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We invest,igatecl tlie optical properbies of two-dimensional electron gases in inodulation- 
doped InGaRs/GaAs/AlCMs single quaiituni wells. Me discuss the results of interband 
opt,ical spect,roscopies oii I-iighly clopecl samples in wl~ich the Fermi level energy is near 
thc bott,oiii eiiergy of tlic secoild elect,roii subband. Photoluiniilescence spectra present 
unresolved einissioii hand whicl-i as a st,rong evidciices of second subband exciton transition 
as well as Fcri-iii eclgc singiilarity. Slic coupliiig of the Fermi eclge singularity and the second 
subbaild excit.011 is also iilvestignt,erl as a fuiiction of tlie t,eniperature and the presence of 
tlie ext.eriia1 iiia.gntit.ic field. 

Many-body effect,s i11 semiconduct~or quantuin wells, 

sucli as fractional quai-it.uii1 Hall effectm['I, ba.nd-gap 

i.eilori~ia.lization["] a.ntl Fcrini cclge siiig~ila.rit.y[~] a.re of 

grcat i n t e r e ~ t , ~  110th i11 thcory a.iic-l cxperiinent,. Iligli 

inol3ilit.y t.wo-dimensional (2-D) e1~ct.i.oti ga.ses a.re fui]- 

danienta.1 for device a.pplica.tions. Opt~ical spect,roscopy 

has shown t,o be a. powerfd t,ool t,o iiivest.igat.e t,licw sys- 

t,eins. In this work wc iised pl1ot,oliiii7iiiesce11ce and cx- 

cit,at.ion ~~l-iot,oliiniiiicsct~iicc spcctroscopy, iiiclutling it,s 

depenclence with tempcraturc and loiigit.uclina1 riiag- 

netic ficltl. t,o st,ucly tlic propcri ies of 2-D elcct~ron gas in 

iriodiilatiori-dopecl 111C~aXs/C~a~4s/i\lG:1~.~ls singlt? c11iat-i- 

t,um mells. Tlic invc?st.igat.ecl stii~ct,iii.es were grown ivith 

t,lie purpose of fal~ricat~ing high el(xt,ron niobility t.ra.n- 

sistor devices (IIEPIT). taking aclva.i-ita.ge of t>lie liigh 

iiiobility of llie 2-D elect.ron ga.s at. thc 1nC;a.As chaii- 

nel. 

The lumii~esceiicc aiid alworption in modulat,ion- 

doped quant,um wells are conlplica~ecl by t.he presence 

of tlic Fermi sea. due t,o the 2D gas of electrons. De- 

spite the st,rong screening and phase filling a t  high elec- 

t,ron conceilt,ra.tions, the interaction between the  many- 

clectlroii system aiid a photogenerated hole induces an 

exciton-lilw effect; siini1a.r to the Mahan exciton for de- 

gçncratetl bulk sernicoiidu~tors[~]. Many-body effects 

are also present a t  the edge of tlie Fermi sea. These 

effects a.re pa.rt,icularly enhanced for a hea.vy-hole mass. 

This cai1 I x  acliieved by the  hole localizat.ion, for ex- 

ample, by local pot,ential fluctuations due t,o the alloy 

potent,ial. This effect results in the eiiha.nceiixmt of the 

oscillator strengt,l-i for optical tra.nsitions occurring close 

t.o t,lie Fermi energy, Iínown a,s Fermi edge singularity 

(FES). 
Tlie high-density of the 2-D electron gas in our sam- 

ples marginally occupies the second subband of the 

qrr:i.~itun-i well. Tliis occupation is critica1 for the op- 

tical propert,ies of the  structure. At low teniperatures, 

wlien tlie Ferini level is only a few nieV below the sec- 

ond s u l ~ b a n d ~  the FES is enhanced by the interaction 

Ixtweeil the 2D electron gas a.nd the exciton associated 
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to tlie secmd subba.iid. I I o r e \ w .  vheii tlzis siihlmicl moiiocliron~a.t.or a.nd a nit,rogen cooled S1 photomu1t.i- 

starts  to I:e occupied, thc FES loses in importante ancl plier coupled to a photon-counter system. The spectra 

t,he seconc suhba.nd starts  t,o l~~niinescc:. SIiese two ef- were ohtained a t  sa.mple temperatures from 2 to 40K. 

fect,s a.re tixt,re~nely sensit,ivc to t.he eilcrgy difference Ma,gneto-lurninescence (ML) experiment,~ were mea- 

11et weeii t,lic Feriiii level and t.hc second subl~a.nd["]. sured in a. superconductor-coil cryostat with an optical 

fiber systein. The  light source and the lurninescence 

11. E x p e r i m e n t a l  d e t a i l s  detection were tlie same as used in PL measurements. 

\Te s h ~ w  the resultas of nieasureiiient,~ 011 t.wo 

saiiiples g.owii wit,li t,lic same structiire ancl nom- 

inal pa.raii~et~ers, b u t  resulting i11 sliglitly differ- 

ent 2D eli:ct.roii gas densities. Tlie st,ruci,iire coil- 

sist,s of a. 13nii1 GaAs/li~o.zGao.sAs/:ZI0,25G~~~l,75iis 

pseudoiilorpliic-stra.iiied single qiia.nt,um well gronJn by 

molecu1a.r beam epitaxy (R'IBE). Tlie Alo.a~Gao.7& 

barrier lias a planar Si doping concentrat.ion of 5 x 10'" 

~ I I I - ~  t l is tmt of 511111 froiu the I ~ I ~ , ~ C ~ ~ . &  layer. 

Sliiibi~iltov-de-Haas measuremci~t.s[~] inclicat,e tha t  Lhe 

2D electroii gas occupies only t.lie grouiid electron level 

for bot,h samples. Fig. I sho~vs  scliematically t,lie saiil- 

plc witli t h :  i i npor t , a~ t  paraincters. 

111. Res i i l t s  and d i scuss ions  

a. P L  aiid PLE iliea~u~eineilt 

Fig. 2 sliows tlie PL spectra a t  2 K for samples 

#A and #B. PL spectra. for both samples present two 

pedis.  Tlie first ped i  is easily associated t,o the transi- 

tion involving tlie ground conduction and valence sub- 

bands (e1 - 11111). The second PL pealis present st,rongly 

asyriiiriet,ric linesliapes, with a tail a t  the small-energy 

side for both samples. Tliis peak rnay he attributed to 

eit,lier t,he FES or to  tlie transition a.ssociated to  the sec- 

oiid concluction subbancl and the ground valence sub- 

baiid (e2 - lilil). 

I'hc forhidden e2 - h h l  transitioii for syinmetric 

~vells becoines allowed for tlie asymmetric case. In our 

GaAs (001) 
Substrate 

Figure 1: Sclieniatic striict.iii.e of IiiGaAs/C:aAs/AlC+alZs 
Modulat.ioii I)opcd Siiigle Qiiant,uin IT'c11 saniples. 

planar 
dopping 

%. 

Pl~ot~olui~iinescence (PL) nnd pl~ololumiilesceiice ex- 

citation (PLE) experiri1ents were performed mith a 

50 nm AI ,.,, Ga,,,,As 

5 nm Al,,,Ga,,,As - 

1 3 nm In,,,Ga- 8 s  

Ti-Saphire laser pumpcd by ai1 Ar+ lascr as liglit 

samplcs only the AlGaAs barrier is doped with donors, 

eiiliancing tlie asymmetry in the InGaAs well. The PL 

peaks for snniple #A are shifted to lower energies as 

compa.red to sa.mple #B. The shift is attributed to the 

sina.ller 2-D electron ga.s density of sample #B which 

source. Thr miission was analgzetl usii-ig a 0.8 ir1 doul,le 

clianges tlie potential profile of tlie sample, resulting in 

an incrmse of tlie iiiteiband transition energy. 

We also observe a significant variation of the PL 

peak iilteiisit,ies. There is ar1 inversion of the int,ensity 

rat,io Idweeii  tl-ie e1 - 11111 aiid e2 - h h l  transition peaks: 

tlie e2 - 11111 eniission is dominant for sample #A and 

becoines rela.tively weak for sainple #B. This changing 

nmy Ilc related to  tlie increasing of the e2 subband occu- 

p l i o n  in sample #A i11 comparison to  sample #B. The 

luinii~escence iiitensity is proportional to  the electxonic 

subbmcl occupation. Also, Iiigher 2D electron gas con- 

centra.tioi1 iiicrease t,he asymmetry in the  well. This 
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Figure 2: PL (coiitinuous) and PLE (dotted) spectra at 2 I< of a InGaAs/GaAs/AlGaAs MDSQW for (a) sample #.4 and 
(h) saiiiple #B. 
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iiicreases the oscillator strerigtJi for t,lie e2-hlil t,raiisi- 

tion and decreases it for tlie c l -hh l  t r a~ i s i t~ io i~ [~I .  

Ali dternative expla.na.tioii is rela.tet1 to  the FES, 

giviiig an additional eiliission ba.iid wliicli 111a,y be 

prcscnt iii tliis rangc. Clien et nl[" ohser~~ecl a.n en- 

hancement of the FES einission band due to  its coii- 

pling with the e2 - lihl exciton wliich depeiids 011 the  

separation between tlie Fernii level aiid secoizd electlron 

subbaild. Siiice sample #A lias a Iiigller 2-D elect,ron 

gas density than s a n ~ p l e  #B, the Fermi energy is closer 

to the second electron subbancl for sa.mple #A. As a 

consequeilce: the coupling bet,weeii t,he Fermi level and 

the second siiblmnd excit.oi-i slioiild he st,ronger for t.his 

sample, resultiilg in ai1 increase of t,he PL int,ensity, as 

observed in our PL spectra (Fig. 2). 011 tlie ot,lier may, 

the eventual occiipa.tioii of t,he secoiid coricluctioii si.111- 

ba.nd plays aa.ga.iiisl tlie FES: as a coiiseyuence of tlie 

phase filling a.nd screening effects, the exciton associ- 

ated to  the e2-hhl trarisition is mealienecl, clecreasiiig 

its intera.ction with tlie electroiis a(. the Feriiii edge. 

The  líey factor in our experime11t.s is tlie second sub- 

- P L -  

PLE . .. . 

- 

e1 - hhl 

baiid occupation. The Sliubnikov-de-Haas results show 

no occupation for this subhmd.  However, the opti- 

cal experimental results does not rule out this possi- 

bilit,y. If the secoiid subhand is occupied, as the  lumi- 

nesceiice spectra seems to  indicate, it is marginal and 

quite sensitive to the experimental conditions. Never- 

theless, the two effects, FES and direct luminescence 

from the e2-h111 transitioii, cannot he resolved in our 

sainples. Both transit~ioiis are margiiialIy separated in 

energy nnd within tlie peak broadeniilg. In what fol- 

1 0 ~ s :  we give further evidences of the presence of both 

t,ransitioiis i11 the second lumiiiescence peak. The  PLE 

spectrum (Fig. 2,  clotted lines) for sample #A shows 

two pea,lts while sainple #B shows only one. Since the  

PLE spectruin is related to  the absorption a t  t,he exci- 

tat>ioil energy, the sigiial will s tart  for photon energies 

just above tlie Fermi level, wliere tlie density of empty 

states a t  the conduction band is non-zero. The smaII 

Stoke sliift i1ia.y be related to the  small occupation of 

the secoiid subband. 

Fig. 3 sliows the (a) PL and the (b) PLE spec- 
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t r a  as a. functioii of tlie t-eniperature for sainple #/i. 

We ol~servr a slightly decreasing iil tlie PL intensity 

ratio of tlie c2 - 11111 and e1 - 11111 pealis. Previous 

worlrs on ,he sul~jec t  have experimentally[3~7-"] aild 

t l i e ~ r e t i c a l ; y [ ~ ~ ~ ~ ~ ]  sliowil tliat tlie Ferini edge siiigu1a.r- 

ity effect dccreases as t,lie teinpcra.ture iiicreases, being 

a very sen~i t ive  effect. 011 Lhe ot,her way, t.11~ e2-11111 

photoluinir escence sliould be enlia.nced by the  tlierixal 

occupa,tioii Tliat  ma. expla.iii t,lie observation of a 

strong second peak eveil at, temperature as liigh as 40 

I<, wlieii tlir FES sliould be alreacly sineared out.  

IVe obscrve t h t  tlie PLE linesliape clianges with 

temperatur:. At 2 I<, tlie featurcs correspoiid to  w l l  

defiiied peaks, but  as tlie temperature is increased tlie 

linesliape b x o m e s  less resolvecl and above 30 I< it as- 

sumes a st,c:p-like sliape. This helmvior is explaiiled 

bg tlie o c c ~ ~ p a t i o n  of tlie seconcl conductiori subband. 

Tlic pliase filliilg liampers t,he excito11 formatioii a,iicl t,he 

PLE reflectr; t,he step-like density of state,  cliaract~eris- 

tic of tlie 2-D system. Slie same fea.tures are observed 

i11 PLE spec:tra for excitons involving e2 eleclron and 

h112 hole s i ~ b a i i d s .  This is expect,cd, since tlie major 

effect is iii t l  e occupation of the second concluct,ioii sub- 

I~aiid.  1% sliould also mention that  the qucilcliing of 

the excito11 :;tat,e also plays aga.inst tlie FES. 

Similar tffect,s witl-i t,he teinperature are observed 

for sample +B. 

b. Magneto-lumi~iescence nieasusenients 

Typical 2 I< inagileto-luminescence spectra for sani- 

ple #B are sliowii in Fig. 4 for different magiiet-ic fields. 

As tlie magnrtic fieid is iiicreased, a series of p e a . 1 ~  due 

to t,he Landau level inter-baiid t,rarisitions becoines well 

resolved. Without magnetic fieltl t,he 2-D electron gas 

can occupy stat,es ivitli li varyiilg coiltiriuously froin 0 

t o  lili', wliere kF is t.lie wave vect,or correspoildiiig t,o tlie 

Fermi level. tn tlie presence of t,he magnetic field, tlie 

2-D electron ,;as will tlien fill tlie discret,e Landau levels 

up t o  Fermi level, whicli is piriiietl a t  a given La.nda.u 

level. Tlie PL peal; correspo~lding tso tlie lo~i~es t  Laii- 
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Figure 3: (a) PL and (b) PLE spectra of sample #A at 
different. temperatuies. 



Braziliari Journal  of Pliysics, vol. 24, no. 1, March, 1994 

Photon Energy (eV) 

Figure 4: PL spect,ra at 2 K  for sarriple #R at different niag- 
iietic fields. 

dau level 11 = O is t,he strongrst one! heca.ttse iiiost of 

tlie photo excited lioles relaxes tjo t,lie t.op of tlic grouiid 

statc. 

Tlie iiiagiieto-luiiliiiescence peak positioiis are plot- 

ted as a. f~iiiction of t,lie iiia.giict,ic lit:lcl i11 Fig. 5. \Ve 

observe tliat tlie peal; posi0ioiis corresponcliiig to sniall 

valiies of ii reasoiial~ly follow a. 1ii-ica.r bclia.vior. I-Iow 

ever, as li iilcreases, t,hc pea.lís a.re iii a liigli energy re- 

gion wliere the lonust e2 sul~ba.nt1 La.11da.u level crosses 

tlie La.ndau levels associa.ted tro tzlie t:l subbaiicl. Til tliis 

region tlic st,roilg mixing of st,a.tes of t,lie t.~vo subband 

Laiidau levels alt,er tlie simple linear behavior. 7'he coii- 

pliiig effect is relevant in this case, as sliown 11)i Clieii et. 

al.[". Tlie st,raiglit liiies sliowii iii Fig. 5 are given by: 

E = (n+ 1/2)hv wliere Iru = c l r l 2 ; rpc :  e is tlic elect,roii 

cliarge: h is Planck's coiist.a.iit.. c is t,lie velocit,y of liglit 

and p is flie recluced effcctivc inass of t,Iie elect.roil-liole 

pair. Thc  rcducecl iiiass calciila.t.ctl iising hulk i~ia.t.erial 

para.inet,ei.s, 0.052 m o ,  ca,n only bc used to esplniii tlie 

experimental da ta  correspontling t,o ~ 1 .  = 1. For 12 > 1, 

t,he best fitting is a.chieved with ali efftxt,ive iiiass of 

p = 0.065 i i ~ .  The reduced i m s s  discrepa.ncg for Iiigh 

valuc of n is consistent witli tlic iioii-paritbolicity of tlie 

O 2 4 6 8 10 12 14 16 

Magnetic Field (Tesia) 
Figure 5: I'L energy peak as a function of the magnetic field 
for sainpIe #13. 

coiiduction bancl aiid tlie inixing hetween tlie two tran- 

sit,ions. Foi. 17 = O ,  we obtaiii p = 0.04mo. and this 

value is not yet underst,oocl a.t present. 

For sample #A, t,lie Lanclau leve1 trmsit ions show 

s i~ni lar  behavior but  a.re not as ~ e l l  resolved as for sam- 

ple #B. 

IV. C o n c l u s i o n s  

Iii coiiclusion, n7e st,udied the optical properties of 

liigli qualit-y two-climensional electron gases. A second 

ped i  a.t tlic PL spect,runi wa.s observed. Mixed effects 

dite to  t.lie FES and the occupation of t,he second con- 

cl~ict~ioil subband were reportecl. At the present mo- 

iiiciit, it  is iiot yet possible i o  resolve the origiii of this 

tmnsition. Most likely, tlie present situatioli shows a 

Fermi level quite dose to  the  second subband. T h a t  

allo\vs tlie iiiaiiiiestation of both effects. At. the same 

tiilie, it prevci~ts the resolutioii between therri. 
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