302

Bragzilian Journal of Physics, vol. 24, no. 1, March, 1994

|mpurity Excited States and 1s — 2s(2p,) Line
Strengths in Quantum-Wedl Wires

A. Latgé
Instituto de F7sica, Universidade Federal Fluminense
24020 Niterci, RJ, Brasil

M. de Dios-Leyva and Luiz E. Oliveira
Instituto de Fisica, Universidade Estadual de Campinas
Cz. Postal 6165, 13083-970 Campinas, SP, Brasil

Received July 12, 1993

We present a variational calculation in the effective - mass approximation of the ground
and lowest excited states of a donor confinecl in a cylindrical GaAs-(Ga,Al)As quantum-well
wire. The donor binding energies are calculated for different GaAs-(Ga,Al)As quantum-
wire radii aiid donor positions within the wire. We have also calculated the line strengths of
transitions from the donor ground state to excited states of 2s-like and 2p,-like symmetries
as the donor position varies along the radial direction in the wire, for polarizations of the
incident radiation perpendicular and parallel to the wire axis, respectively. We found that
tlie 1s — 2s donor transition, which is forbidden in bulk materials, iS allowed for incident
radiation polarized along the y-radial direction of tlie wire with aquite considerable oscillator
strength - comparable to the strength of the 1s — 2p, transition - for donors away from the

wire axis.

Tlie understanding of the properties of impurity en-
ergy levels i1l low - dimensional semiconductor struc-
tures is a subject of interest due to possible technologi-
cal aplications in electronic devices. The electronic con-
figuration for the impurity differs from the correspon-
clent bulk results and vary both with tlie well size and
the impurity position along the low-dimensional het-
erostructures. GaAs-(Ga,Al)As quantum wells (QWs)
are the most investigated systems and a number of
studiesl! =% concerned with impurity-related properties
are reported in tlie literature. Experimentally, Jarosik
et al B3 have observed broad absorption lines which
appear t0 be related to 1s — 2p.. transitions at on-
center hydrogenic donors in GaAs-Gag.75Alg.25As QW
structures. Far-infrared absorption spectrum of lightly
doped GaAs-Gag 7Aly3As superlattices were investi-
gated by Helm et a-.[1

A considerable theoretical understanding of the
propertiesof impurities in quantum-well wires (QWWs)
has been achieved[®3]. In particular, spectral features
dominated by free carrier t0 acceptor - impurity re-

combinations have appeared in the photoluminescence

measurements of GaAs quantum wire microcrystals by
Hiruma et al [l and were attributed(!?] to the presence
of carbon acceptors in the wire microcrystal.

The experimental work of Helm et al.l8l on far -
infrared spectroscopy of confined donors in GaAs -
(Ga,Al)As superlattices has motivated us to investigate
the properties of excited states associated to confined
donors in cylindrical GaAs - (Ga,Al)As QWWs; the
Hamiltonian for a donor-impurity in a cylindrical GaAs
- (Ga,Al)As QW W with radius R may be written in the
effective-mass approximation as
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where V(p) is the confinement potential, ¢, is the di-
electric constant, and m* is the donor effective mass.
We have considered the Al concentration x equal to 0.3
which corresponds to a potential barrier approximately
equal to 224 meV.

We adopted a variational approach within the effec-
tive - mass approximation with the trial wave functions
labeled by their correspondent bulk hydrogenic limit
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and taken as products of hydrogeiiic functions with the
ground-state wave function of the QWW, ie.,

i T_’.z) = 1\r711¢12(,0)[‘711(7_’: ’?7 i Snl: i (2)

where ¢r(p) is tlie ground-state QW W solution!®! with-
out tlie impurity potential, N,; are the normalization
constants and the T',,; are hydrogenic functions. The
corresponding excited states were referred to as 2s,
2Pe.y.z 35, 3pay,, (n = 1,2, and 3 with 1 = 1,2), al-
though tliey should not be identified with actual hy-
drogeiiic states since in general the above wave func-
tions (Lgq. %) are distorted by the barrier potential.
{An1y Bnr, i} is tlie set of variational parameters of
the hydrogenic wave functioiis. The origin of tlie coor-
dinatesysteni was chosen at the center of tlie wire-well,
the axisof the QWW was chosen as tlie z-axis, and tlie
impurity pos tion is taken to vary within the y-axis. In
this coordinate system tlie distance from tlie impurity-
electron to tie donor is r = (|7 — fi|* + %)% The
hydrogenic wave functions uscd in E¢. 2 are

'y = exp(=A,r), (3.a)
Fos = (1= Gasr)exp(—Ager), (3.b)
I'yp, = psingexp(—Agp, 1), (3.¢)
Lyp, = (pcose —pi)exp(=Az, ), (3.d)
Top, = zexp(=Ag, 1), (3.¢)
Tse = (3—68s,r 4 203, exp(—As,sr), (3.)
Psp, = (2~ Bsp.r)psingexp(=Asp, 1), (3.8)
Pap, = (2 Bsp,r)(peos e — pi)exp(—Asp, 1),
(3.h)
Pap, = (2—Psp.r)zexp(=Azp. 1), (3.1)

where ¢ is tlie angle between § and p;.  We have
determined tlie impurity ground and excited States
via a variational procedure which involves minimizing
< U |H|¥, > witli respect to tlie variational pa-
rameters {X,', Bur, o} with the requirement™ that
the liydrogeiiic functioiis T',;, form a set of orthogo-
nal functioiis. This procedure leads to the exact bulk
hydrogeiiic results in the limit of large-radius QWW.
Of course, one should be aware that an appropriate
calculation!?! within the effective-mass approximation

would involve tlie diagonalization of tlie hamiltonian
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matrix written in a basis of functions which also in-
clude excited states of the QWW without the impu-
rity. As usual, tlie binding energies for all hydrogenic-
like states are obtained by subtracting the correspond-
iiig minimized €,; =< ¥,;|H|¥,; > from the first
coiiduction - subband energy ohtained from the solu-
tion of tie QWW without the impurity. In what fol-
lows we present our results in reduced effective units
of length and energy, which correspond to an effective
Bohr radius ap = %i%¢o/m*e? and an effective Rydberg
Rp = m*e*/2h%¢2, respectively (for donors in GaAs-
(Ga,Al)As QWWs, these units are az ~ 100 A and
Rp >~ 5.7 meV).

The beliavior of the theoretical binding energies as
functions of the GaAs-Gag 7Aly3As QWW radius for
tlie states 2s, 3s, 2p,, and 3p, are very similar with
tlie result obtained!®®! for the 1s state. For on-center
donors and very large QWW radii (R >> ap), the
bound electrons no longer interact with the wire bound-
ary and beliave astliree-dimensional electrons in GaAs.
Also, as tlie QWW radius diminishes, the binding ener-
gies, for any donor positioii in the wire, 'increase up to
amaximum value astlie donor wavefunction (for states
with tlie above symmetries) beconies more compressed
in tlie QWW which leads to more binding. One should
notice that tlie states labeled by 2p, and 3p, behavein
tlie same qualitative way as |'s, 2s, and 3s, as the elec-
tron wave function of a p,-like state is essentially con-
centrated aloiig tlie wire axis and are affected in asim-
ilar inaniier by the coiifinement effects. For very small
wire radii, tlie donor-electrons leak out of the wire and
behave as three-dimensional electrons in Gag 7Alp 3As
aiid tlie exact buik liydrogenic values are again recov-
ered as expected. The behavior of tlie donor binding
energies as the impurity position changes along tlie wire
radial directioii is shown in Fig. 1 for these same states
and for R=10 nm. As the donor approaches the wire
boundary, 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 states labeled as s-like than for p,-like states, as
one would expect. Our resultsin Fig. 1 are very sim-
ilar to the corresponding theoretical results for donors
in GaAs-(Ga,Al)As quantum wells although the spread
of the binding eliergies as tlie donor position varies is
larger in QWWs than in QWs because of the larger
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Figure 1: Doiior binding cnergies @S [unctions of the im-
purity position for a GaAs-Gag 7 Alg : As QWW with radius
of 10nm for different impurity states, labeled by their bulk
hydrogenic limits.

confinement.

Fig. 2 shows our theoretical results for the donor
binding cnergies for the states labeled as 2p,, 2p,,
3p., and 3p, in the case of varying GaAs-Gag 7Al 3As
QWW radi and for on-center and on-edge donors. Tlie
np. - and np,-like states have clectron densities essen-
tially distributed around the xy-plane and are clearly
degenerated (by symmetry) iii the case of donors lo-
cated at the wire axis, as a comparison between Figs.
2(a) and 2(c)(for n = 2) and Figs. 2(b) and (d) (for
n = 3) shows. As tlie impurity position changes from
ri = 0 {on-center donor) to #; = I {on-edge tlonor),
the presence of the wire-barrier potential breaks tlic
symmetry between x ancl y and lifts these degenera-
cies. Independently of the doiior position withia tlic
QWW, the behavior of these 2p., and 3p.y states
are very similar in the sense that for the QWW radius
smaller than some particular value (which depends on
the impurity position). they become unbound due to
the rather large increase in the donor-electron kinetic
energy as the electron wavefunction is compressed by
the wire potential barrier (this oceurs even for the 2p,-
like on-edge case shown in I'ig. 2(c), although this
is not explicitly shown in the figure). This unbound-
donor behavior was also theoretically found for donors

in quantum wells by Greene and Bajaj2-'? and Fraiz-
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zoli et al ) Perhaps it is worthwhile to mention that
the rather peculiar behavior, for a given QWW radius,
of the tlonor binding energies with impurity position of
the 2p, - and 3p, -like states is probably related to an
interplay between donor position, QWW radius, and
spatial extension and nodes of the 2p, - and 3p, -like
electron radial wavefunction.

We have also calculated the line strengths for in-
frared transitions from the |s-like donor giound state
to some excited states. The line strengths for these

(14,151 who

transitions were discussed by Greene et al.
considered r- and y-polarization of the incident. radia-
tion for the case of QWs, aiid by Fraizzoli et al.l4l. The
line strengihs of these infrared transitions are there-
fore proportional to the square of the dipole matrix ele-
ments between the initial and final states. In Fig. 3, we
present the square of the dipole matrix element between
the 1s and 2s states for radiation polarized in the y di-
rection. | < 2s|y|ls > |%, aiid hetween the 1s and 2p,
states in the case of z-polarization, | < 2p,|z{ls > |2
for all impurity positions within a GaAs-Gag 7Aly 3As
QWW of radius R =10 nm. Because of the symmetry
of the Hamiltonian, tlie strength of the y-polarized ra-
diation between ls and 2s states is zero for on-center
donors. Away from the center, the < 2s|y|1s > |? ma-
trix elements increase but remain smaller than that of
the Is = 2p, transition. Our results for < 2s|y|ls > |2

z|1s > | are quite similar to those obtained

and < 2p,
by Greene and Lanel!¥ and Fraizzoli et al.ll in GaAs-
(Ga,Al)As quantum wells although no maximum is ob-
served in the < 2sly|1s > | QWW line strength in con-
trast with the result by Fraizzoli et al.l*} for L = 400
A Qws.

Summing up, me have presented a variational cal-
culation within the effcctive - mass approximation of
the states of a donor impurity in a cylindrical GaAs-
(Ga,Al)As QWW. The binding energies of the ground
and lowest excited states - labeled for convenience by
their bulk hydrogenic limits - were calculated for var-
i ou-~values of the GaAs-(Ga.Al)As QWW radius and
impurity positions within the quantum wire. Our re-
sults are very similar to those obtained in previous the-
oretical calculations(®4 for impurity states in GaAs-
(Ga,Al)As QWs, although one should take into ac-
count that confinement effects are larger in quantum

wires than in QWs and thercfore the spread of the
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Figure 2: Bir ding energies o an clectron bound to on-center and on-edge shallow-donor impuritiers in a GaAs-Gag.y Alo.a As
QWW as afinction o tlie QWW radii (given in units of the cffective Bohr radius ap & 100 A): (a) 2p.-like, (b) 3p,-like,

(c) 2py-like, and (d) 3p,-like states.
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Figure 3: Lire strengths | < 1sly|2s > |* for the s — 2s

2

2[2p.>?
for the 1s — 2p, transition (with z-polarized radiation) as
functions of the donoi position along the radial direction,
for a GaAs-Gag 1 Alg z 45 QWW radius R= 10 nm.

transition (with y-polarized radiation), aid |<1s

donor binding energies as the donor position varies
is larger in QWWs than in QWs of comparative di-
mensions. The line strengths of transitious from tlie
donor ground state to excited states of 2s-like and 2p,-
like symmetries were calculated for a R = 100 A
GaAs-{Ga,Al)As QWW as the donor position varies
along the radial direction in tlie wire. for polariza-
tions of the incident radiation perpendicular aund par-
allel to the QWW axis, respectively. Although tlie
Is — 2s donor transition is forbidden in bulk mate-
rial~this transition i~allowed with a quite consider-
able oscillator strength (comparable to the strength of
the 1s — 2p, transition) for impurities amay from the
wire axis in @ GaAs-(Ga,Al)As QWW. Experiments in
selectively donor-doped GaAs-(Ga,Al)As QWWs using
far-infrared spectroscopy®! should be performed in or-
dei. to investigate the detailed properties associated to

impurity transitions.
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