Burnham, R. L. 

Tlioriit.011~ .I. E. Epler and T. L. Paoli, J .  Appl. 

I'liys. 61:  1372 (1987). 

12. J .  D. Ralston, S. O'Brien, G .  W. Wicks and L. F. 

Eastman, Appl. Pliys. Lett. 52, 1511 (1988). 

13. C. Vieu, M. Sclineider, R. Planel, H. Launois, B. 

Dcscout,~ and Y. Gao, J .  Appl. Phys. 70 ,  1433 

(1991). 

14. I+'. P. Gillin, I<. P. Homewood, L. K. Howard 

a.nd M. T. Emeny, Superlatt,. Microstruct. 9 ,  39 

(1991). 


