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Effects of applied electric fields on the infrared transitions between hydrogenic states
in GaAs low-dimensional systems
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Departamento de Fı´sica, Universidad de Antioquia, A.A. 1226, Medellı´n, Colombia

N. Porras-Montenegro
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Using a variational procedure within the effective-mass approximation we calculate the binding and transi-
tion energies of shallow-donor impurities in cylindrical pills of GaAs low-dimensional systems, under the
action of an electric field applied in the axial direction, and considering an infinite confinement potential. We
calculate the binding and transition energies as a function of the system geometry, the applied electric field, and
the donor-impurity position. We have found that the presence of the electric field breaks the axial symmetry for
the binding energy of the ground and excited states of the impurity and together with the impurity position, the
geometric confinement is determinant for the existence of bounded excited states in these structures. In the
two-dimensional limit and with low electric fields we obtained the expected four effective Rydbergs for the
binding energy of the 1s-like state. In addition, and only for high electric fields, we obtained the reverse
transitions 2pz-like→3s-like and 3pz-like→2s-like. @S0163-1829~97!02716-1#
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I. INTRODUCTION

With the development of experimental techniques such
molecular-beam epitaxy, metal-organic chemical-va
deposition, and electron-beam lithography combined w
reverse-mesa etching, there has been much work devote
the study of the states of hydrogenic impurities in lo
dimensional semiconductor heterostructures such as qua
wells ~QW’s!, quantum-well wires~QWW’s!, and quantum
dots ~QD’s!. The effects of applied electric fields on th
physical properties of low-dimensional systems constitut
subject of considerable interest from both the theoretical
technological point of view, due to the importance of the
systems in the development of new semiconductor devi
In particular, the application of an electric field in the grow
direction of the heterostructure gives rise to a polarization
the carrier distribution and to an energy shift of the quant
states.

Theoretical studies for the binding energy of the grou
state in GaAs QW’s,1 infinite QWW’s,2,3 and QD’s ~Refs.
4–6! have shown that for an infinite confinement potent
the binding energy increases monotonically as the finite
mension~length or radius! is reduced, whereas for finite con
finement potential the binding energy increases up to a m
mum and then begins to decrease. Studies for donor-do
QW’s ~Ref. 1! and infinite QWW’s~Ref. 2! have shown that
the binding energy present a maximum when the impurity
located at the center of the structure and decreases for
tions close to the edges. In an experimental work Me´ndez,
Chang, and Esaki7 have found that the application of an ele
tric field may induce semiconductor-semimetal transition
multiple heterostructures. The effects of electric and m
netic fields on the confined impurities in QW’s have be
studied by some authors,8–13 finding that a detailed study o
the intradonor absorption spectra together with a proper c
sideration of the impurity doping profile are necessary fo
550163-1829/97/55~16!/10721~8!/$10.00
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qualitative understanding of the experimental results. Th
retical calculations by Fraizzoli and Pasquarello14 were in
excellent agreement with photoluminescence and reso
Raman scattering measurements by Holtzet al.,15 which pro-
vided an accurate determination of the difference in ene
of the 1s and 2s acceptor states in GaAs-~Ga,Al!As QW’s.
Greene and Bajaj16 and Chaudhuri and Bajaj17 have calcu-
lated the binding energies of the ground and first few exci
impurity states for QW heterostructures without applied el
tric fields. They found that for certain well widths (L) some
impurity excited states are not bounded, particularly tho
for which the wave function is oriented in the growth dire
tion of the structure. Also, they found that inclusion of no
parabolic effects on the energy levels leads to more bind
for all values ofL. In addition, they found that for finite
values of the potential barriers the variation of the bindi
energies of 1s, 2s, and 2p6 states as a function ofL is
essentially very similar: namely, the values of the bindi
energies increase asL is reduced until they reach their re
spective maximum values and then begin to decrease.
infinite barriers, the binding energies increase monotonic
asL is reduced, approaching their two-dimensional values
L50. Latgé, Porras-Montenegro, and Oliveira18 have calcu-
lated infrared transitions between hydrogenic states in cy
drical infinite GaAs-~Ga,Al!As QWW’s without applied
electric field. They have also found that the states 2px
(2py) and 3px (3py) are not bounded when the radius of th
wire is sufficiently small. Additionally, they showed tha
with the increase of the wire radius it is possible to fi
reversed transitions between some states. Recently, we
studied the effects of an applied electric field on the bind
energy of the ground state of donor shallow impurities
cylindrical GaAs low-dimensional systems~LDS!.19 We
found that the binding energy depends on the structure
ometry and on the impurity position and increases noticea
10 721 © 1997 The American Physical Society
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FIG. 1. Binding energy for ground and first few excited states of a donor impurity located at the center of a cylindrical GaAs L
a function of the axial length, withR530a* , and for different values of the applied electric field.
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when its location is shifted in a direction contrary to that
the applied electric field. Salibet al.20 in a recent work have
reported the observation of internal transitions of confin
excitons in GaAs Ga12xAl xAs QW’s, and studied them as
function of applied magnetic fields, with the 1s→2p1 as the
dominant transition.

At the moment, to our knowledge, there have been
reported results about the effects of applied electric fields
the binding and infrared transition energies for excited sta
of shallow impurities in GaAs-~Ga,Al!As QWW’s and QD’s.
It is for this reason that in this work we calculate the bindi
and transition energies for the first few excited states of
drogenic impurities in cylindrical LDS under the action of a
electric field, applied in the axial direction, which is an e
cellent probe to study and modify the electric response
optoelectronic devices.

In this calculation we work within the effective-mass a
proximation and adopt a variational envelope-wave funct
for the donor electron. Due to the fact that for the usual
concentrations the height of the potential barrier is h
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enough in comparison with the energy level of the 1s-like
state and first few excited states and because of compu
simplifications, in our calculations we use the infinite-mod
approximation for the confinement potential. In Sec. II w
present the theory of the problem. Our results are prese
and discussed in Sec. III, and our conclusions are given
Sec. IV.

II. THEORY

The physical system that we consider is a cylindric
GaAs quantum pill surrounded by Ga12xAl xAs in which the
frame of reference is fixed in its center and thez axis is
defined to be the growth direction of the quantum struct
coincident with the axis of the pill.

In the effective-mass approximation, the Hamiltonian o
hydrogenic-donor impurity in a GaAs-~Ga,Al!As LDS, such
as described above, and in the presence of an electric
F applied in thez direction may be written as
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FIG. 2. Infrared transition energies as a function of the axial length of a cylindrical GaAs LDS for a donor located at the cente
system withR530a* , and with different values of applied electric field.
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H5H02
e2

«0r
, ~1!

with

H05
p2

2m*
1ueuFz1V~r,z!, ~2!

where r5@(r2r i)
21(z2zi)

2#1/2 is the distance betwee
the carrier and the impurity site,m* is the donor-impurity
effective mass,«0 is the static dielectric constant, an
V(r,z) is the well potential, defined as

V~r,z!5H 0, r,R, uzu,L/2

`, r>R, uzu>L/2,
~3!

whereR andL are the LDS radius and length, respective
 .

In our calculations we use for the donor-effective ma
m*50.0665m0 , wherem0 is the free-electron mass. Ou
results, for donor impurities, are given in reduced atom
units that correspond to a length unit of one effective Bo
radius,a*5h2«0/4p2m* e2>100 Å, and an energy unit o
one effective Rydberg,R*52p2m* e4/h2«0

2>5.72 meV.
In this work we are interested in the calculation of the fi

few excited states of a shallow-donor impurity in the syst
describe above and we assume the envelope trial wave f
tions as

Cnl~r !5NnlF~r,z!Gnl~r ,$lnl ,bnl ,anl%!, ~4!

whereF(r,z) is the eigenfunction of the Hamiltonian in Eq
~2! andGnl are the hydrogenic wave functions.18 The num-
bers n and l are principal and orbital angular momentu
quantum numbers. In this work we considern51,2,3 with
l50,61 ~which corresponds to the hydrogenic statess,
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FIG. 3. Expectation value of the electron separation from the impurity in the ground and various excited donor-impurity sta
cylindrical GaAs LDS, of radius 30a* , with the donor impurity located at the center of the system, as a function of the axial length, a
different applied electric fields.
e

d

o,
pz , and px,y!. Here thelnl are variational parameters; w
follow the work by Chaudhuri and Bajaj17 in GaAs-
~Ga,Al!As QW’s and Latge´, Porras-Montenegro, an
Oliveira18 in GaAs-~Ga,Al!As infinite QWW’s and deter-
mine thebnl andanl by requiring that theGnl form a set of
orthogonal functions in all space. The functionF(r,z) is
given by

F~r,z!5H J0~b!Z~z!, r,R, uzu,L/2

0, r>R, uzu>L/2,
~5!

whereJ0(b) is the ordinary Bessel function of order zer
andZ(z) is a linear combination of Airy functions:

Z~z!5Bi~1 !Ai~z!2Ai~1 !Bi~z!. ~6!

The arguments of the Bessel and Airy functions are

b5B10r/R ~7!
and

z5ac
z

L
2
E02~B10a* /R!2

wc
, ~8!

where B10 is the first zero of the Bessel function,wc
5(ueuFa* /R* )2/3 andac5(wc)

1/2L/a* .
In Eq. ~6!

Ai~6 !@Bi~6 !#5Ai @Bi] S 6ac/22
E02~B10a* /R!2

wc
D ,

~9!

andE0 is the eigenvalue for the Hamiltonian~2!, which is
obtained as the first root of the transcendental equation:

Bi~1 !Ai~2 !2Ai~1 !Bi~2 !50. ~10!
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The ground and first excited states energyEn of a hydro-
genic impurity in a GaAs-~Ga,Al!As LDS with an applied
electric fieldF is given by

Enl5E02Nnl
2 E

0

2pE
0

RE
2L/2

L/2

uF~r,z!u2Gnl

3F ~a* !2~¹2Gnl!12a*
Gnl

r Gdn

22a*Nnl
2 E

0

2pE
0

RE
2L/2

L/2

uF~r,z!uGnl

3@~“F!•~“Gnl!#dn, ~11!

where

1/Nnl
2 5E

0

2pE
0

RE
2L/2

L/2

~FGnl!
2dn. ~12!

The binding energy is calculated from the definition

Eb~n,l !5E02Enlu$~l0 ,b0 ,a0%
, ~13!

where $l0 ,b0 ,a0% is the set of variational parameters th
minimizesEb .

With the above equations we calculate the binding ene
for the ground and first excited states of a donor impurity
a cylindrical GaAs-~Ga,Al!As LDS, as a function of the pill
geometry, applied electric field, and impurity position.

The possible infrared transitions are conditioned byD l
561 and the respective energies are obtained fr
uEb(n,l )2Eb(n8,l 8)u, where the bars correspond to the a
solute value.

III. RESULTS

In Fig. 1 we present the binding energy for the ground a
some few excited states in a LDS with 30a* in radius, as a
function of the length with hydrogenic impurity located
the center of the pill and for different values of the appli
electric field. In Fig. 1~a! where the electric field is small it is
observed that for high lengths of the pill the binding ener
of the impurity states with equaln approximates to the sam
hydrogenic bulk limit. We have also found, in this limit o
the electric field, that the states 2pz-like and 3pz-like are not
bounded whenL is less than 6.6a* and 7.5a* , respectively.
This is due to the rather large increase in the kinetic ene
as the wave function of thepz-like state is compressed alon
the z direction. Contrary to the results reported by Gree
and Bajaj,16 for QW’s where they found that the 2px-like
state is more bounded than the 2s-like state, we found tha
for small values of the electric field, Fig. 1~a!, the 2s-like
state is more bounded than the 2px-like state for the length
range that we have considered in this figure. A similar s
ation occurs for 3s-like and 3px-like states, independent o
the intensity of the applied electric field and in the who
range of the length that we have considered in our calc
tions, as is shown in Figs. 1~a!, 1~b!, and 1~c!. It is observed
in Figs. 1~b! and 1~c! that as the electric field is increased t
2px-like state begins to be more bounded than the 2s-like
state for a wider range of the length of the structure. W
y
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y
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observed the crossover between 3px-like state and 3s-like
state for an applied electric field of 0.01 kV/cm and f
length values higher than 6.0a* . In Fig. 1~c! we observe that
for high values of the electric field the 2pz-like and
3pz-like states are bounded only for length values grea
than 2.6a* and 3.0a* , respectively. In comparing Figs. 1~a!
and 1~c! we observe that the effect of the electric field
more apparent for high values of the pill length due to t
wider spatial extension of the wave function. Notice that
higher values of the electric field the binding energy dim
ishes, except for 2pz-like and 3pz-like states, due to the dis
placement of the maximum of the probability density
negative values in the axial direction, an effect that is str
ger for the ground state.

Some of the infrared transition energies are presente
Fig. 2 as a function of the length of the cylindrical GaA
LDS for a donor impurity located at the center of the syst
and for different values of the applied electric field. In Fi
2~a! as the LDS length increases, these transition ener
approach the correct energy values corresponding to the
ference between the energies in the bulk limit. Note that
L>2.75a* there is a crossing in the energy levels of t
3s-like and 2pz-like states@cf. Fig. 1~c!# which explains the
behavior of the curve labeled 3s→2pz in Fig. 2~c!. For L
.2.75a* , the transition is reversed,18 and occurs from a
2pz-like state to a 3s-like state. The same behavior occu
for the transitions 2s→3pz . Also, in comparing Figs. 2~a!
and 2~b! we observe that the variation of the energy for t
1s→3px and 1s→2px transitions diminishes more consid
erably for higher than for low electric fields as the length
the structure is increased.

We consider it important, for clarity reasons, to estima
the expectation value of the electron separation from the
purity ^r & as a function of the length of the LDS for differen
values of the applied electric field when the impurity is l

FIG. 4. Binding energy for the ground and first few excite
states of a donor impurity located at the center of a cylindri
GaAs LDS, withR540a* , as a function of the axial length, for a
applied electric field of 0.01 kV/cm.
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FIG. 5. Binding energy for the ground and some few excited states of a donor impurity in a cylindrical GaAs LDS withR530a* and
L53a* as a function of the impurity position in the axial direction and for different values of the electric field.
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cated at the center of the structure. In Fig. 3 we display th
results for some excited states and for three values of
electric field. This results were obtained by means of
expression̂Cur uC&, whereC is the total wave function of
the state under consideration. In comparing Figs. 3~a!, 3~b!,
and 3~c! we observe that, independent of the applied elec
field and for small pill lengths,̂ r & approaches the sam
value for a given excited state, due to the strong axial c
finement of the wave function. Also, in Fig. 3~b!, we notice
that as the length is increased^r & takes higher values than i
Fig. 3~a! for each state because the electric field extends
probability density in a wider range in the axial direction. A
expected, it is clear that as^r & increases~decreases! the bind-
ing energy decreases~increases!, except for 2pz-like and
3pz-like states, which is in excellent agreement with resu
presented in Fig. 1. In Fig. 3~c! we observe that for smal
values of the electric field~0.01 kV/cm! and large values o
length, ^r & tends to the hydrogenic bulk limit, that is t
n2a* $111/2@12 l ( l11)/n2#% ~see, for example, Bransde
se
he
e

ic

-

e

s

and Joachain21!. In Fig. 3~c! these limits are indicated by th
arrows at the right. For the size of our system (R530a* ,
L530a* ) the states withn53 are strongly compressed an
for this reason we do not observe the bulk limit for the
cases.

In Fig. 4 we present the binding energy for the 1s like and
some excited impurity states as a function of the length i
LDS of 40a* in radius with the impurity located at the cent
of the pill and for an electric field of 0.01 kV/cm applied i
the axial direction. The largest effect of the quantum co
finement is observed on the 1s-like state, while the weak
influence is on the 2px-like and 3px-like states as the length
of the pill is diminished. States 2pz-like and 3pz-like states
are not observed because they are not bounded in the r
of lengths we have considered. It is clear that states lab
by x and y are geometrically equivalent in this system. A
the length of the LDS is increased, the limiting behavior
the binding energies, for all states hereby considered, co
sponds to the exact bulk value (1/n2)R* . The arrows at the
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right show the bulk limit that we have obtained whenL
530a* . As expected, states with the same quantum num
n become degenerate in the bulk limit (L→`, R→`). The
inversion between the binding energies of the 2s-like and
2px-like states~3s-like and 3px-like states!, for L.4.5a*
(L.6.0a* ), is due to the presence of the small applied el
tric field. It is important to note that in the two-dimension
limit, that is for the pill length closed to zero, we obtaine
the 4R* value for the binding energy of the 1s-like state. In
the two-dimensional limit it is not possible to reach the bu
value for the binding energy due to the infinite confinem
potential that we are using, which prohibits the penetrat
of the wave function outside the potential well. For this re
son in this limit our results differ from those found b
Greene and Bajaj,16 who used a finite-potential well. Any
way, independent of the confinement potential and for sm
values of the length, the binding energy of the 2s-like and
3s-like states must be greater than those of 2px-like and
3px-like states, respectively, due to the spatial distribution
the probability density of these states in contradiction w
the results by Greene and Bajaj.16

In Fig. 5 we display the binding energy for the ground a
some excited state as a function of the impurity posit
along the axial direction of a cylindrical GaAs LDS, and f
different values of the applied electric field. We observe t
our results for this kind of LDS structure~R530a* andL
53a* ! are in good agreement with those reported
Weber22 for donor impurities in a QW under the action of a
applied electric field. In Figs. 5~a! and 5~b!, which are for
F50.01 kV/cm, we observe, as expected, that the bind
energy is symmetrical along the axial direction, while
Figs. 5~a!, 5~c!, and 5~d! for higher values of the electric field
this symmetry is broken due to the fact that the electric fi
moves the electronic-probability density to the left region
the pill. For high electric fields in all cases the binding e
ergy decreases for impurity positions close to the edge
the structure, due to the increasing of the carrier-kinetic

FIG. 6. Binding energy of the ground and some excited state
a donor impurity in a GaAs LDS of radius 2a* and for an applied
electric field of 0.01 kV/cm, as a function of the length of th
structure.
er
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ergy as a result of the compressing of the wave function
impurity positions close to the left edge of the well, while f
impurity positions close to the right edge this reduction
the binding energy is due to decompressing of the w
function by the action of the applied electric field. It is inte
esting to notice that for high electric fields the appearance
the 2pz-like and 3pz-like bounded states is allowed for
wider range of impurity positions along thez direction, as is
shown in Figs. 5~c! and 5~d!. This is an effect in which
besides the impurity position, the quantum confinement
the applied electric field compete for the existence of th
excited states.

In Fig. 6 we present the binding energy of the ground a
some excited states of a donor impurity in a GaAs LDS
radius 2a* and for an applied electric field of 0.01 kV/cm, a
a function of the length of the structure in order to simula
QD-like and QWW-like structures as the length is varie
For the sizes of the structure allowed by the variation of
length, the 2s-like and the 3s-like states are degenerate, an
for QD-like geometries this degeneracy is extended to
1s-like state. This is due to the high compression of the wa
function of the 2s-like and 3s-like states which converge to
the 1s-like wave function. Our results are in perfect agre
ment with those obtained by Ribeiro and Latge´6 who calcu-
lated the binding energy of a donor impurity in a cubic Ga
quantum box of sideL. Effectively, we obtained 3.01R* for
the binding energy of a donor impurity in a cylindrical GaA
quantum box of lengthL52a* , coincident with the value
reported by Ribeiro and Latge´6 for a quantum box of the
same volume, that is, of sideL52.93a* . Also, in the limit of
a QWW-like geometry our results coincide quite well wi
those reported by Latge´, Porras-Montenegro, and Oliveira18

for the ground and the excited states depicted in Fig. 6.
results for the binding energies for each state are a l
greater than those reported by Latge´, Porras-Montenegro
and Oliveira18 because our model is of infinite-confineme
potential and our geometry is of finite length.

IV. CONCLUSIONS

By means of the effective-mass approximation and wit
a variational procedure we have calculated the binding
ergy of the ground and some excited states of a donor im
rity in cylindrical GaAs-~Ga,Al!As low-dimensional struc-
tures, within the infinite-confinement-potential model a
with an electric field applied parallel to the axial directio
We have found that the presence of the electric field reso
the degeneracy of the ground and excited impurity sta
corresponding to impurity positions symmetrically locat
with respect to the center of the structure. Also, we fou
that together with the system geometry and the impurity
sition, the applied electric field is the determinant for t
existence of bound donor impurity excited states in LD
where the quantum confinement plays a fundamental r
Also, we found reverse transitions for the cases 3s-like→
2pz-like and 2s-like→3pz-like. As in previous works we
found that the binding energy of the ground and some
cited states of a donor-shallow impurity in a LDS in the lim
of low-electric field and large size of the potential well a
proximates quite well to the bulk-limit values with the a

of
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propriate degeneracy for states with the samen number. In
the two-dimensional limit and with low-electric field we ob
tained approximately 4R* for the binding energy of the
1s-like state. It is important to stress that irrespective of
confinement potential and for low-electric field the bindi
energy of the 2s-like and 3s-like states must be greater tha
those of 2px-like and 3px-like states, respectively, in contra
diction with the results of Greene and Bajaj.16 Our results
indicate that a proper knowledge of the impurity distributi
inside the structure is of relevance in a quantitative comp
son between theoretical and experimental results concer
,

.
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. B
e

i-
ng

the binding energy of shallow impurities under the action
applied electric fields.
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18A. Latgé, N. Porras-Montenegro, and L. E. Oliveira, Phys. Rev

45, 9420~1992!.
19C. A. Duque, A. Montes, A. L. Morales, and N. Porra

Montenegro, J. Phys. Condens. Matter~to be published!.
20M. S. Salib, H. A. Nickel, G. S. Herold, A. Petrou, B. D. Mc

Combe, R. Chen, K. K. Bajaj, and W. Schaff, Phys. Rev. Le
77, 1135~1996!.

21B. H. Bransden and C. J. Joachain,Physics of Atoms and Mol
ecules~Longman, New York, 1991!, p. 145.

22G. Weber, Phys. Rev. B41, 10 043~1990!.


