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Electronic states of V-shaped semiconductor quantum wires in electric fields
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The electronic states of the GaAs/AlxGa12xAs V-shaped quantum wires~V-QWR’s! in external electric
fields are calculated. Large Stark shifts in the intersubband transition energies and sensitive variations in the
intersubband transition strengths are predicated in the V-QWR’s that we consider at moderate electric fields.
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In recent years, there has been a rapid developmen
microetching and epitaxial growth techniques aimed at
fabrication of high-quality one-dimensional semiconduc
nanostructures. Among them, V-shaped semiconductor q
tum wires ~V-QWR’s! ~Refs. 1–3! have attracted consider
able interest because of their easy tailoring of the electro
structures and potential applications in quantum-wire la
devices.2 In order to predict the physical properties and e
able a better understanding of the experimental results o
V-QWR’s, a number of calculations have been carried
using the tight-binding4 and effective bond-orbital models5

as well as envelope function schemes with t
finite-element,6 plane-wave expansion,7,8 and adiabatic
approaches,9,10 etc. Band structures,6,8 interband8 and
intersubband optical transitions,9 the exciton effect,7,8

electron relaxation due to LO-phonon scatterings,10 and the
effect of strains6 in V-QWR’s have been investigated
In this paper, we present the calculated result of the e
tronic states of V-QWR’s in external electric fields, which
our knowledge has not been reported in the literatu
Applying electric fields to V-QWR’s is the simples
way by which the system can be used to design tunable
vices.

The V-QWR structure is modeled by two V-shaped int
facesy1,25 f 1,2(x) which separate the GaAs well betwee
Al xGa12xAs barrier regions, as shown in Fig. 1~a!. The cal-
culation is carried out with the theory we develop
previously,11 which overcomes the difficulty due to the com
plicated boundary conditions of the electron wave functio
on the nonplanar interfaces of the V-QWR. In the effectiv
mass approximation, the eigenvalue equation and boun
conditions of the electrons are obtained by requiring
first-order difference of the following functional b
equal to zero (dL@c#50), with the functionalL@c# given
by

L@c#5E H \2

2me~r !
u¹c~r !u21[V~r !1eF•r2Euc~r !u2J dr ,

~1!

whereme(r ) is the electron effective mass.V(r ) is the band
offset between bulk GaAs and AlxGa12xAs, F is the applied
electric field, andE is the electron energy to be determine

To find an appropriate complete set of functions to e
pend the wave functionc of the electron, we introduce th
coordinate transformation11
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x̃5x,

ỹ5D$y2@ f 1~x!1 f 2~x!#/2%/@ f 1~x!2 f 2~x!#, ~2!

z̃5z,

which transforms the V-QWR in spacer to a quantum well
~QW! with planar interfaces atỹ656D/2 in spacer̃ , as
shown in Fig. 1~b!. In spacer̃ , the wave functionc̃( r̃ ) of the
electron is expended with the eigenwave functionsz l( ỹ) of
the corresponding QW:

c̃n~ r̃ !5(
l 51

L0

(
m50

M0

Alm
~n!hm~ x̃!z l~ ỹ!. ~3!

The selection of the expansion functionshm( x̃) in the x̃
direction depends on the profile of the interfaces of the
QWR, which determines the effective potential introduc
into the Hamiltonian of the system after the coordinate tra
formation. For V-QWR’s fabricated at present, their inte
faces are approximately parabolic, at least near the cen
region (x50). We takehm( x̃) as the eigenwave functions o
the following harmonic oscillator:

2
\2

2mGaAs

d2

dx̃2
hm~ x̃!1

1

2
mGaAsv

2x̃2hm~ x̃!5emhm~ x̃!.

~4!

The widthD of the QW and angular frequencyv of the
harmonic oscillator are taken as the adjustable paramete
insure the fastest convergence of the expansion in Eq.~3!.
Substitutingc̃n( r̃ ) into the functionalL̃@c̃n# in spacer̃ and
setting]L̃@c̃n#/]Alm

(n)50, we obtain the eigenvalue equatio
which determines the energy and wave function of the e
tron in the V-QWR.

When a constant electric field is applied to the V-QW
strictly speaking, no bound state exists if the barrier heigh
the V-QWR is finite. The electrons will finally tunnel out o
the V-QWR. However, the tunneling becomes negligible
the V-QWR’s with wide well widths or in weak electric
fields.12 The ~quasi! bound states exist in the V-QWR. To b
consistent with the limitation of weak electric fields, the e
fect of the electric fields on the electron states of the V-QW
can be analyzed by the above perturbation method, where
15 381 ©1998 The American Physical Society
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applied electric field is considered as a perturbation of
Hamiltonian, while the bound states of the V-QWR are e
panded with the eigenwave functions in the zero elec
fields.

As a model calculation, we consider the followin
GaAs/AlxGa12xAs V-QWR characterized by the curvatu
radii (R1,R2) of the interfaces atx50, the distances
(D0 , d0) between the interfaces atx50 and x→`,
and the angle (a0) between the lower interface andx axis
@see Fig. 1~a!#, with the interface profile given by

f i~x!5kAx21a22ka2~21! i
D0

2
1~ i 21!

b2x2

g21x2
,

~5!

where i 51 and 2, and the parametersk, a, b, and g are
determined byD0 , d0 , R1 , R2 , anda0 . The accuracy of the
calculation is tested by varying the number (L0 ,M0) of the
expansion functions used in Eq.~3!. For the V-QWR’s that
we considered below, rapid convergence in the elect
wave function expansion is observed forL054 and M0
58.

In Fig. 2, the calculated electronic energy levelsEn (n
50 and 1! of the V-QWR are given as functions of~a! the
verticalFy and~b! the lateral electric fieldFx . The structural
parameters of the V-QWR areD0520 nm, d050, R1525
nm, R2512.5 nm, anda0555°. The electron effective mas
of Al xGa12xAs and the band offset between GaAs a
Al xGa12xAs are taken asme5(0.06710.083x)m0 and V0
5748.2x ~meV!,12 with a mole fraction of Alx50.32. The
intersubband transition energyDE0215E12E0 ~the dash-
dotted line! of the V-QWR changes sensitively as the vertic
electric fieldFy changes. This is because when the elect
is shifted byFy toward the lower~upper! interface of the
V-QWR @see Fig. 1~a!#, the localization potential in the lat
eral x direction becomes stronger~weaker!, which increases
~decreases! the energy separation of the electron subban

FIG. 1. ~a! The GaAs/AlxGa12xAs V-QWR that we considered
in the original spacer , with R1 and R2 the curvature radii of the
interfaces atx50, D0 andd0 the distances between the interfaces
x50 andx→`, anda0 the angle between the lower interface a

the x axis. ~b! The V-QWR structure in the transformed spacer̃ .
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On the other hand, the Stark shift ofDE021 due to the lateral
electric fieldFx is small, though the subband energies the
selves shift quadratically asFx changes@Fig. 2~b!#. As a
comparison, in Fig. 2~a! we also plotDE021 ~the dashed
line! of a GaAs/AlxGa12xAs QW with a well width D0
520 nm.

In Fig. 3, we give the square of the momentum matrix
ue•P02nu2 calculated for the intersubband transitions fro
the lowest to higher energy levels (n51,2, . . . ), with inci-
dent lights polarized in the directione. ue•P02nu2 is plotted
as functions of~a! Fy and~b! Fx , as defined in Fig. 2 for the
same V-QWR. The strongest intersubband transition app
between the lowest and first excited states of the V-QW
with the incident lights polarized inx direction. The strength
of the intersubband transitions varies sensitively as the e
tric field changes.

In Fig. 4, the calculated electron distributionsucn(x,y)u2
of the lowest [n50 in Figs. 4~a!, 4~c!, 4~e!, and 4~g!# and
first excited states [n51 in Figs. 4~b!, 4~d!, 4~f!, and 4~h!#
are plotted in spacer for the same V-QWR as that in Fig. 2
The applied electric field is~a! and ~b! F50, ~c! and ~d!
Fx50, Fy5220 kV/cm, ~e! and ~f! Fx50 andFy520 kV/
cm, and~g! and ~h! Fx5210 kV/cm, Fy50. Thex-y axes
in uc0(x,y)u2 @Figs. 4~a!, 4~c!, 4~e!, and 4~g!# are turned by

t

FIG. 2. The calculated electronic energy levelsEn (n50,1) and
intersubband transition energyDE021 ~the dash-dotted line! of the
V-QWR as functions of~a! the vertical electric fieldFy and~b! the
lateral electric fieldFx . The structural parameters of the V-QW
are D0520 nm, d050, R1525 nm, R2512.5 nm, anda0555°.
Also given in ~a! is DE021 ~the dashed line! of a
GaAs/AlxGa12xAs QW with a well widthD0520 nm.



o
ib
i

h

i
a
n

t

ce
ese
for
der
r K.
nd
ity

e
e

s
.

f

PRB 58 15 383BRIEF REPORTS
90° in uc1(x,y)u2 @Figs. 4~b!, 4~d!, 4~f!, and 4~h!#, in order to
show the main features of the electron distributions m
clearly. The sensitive dependence of the electron distr
tions on the applied electric fields results in the sensit
variation of the intersubband transition energyDE021 and
intersubband transition strengthue•P02nu2 of the V-QWR’s
as we discussed above.

To summarize, the electronic states of t
GaAs/AlxGa12xAs V-QWR’s in applied electric fields are
calculated with the theory we developed previously, wh
overcomes the difficulty due to the complicated bound
conditions of the electron wave functions on the nonpla
interfaces of theV-QWR’s. Large Stark shifts in the intersu
band transition energies and sensitive variations in the in
subband transition strengths are predicated in the V-QW
that we considered at moderate electric fields (uFu<20 kV/
cm!.

FIG. 3. The square of the momentum matrixesue•P02nu2 calcu-
lated for the intersubband transitions from the lowest to higher
ergy levels (n51,2, . . . ), with incident lights polarized in th
directione. ue•P02nu2 is plotted as functions of~a! Fy and~b! Fx as
defined in Fig. 2. The structural parameters of the V-QWR are
same as those in Fig. 2.
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FIG. 4. The calculated electron distributionsucn(x,y)u2 of the
lowest states [n50 in ~a!, ~c!, ~e!, and~g!# and first excited state
[n51 in ~b!, ~d!, ~f!, and ~h!# for the same V-QWR as in Fig. 2
The applied electric fields are~a! and ~b! F50, ~c! and ~d! Fx50
andFy5220 kV/cm,~e! and~f! Fx50 andFy520 kV/cm, and~g!
and~h! Fx5210 kV/cm andFy50. To show the main features o
the electron distributions more clearly, thex-y axes inuc0(x,y)u2

@~a!, ~c!, ~e!, and~g!# are turned by 90° inuc1(x,y)u2 @~b!, ~d!, ~f!,
and ~h!#.
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