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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/Bla _,As V-shaped quantum wire®/-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 development in X=X,
microetching and epitaxial growth techniques aimed at the
fabrication of high-quality one-dimensional semiconductor “};: D{y—[f1(X)+ Fo(x)J/2H[ F1(X) = F2(X)], ()

nanostructures. Among them, V-shaped semiconductor quan-
tum wires (V-QWR’s) (Refs. 1-3 have attracted consider-

able interest because of their easy tailoring of the electronic
structures and potential applications in quantum-wire lasewhich transforms the V-QWR in spaceto a quantum well
devices’ In order to predict the physical properties and en-(QW) with planar interfaces ay.=+D/2 in spacer, as

able a better understanding of the experimental results of thenown in Fig. 1b). In spacé, the wave function(t) of the
V-QWR'’s, a number of calculations have been carried out '

using the tight-bindingand effective bond-orbital models, electron is expended with the eigenwave functigi(y) of

as well as envelope function schemes with thethe corresponding QW-:

7=2,

finite-element plane-wave expansiorf and adiabatic Lo Mo
approache®!® etc. Band structuré®® interband and (=2 > ANy (a®G). 3)
intersubband optical transitiofis,the exciton effect;® =1 m=0

electron relaxation due to LO-phonon scatteritfyand the ~ ~

effect of strain® in V-QWR's have been investigated.  The selection of the expansion functiong(x) in the x

In this paper, we present the calculated result of the elecdirection depends on the profile of the interfaces of the V-

tronic states of V-QWR’s in external electric fields, which to QWR, which determines the effective potential introduced

our knowledge has not been reported in the literatureinto the Hamiltonian of the system after the coordinate trans-

Applying electric fields to V-QWR's is the simplest formation. For V-QWR's fabricated at present, their inter-

way by which the system can be used to design tunable ddaces are approximately parabolic, at least near the central

vices. region (x=0). We takey(x) as the eigenwave functions of
The V-QWR structure is modeled by two V-shaped inter-the following harmonic oscillator:

facesy; ,=f; (x) which separate the GaAs well between

Al,Ga,_,As barrier regions, as shown in Figlal The cal- hz d* . -
culation is carried out with the theory we developed ~ 2mc... o2 Mm(X) F 5 Meansd X" 7m(X) = €m27m(X).
previously! which overcomes the difficulty due to the com- (4)

plicated boundary conditions of the electron wave functions

on the nonplanar interfaces of the V-QWR. In the effective- The widthD of the QW and angular frequenay of the
mass approximation, the eigenvalue equation and boundatyarmonic oscillator are taken as the adjustable parameters to
conditions of the electrons are obtained by requiring theénsure the fastest convergence of the expansion in(&q.

first-order difference of t_he foIIowin_g functiongl be substituting,(r) into the functionallL[,] in spacer and
equal to zero gL[¢]=0), with the functional[¢] given  geting 4T [, 1/0A =0, we obtain the eigenvalue equation

by which determines the energy and wave function of the elec-
52 tron in the V-QWR.

L[:p]:f (W|V¢(r)|2+[V(r)+eF-r—E|¢(r)|2 dr, When a constant electric field is applied to the V-QWR,
e

1) strictly speaking, no bound state exists if the barrier height of
the V-QWR is finite. The electrons will finally tunnel out of
wheremg(r) is the electron effective masg(r) is the band the V-QWR. However, the tunneling becomes negligible in
offset between bulk GaAs and &a _,As, F is the applied the V-QWR’s with wide well widths or in weak electric
electric field, ancE is the electron energy to be determined. fields!? The (quas) bound states exist in the V-QWR. To be
To find an appropriate complete set of functions to ex-consistent with the limitation of weak electric fields, the ef-
pend the wave functio of the electron, we introduce the fect of the electric fields on the electron states of the V-QWR
coordinate transformatidh can be analyzed by the above perturbation method, where the
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FIG. 1. () The GaAs/A|Ga _,As V-QWR that we considered
in the original space, with R; and R, the curvature radii of the
interfaces ak=0, D, andd, the distances between the interfaces at
x=0 andx—o, andag the angle between the lower interface and

X 0 /’\
the x axis. (b) The V-QWR structure in the transformed space r
applied electric field is considered as a perturbation of the 10 o

Hamiltonian, while the bound states of the V-QWR are ex-
panded with the eigenwave functions in the zero electric L
fields. 10 5 0 5 10

As a model calculation, we consider the following F, (kVicm)
GaAs/AlLGa _,As V-QWR characterized by the curvature
radii (R;,R,) of the interfaces atx=0, the distances
(Dg, dg) between the interfaces at=0 and x— o,
and the angle 4,) between the lower interface andaxis
[see Fig. 1a)], with the interface profile given by

E, (meV)

FIG. 2. The calculated electronic energy leviEls(n=0,1) and
intersubband transition energyE,_; (the dash-dotted lineof the
V-QWR as functions ofa) the vertical electric fieldr, and(b) the
lateral electric fieldF,. The structural parameters of the V-QWR
are D4=20 nm,dy=0, R{=25 nm,R,=12.5 nm, anday=55°.

) s Also given in (a8 is AEy_; (the dashed line of a
fi(x):km_ Ka—(~1)' %-i—(i 1 'f_:( . GaAs/ALGa, _,As QW with a well widthDy=20 nm.
X

7 (5)  Onthe other hand, the Stark shift&€,_; due to the lateral

electric fieldF, is small, though the subband energies them-
wherei=1 and 2, and the parameteks «, 8, and y are  selves shift quadratically aB, changes[Fig. 2(b)]. As a
determined by, dg, Ry, Ry, andegy. The accuracy of the comparison, in Fig. @ we also plotAE,_, (the dashed
calculation is tested by varying the numbéry (M) of the line) of a GaAs/AlGa_,As QW with a well width D,
expansion functions used in E@). For the V-QWR'’s that =20 nm.
we considered below, rapid convergence in the electron In Fig. 3, we give the square of the momentum matrixes
wave function expansion is observed fbp=4 and M, |e-P,_,|? calculated for the intersubband transitions from
=8. the lowest to higher energy levela£€1,2, ... ), with inci-

In Fig. 2, the calculated electronic energy levéls (n dent lights polarized in the directiom |e- P,_,|? is plotted
=0 and 1 of the V-QWR are given as functions ¢f) the  as functions ofa) F, and(b) F,, as defined in Fig. 2 for the
vertical F, and(b) the lateral electric fieléF, . The structural same V-QWR. The strongest intersubband transition appears
parameters of the V-QWR ai®,=20 nm,d,=0, R;=25  between the lowest and first excited states of the V-QWR,
nm, R,=12.5 nm, andyy=55°. The electron effective mass with the incident lights polarized ir direction. The strength
of Al,Ga_,As and the band offset between GaAs andof the intersubband transitions varies sensitively as the elec-
Al,Ga _,As are taken asn,=(0.067+0.08%)m, andV, tric field changes.
=748.% (meV),*? with a mole fraction of Alx=0.32. The In Fig. 4, the calculated electron distributiopg,(x,y)|?
intersubband transition energyE,_,=E;—E, (the dash- of the lowest h=0 in Figs. 4a), 4(c), 4(e), and 4g)] and
dotted ling of the V-QWR changes sensitively as the verticalfirst excited statesr{=1 in Figs. 4b), 4(d), 4(f), and 4h)]
electric fieldF, changes. This is because when the electrorare plotted in space for the same V-QWR as that in Fig. 2.
is shifted byF, toward the lower(uppe) interface of the The applied electric field isa) and (b) F=0, (c) and (d)
V-QWR [see Fig. 18)], the localization potential in the lat- F,=0, Fy=—20 kV/cm, (¢) and (f) F,=0 andF,=20 kV/
eral x direction becomes strongéweakej, which increases cm, and(g) and (h) F,=—10 kV/cm, F =0. Thex y axes
(decreasesthe energy separation of the electron subbandsin |¢o(x,y)|? [Figs. 4a) 4(c), 4(e), and 49)] are turned by
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FIG. 3. The square of the momentum matrixesP,_,|? calcu-
lated for the intersubband transitions from the lowest to higher en-

ergy levels 6=1,2, ... ), with incident lights polarized in the
dire_ction_e. |¢~ Po_n|? is plotted as functions af) Fyand(b) F, as s 20 10 O -0 -20 w© 20 0 20 4
defined in Fig. 2. The structural parameters of the V-QWR are the y (nm) X (nm)

same as those in Fig. 2. FIG. 4. The calculated electron distributiohg,(x,y)|? of the

lowest statesfj=0 in (a), (c), (e), and(g)] and first excited states
90° in|y41(x,y)|? [Figs. 4b), 4(d), 4(f), and 4h)], inorderto  [n=1 in (b), (d), (f), and (h)] for the same V-QWR as in Fig. 2.
show the main features of the electron distributions morerhe applied electric fields ar@ and (b) F=0, (c) and(d) Fx=0
clearly. The sensitive dependence of the electron distribuandF,=—20kV/cm, (e) and(f) F,=0 andF =20 kv/cm, andg)
tions on the applied electric fields results in the sensitive2d(" Fyx= 10 kv/cm andF,=0. To show the main features of
variation of the intersubband transition enemy§,_, and the electron distributions more Cbar'})",the)’ axes in[ gro(xy))|
intersubband transition strengté- Py_,|? of the V-QWR'’s [@, (c), (), and(g)] are turned by 90° ity (x,y)|* [(b), (d), (),
as we discussed above. and ()]

To summarize, the electronic states of the
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