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We present a variational calculation in the effective - mass approximation of the ground 
and lowest excit,ed st.ates of a. donor confinecl in a cylindrical GaAs-(Ga,AI)As qiiantum-well 
wire. The donor binding eiiergies are calculated for different GaAs-(Ga,AI)As quantum- 
wire radii aiid donor positions within the \vire. M'e have also calculated the line strengths of 
t.ransitions from the clonor ground s ta te  to  excited states of 2s-like and 2p,-like symmetries 
as the  donor position varies a.loiig the radial direction in the wire, for polarizations of the  
incident radiation perpendicuhr 2nd parallel t o  the wire axis, respectively. We found that  
tlie 1s -+ 2s  donor transition, whicli is forhiclden in bulk mat,erials, is allowed for incident 
radiation polxized along the  y-radiai clirect,ion of tlie wire witli a quite considerable oscillator 
strength - compa.rable to Lhe s t rengt l~  of the 1s -+ 2p, transition - for donors away from the  
wire axis. 

Tlie understanding of the propert)ies of impurity en- 

eigy levels i11 iow - dimensional semiconductor struc- 

tures is a subject of interest clue to possible technologi- 

cal apl i~at~ions  in electronic devices. Tlie electronic con- 

figurat,ion for the impurity cliffers froni t,he correspon- 

clent bulk results and vary both wit,h tlie well size and 

the impurity position along the low-dimensional het- 

erostructures. Ga.As-(Ga,Al)As cluantum wells (QWs) 

are the most investigated systcms aiid a number of 

~ t u d i e s [ l - ~ ]  concerned with impurity-related properties 

are reported in tlie literature. Experiment,ally, Ja,rosik 

et  al.F3] have observed broad absorption lines which 

appear to  be rela.t,ed t o  1s i 2p5 transitions a t  on- 

center hydrogenic donors in GaAs-Gao.75.410.2sAs Q W  

structures. Far-infrared absorption spectruin of lightly 

doped GaAs-Gao,7Alo,sAs s r ~ ~ e r l a t t i c e s  were investi- 

gated by Helm e t  a~.['] 

A considerable theoret,ical understanding of the  

properties of impurities in quantuin-well wires (QWWs) 

has been achieved['-q]. 111 pa.rticular, spectral features 

doiniimted by free ca.rrier to a.cceptor - impurity re- 

coinbinat.ions have a,ppeared in t,he photoluminescence 

measurements of GaAs quantum wire microcrystals by 

I-Iirunia et al.["] and were a t t r i b ~ t e d [ ' ~ ]  to  the  presence 

of carbon acceptors in the wire microcrystal. 

The  experimental work of Helm et al.E5] on far - 
infrared spectroscopy of confined donors in GaAs - 

(Ga,Al)As superlattices has motivated us t o  investigate 

the properties of excited states associated to  confined 

donors in cylindrical GaAs - (Ga,Al)As QWWs;  the 

Haniiltonian for a donor-impurity in a cylindrical GaAs 

- (Ga.,AI)As Q W W  with radius R may be written in the 

effective-mass approximation as 

where V ( p )  is the confinement potential, €0 is the di- 

electric constant, and m* is the donor efTective mass. 

]+'e have considered the  A1 concentration x equal to  0.3 
which corresponds to a potential barrier approximately 

equal to  224 meV. 

Vl'e adopted a variational approach within the effec- 

tive - mass approximation with the trial wave functions 

labeled by their correspondent bulk hydrogenic limit 



a.nd taken as products of hydrogeiiic f~iiictions witli t21ie 

ground-date wave function of t.lie QWFT, i.e., 

i 6 )  = ~ ) l (  6 i i i (2) 

wliere is tlie ground-stak QMW; solutioii[" iwitli- 

out  tlie impiirity potential, 115,1 are t,he norina.lizatioi~ 

constants and the r,, a.re hytlrogcnic funct.ions. S h e  

correspoiidin> excited states were referred to as 2s, 

2p ,:,,,! 3s! 3 p  ,,,,, (17. = 1 , 2 ,  and 3 with 1 = 1!2), 31- 

thougli tliey should not. Ile idcnt.ified wit,li a.cbua1 liy- 

drogeiiic states since i11 general the a.hove wave f~ii-ic- 

tioiis (Ey. :') are distorted by t,he barrier poteiit.ia1. 

{X,r, 3,l: a,,,} is tlie set of variational pa.ramrters of 

the hydrogenic wave functioiis. 'Tlie origin of tlie coor- 

dinate systeni was cliosen a.t ?hc ceiiter of tlie n7ir.e-well, 

the axis of the QWFI.' m s  choseii as tlie 2-axis, ancl tlie 

in~pur i t~y 110s tion is takeii to vary wit,liiil lhe y-axis. Iii 

this coorcliiiat,e systeiil tlie distance from tlie in~purit~y- 

electron to  t ]e donor is 1. = (I/;- z2")'/'. The 

hydrogenic wave functioiis uscd i11 Eq. 2 are 

where p is tlie angle between /; nncl /;;. We liave 

deteriiiined tlie irnpririty grouncl aiitl excit,ccl states 

via a va.riatioiia.1 procedure n~hich iiivolves minimizing 

< !PlirlHIIilir > witli respect to tlie variational pa- 

rameters {A,,,, Blir, N , ~ ~ }  wit.11 Ilie requiremeiit,[ll] t1ia.t 

the liydrogeiiic functioiis form ri. set of ortliogo- 

na1 functioiis. This procedure 1ea.d~ to the exa.ct bulk 

hydrogeiiic result ,~ in t,he limit. of large-radius QWFII. 

Of coiirse, oiie should be amare t.hat an  appropriate 

c a l c i ~ l a t i o n [ ~ ~ ]  witliiii tl-ie effect,ive-mass approxin~at,ion 

mould iiivolv(, tlie clia~goiialization of tlie hamilt,onia.ii 

mat,rix written in a basis of functions which also in- 

clude cxcit8ed states of the Q W W  without the impu- 

rity. As usual, tlie binding energies for a11 hydrogenic- 

lilte states a.re obtained by subtracting the correspond- 

iiig iniiiimized t n i  =< QnilHIQn1 > from the first 

coiiduction - siibband energy ohtained from the  solu- 

tion of tlie Q W W  without the impurity. In what fol- 

lows we present our results in reduced effective units 

of lengt,li ancl energy, which correspond to  an effective 

Bohr radius ao = fi2to/rn*e2 and an  effective Rydberg 

RB = m*e"2h.'t;, respectively (for donors in GaAs- 

(Ga,Al)ils QFVWs, t,liese uiiits are a B  2 100 A and 

RB E 5.7 iiieV). 

The beliavior of the theoretical binding energies as 

fuiict,ions of t,he Ga.As-Gao.7Alo.sAs Q W W  radius for 

tlie states 2.5, 3s,  2p,: and 3p, are very similar with 

tlie result ~ b t a i n e d [ ~ : "  for the 1s state. For on-center 

donors a.nd very large QWW radii (R >> a B ) ,  the  

I~ouiid electrons no longer interact with the wire bound- 

ary and beliave as tliree-dimensional electrons in GaAs. 

Also, a.s tlie Q W W  radius diininishes, the binding ener- 

gies, for any clonor positioii in the wire, 'increase up to  

a inaximuin value as tlie donor wavefunction (for states 

with tlie above symn~et~ries)  beconies more compressed 

in tlie Q W W  which leads to  more binding. One should 

notice tl-iat tlie states labeled by 2p, and 3p, behave in 

tlie same clualitative way as ls,  2s, and 3s, as the elec- 

tron waxe function of a p,-lilie state is essentially con- 

cent,ra.ted aloiig tlie wire axis and are affected in a sim- 

ilar inaniier by the coiifinement effects. For very small 

wire raclii, tlie donor-electrons leak out of the wire and 

behave as three-diinensiona1 electrons in Gao,7Alo,3As 

aiid tlie exact biilli liydrogenic values are again recov- 

ered a.s expected. The behavior of tlie donor binding 

energies as the iiiipurity position changes along tlie wire 

radia.1 directioii is showii in Fig. 1 for these same states 

mel for R = 10 nm.  As the cloiior approaches the wire 

bouiida.ry, the binding energy decreases due to  the re- 

pulsion of tlie doiior-electroii wavefunction by the bar- 

rier potential. This effect is clearly more pronounced 

for stat,es labeled a.s s-like than for p,-like states, as 

one woi~lcl expect. Our results in Fig . 1 are very sim- 

ilar to  the corresponding theoretical results for donors 

in GaAs-(Ga,Al)As quaiitum wells although the spread 

of the hiiiding eiiergies as tlie donor position varies is 

larger in QWWs than in QWs because of the larger 



Ilrazilian Joirriial of Pliysics: ~ l .  24, no.  1 :  March: 1994 

3 [  I - I .  I I z o l ~  et al.["] Prihaps it is worthwhile to nierition that, 

tlie ratlici pcxiiliar I~t>ha.vior! for a giveri Q\t'lY radius, 

of t.lic tlonor hincling energies w,it,li inipiirity position of 
R = l O n m  

t l i c ,  211, - antl :3pg -like st.at,rs is probably rela.t,ed to an 

ri/R 

Figiirc 1: Doiior biiiding ciicrgiw as fiiiict~ioiis of tlic iin- 
piiritj- position for a GarZs-Ga(> :Alo :As Q\I'\17 xvitli radiiis 
of IOiiin for diffeferciit i1npurit.y staks.  labelecl 1y t.lic*ir biilk 
Iiydrogeiiic liiiiits. 

iiit.erplay I~etweív donor positiori, Q\V\I' radius: and 

spíitial c~xt~nsion a.nd n o d t ~  of the Lpy - and 313, -like 

EjR, clcctron radial mavefunction. 

\\'e have also ca.lculatetl t,lie line strengths for in- 

1 - frwctl t raiisitions froni t,he I .:-liBt> donor giound sta.te 

t,o some ~ x c i t e d  stat.es. Tht? line strcwgths for these 

tmnsit,ions wcrc disc~issed l ~ y  Greene et a1.['~3'" i l i o  

coiifineiiicnt.. 

Fig. 2 sliows oiir t,licorctical rcisiilt,s for t.lic clonor 

1)iiiding cnergies for tlic- st.at,cs lal~cletl as 211, 2pLI. 

31~~:. :ind 3p11 in t,lie case of vwyiiig (;aiis-GaU,;.r\lli 3i4s 

()\\:\\' ratlii a.nd for oii-cciit.cr antl on-cclge donors. Tlie 

nl),. - and npy-lilíe st.a.t.c?s liave clcct.roii cleiisit.ies essen- 

t.ially dist,ributxxI a.rount1 t.lie .TU-plane a.ncl a rc  clea.rly 

degeneratctl (113: syinmct,ry) i i i  tlie caso o i  cloiiois lo- 

ca.l,ecl nt t.he wirc axis, as ;i coiiipni%oii I)et,nwii Figs. 

2(a) í ~ n d  'Z(c)(for 1 1  = 2) ; i ~ d  17igs. ;)(I)) ancl ((I) (for 

11, = 3) shoms. 11s tlie inipurit.y position chaiigc,s froi-11 

ri = 0 (011-centcx doiior) t,o 1.i = Ir' (011-eclge tlonor), 

the prcseiice of tlir: wii,c-bnrrier 1)otmtiul I~rcal<?i tlic 

syniinetry IxAnreen 1: ancl jj aiitl liftFt.s t.liest: clcgeitera- 

cics. Indcpeiitleiitly of t.lir doiior posit,ion irit,liin tlic 

Q\Ir\\'! t.lic 1)eliavior of t,liese 21) ,,:,L, antl stat-es 

:ir(: w r y  si111ila.r iii t.lie scnsc: t,lial. ror t.lic Q\\'MT racliiis 

siriall(ir tlian some pn.rt~iciilni. valiiti (wliich clepciicls o11 

t.lic iiiipurit.y posilion). t I i q  hecoii-I(, unbouncl cliie to 

t,lie rat,lier large iiicrease in Ilir~ tloiioi-eleclron líiiic?t.ic 

cncrgy as t . 1 ~  electxoii wavcfiinctioii is compressetl by 

t.lic wire pot,ent,i;il barricr (tliis occiirs e w n  for t . 1 1 ~  2p,- 

like oii-etlge case s1io11.11 iii Fig. 2(c)! alt.Iio~igli t,liis 

is not explicit,ly sho~vn in t l i o  figiirc). 'I'liis iinl~ouiid- 

clonoi heliavior was also tlicwrc:t.ic;illy foiiiitl for tloiior:, 

i i i  c~iiaiit.uin wclls 1)y ( I i t ~ - i i ( >  : i i i t l  ~a j ; i j [ - . ' " ]  aiitl Fra.iz- 

3p,-l i ke 

forc propo~tional t,o thc sqiia.rc of t he dipole matrix ele- 

incwt,s betwecn t,he initial and final states. In Fig. 3! we 

preseiit t h ~  squarr of t he dipolt: matrix element betmecm 

t.lie 1s a.iitl 2 s  states for radiation polarized in the y di- 

rectioii. I < 'Lslylls > I ?  aiid hetween t,he 1s and 2p, 

st,ates i11 t.lie case of s-polarizat,ion; I < 'Lp,(rlls > 1 2 ,  
for ii.11 i i~ ip~ i i i ty  positions witliiii a Ga.Bs-Gao,7Alo,3As 

Q\T7\1' of radius R = 10 nni. Beca.iise of the symmetry 

of t,lic FIaniilt,oitia.ii, tlie st,rcngtli of t,lie y-pohrized ra- 

diat.ion Ixtl~veen 1s and 2s st,ates is zero for on-center 

doiiors. Away from the cent,er! tlte < 2slylls > l 2  ma- 

t.rix e1cnieiit.s iilcieasc I ~ u t  renia.in smaller tlian tliat of 

t,lic 1s - 2p? t,raiisition. Our result,s for < 2slyll.s > 1" 
aiid < 2p-IzIls > I%aic quite siini1a.r t o  those obt.ainec1 

Ily Greenc a.nd ~,aiic-["'] a.nd Fraizzoli et a.l.D] in GaAs- 

(Ga.Al)As cliiniiti~rii wells a.lt.lioiig1-i no iiiaxiiilum is oh- 

served in thc < 2 s J y J l s  > Q\YW l h e  strength in con- 

t,ri~st wii,h t,lie irsiilt. by Fraizzoli et  a1.f" for L = 400 

A (JFT:~, 

Suniiiiiiig up] me Iiave prcsented a variational cal- 

culat.ion witltiit t,lie effcctive - inass a.pproximation of 

t,hc sta.t.es of a. clonor impurit,y in a cylindrical Gahs -  

(Ga!Al)iZs Q\191:. The bindiilg energies of tlie ground 

aiicl lowest excited st,at.es - la11eled for convenience I>y 

tlieir I>LIIB Iiydrogciiic lin-iit,~ - wcre calculat.ed for var- 

i o u ~  va.lues of t,he Gaiis-(Ga.Al)iZs Q W W  radius and 

iiupiiiity posit,ions ~vit.liin tlie yuantuni wire. Our re- 

siilt,s are vwy similar t,o those obtained in previous the- 

oret.ical ca.lcula.tions["~" for irnpurity states in GaAs- 

(Ga..Al)i-1s QWs, altl-iough one sl~oulcl take into ac- 

coiiiit tiiat confinenient effects are 1a.rger in quant.um 

wirw tliíiii in Q\Vs ancl thercforc thc spread of t,he 

coiisitleretl r- a.ntl y-polarization of t,he incident. radia- 

tioii for t.lie case of Q\i's, aiid by Fraizzoli et a1.[~1. Tlie 
O I > I I I I .  

0.0 0.2 0.4 0.6 0.8 1 .O liiie s t i c n g f h  of tlicise iiifro.red transitions are there- 
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Figiire 3: Lire streiigtlis I < l.sl.yl2.s > 1' for tlic L Y  - '2.9 

t,ransit,ioii (wit,li y-polarizetl radiat,ioii), aiid I < l s l  t12pZ > I 2  
for t,he 1.5 - 2 p 2  t,raiisit.ion (\vit,li -Iiolarizcd rndiat.ioii) as 
fuiictioiis of I lie doiioi positio~i 
for a Ga.As-C;an ;.Alo 4s Q\T'W 

alo118 tlir radial rlirect.iori, 
radiiis R = 1 o iini. 

tlonor bincliiig mergies as tlic. donor posifiotl varies 

is 1a.rger in Q\V\Vs t.liari i11 Q \ V s  of co~riparat.ive di- 

n~tnsioiis. Tlic. line stic~ngtlis of transitioiis frorri tlie 

donor grouiicl sta.te to oicited statcs of 2.5-lilie a.nd 2p,-  

Iilie synimet.ries were calcula.icd for a R = 100 

GaAs-(Ga,AI)As Q\\'\l' as t.ti(3 tlonor position varies 

along thc radial direct,ion in tlie wire. for pohriza- 

t,ions of tIic iiicitlcilt ratliat.ion perpendicrrlar arld par- 

allel to tl1e Q \ V \ Y  axis, respect.ively. Although tlie 

1.5 +. 2s donor transit,ion is for1)iclden in buIk  mate- 

r i a l ~ ,  t.liis t.ra.nsit~io11 i~ a.llowcd with a quit,e consider- 

a l ~ l e  oscilla.toi strength (con~p;~ralr>le to the strengt,li of 

tlic 1s - 2p ,  tra.11sition) for iinpurit,ies amay from the 

wire axis ir1 a Gahs-(Ga,Al)As QM7W. Experirnent,~ in 

select,ively do~ior-doped Ga.As-(Ga,Al)As QWWs iisiiig 

far-iiifrarcd spect.roscopy[~ should be perforiued in or- 

dei. t,o iiivc:st.igat,e t,he clct,ailecl properties associa.ted to 

iiiip~irit,y t,ra.iisitions. 
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