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Conduction-band mixing in T- and V-shaped quantum wires

Sara Pescetelli, Aldo Di Carlo, and Paolo Lugli
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By means of a tight-binding approach, we have studied the influence of barrier states on the conduction band
of the T- and V-shaped quantum wires. For AlAs/GaAs superlattices or pure AlAs barriers,X-related states
induce strong modifications in the wire conduction band that cannot be accounted for by a simple effective-
mass approximation. With respect to quantum wells, we show that the quasi-one-dimensional confinement of
quantum wires enhances valley mixing and leads to a reduction in the energy of lower lying states.
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Quasi-one-dimensional~1D! confinement of electrons in
semiconductor nanostructures@e.g., quantum wires
~QWR’s!# has been demonstrated in a variety of structur
based on direct etching, strain-induced quantum confi
ment, growth on vicinal substrates and so on. Recently, h
ever, two approaches have attracted much attention. The
one consists in the growth of V-shaped quantum wire o
~100! GaAs substrate patterned with@011̄#-oriented V
grooves.1

In this case, the GaAs wire is embedded in a AlAs/Ga
superlattice~SL! which constitutes the confining barrier fo
the electrons.2,3 The second one is obtained from a cleave
edge overgrowth technique which can produce very sm
~50 Å! GaAs T-shaped wires.4,5 Here, the confining barriers
consist of AlGaAs or pure AlAs layers.

Up to now the calculation of the band structure of the
quantum wires has been limited by the huge dimension
the wire unit cell. Thek•p method in the context of the
envelope function approximation~EFA! is by far the most
widely used.3,6–8

However, it has been shown that, despite the succes
quantum wells, EFA breaks down for small quantum wir
and quantum dots.9–11 The restrictions of the EFA becom
very serious when indirect gap semiconductors are use
the wire~for example in Si wires! or in the barrier~AlAs or
AlAs/GaAs superlattices!. For these cases the use ofeffective
parameters, e.g., effective barrier height, is highly questio
able.

This paper presents a theoretical study of T- a
V-shaped QWR’s based on a tight-binding model which
laxes the restriction of EFA, maintaining at the same time
possibility to treat realistic structures. The latter characte
tic, which implies calculations with more than 104 atoms in
the unit cell, has been made feasible by recent developm
in diagonalization algorithms.12–15

Empirical tight-binding calculations have already be
performed for nm-size rectangular QWR’s.16 Reduction of
the full tight-binding scheme to the effective bond orbi
method ~EBOM! has also been considered for V-shap
wires.17 The latter approach is, however, similar to ak•p
method, thus valid only for states near the zone cen
Promising semiempirical pseudopotential methods11 have
been at present applied to ideal QWR geometries.
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In the present study, we have used asp3s* tight-binding
including spin-orbit interaction.18 The tight-binding param-
eters used in this calculation are adapted from Refs. 16
19, forT54 K samples with a GaAs energy gap of 1.52 e
and an indirect AlAs gap of 2.24 eV. Effective masses
mG50.0677 for GaAs and mX,l50.9 for AlAs
( l5longitudinal!. The energy difference betweenG mini-
mum of the first GaAs conduction band and theX minimum
of the first AlAs conduction band isDGX5160 meV.20 We
should notice that experimental determinations ofDGX vary
between 100 meV and 200 meV.21–25The number of atoms
considered in the~large! unit cell of the wire is around
20 000 and in all the cases a check on the convergence o
results, as a function of the number of atoms, has been
sidered. Practically, all results are affected by a unit-c
truncation error smaller than 1 meV. Periodic boundary c
ditions are used at the boundary of the unit cell. The la
Hamiltonian matrixH which results from such realistic di
mensions of the unit cell, has been diagonalized by usin
Lanczos algorithm without reorthogonalization. Followin
the folded spectrum method,12,13 we do not directly diago-
nalize the Hamiltonian H but rather the matrix
A5(H2lI )2 wherel ~energy offset! defines an energy in
the vicinity of which the eigenvalues are searched. With
spect to the standard Lanczos algorithm, we have found
the lowest eigenstates of the associated tridiagonal ma
visit all the excited states ofA before collapsing~Lanczos
phenomena! on the lowest eigenvalue ofA. This allows us to
identify high-energy states during the Lanczos iteratio
Eigenvectors~wave functions! can be obtained from the
knowledge of the eigenvalues by using the inverse itera
technique.15,26 The overall efficiency of the Lanczos/invers
iteration approach is very high and a typical band struct
for realistic wire geometries can be carried out in a few ho
of calculation on a workstation. Further details will be pu
lished elsewhere.27

T-shaped quantum wires are those of Ref. 5 and consis
an AlGaAs~500 Å!/GaAs~50 Å! SL grown along the@001#
direction and a 50 Å quantum well in the@110# direction.
The profile of the V-shaped quantum wire is that obtain
from a TEM micrograph.3,8,28The confining barriers are cre
ated by embedding the GaAs V wire in a~AlAs! 4/~GaAs! 8
SL. The use of a SL with respect to the conventional AlGa
barriers reduces the problems associated with the presen
R1668 © 1997 The American Physical Society
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alloy in the nanostructure. The unit cell used in our calcul
tions for the V- and T-shaped QWR’s is shown in Fig. 1.

The first conduction band of the the T-shaped wire f
three different alloy compositions in the barrier is shown
Fig. 2. The calculation fully includes mixing between theG
valley of the wire and theX valleys of the barrier.
Experimentally,29 indeed, it is well known that mixing in-
duces a reduction of the barrier height with respect to t
value obtained by simply considering the band discontinu
at theG point.

FIG. 1. Unit supercell used in the calculations for the V-shap
and T-shaped quantum wires.

FIG. 2. First conduction band dispersion of the T-shaped qua
tum wire for three different alloy compositions of the barrier. Th
symbols represent the calculated points while the lines represe
cubic interpolation of these points. Spin~quasi! degenerate states
are not shown.
-
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Figure 2 clearly shows two distinct dispersion region
The first one close tok50 is related to the GaAsG valley of
the wire. The associated electron wave function is confin
to the wire and the calculated band dispersion is similar
that obtained in the one-band effective-mass approximat
However, the electron effective mass in this region increa
from m*50.075 for QWR’s with Al0.3Ga0.7As barriers to
m*50.088 for QWR’s with AlAs barriers.

The second region at largerk’s displays a flat band dis
persion with high electron mass. Since the energy onse
this region varies with Al barrier content, those states
clearly related to theX valley of the AlGaAs barrier. The
corresponding wave function of these states is mainly
tended in the barrier.G related states of the wire can still b
found for energies higher then theX minimum, however, the
strong coupling betweenX and G states will reduce their
lifetime.20,30

The energy of thek50 state of the first two conduction
subbands as a function of the barrier alloy concentration
shown in Fig. 3. By increasing the Al content one shou
expect a continuous enhancement of confinement due to
higher and higher barrier. However, due theG-X mixing, the
quantization energy reaches a maximum aroundx50.7 and
decreases for higher Al contents. Such behavior would
be detected by using an effective-mass approximation wh
by increasing the alloy concentration and consequently
barrier height, the quantization energy would tend to satu
to the value obtained from the infinite barrier model. A
expected,G-X mixing increases for higher energy states. I
deed, wires with AlAs barriers show a reduction of 15 me
for the second level position and only 5 meV for the first o
with respect to the ones with Al0.7Ga0.3As barriers. We also
notice that the energy difference between first and sec
level is higher for an Al concentration betweenx50.6 and
x50.7 and it is strongly reduced for AlAs barriers. Su
observation has important practical implications, as it defi
an optimal level separation, a property which controls, e
the characteristics~linewidth, threshold, linearity! of QWR
lasers. Thus, the use of AlxGa12xAs barriers for T-shaped
wires with x around 0.7 leads to high quantization energ

d

n-

t a

FIG. 3. Energy of the first two quantized levels in the condu
tion band for the T-shaped wire~symbols and dashed lines! as a
function of Al barrier composition. The first quantized level for a 5
Å GaAs quantum well~thin continuous line! is shown for compari-
son.
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reduces the penalty due toX states at too low energies an
maximizes the energy separation between first and hig
levels. The quantization energy of the ground level can
further increased by reducing the wire dimension. Howev
in this case, the wire may suffer aG→X transition and be-
come type-II, as already observed in Ref. 11.

For sake of comparison, Fig. 3 also shows the position
the ground level for a 50 Å GaAs/AlGaAs quantum well as
function of the barrier Al concentration. No reduction
quantization energy is observed at high Al concentrati
Such behavior is independent on well width. We can the
fore conclude that,the strength ofG-X mixing increases with
the reduction of dimensionality. This can be explained by
considering that valley mixing results from breaking of t
translational symmetry in the presence of heterojunction

The three lowest subband dispersions~along the wire-free
direction! of a V-shaped wire are shown in Fig. 4. As se
for the T structure, the dispersion consists of a low-ene
region related to theG valley of GaAs followed by a flat

FIG. 4. Conduction band dispersion for the first three levels
the V-shaped quantum wires. The symbols represent the calcu
points while the continuous lines represent an interpolation of th
points. The dashed line represents the first conduction band f
V-shaped wire with AlGaAs barrier and a barrier high of 0.15 e
Spin ~quasi! degenerate states are not shown.
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region related to the barrier states. The confinement ener
at k50 for the first three subbands are 55, 73, and 88 m
respectively, which are lower with respect to those of the
wire with AlAs barriers. The flat portion of the dispersio
also presents distinct levels, a consequence of the quan
tion of superlattices states. In T-shaped wire, barrier sta
are not quantized.

For comparison, Fig. 4 shows the first subband dispers
for a V wire obtained with AlGaAs barriers assuming a ba
discontinuityDEc of 0.15 eV. This is the value recently use
as an effective barrier height to mimic the confinement of
AlAs/GaAs superlattice.3,31For the V wire with AlGaAs bar-
rier we obtain a confinement energy atk50.0 for the first
and second subband of 42 meV and 55 meV, respectiv
very close to those calculated in Refs. 3 and 31~43.31 and
57.28 meV, respectively!. However, these confinement ene
gies underestimate those obtained with the real superla
barrier. Indeed, the energy difference between the two s
ations is equal to 13 meV for the first subband and increa
up to 18 meV for the second. A better agreement is fou
when the barrier Al content is increased atx50.5.

In conclusion, a tight-binding analysis of QWR ha
shown that band mixing between wireG states and barrie
X states can drastically change the electronic propertie
the conduction band in T- and V-shaped structures.G-X mix-
ing is enhanced in quantum wires, where the translatio
symmetry is broken in two dimensions, with respect to s
tems where the symmetry is broken in just one dimens
~e.g., quantum well, superlattices!. Such mixing cannot be
accounted for within the effective-mass approximation sin
the band discontinuity is not simply given by the profile
the G point energy. As a consequence, all effective-m
results related to the barrier height can be affected by
restriction of the effective-mass model.G-X mixing can re-
duce, for high alloy concentration, the quantization ener
We have found for the T wires an optimal Al content for th
barrier (x50.7) which maximizes the quantization energ
and the energy separation between ground level and hi
excited states.

We acknowledge TRACS support.
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