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'Ne review the coupling a.mong tlie different exciton st,ates in a semiconductor quantum well. 
'Three int,rinsic meclianisms are considered: tlie coupling a.nlong the heavy- and light-hole 
c,xcitons due to the off-cliagoilal terms of tlie Luttinger Hamiltoilian, the coupling induced 
1)y the st,rain present in ht t ice  mismatched heterostructures and the coupling among the 
excitons originated from the same liost-hole subband due to  the three-dimensional character 
of the Coulomb interaction. 

I. I n t i o d u c t i o n  

The opti1:al t,ransitions ir1 semicoiiduct,or quantum 

wells are doniina,ted by tlie correlatioii between tllie elec- 

tron a.nd the hole, tha.t is, t,he excit,onic effect,~. The car- 

ricr coiifinet~ient along t,he growtli direction enhances 

the exciton 1)inding energy ancl it,s oscillator st,rength. 

Tliis gives a r trong stability for the exciton st,at,es. Tliey 

are not dissoc:iated a t  room teinperature or by t.he a.ppli- 

catioii of 1on;;itudinal elect.ric fields (up to 100 ItV/cm). 

These cliarac teristics have offered tlie pos~ibilit~y of in- 

teresting de\,ice app1icat1ions[']. The first tIieoreticaI 

approaches c msidered a. decoupled exciton iuodel, wit,li 

parabolic v a h c e  ~ubbands["~]]. With the iiriprovemeiit 
of sampie quality, fine structures in the excilon stat,es 

became possible to  be observed. Those are consequeiice 

of the coupli lg among the different. excitons a.nd orig- 

inate from tlie crystal and the heterostructure poten- 

t,ials. They rilise an enth-e new aspect to the hydrogen- 

like states clisracteristics of tlie \Vannier exciton. 

Here, me review some of tlie çouplings among 

the different e~c i t~ons  in semicoi~ductor quant,uin wells 

(QWs). Iii Section I1 we cliscuss tlie simple uncoupled 

inodel. The coupling among the excitons due to  intrin- 

sic effects is included in Section 111. Three mechanisms 

are considered: the off-diagonal terms of the Luttinger 

Hamiltonian which couples heavy- and light-hole ex- 

citons, the biaxial strain in lattice mismatched QWs 

and tlie three-dirnensional character of the Coulomb 

intera.ction. Finally, in Section IV we draw our final 

rernarks. 

11. U n c o u p l e d  Exc i ton  S t a t e s  

The yuantum-well corifinement breaks the valence 

band degeneracy a t  the center of the Brillouin zone. 
Choosing the direction of diagonalization of the total 

angular momentum along the growth direction, it is 

possible to  separate the valence subbands into heavy- 

ancl light-hole subbands for the z-dependent n~o t ion[~] .  

W'hen an elect,ron is excited into the conduction sub- 

bands, the correlation between the electron and the 

hole left in the valence band gives origin to  the exci- 

ton sta.tes. Taking a parabolic conduction band, the 

total Hamiltonian for the exciton state is written 
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and 

ti" 8' 
Ai = %(--(I 5 2 - p l ) -  + h 7 r [ ~ i  - 1,:/4) 

0-1, 

wliere p = (.T, y) is tlic in-plane rclat.ivc? coortliiia.t,e, 

71's a.rc tlie Lut.tingcr paranictciis aiid c is t.lie static 

dielecthic constaiit. Tlie siinplest. appi-osiinat.ion con- 

sists in neglecting tlie co~it~ribulion of Llic Iiiglier bantls. 

Namely, ívc consider only tlic cliri.gona.1 t.erins of i.lic Lul-  

tinger TIainiltoiiian, iieglccting Ilie oK-cliagoiial oiies. .A 

f~irt.licr approximation is t1o considci. separal~le vnriahles 

for t,he z-mot.ioii a.nd t,lie in-plane motion. 'l'his is :I good 

approxiiimtion for tlic Coiilorih si,at,es for Q\Vs in the 

range L < 200 1I:il.liin t,licse apl7ioximat.ioiis! l.lie 

exciton st,a.tes ma.y 11e classificd iii two c1ifi:rent series, 

eacli associa.ted t,o a cliffercrit liole-liost hnntl. Eacli one 

of t,liese series is coiiiposed of diKercnt familics o i  exci- 

ton sthtes: associa td  to f,he diffeiciit. quantuni n'cll con- 

h e c i  slat,cs for tlic clectrons aiid ~ io lc s [~ ] .  Tliesc fam- 

ilics of st,ates are theii split,i,ed iiit,o tliffcrent. in-plnric 

syn~metries: similar to  tlie t,~~~o-diii~ei-isioiial hytlrogen 

pro~~leii~['I. 

The  excitfon wave-fiinction is constriict,ctl following 

a separable mriables approach. TIie z-pait of thc wave- 

f~~iict , ion is a s s ~ m e d  t,o be cloii-iina.t,ctl by l h e  cpiaiitiiin 

well poteritial ancl is not. a.ffectjctl by t.lie Coulonib in- 

tcraction in first a.pproximat,ion. The in-plane mot.ion 

is clet,erminetl va.riatioiially. 7 '11~ gc>iieral form of tlie 

variationa1 mave-fiinctions are: 

wliere xl,,(ym) a.re t:.e n,th (nzt'" electron (hole) QW 

wave-fiiiiction ancl tlie Ai's are t,he variational parame- 

t,crs. Figure 1 shows (a . )  the Is-E, HH,(LH,,) exciton 

bincling energy ancl (b) the oscillat,or strength as a func- 

t.ion of tlie QW width, for G ~ A S - G ~ ~ , ~ A I ~ . ~ A S  QW's in 

the ainiplest. parabolic appr~ximat , ion[~] .  We observe 

a genera.1 tmnd for t.lie binding energy of the ground 

electron a.nd hole levels. The binding energy increases 

from it,s 1)ullr valuc as tlie m l l  width decrcases, reflect- 

iilg tl-ie increasing quasi-bidimcrisionality of the system. 

Tliis trcncl goes until a1 least one of the two particles 

loses its yiiitsi-l~idimensioiiality, wlien its wa.ve-function 

penct,rates 1a.rgely into tlie barrier and the  QW ievel 

approaclies tlie Iieight of the 1 \ 4 1 ,  The  exciton hinding 

energy tsIien ciecreases as we fiirther decrease the Q W  

rvitlth. Tlie sa.me behavior happens for the excit,ed QW 

electron aiid hole levels. In tliis case, the max in~um in 

t-lic exciton biiicling energy liappens a t  1a.rger values of 

QTV wiclt,lis as tlie pnrticle level indices (n., m) increasc. 

i 'hc  oscillator strength follows a siini1a.r behavior . No- 

ticc tliat nlc only consider the exciton states with n t m  

= evcii nuniber since, for a symmetric QW,  they are 

t)lie only ones to  Iiavc a. non-zero oscillator strength. We 

sliould also observe tlmt, for the equivalent Iiole level, 

tlie binding energy is larger for t.he liglit-hole excitons 

tlian tlie heavy-hole ones. Tliis is due to the n m s -  

reversal effect for the liole subhands, a consequence of 

t,lie diagona.1 approximat.ion. The  heavy-hole sliows a 

liglit,er cffective mass in coniparison to  the light-hole ef- 

fective iilasses. Excitons with other symmetries for the 

in-pla.iie part of tlie wave-funct,ion (p, d,  f, etc.) do not 

show a.ny oscillator strength in this approxirnation[~.  

Howevcr, 117lien the coupling among the excitons takes 

place, t,liese excited exciton states play an  important 

role. 
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111. Coupled e x c i t o n  s t a t e s  

Figurc I: 1s - E,,HH,, (solid liiies) a id  E,,Lhr,, (tlaslied 
liiies) (a) excit.on binding energies aii<l (b) oscillator 
strengt,lis in Ga As-Gao ~ - 4 ~ ; A s  qiiaiituiti ~rells as a fiiiictioii 
of t.lie GaAs 1a:ler tliickness. (aft.cr Ref. 7). 

The siinple pict,ure disciissed so far is strongly rnod- 

ifictl onct: we consider the coupliiig among the differ- 

eiit cxcit.oiis. For t.lir full excit,on IIainilt,onian, a.11 

tlic excit.011 st,ates are coupled. This originates from 

three iiit,rinsic niechanisn~s characterist,ic of the sys- 

t,em: The  off-dia.goiia.1 terms of t,he Luttinger Hamil- 

tfoiiian mliicli coiiple lieavy-hole excitons t,o light- hole 

excit,oi~s. Tliese terins are of second-order in k. As 

a coiisequcnce, they couple excit,on states with differ- 

ent in-plane ~ ~ m m e t r i e s [ ' ~ -  ''1. A second rnechanisrn is 

the coupling amoilg tlie liglit- and split-off hole bands, 

wliich is enlianced by t,he QW['"]. A third rnechanisn~ 

is lhe t.liree-diinensiond cliaracter of the Coulomb in- 

t,eract,ion wliicli couples excit,on states belonging to dif- 

fereiit QW levels b u t  tlie snme Iiole-liost b a ~ i d [ ~ ~ - ~ ~ ] ] .  

Fiirther excit,on coupling may be obtained when we 

consider t.he effect of externa1 fields. If the field follows 

t,he QJV cylindrica.1 syinmetry, only the intensity of the 

coiipling ~viI1 change. O11 tlie contrary, for fields which 

l m a k  this symmet,ry (e.g., ali in-plane uniaxial stress), 

additioiial coupliilg among the excit,on states may be 

observt?c~['~I. 

The  different couplings amoiig the exciton stat,es 

liave been e~t~eixively duclied by a nuinber of authors. 

M'e rvill iiot review liere all these effects but will con- 

cent,rat,c in t,hose coiiplings whicli are intrinsic to the 

syslein to 11e consiclerecl. 

i) Heavy- a i ld  l ight - l io le  coi ip l ing 

The off-dia.gonal terms of the Luttinger Hamiltonian 

coiiple tlie Iiea.vy- and liglit,-hole states giving origin to 

liiglily-11011-paraholic valence subhand d i ~ ~ e r s i o n s [ ~ ~ ~ ~ ~ ] .  

This coupling is responsible for two effects in the  exci- 

t1on st,at,es. First., we observe an  increase in the  excitoii 

hindiiig energy[10-14]. The strong a.nticrossing pattern 
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lias the effect of increasing t,lie iil-plane effect.ive niass 

for the ground-liole subba.iid. Tlie effcct is even st.ronger 

for the light-hole when the ir-plane inass ca,n a.ssume 

an electron-lilíe behavior. 

This results in ai1 increasc of t,he e ~ c i t ~ o n  binding 

eiicrgy of tlie order of 10% - 20% for Lhe cxcitons asso- 

ciated to  tlie ground elect,ron a.nd Iiole siibba.nds. 

A more ~pect~acu1a.r effwt. is tiie coiipliiig of the 

heavy- and light-liole excitons Iia.viiig diffcrent. iil--pla.ne 

syiiimetries. The  s-lilíe hca.vy (liglit,)-liole excitons 

couple with the p-lilíe a.nd d-lilíe light (1ieavy)-hole 

excitons. Bauer and ~ n d o [ l ~ ]  aad dlwliberg ancl 

~ l tare l l i [ l" ,  following different a.pproaches, showed the 

i~nport,aiice of includiiig t,he cont1inuum exciton sta.t,es 

wlienever tliese coupling is consitlcrcd. Here, nre fol- 

low an approach siinilar to  tlie one developetl by Raucr 

aiid A ~ K ~ o [ ~ ~ ] .  We projcct t.lie full cxciton Ha.iiiilto11ia.n 

into a non- ortliogonal basis. This basis is built l~ased 

on mave-functions of tlie t,ype described I>y Eqs. 2-3. 

The  t,otal wave-funct,ioii is a. spinor with components 

formed by linear coinbinations of wave-f~~nct,ions hav- 

ing different values for A. Tlie iloil-ortJliogoiia.lity of the 

basis a.ssures tlie presence of a. set of states whicli mim- 

ics tlie continuum sta.t,es. Tlie eigenvalues are obtained 

by diagonalizing tShe genera.lized eigenva.lue l ~ r o l ~ l e n ~ [ ~ l .  

Figure 2 sliows (a) tlie exciton energy relative to  

tlie hottom of tlie grou~icl&ctron and light-liole band- 

to-hand transition and (11) t,lie respect,ive oscillator 

strengtli as a function of tlie Q\V width[". I-Iere, only 

the coupling aniong t.he 1.q - E I L H I  and t,he cl-lilte 

EIHH1 excit.011 sta.tes is showii. Tlie excitoii I>inding 

energy in the dia.gonal approximation is also plott,ed. 

Far from tlie anticrossing regi011 we observe a clear in- 

crease in the cxciton bindiiig energy. As trile 1s-E] L H i  

and tlie 3cl- EI HHl excitoiis a.pproa.cl1 each other, the 

two states intera.ct aiid a.n anticrossing is ohserved. No- 

tice that  t,he 1s - El LIíTi couples a.lso wit8h tlie excited 

cl- ElHHl excitons states. Here, these states are repre- 

senlecl 11y some discrete sla.tes. Tliey actually represent 

t,he discrete and the continuum d-like E I L H l  exciton 

states. As a consequence of the anticrossing, there is an 

excha~nge in their oscillator strengths. In this region it is 

possible to obscrve optically both exciton states. These 

aliti-crossiiig effects may be enhanced by the  presence 

of externa.1 fields, like an  electric field or a magnetic field 

a,ppliecl along the growth direction. It has been possi- 

ble to optically observe severa1 excited exciton states 

wliicli, in the absence of the coupling, are forbidden 

t i a i i s i t i ~ i i s [ ~ ~ ~ ~ ~ I .  

Figure 2: 1s - E1LHi (a) exciton binding energy and (b) 
relat,ive oscillat,or strength of the transition as a function 
of the GaAs layer tliickness in GaAs-Gao.-,Alo.sAs quantum 
wells using a nonortliogonal basis. Dashed line: diagonal 
approximat,ion. Solid lines: full Hamiltonian. The anti- 
crossiiig wit,h tlie nd - E1 H H i  states is also shown. (after 
Rcf. 5 ) .  

ii) Lattice mismatclied QW's 

An interesting situation appears when the two host 

materiais present a significant difference in their lat- 

tice paran~eter[24]. Here, we consider the case of a 

In,Gai-,As QW with GaAs acting as barriers. The  
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structure is assumed t o  I>e gronrn 011 a. GaAs subst,rate. 

The  lattice parameter t.liat dominates the ~ t ~ r u c t u r e  is 

the one of l,he GaAs. The  InAs and t,lie GaAs liave 

a difference of 7% in tlieir lattice pa.rainet,ers. The 

In,Gal-,As layer is, therefore, undcr in-plane biaxial 

con-~pression. Tliis does not alt,ere tlie cyliiiclrical s y n -  

inetry of tlic: structure. However, qiiaiit,itat,ive effect,s 

modify signi icantly tlie electronic properties. First, t,lie 

heavy- and liglit-hole host haiids ir1 tlie In,Gal-,As 

are splitted. This splitting is so stroiig t h t  tlie liglit- 

hole inay present a type-11 confinernent. More precisely, 

the electroiic; aiid Lhe 1iea.v~-holc a.re confined in tlie 

In,Gai-,As layer. With  tlie st8rain eifects, tlie liglit- 

hole baiid p~ofile is pra.ctically fla.t a.nd, depending of 

the  In  conceiitration, they may be sliglitly localized in 

tlie GaAs layer. A second effect is the strong coupliiig 

among the li,;ht-hole and tshe spIit-off-hole states. This 

coupling is already present in the QW'  i11 the absence of 

tlie strain but i t  reaclies stroiig va.lues as a consequence 

of tlie biaxia coinpression. 

These strain-induced effects alter significantly the 

exciton state:;. Due to  the strong separation in energy, 

an in-plane pârabolic dispersion is quite nccurat,e to  de- 

scribe the heavy-hole exciton states associated to  tlie 

ground-hole subband. The  situation is far more com- 

plicated for the  light-hole exciton. The quantuin well 

potential, the Coulomb interaction aiid tlie light-holes 

and split-off-lioles coupling rnay a11 be of the same or- 

der and mus;  be considered in the s a n e  foot in tlie 

calcula.tiori. To  describe tliis situation we alloiv tlie z- 

part  of tlie light-hole exciton wave-function to  depeiid 

on the Coulomb interaction. For that,, tlie liglit-liole 

wave-functions are described by a set of gaussia.11 wave- 

functions. T h ?  z-part of tlie split-off liole wave-ftiiictioii 

is simply desc13xxl by the QW wave-functioiis in a sinii- 

lar way as i t  n a s  discussed in the  previous Sectioii. T h e  

diagonalizaticn of the  Harniltonian projected onto these 

extended basi.; gives the exciton statesLlGJ. 

Figure 3 chows the ration of the 1s  - E I L H l  to 

the 1s - E I H H i  exciton oscillator stxengtli as a func- 

tion of (a) tlie QN7 widt,li aiid the (b) In concentra- 

tion. The  factor 113 diie to the periodic part of the 

Blocli function is already included. We observe that ,  

for practically a11 the  situations, the 1s - EiLHi os- 

cillalor strengtli assumes significant values, typical of a 

type-I exciton. This is a combined effect of the Coulomb 

interact,ioii aiid the coupling among the light-hole and 

split-off hole excitons. The  electron, which is strongly 

localized iii tlie In,Gai-,As layer, acts as a center of 

at,t,ract,ive potential for the hole. The ground and first 

excit.ed states of the split-off QW a.re also localized in 

t,he Iii,Ga.i-,As layer, further contributing to  the lo- 

calization of the light-hole into this layer. This  effect 

is illust,rat,ed in Figure 4 where i t  is plotted t,he pro- 

jection of the hole z-part of the exciton wave-function. 

n 7 e  see tha t ,  although in the absence of electron and 

hole correlatioii the system is type-11, the exciton state 

rather shows a type-I character. This explains some of 

the controversy about the light-hole band oKset for this 

~ ~ s t e i i ~ [ ~ " ~ ~ ] .  Although the systern may he type-I1 in 

w1ia.t tlie electron and light-hole particles confinement 

is conceriied, tlie exciton transitions are rather type-I. 

Therefore, the presence of a sharp peak a t  the light- 

hole exciton transition can not be a criteria to  charac- 

terize the hand offset. 

Figure 3: Relative oscillator strength for the transitions in 
ali In,Gal-,As-GaAs cpantiim well (a) as a function of the 
In concent,ration for a In,Gai-,As layer of 150A and (b) as 
a function of tlie In,Gai-,As layer for an In concentration 
of 12%. Full lines are tlie 1s - E1 LHl  exciton state includ- 
ing the split-off coupling. Dashed lines are the 1s - E1 L H l .  
exciton state witliout the split-off coupling. Dotted lines 
are tlie E1 LHi band-to-band transition including the split- 
off coupling and the dash-dotted lines are the 2s - E1 HHi 
excihn st,ate. 
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Figurc .I: z-part of tlie Iiolc wave-fiirictioii for ali 
Iiio.i2Gao.~sAs-Ga-Ls cpmit,urri wPll wit.11 an InoizGao &,As 
Iaver of I ~ o A .  Tlie GaAs laycr is of 2000A. Fiill liiic is tlie 
1s - Cl L H I  excitoil st.at.e iiicliidiiig t,lie sp1il.-off cottpliiig. 
Daslied liiie is tlie 1s  - E1 LWl cxcit,on stat.e witliout the 
split,-off cotipling. Dotted liiics is t,lie E, LIIi 11antl-t~o-ba.1td 
traiisitioii incltidirig t,he sp1it.-off corrplirig. 

iii) Rcso imi i t  s t a t e s  

Let.'s concentra.t,c 11om o11 Il-ic excitoris associat.ecl to 

tlic same host-va.lencc I~aiitl aiid 11n.ving t,he same in- 

p1a.m symmeiry. IIritllin flie scpii.ra11le vaiial~lcs ap- 

prosiniation, each pair of c1cct.roi-i a.iicl liole su11l)ands 

gives a set. of bouncl st,ates followed by a cont,iiiuim, 

for t,lieir in-plane relativc mot,ion. IIowever! tzlie t,liree- 

diinensional charact,er of Ilie Cloiilonil) iiit~era.ction coii- 

plcs a11 thcse sta.tes. Actiiallj.. tlie 11ouncl st.atcs as- 

sociat8ed to tlie excitecl elcctron (liole) si i l~lmids are 

resonanccs of t .1 - i~  ground c:lcct,roii aiicl Iiole sul111aiid 

exc i t~n[ '~ -~" ] .  Tliiee inain clfect.~ ar<: observerl clut t.o 

t.1-i~: coupling of t,he I~ouncl slates witli tlie coiit.iiiiium 

statcs of lower srihbantls. Tlic pcak in t,lic absorp- 

t,ioii nssocia.t.ed 1.0 the boiiiitl cxcit.on siate is shift,cd 

i11 energy. A broaclening is obscxwtl, tluc, t.o tIie sliar- 

ing of t,lie oscilla.tor st,rengtli of i.he boiiiitl stntc. v i th  

tl-ie c o n t h u m  states. A more spcctacular efrect is 

the supression of t,lie absorpt.ion close t.o tlie exciton 

peak. This origimtes from a. perfect dest.riictive inter- 

fcrence bet-ween t,l-ie boiintl exciton a.nd the contiiiiium 

exciton mave-f~inct~ions. Tliis effect is wcll Iino\\~n fro1i1 

atomic antl n~olccular physics and is known as the Failo 

resonrin ce['?] . 

o 
1560 1580 1600 

J 
1620 

E(meV) 
Figiire 5: Norrnalized ahsorption spectra aroiiiid t,lie 1s - 
E1 HIJr exciton for C:ùtZs,Ai-,As quanturn wells wit,h dif- 
fcrent well witlt.lis, L ,  aiid -41 coiicentratioiis, x. The spectra 
iiit.eiisit.ies are sliift,ed bv 0.2 for tlie sake of clearity. (after 
Ref. 18). 

To invest,igatc t,l-iis cffect, we employed the method 

dcveloped by Elwiil~erg ancl ~ l t a r e l l i [ ' ~ ] .  Essen- 

t,irilly, t,l-ie QW exciton problem is clescribed mitliin a.n 

effect,ivc-talw- climensional Coulonib interaction: The  

t.liree-diil?eiisioila.l pa.rt of t8he iiiteraction is tlien treated 

i11 pert,url,a.t,ion follomiiig Fano's the0ry['"~~1. Figure 5 

sliows t,lie a.bsorpt,ion spectra of tlie 1s - E i H H 3  and 

t,lie s-lilte coiit~inuuin-EIHHl excit,on states for a se- 

ries of single QW's. For a11 ttie QW's,  the dip in the 

absorption appears on tlie low-energy sicle of the spec- 

triim. TIiis is a favorahle situation for its observation. 

If it was localized on t,lie high-energy side it would be 

difficult t,o resolve t,lie dip from the 1s and 2s exciton 

I-loniogeneous and ii~l-iomogeneous broadening may 

Iiaiiipcr tlie ol>servation of tl-iis effect. Receiitly, how- 

ever, a. suppression iii tlie phot,oluininescence of exci- 

tation spect,ruin was observed a t  low temperatrue iii 

liigh-qiiality double QW structures. I t  was succesfully 

identified to tlie Fano resonance formed hy the coupling 

a.mong tlie 1s - E 1 H H 3  aiid tl-ie s-continuum-EIHHl 

exciton states['"]. 
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IV. Final iemarks References 

Tlie couplings among the exciton states reviemed 

here originate from intrinsic cliaracteristics of the semi- 

conductor heterostructure system. Tliese effects add iii 

ricliness to  the  simple hydrogen picture of the Wan- 

nier exciton. Tlie couplings may be enlianced and 

monitored by tlie application of external fields along 

the growtl direction. The effects of an e lec t r i~-f ie ld[~~I  

and a mag ~ e t i c - f i e l d [ ~ ~ ]  along tlie growt h direction have 

been studi:d. They allowed the observation of the in- 

teraction among the  exciton states. A more complex 

situation a-ises when we consider t,he presence of exter- 

na1 fields applied perpendicular to  the growth direction. 

In these caies, the external field breaks t,he cylindrical 

symmetry of the QW aild addit,ional coupliiig iiiay be 

present[llI. 

Tlie obi;ervat,ion of tliese fine struct,ures is liiilred 

to the quality of the samples. We inay expect similar 

effects by reducing the dimensionality of the system. 

Ilowever, tliis lias beeii sliown to  be quite a. diilicult 

ta&. Some a t t e m p t , ~  liave a.lready sliown some exciton 

effects in quantum wiresL2" and qua.ntuni d ~ t , [ ~ ~ ] .  How- 

ever, the quality of the  samples does not allow yet the 

observation of fine structures. We hope that ,  witli the 

improvement of tlie techniques for the of lateral pat- 

terning in tke near future, it will be possible to observe 

exciton fi ne structures in even lower diinensional exci- 

tons. 
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