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The e - -4' acceptor-r.cla.t,ecl p l~o to lu i~~ i i~esce i~ce  spectra in Ga.As-(Ga.,AI)As quantuni wells 
under applied longit~1~1ii~a.l electric fields are obta.ined for cljffereiit doping profiles within 
the ivell. Calculations are based 011 tlie effective-niass a,pproxiination and the  variational 
inethoci for detSermining t,lic a.cceptor binding energy and envelope wave function. Results 
show tliat the  positions a.nd il~teiisit~ies of the ~ t~ ruc tu res  iii tlie spectruni liiieshapes are 
selisitive to botli the field strengt,li and the a.ccept,or distribution within the  quantum well 
indicating that  the  applied elect,ric field c a i  be used t,o probe the asyminetry of the impurity 
distribution within Ilie mil. 

Nowadays, n~olecular-beam cpitaxy (MBE), ion- 

b e a n  technology, and met,al-orgnnic cheniical vapor dc- 

position (MOCVD) allow tlie realizat,ion of Iiigh-qualit,y 

systenis consisting of alteiiiittirig layers of different ma- 

t e r i a l ~  rvith controllecl layer t,hiclmesses and sharp in- 

terfaces. Sucli i l i an - l ide  materials exliibit a variety of 

reiiiarlíahle elect,ronic propert,ies whicli are due t,o con- 

finement effects not present in ordinary bulk materials. 

As a coiisequence, these syst,enls present wide-ranging 

potential application i11 electronic clevices. 

The  presence of shallow - hydrogenic imp~ui t i e s [~ ]  

in low - diniensional structures givc rise to  a riuinber of 

pheiloineila wliich are of considera.hle t.echnica1 and sci- 

entific releva.nce. Recent r e v i e ~ s [ ~ 1  present a detailed 

account of scient*ific worlí concerned ivit,h slialloii~ im- 

purities in quaiituin wells (QFVs). Tlie physical prop- 

erties of sei~iiconclucting heterostrruct,ures signiiicant,ly 

change itiicler externally a.ppliccl elcctric ficlds as po- 

c l ~ ~ a n t u m  states of the  system play an important role, 

for iiistance, iii controlling and niodulating the  out- 

puts of opt,oelectroiiic devices. Theoretically, Brum e t  

studied the binding energies of hydrogenic impuri- 

ties in GaAs-(Ga,AI)As QWs under the presence of an  

electric field perpeilclicular to the interfaces. ~ e b e r [ ~ l  

a.nd López-Gondar et  al.15] calculated the electric-field- 

clependent density of iinpurity states associated with 

shallow donors and acceptors in infinite- and finite- 

barrrier QWs. In addition, in a recent work, Santiago e t  

al.['] investigated the irnpurity-related optical absorp- 

tion spectra in GaAs-(Ga,Al)As QWs subjected t o  an  

ext,ernally applied electric field. Experimentally, Miller 

and ~ o s s a r d [ ~ l  studied some effects of a longitudinal 

electric fielcl on the intrinsic and extrinsic photolumi- 

nescence of Be-doped GaAs-(Ga,AI)As multiquantum 

well sarnples grown by MBE. 

Tlic present work is concerned with the effeck of 
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growth direztioii of the QTS: oii the pliotolu~ii i~iesce~~ce 

lii-ieshape a,sociatetl with t - A' acceptor-related re- 

coinhinatioi iil GaAs-(Ga,Al)As QM's 

Tlie I-Iai~iltoilian for a sliallo~v acceptor iii a GaAs- 

(Ga,Al)As Q I V  with an applied clcctric field F paralell 

t o  tlie I-gro vth directioii of tlie lieterostructure may be 

wrilten as 

Tlie z origin is talten a t  tlie cenler of the well a.iicl 

the cnergy origin a t  t,he bott,oin of tlie GaAs conduc- 

tio11 band. Tlie iinpurity position along t.he growtli 

axis is denoied by zi, aiid r = [p2 + (z - zi)2]1/2 with 

p = (2' + 1,2)1/2, is tlie distance from tlie carrier to 

tlie accept,or site. Vb is tlie band oKset ecpal to["9] 0.4 

times the baiid-gap d i scon t i~ i i i i t~ [ '~ I  AEg = 1 . 2 4 7 ~  eV 

for the valeiice barid, m: = 0.337n0 (mo is t.lie free- 

electrori mms) is an  splierical carrier cffect,ivc ina.ss - 

we neglect tlie effect of coupliiig of tlie top four valeiice 

bands[ll] - nliich gives a I>ulli value of 26 meV for tlic 

acceptor I~iiicIiiig energy[5~12~13] and is considered con- 

staiit across tlie iiiterfaces, anel B(z) is tlie IIeavyside 

unit-step fucction. We disregard the misniatch of tlie 

dielectric constant of the two materials aiicl assume tliat 

t = 13.1 (Ref. 14). One should note tha t  tlie field F ap- 

pearing iii El1.(1) is the interna1 screenecl electric field. 

TVe neglect t mie l ing effects due to  Lhe presence of tlie 

electric field. 

T h e  grould-state wave fuiiction and cnergy of tlie 

above IIarnltmian can be obtained approxiniately tis- 

ing a variatioilal procedure. A conveiiient choice for 

tlie trial cnve:lope wave function $ is given[" 11y tlie 

normalized product of the  grouiid-state wave function 

QX(z) for the QW in tlie abseiice of tlie iinpurity and 

a hydrogeiiic s-wave function exp(-Ar). in wliich X is 

takeii as tlie variatioiial parameter. T h e  optirnal value 

of X is deterriined by niinimizing tlie expectation value 

< SIHId > . 'Thc acccptor binding energy is then de- 

fined as 

wliere E. is the QW ground-st,ate energy of t.he 12 = 1 

va.lence subband in tlie presence of t,he applied electric 

fielcl aiid mitliout the inipiirity, wbicli is giveii 11y t,lic 

lowest root of a traiisceiidental equation (Eq.(2.8) in 

López-Gondar et  a1.L5]). 

We are interested i11 calculating the transition prob- 

ability pcr unit time WL(L,  zi) for conductioii to accep- 

tor Iraiisitions (associated to a single impurity located 

at  z = zi) ,  wliicli cai1 be ~bta i i ied[ '~I  froni tlie matrix 

eleineiit of tlie electxoii-pli~t~oii interaction Hint between 

tlie wave f~mctioils of the initial (n = 1 conduction sub- 

baiid) aiid final (acceptor) states, with Hint = Ce.p ,  

wliere c is tlie pola.rization vector in tlie direction of 

the clectric field of the radiation, p is the momentum 

operator, and C is a prefactor which contaiiis the pho- 

ton vect,or potent,ial. Therefore, For a GaAs-(Ga,Al)As 

Q W  of width L ,  we can write[17~181 

where is t,he Bohr radius, and 

In Lhe above equa.tions, Eg is the bulk GaAs gap, 

E ~ , l ( E ~ , l )  is the  bottom (top) of the first conduc- 

tioii (valence) subband, P i is a matrix element of the 

momentum operator[17], and S ( q ,  A,  kl ( w ) )  is given by 

and iV,z' and ili, are tlie norinalization factors for the ac- 

cept>or eiivelope wave fuiiction and the  first conduction 

subba.nd, respectively. 

We assume an nA(zi)  clensity of non-interacting ac- 

ceptor iinpurities per unit of volume and consider a QW 
iii whicli electrons have heen optically injected into the  

coiidiiction ba.iid and recombine with holes in the ac- 

ceptor or valeiice baiids (see F i g  1). We are concerned 

with t>lic linesliapc of tlie recombination associated with 
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Figure 2: Accr:ptor-related pliotoluminescence line shapes (ir1 iinit,s of WO - see text) for an L = 50i\ GaAs-Gao,7Alo.3As 
QW, for T = 51<, qiiasi-Fermi levels EF = -1 meV [(a) and (b)] aiid 1 meV [(c) and (d)], and different electric fields. 
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Figure 3: Acceptor hiiicliiig eiiergies (correspondiiig to fea- 
t.iireç iii t.lie c - Ao ~~liot,oluir~iiicscel~cc! spcct.ra) \;crsiis t.lie 
iiiteriial screeiied clcct,ric ficltl I? for ali L = 50 i< GéAs- 
C+ao ;Alo 3 As QW. 

Fignrc 4: Pliot,olitiniiiesceiicc liiie sliapes (i11 i~iiits o l  Wo - 
scc text) associat,erl witli elcct.roii - bo - acceptor reconibi- 
nations for ali L = 50 -A GaAs-C;ao i .Ala,5A~ QP??: F = 50 
kV/cm, EI: = 1 mel', and teinperat,iires T = 1K (solid linc) 
aiid T = 51< (tlaslieri liiie). 

lust,rat,etl ir1 Fig 4, wl~ich shows results for an L = 50X 

C;a.ils-Ga.07Alo,3As Q W ,  with quasi-k'ermi leve1 EF = 

1 meV, interna1 clcctric field F = 50 kV/cm, and tem- 

pera tures T = 1 a i ~ d  5 I<. 

Sigiiificnnt, changes in t.lie e - Ao acceptor-related 

~~liot ,olui~ii i iescei~ce spect,ra may be observed when QWs 

of diffcrent widt,lis are considered. Calculated results 

for nn L = 100 A GaAs-Gao7Alo,&s QW: a t  T = 5 
K ,  for qiiasi-Fcrmi lc\& EF = -1 and 1 meV, and for 

dilfcrent appliecl electric fields are presenkd i11 Fig. 5. 
As tlie ri-~agnit.ritle of t.lie applicd electric field increases, 

t,lierc is ;i decrcase i11 tlie weight of the two structiires 

rclatecl t,o traiisitions involviiig acceptors with binding 

cn~rg ies  E , ~ ~ ~ ~ ~ ~ ~ ~  a t  blie top of the imp~ir i ty  band and 

acceptors near t.lie ri# edge of the well (cf. Fig. 1). 

111 f;i.ct, for F = 100 aiid 150 kV/cnl, the van Hove- 

liltc sii~gularit~y a.ssociated to right-edge acceptors has 

esscnt.ially disappeaicd. 

We presciit in F'ig. 6 tlic acceptor-related pho- 

toluminesccnce spectra for an  L = 100 A GaAs- 

Gao.7Alo 3Rs Q W  wit,h iinpurity profiles corresponding 

to  lcft a.nd riglit 1/2-doped wellsl for 7' = 5 K ,  quasi- 

Ferini leve1 EF = -1 mel', aild electric fields F = 50 

aiitl 150 ItV/cm. One ii1a.y notice that  tlie asymme- 

t,ry in tlie impurity (1ist.ributioi-i inside the well leacls tto 

1iiarl;edly different features in the photoluminescence 

liiiesliape in t,lie prescnce of an  externally applied elec- 

t,ric field. In adclit.ioii, as expected for the doping pro- 

filcs ui-ider coiisitlerat~ioi-i, the average of the results for 

tlie left, a.nd right 1/2-doped wells equals t.he spectra 

prcviously sliown i11 Figs. 5 (a) and 5 (h). 

Jii conclusioii~ we liave presented a systematic st.udy 

of t.he E - Ao acceptor-rela.ted photolumiiiescence spec- 

tra. iii GaAs-(C;a.,Al)As QWs under applied electric 

fielrl. The impurity-related photoluminescence line- 

sha.pe clepends on tlie strength of the longituc!inally 

applicd clect,ric field, the teniperature, the quasi-Fermi 

energy of t~lic coiiduction-siibhand eicctron gas, aiid on 

t,lie a.cceptor dist~ri11ut~ioi-i aloiig the  Q\Y. M'e have shown 

t.liat tlie spectiuin lineshapes in tlie case of a uniforin 

inipurity clist,ril>ut2ioii are essentially charncterized by 

t.lic prcseiice of t.11ree features (occuring a.t. energies de- 

pcilding o11 tlic electric field), namely, one peaked struc- 

tiire associat,ed tro tiaiisit,ions involviilg acceptors with 

binding energies a t  the top of the impurity band and 

two vali Hove-lilw structurcs related to acccptors a t  the 
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Figure 5: Acceptor-related ~iliot.oliiiriiiicsce~~ce spect,ra (iii iiiiits of Wo - see text) for an L = 100A G ~ A S - G ~ ~ . ~ A ~ ~ . ~ A S  QW 
for T = 5 I í  a113 qiiasi-Ferrrii levels Er. = - 1 iiieV [(a) aiitl (L>)]  aiid 1 ineV [(c) aiid (d)]; resiilts are sliowii for differeiit electric 
fielcls. 
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Figure 6: e-AO pliotoliimiriesceiice spectra (i11 iiiiits of I/Vo - 
sec text) at T = 51< from ali L = 100X Ga.As-Gao,-rAlo,3As 
QVíT with EF = -1 meV, a id  different acceptor dopiiig 
profiles aiid applied electric fields; full (daslied) curves cor- 
respond to a left (riglit) 112 - doped QW. 

two edges of the QM'. Morc~over, the sensitivity of the 

theoretical results to botli tlie field strcngtli aild the ac- 

ceptor distribution withiil the quanturil d l  indicates 

that  the applied clectric field may be ~ised to prohe the 

asymmetry of the iinpurity clistribution ivithiii the well. 
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