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\\r, present a. ca.lculat~ion of tlie optical absorplioii for different intraimpurity transitions 
iiisicle a G'al-,:Al,As/G'ciAs quantuin well under stroiig magnetic field. In the dilute regime 
t le  effects of compcnsation a.nd well widtli are talíen into a.ccount in t,he calculation by a 
hIoiite Carlo simulation of the  position of impurities. Results for 1s -+ 2p+ transjtion energy 
are in goocl agrceinent wit,li effect,ive mass calculations and experimental values available in 
tlie 1itera.turc. 

In tliis mork we present, an iilvestigat,ion of t,he in- 

frarell alxorption coeficient of sliallo~v doilor impusi- 

ties inside a Sai-,Al,As/G'aAs quantuin well (QW) 

under n strong inagnetic ficlcl. Our moclel is ba.secl on 

a recent aiia1:isis of line broacleiiing for a b s ~ r ~ t i o n [ ~ ~ ~ ]  

as well as rccent i~~easurement  on far-infrarccl niag- 

nctospectroscopy of impurities a t  tlie center of G'uA.s 

quantum wel s [ ~ ] .  The absorpt,ion coefficient is ob- 

tained tlirough a Monte Ca.rlo sin-~ula. t ion[~:~].  Results 

for 1s -+ 2p+ transition energy ~vlien compared to 

other calculations[" and experimental data.[" ssho~v a 

very good agr,:ement hetween them. 

Tlie IIamiltonian of an  electron bound t o  a shallow 

donos placcd inside a QW, when a uniform magnetic 

field B is applied perpendicular to  its interfaces is writ- 

t,en aJ21: 

with L, being t.lie z-component of the angular inoinen- 

t u m  operator and p tlie radial distance from the z-axis, 

m* be the  effective mass of the electron, I( the  effective 

dielectric coristant of the  QW, e the electronic charge 

aiid 11 the  clistance between the electron and the  donor. 
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\/(I.) is tlie coiifiiiing pot.eiit.ia1 clescrihecl. iii the inotlel 

of infiiiitc l~arricrs,  as: 

wlierc L is tlie widtli of tlic QFI'. 'Tlie eEectiw uiiits 

tlie effective Bohr radius (in GaAs 1 u" N 100Á) and 

the effective rydl~erg (i11 Galis 1 Iig* N 5.SineI'). Ex- 

pressiiig tlie riiri.gilet,ic íield i11 t,erii~s of the ~yclot~ron 

Here {nk} is tlie sct of donor oc~upat~ioi i  i i~ i i~ibers  

cleterrniiiing tlie ground stat.e, i+i j  is tlie dist~a.ncc be- 

tiw, 
y=-- 

Ry* ' 
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( C ] )  . tween the i-th and j-tli iilipurities and ck  is t l l ~  eiiergy The  absorptioil coefficient due to  t,he k-th elect,ron 

(for GaAs we liave B = 3.37 t,esla). 1% mrrite the wave 

is tIie grouiicl st.a.te wave fiinction of the QW: ~ ' s  and 7's 

are tlie variational paraineters and P,(u) is a n-degree 

polgno~nial. 

Tlie eiiergies of tlie conipeiisated system and of an  

electron bound to  tlie k:-tli donor are, respectively 

1 - 1 Z k  1 
- C C ,  k 3 

( d o . )  (*c,) (.c.) 

I 

of an  electron bouncl t,o a donor witJiout the electro- 

sta.tic cont,ril~ution of the ionized impurities. T h e  terms 

(don) aild (acc) mean donor and acceptor respectively. 

The positions of impurities and {nk)  are generated by 

Monte Carlo simulation. 



is tlicir ol)t,ained by the  relation 

wlicrc 11 is the rndiation's polririzatioii iintl ( n l r l m ) k  is 

4 O 
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Figiire 1 :  Eiic:rgy of tlie 1s - 3 p + :  1s - 211+ and 1.5 - 211- 

t.raiisit,ioiis a:; a fiinct.ioii of wcll widt,li for varioiis inag- 
iietic fieltls. Opeii circles a.re cxpeririieiital resii1t.s for 
1s  - 2p+ t.r;,iisitioii wit,li 13 = 5.0, 6.0! aiid 7.0 T i11 tle- 
sceiidiiig orrl<.r[']. Brokeii liiies are tlie resiilt,s for pot,eii- 
tia1 barrier of 0 . 3 2 3  cV [5] xrit.11 B = 7.03 aiid 5.25 1' re- 
spectiveljr iii desceiidiiig ordcr. Solid liiies are the result,s 
of oiir calciila t,ioiis. Tlie t.raiisit,ioii 1s - 311+ corrc.spoiids 
to 13 = 7.0 T. 111 desceiidiiig order to lu i 2p+!  tlie inag- 
iictic fieltls c41rrespoiitl to 13 = 7.0. 6.0: 5.0 aiid 3 . 3  ?' re- 
spect,ively, Tl e 1s  - 211- energy t.raiisit,ioiis correspoiidiiig 
t,o I3 = 5.0! G O aiitl 7.0 T preseiit alinosi t,lic saiile resiit,~. 
Tliey arc supc rimpoçetl. 

donor cilectroa localizetl at r í l ; .  g iwn  b y  

wlierc 172 iind 12 a.rc t,lie initia.1 ancl final states respec- 

t,iwly: ElI,,,(zk) is the difference in energy between the 

tmo elect,ronic states and ~ u '  is the angular frequen'cy of 

Lhe rricliatiori. 111 tlie clilute regime the average distance 

betweeii impurities is much bigger than the effective 

Bolir ra.dius ancl then we neglect overlap between states 

belonging to differeilt donors. For that  reason the ab- 

sorpt-ion occurs ialra-site a.nd m and n refer to states 

belonging t,o the sarne impurity. 

Oiicc n'e liave tlie absorption coefficient for a single 

impurit.y, we cai1 ca.lculate it for the total number of 

inigurit)ies for a given configuration. 

Tlie absorpt,ion coefficient of this system is ohtained 

by an  average over A' configurations. Theii 

111 Fig. 1 we show the ohscrved and calculated 

1s - 2p+ transition energy as well as 1s - 2p- and 

1s i 3p+ ti.a.nsitions. SIiey are presented in QW's of 

differeilt magnetic fields, for ai1 impurity located on- 

ceiit,cr, a.s a. fuiict,ion of well wiclth. We may note tliat 

the energies of the t,ransit,ion 1s -+ 2p- do not show ai1 

appreciable difference witli tlie applied rnagnetic field. 

Wc can a.lso g e  t,lii.effect in Fig. 3b. 

In  Fig. 2 we sliow tlie effect of well width L (with 

coinpeiisat~ioii 0.1 and magnet,ic fielcl o£ 3.3 T); o11 the 
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Figure 2: TIie effect of ivell ividlli (iii tlie orcler L = 400, 200 and 100 A left to riglit) 01% tlie absorptioii coefficient for delta- 
doping profile at tlie centcr of tlie (215'. with B = 3.3T antl cornpensation 0.1, of tlie trai~sit~ioiis: (a) ls  + 2p+, (b) ls  --+ 2p-, 
and (c)ls - 3p+.  

absorption coefficient for tIie t;raiisit,ioils 1s - 2p+ ! 

1s -+ 211- and 1s i 3 p +  Thc increasing of the  well 

width ca.uses a shift iii ttlie ahsorptioil spectrum to  loiver 

energies. 

In Fig. 3 we show tlie effect of inagnetic field (1.65, 

3.3 and 6.6 T, witli L = l 0 0 j  alicl compensatiori 0.1) on 

the absorption coefEcic-:i~t, for tlie abovt, iiitrsirripurity 

trai-isitioiis. Jncreasiiig tlie ina.gnetic field the absorp- 

tion spectriim is shifted to liigber eiiergies. This elfecl 

does ilot occur in the transit,ion 1s -+ 21~- beca.rrse the 

1iiiea.r term in 7 in equntioii 6, foi low magnetic field, 

is piedominsnt over the  qua.rlrzt' c ic term. 

We note in figures 2a, 2h, 3a  and 3b a similar inho- 

inogeiieit,y as observed by ~ a r s e n u  in bulk rnaterials. 

A11 the calculations are performed for on-center delta- 

doping with impurity concentration of 1.0 x 10~Ocrn-~ .  

Brieíiy, we have investigated different intraimpurity 

tlransitioii energies, which show for 1s -i 2p+ a very 

goocl agreernent witli experimental data[3~6]. A Monte 

Larlo simulation was used to  take into accoiint a dis- 

trihut,ion of impurities, producing a n  asymmetric line 

broadening of the absorption spectra for different tran- 

sitions, magnetic fields and well widths. 



Figure 3: Tlie effect of rriagnet.ic fielcl on tlie absorpt.ion coefficient for delta;dopiiig p~ofile a t  t,he center of tlie QW, with 
L = 100 A a i d  cornpensation 0.1 of tlie t,ransitioiis: (a) 1s -+ 2p+! (c) 1s - 3p+ (botli in  tlie order B = 1.65, 3.3  and 6.6 T 
left. to riglit,) and (b) 1s - 2 p -  (in t,lie order B = . i .3, 1.135 aiid 6.6 T). 
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