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GaAs Based Type I1 Heterostructures* 

Het,erost.ructures 1iast:tl oii tlie Ga,-Zs/hlAs a.lloy syslem cxhibit a. st,aggered band a.lignment, 
as far as coiiduct,io~~ sba.t,es ~cit,li X sgmmet,ry are conceriied. This paper reviews the main 
features of tlie elect.roiiic s t a t t s  in such cases! a.nd preseiits, as a.n example of engineered 
noil-linea.rit,y, ai-i opt,ically I~ist,a.l~lc "Typc 11 cliia.ntuin ~vell'' st,ruct,urc:. 

I. Introdurtion revealh easier to control, especially to reach high A1 con- 

Tlie Gai\s/AlAs syst,ein \ms evideiiced t,o I,e poteii- 

t,ially of t,yp': I1 i11 l980['.']. I t  lias t,lie uiiiyue admiilagc 

t,o 1x3 coiit,ir uously compat,ible witli tJic canonical typc 

I system I~asecl oii the sa.me fainily of 11ost niat,cri;ils. 

Due t,o tlie s indl  latt,ice iilisiilat.cli l~et~~veeii  Ga.As 2nd 

AlAs, Ga.l-,,ill,As alloys wit,li any Aliiininiuiii conceii- 

tra.t,ion x miiy be epit,axially grown on tjhe samc la.yers, 

witli excelleiil control of t,liicl;iiesses antl coilceiit,ra.t,ioris. 

Slius, tlie epitaxial grower may create a. widc variet,y of 

st,ruct,ures, i11 tlie spirit of engineeriiig peculiar proper- 

ties. I-Ie imj r  use the  spat,ia.l sepxat ion oS carriers i11 

differei-it 1ay:rs of the st,ructure t-o create electric fields, 

mliicli eii1ia.i ce the noli-linear optical propertics of tlie 

struct-rire. 

In Çcctic~ii 11, we recall t,hc 1,asic Seatures of tslie 

band s t r u c t u e  a.nd electronic states of these slruc- 

tures, oii t,lict basis of expcrimenta.1 icsiilt,s obtaiilecl iii 

Gai ls /h lAs çhort periocl ~uperlat~tices (SI,). Iii Çect.ioii 

111, we pieseiit ali experimciital study of a more sopliis- 

ticntcd strut ture wliere charge t,raiisfcr lias becn usccl 

to  obt,ain a specific non-liiienritg, optical bist,ability. 

11. Baiid s t , r u c t u r e  a n d  c lec t ro t i ic  s t a t e s  

Superlattices (SL) made of Ga.As anel AIAS were 

first investigated by severa1 g r o ~ ~ s [ ~ . ' ~ " I  for prolxbly 

scverrtl reasons. First, t,liese SL could be considerecl a.s 

a good alteriiat,ive to  tliicl; Gai-,Al,.+\s alloys. cspc- 

cially in opt cal devices sucli as lasers niicl nlaveguicle 

n-iodulators; tliis is because the tecliiiology of giowtjli 

knt .  alloys. Second, t1he growth of thick superlattices 

allows ra.pid post,-growtli cliaracterization using X-ray 

difiactioii. l h i s  is of cent.ral iiiterest t o  compare exper- 

iiiie~it~al resiilt,~ mith tlie theory. Actiially, these stud- 

ies provided ai1 txcellei-it experimental checking of the 

Envelope F~inct,ion Approxiii~ation (EFA) developed by 

~ast .art l[" .  This t,heory is ai1 esseiitial to01 for prevision 

and eiigiiieering. 

A special m o t i ~ a t i o n [ ~ I  was to get a precise value 

(4Fc/4EG = 0.67) of the offset ratio parameter in 

tlie Ga.As/AlAs system, whicli mas still i11 that  period 

a inat,ter of coiitroversy. As a matter  of fact, the ability 

to  get t,ype I1 st,ructures was closely linked to the band 

offset I~et~weeii the two host materials, since it would not 

havc bcen possible with the so-called Dingle's value of 

this of fxt  (0.85) proposecl i11 the earlier st,udies of type I 

GaAs/Gai\liZs QuaritSum Wells (QW). The key feature 

is the followiiig: tl-ie X conductioil band ext~ren-iuin of 

AlAs bulk ma.t8erial lies a t  l o m r  energy than the equiv- 

alent ext,remuii-i i11 Ga.As. This feature can be easily 

coiuplei71entecl with tlie reasonablc approxima.t,ion of a 

linear va.ria.tio1-i of the X-energy in Gai-,AI,As alloys. 

0 1 1  tl-ie ollicr haiid, except tlie confiiieineiit of tlie spin- 

orbil split-off siates[", tlie situatioil of valence states is 

not subst,antially differeiit in Ga.As/AlAs heterostruc- 

1,ures from tlie case of G ~ A S / G ~ ~ , ~ ~ A ~ ~ , ~ ~ A S :  holes are 

coiifiiiecl in the GaAs layers. This allows to assert tha t  

lieterostruct,ures built iil tliis system may be of type 11, 
as f x  as X-poteiit,ial profiles are concerned. This hap- 

pei-is eit.lier wlien iildirect materials are used (i.e. with 

n: > 0.35, t y p i d y ) ,  or rvlieii confinen~ent effects rise 

*hv i t ed  tall;. the r statcs at  liigh enoiigli energy for the  X-states t o  



Ixcoiilc thc conduct.io~i fi.iiltl;i~~neiital si,rtle. 

Systeniat,ic experiiiieiital st.uclies of (;nAs/XIAs SI, 

havc been done, mainly by iilcari of civ pliotol~~iiiiiies- 

ccncc (PL) ,  and excitat,ion spc:ct,rriril of luinincsceilce 

(PLE).  Rouglily spealíing, tlie foriiicr provitles t.he ha.sic 

inforniation on the gap bet~wecn valencc. stntes and tlie 

loiver conduction st,at,es> of S-syi-i~iiiet~ry in tlie casc of 

type I1 SL. The la.tt,er, wliicli is inore or less equivalent 

1.0 absorpt,ion spectroscopy: providcs tlie direct,-t,ype I 

energy gap, ~vliere st,rong alxorpt,ioii Iwgiiis. The coii- 

clusion of tliese systen-iii.t,ic sf.uclics iiiay be clrawn as in 

Fig 1 .  The GaAslAlAs s~iperlat.t.ice is cliiect aiid type 

I if Lhe GaAs layer thiclíi-iess LCiaAs is l a r g t ~  t,lia.ii 3.5 t.o 

4 iim or if the averagc Aluiiiinum coiiceiit,ratioii x (de- 

firiecl a.s LniAs/(LGaas+l,,~~n)) is sinaller thaii 0.35, t,he 

critical concentra.t,ion for tlircct to inclirect gap tra,nsi- 

tion in Ga.l-,,A1,As alloys ( t,hcse nuinerical vdiies are 

slightJy dependent o11 teiiiperatiire. siiice tlie X iind r 
temperature coefficient are vcry tliff<:rcnt,). 7'he sc:coiitl 

critcrion is of course iiiorc elficiant for very sliort period 

SL's, wliicli may be coiisiderecl as "pseiido-alloys" . 

If the structure pa.ra.met,crs lic outsicle this iegioii, 

the st.ruct,urc is of type TI, and t,lie lmid gap encrgy pro- 

videcl 11y excita.tioii spectroscopy a.ppea.rs significantly 

Iiighcr tlian t,lie pliot,ol~ri~~iiics(:ei~ce eiiergy. This case 

was oftcn saitl "iiidirect iii li-space aiid iii r e d  spacc". 

As ive sliall see now, t,liis assertion is not appropriate, 

for t,wo reasons, wliicli are ii~t~iinal~ely rclat,ecl. 

For a. more accurate uiiderst,aiidi~ig of tlie X- 

conduction st,ate: it lias beeii necessary to rely 

on t~iiilc resolved lumiriescc~lcc:["] and iiniaxial st,ra.in 

pert~~rbatioii[7]. Tlie feat ures a.i.e soiuehow irilricate be- 

cause of tlie siila.11 1a.ttice misri-iat,ch bet,ivceii t,lie l~ullí 

materia.ls GaAs and AIAS, ivliicli resiilts in a. bia.sial 

stra.in of A1As to match t,lie lat.t,ice c.onst,ant. fisecl Ijy 

tlie Ga.As suhstrste. Tliis lowers t.lie ciiergy of t.lie XZby 
ext,rema of thc AlAs lmid  st,riictZure (wliich are sit,uatcd 

in k-directions 100 ancl 010: wit,liiii (Iie plniic of tlic lay- 

ers): willi respect to  tlie X ,  oiie (wliicli lics aloiig 001, 

tlie groivtli tlirectioii). Siich cncrgg cxtrcma are Iiighly 

aiiisotropic, with cigar-lilie const,a.iit eiiergy surfaces. 

As a consequence, the confinement effect rises t,he X,:,', 
energy in a. more prono~incecl iíra.y t11a.n the X ,  ciiergy. 

I t  is tlie ba.laiice betweei-i coiifineixcnt a.nd st,ra.in effect,~ 

ivliich ivill determine tlie syninietry of t,lie f~intlarneri- 

tal X-states. Thus, i11 ai1 1~eterost~r~ict~ii .e~ tlie X, statcs 
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Figure 1, lower: Bancl extrema profiles of GaAs/AlAs Sti- 

perlattices, skctcliing tlie tliree inain types of structures. 
iipper: LAIA, veisus I ,C ;~A~ riiap sliowing tbe tliree main re- 
gioris of iiitercst. 

c10 ilot retain a perioclic term i11 their envelope-function, 

due to tlie folding of tlie Brillouin zone; and some non- 

zero ovcr1a.p inay exist between conduction and valence 

envelope frrnctions. Experimentally, it expresses very 

c.lca.rly iiito an intense zero-phonon reconibination ap- 

pearing on t,he PL spectra, and a more rapid decay 

(t,ypically l p s )  tlian for X,,', states ( 1 0 0 ~ s  to l m ~ ) [ ~ ] .  

S h e  X, recoinbina.tion cai1 be said pseudo-direct, since 

dircct recombination, without phonoii eniission, is al- 

loived 11y the heterostructure potential, although the 

systeii-i reiiiaiiis of type 11. Tlius, i t  lias Ixen possible to 

delerinine Ijolh regioiis in t,lie LAIAS vs. LGnAs mal) of 

Fig. 1. Tlie SI, f~~iida.mental  conductioii states are X,,y 

like, if LAIAS < 711111, or for very thin LC:aAs: typically 

< 111111. 

111. Optical bistability 

Since severa1 years ago, new tools for "band gap en- 

giiieering" a,re a.va.ilable in this well controlled fa.mily of 



J;igiire 2: a) Tlie striictiire is inade of tlie following 
layers: Biiffer aiitl cap layers (n+-GaAs); LB ancl RB: 
( C + ~ O . ~ ~ A I ~  v:As, 1001irii): CEI (GaAs, 2.5iiin) ; CE (AIAS, 
1IJiirn). Tlie pot,eiit,ial profiles for I'-elcct,rons antl holes 
(solicl liiie) and X-elect.roiis (daslied line) are shown, wit,h 
t,lic iriain t,ransition eiiergies. Below: Electric potential 
profi1t.s: 1)) iii ali opeii-circuit,ed tliode. Estiriiated cliarge 
dciisit.ics are, froiii left to riglit: CH: 7.10~~crn- ' ;  CE: 3.7 
lO"ci i~-~;  airtl RB: 3.10'%1n-~ c) in  a sliort-circiiited diode 
in t.1ie OFF-st,at,c. Estimat,ed cliarge tlensit,ies are: CH: 
7.10"cii1-~; CE: 1.1 l ~ ~ ~ c n i - ~ ;  and RB: 4.101'cm-2 d) in 
a s1iort.-circuitetl diode iii t,he ON-st,ate. Estimat,ed cliarge 
dciisit.ies are: biiffcr: 2.10"c1n-~; CE: 3.2 1 0 ~ ~ c m - ~ ;  and 
I1B: 3.10~%1n-'. 

t,ion! we get a. rea.soilal~le qua.iit,ita.t,ive description of tlie 

carricr populatioii  effects oii t h e  electronic levels of tlie 

st.rucí,ure. Tlie priilciple of t h e  calculation is sl<etched iii 

Fig.  3. Alt.hougli i t  ca.nnot b e  presented a n d  discussed 

in cleta.ils herc, tliis ca.lculation ivas a great  help for dis- 

ciission of tlie experimental  results.  I t  indica.tes t h a t  

ire may obta in  a 6 me\: I~liie-sliift. of trhe X-HH energy, 

rlue l,o tlic pliot,ocrea.teil electrostatic potent,ial,  for h o t h  

e1cct.roii and  liole deiisit,ics q u a l  t o  1 0 ~ ' c m - ' .  Aiiother 

coiioequcrice of Llie optica.1 excitatioil is tlic filliilg of 

l.lie t,\ro-clii1iciisioiia.1 s th te  rlcnsilies (3.8 1 01'cn1-2/meV 

foi. X,,,, electrons a n d  0.39 10"cm-'/meV for holes), 

whicli leads t,o Lhe coiisiclerat,ioii of t.lie two associated 

pserido Fernii levels (PFL). 

\.\'e 11a.v~ st,ucliecl tlie PL aiid PLE of this sample  a t  

Iow t e i i i p ~ r a t u r e  (510. Electrical ineasureinents under  



Figure 3: Band extrema proíiles aiid cnvelopc fuiict.ioiis of 
p1iot.o-creat,etl carriers in a type 11 qiimtuir~ wcll. wit,lioiitf 
( l r j t )  antl wit.11 ( r i gh t )  accoiint of th? baritl bciiding diie t,o 
t lic elcct,rostat,ic (1Iar.t rec) int.eracl.iori. 

opt,ical excitation have also been made, wit>li simulta- 

ncous recordiiig of tlie PL. For t,hal. piirposc, mesa-type 

diodes m r e  fzi.l>rica.tlecl l)y conveiit~ioil;il litliograpliy aiid 

ctcliing. 

The PL consist,s of t,wo ma.in lines (see fig 4): one 

(at ahout 1.60 eV) is a.ttril>utcd to recon~l->inat.ionn i11 

tlie type 11 QW, t-he ot,lier (a.t al)out 2.00 c\[) t,o rc- 

coi~il~ination i11 tlie Inrrier Iriyers. 7"n70 difireiit stable 

s t a k s  are founcl ii-i tlie 40 1.0 250 \V/ciii2 raiige of ex- 

cit,ii-ig pomer Pe,. Tlie most pro~ilinent, dist,iiictioii is 

founcl on tShe Imrrier recoiiibiiia.t,ioil. I t  is of iiitcrest t o  

dcta.il t.lie evolution of t,lie type 11 Q\1' recoiiibina.tioii 

(see Fig.5): For very weak excit,a.tion (PeX - IFIT/cin"), 

one observes t-l-ie spect>rrim cha.rn.ct~cristic for a type 11 

iiidirect rcconlbina.t,ion~ involviiig elcct,roiis mit,li X,,, 
syiuilietry: a. wealc zero-plionoii recoii~l~ii-ia.t,ioii (1740 

ineV): associated to  tliree more iiitcnse plionon replica 

a t  lower eiiergies. R e  cai1 also observe tlie r-1311 direct,- 

type I t ra i i~ i t~ion in t,lie Ga.>4s C11 Q1.I' (1820 iiieV). For 

P,, > 51V/cill2, we observe the lunliiiesceiice associated 

to llie popula.l,ioii of tlie X, electroiiic Icvcl. SIie type I1 

tjransitions experiente a. cliaractciislic strong hlue sliift,, 

wliile t,lie type I line is sliglitly red sliiftecl by Lhe band 

gap rei~orma.liza.t~ion. Tlius: as I',', rea.ches, t,ypically! 

100 \\'/cni2, tlie t,ype I1 lumincsceiicc merges iiit,o tlie 

r-I-IH line and t.lie total iilteiisity of ra~liat~ive rccoml>i- 

iiatioii from t,he central cell of l,lie structurc increa.scs 

rapidly. The tl-ieoretical description presented a.l~ove al- 

lows us (,o a.ssociate tliese sliifls with charge dcnsit,ies 

present iii tlie layers. Iíníler botli rictions of phot,ocre- 

200 300  
Excitation power (W/cmZ) 

i- 
1.75 1.85 1.95 2 

PL Energy (eV) 

Figure 4: a) PL OFF- and ON-spect,ra of tlie bistable striic- 
ture for lJC, = 100\V/cinZ. b) Hgsteresis loop versus P,, of 
iiit.cgrated PL in  tlie 1950 to 2050 meV range. 

PL Energy (eV) 

Figure 5: PL spectra of tlie tppe I1 QM' as a function of 
tlie exciting power. 'Tlie integrated PL intensity of each 
sp~.ctriini lias been iioinialized. Bistability occurs wlien the 
X-IIH and i -TIH liii~s rnerge. 

nt,cd electrostatic potential and level filling, the X-PFL 

in CE-layer is lifted up to  tlie r-leve1 in CH-layer. The  

satura.tion a.ppea.rs, for P,, - 100 W/C~I ' ,  when the r 
level is populated, allowing fast r -HH recombinatioii. 

We estimate the required clensities a t  7 . 1 0 " ~ m - ~ .  

On view of these results, we are led to  the  following 

proposal, wliich is sliet,clied in Fig. 2: The  O F F  and ON 

st,at.es correspond respectively t>o weak or strong accu- 

mula.t,ion in t,lie RB-layer, inost probably in the trian- 

gular a.t,tractive potential created by the accumulation 

of electrons iii tlie CE-layer (tliis triangular well may be 

compared to those appearing in modulation-cloped het- 

erojunctioiis, and explains the low energy hroadening 

of the ba.rrier luminescence in the ON state). 

To explaiii first t,he open-circuit behavior we have 

to point out  tha t  elect,roiis can be collected in the  CE- 
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hyer  froin botli sides of tlhe st,ri~cture, 1vherea.s holes 

plioto-created iii tlie RB-layer caniiot be collect,ed iiitjo 

tlie CH-laj er beca.use of the Alrls barrier in t,he valeiice 

baild. I t  gives rise to ali excess liole populatioii iii tlie 

RB-layer, sncl t,lien to a. positive photovolt,age. Tliis 

explains tl e strong ba.rrier PL. In t,lie LB-layer, bot-li 

electrons and lioles cai1 move freely, tlien a.ny electric 

field in t,liis layer would be screeiied as fa.r as charge 

accumulatioil is possible in t,he ac1.j a.cent la,yers. Fig. 211 

sliows the .esulting potential profile. 

JVe nou discuss a l~oss i l~le  meclianism for swit~cliiiig 

betweeii the two sta.tes ancl for bistability, ~vliicli rely 

on tlie clistrib~~tion of cliarges a,nd electric fields iii t,lie 

lieart of tlic: structure wlien tlie diode is sliort-circ~iitecl. 

At low Pex, RB-holes in excess must flow t,owards the 

ca.p layer (on tlie right), to eiisure t,he a.ligiiinent of tlie 

Fermi leve1 of both 11-doped regioii of tlie 11-i-i1 struc- 

t.ure. I t  generat,es a positive phot,o-curreiit,, and leads 

to reduct,io:l of tlie RB PL iiitensity, with respect. to tbe 

open circui; situa.tion. lii other words, as charges accu- 

mulate: thc tmo potential drops aclja.ceiit to 61ie type I1 

QW are k e ~ t  opposite (see Fig. 2c). Sliis correspoiids 

to tlie OFF sta.te. 

W h a i  Fb, increases, tlie I'-HEI recombiiia.tion comes 

into play, aí: sho~vn in Fig.5, wliicli drasticallg reduces 

the lifet,inx of CH-lioles. T1ia.t leads t o  the  eiiieigeilce 

of ai1 e1ecti.i~ field in tlie LB-layer to liold equal po- 

tentials iii i.he t,wo elect,rodes. Thus,  t,lie RB-liole po- 

pulatiori r n ~ y  increase. Beca.use of tlie h r g e  t~liickiiess 

of tlie LB-hyer (100 nm), a mucli largei pot,eiit-ia1 clif- 

fereiice majr be createcl betweeii tlie buffer clectrode 

aiid tlie CE-layer 114th tlie s a n e  cliarge quaiitity. As a. 

consequencí,, the liniit t o  tlie accumula.Lion of holes a t  

tlie CE-RB inter fxe  c1isappea.r~: this chamcterizes the 

ON-stat,e (11ig.2d). This a.brupt c1ia.ng.e in t,lie clia.rge 

distribution ancl potential profile of the structure is de- 

tected by t ~ o  PL features: i) a. st,eep increase of the 

Type 11 &V' einission, wliicli indicates trliat holes froin 

the LB-barrier a.re collected i11 tlie CH 1a.yer nritli a bet- 

ter efficienc:!, t,ypically twice liigher (but tliis does not 

iinply an  increase of the CH-hyer populatioii, due t.o 

the correlative clecrease of their racliative lifetime); ii) 

a liuge incrfase of the Ga.65A1.35A~ h r r i e r  PL: clue to  

the higli accumulation of lioles a t  tlie CE-RB iat,erface. 

I t  is essmtial, a t  this stage, to coilsider that  the 

LB electric lield does rise tlie electron X energy (in the 

C E  layer) with respect to  the r one (in the CH layer). 

This provides tllie positive feed-back necessary t,o get 

1)istability. 

IV. Coi ic lus ions  

Thiis, we are a.llowed to p1a.y with charge distribu- 

tions iii Type I1 structures. Tlie exarnple of this bistable 

st,ruct,iire reta.ins tlieir i m i n  a.clvantages. The  thresh- 

old vdues  are a.t least two orclers of inagnit,ude lower 

tliaii iii current devices ba.sec1 on more classical optical 

noii-linearities, a.cting for example i11 the active layer 

of Fahry-Perot r e so i i a t ,~ r s [~~I .  This is due to  the slow 

reconibinat~ion rates of spatially separated carriers. An- 

other import,aiit point is that  tlie structure parameters 

a.nd cxperimental conditions are not as critical. On 

the ot,lier lmild, a.s far as potential applications to de- 

\.ices are concerned, tjliis advantage is couiiterbalanced 

by slolv recovcry when excitation is switched off. This 

is a general limitation in device pliysics. And the opti- 

mizatioii of these various criteria for a given practical 

applicalion is still to be done. 

Many studies reviewed in this paper have been done 

in L2M-CNRS by severa1 coworkers, mainly G. Danan, 

M. Jezewski, F. Mollot, and R .  Teissier. I also reported 

the fruits of iiiany collaborations, especially with C. 
Beiioit à la Guillauine from GPS (Université Paris 7) 

ancl B. Gil froin GES (Université de Montpellier 11). 
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