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Conduction-band mixing in T- and V-shaped quantum wires
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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 baXieetated 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.
[S0163-18207)50628-X

Quasi-one-dimensiondlLD) confinement of electrons in In the present study, we have used@s* tight-binding
semiconductor nanostructurese.g., quantum wires including spin-orbit interactiof® The tight-binding param-
(QWR’s)] has been demonstrated in a variety of structuresgters used in this calculation are adapted from Refs. 16 and
based on direct etching, strain-induced quantum confinel9, for T=4 K samples with a GaAs energy gap of 1.52 eV
ment, growth on vicinal substrates and so on. Recently, howand an indirect AlAs gap of 2.24 eV. Effective masses are
ever, two approaches have attracted much attention. The firfir=0.0677 for GaAs and my;=0.9 for AlAs
one consists in the growth of V-shaped quantum wire on 4! =longitudina). The energy difference betwedn mini-
(1000 GaAs substrate patterned witf011]-oriented vV ~ mMum of the first GaAs conduction band and Keninimum
grooves of the first AlAs conduction band i x=160 meV?° We

In this case, the GaAs wire is embedded in a AlAs/GaAsShould notice that experimental dgterminationszs@;( vary
superlattice(SL) which constitutes the confining barrier for Petween 100 meV and 200 méV.*The number of atoms

the electron€:® The second one is obtained from a cleaved-CorlSIdered in the(large) unit cell of the wire is around

edge overgrowth technique which can produce very smal?o 000 and in all the cases a check on the convergence of the

(50 A) GaAs T-shaped wirek? Here, the confining barriers results, as a function of the number of atoms, has been con-
consist of AlGaAs ([))r oure AIAS Iay'ers 9 sidered. Practically, all results are affected by a unit-cell

. runcation error smaller than 1 meV. Periodi ndar n-
Up to now the calculation of the band structure of thesetau cation error smajer tha © eriodic boundary co

i . has b limited by the h di ) itions are used at the boundary of the unit cell. The large
quantum wires has been fimited by the huge dimension ofy,yiitonjan matrixH which results from such realistic di-

the wire unit cell. Thek-p method in the context of the ansions of the unit cell, has been diagonalized by using a
envelope funé:téon approximatiofEFA) is by far the most | ancz0s algorithm without reorthogonalization. Following
widely used?®~ the folded spectrum methdé&® we do not directly diago-

However, it has been shown that, despite the success Wylize the Hamiltonian H but rather the matrix
quantum wells, EFA breaks down for small quantum wirespo—=(H—\1)2 where\ (energy offset defines an energy in
and quantum dot¥™ The restrictions of the EFA become the vicinity of which the eigenvalues are searched. With re-
very serious when indirect gap semiconductors are used igpect to the standard Lanczos algorithm, we have found that
the wire (for example in Si wiresor in the barriefAlAs or  the lowest eigenstates of the associated tridiagonal matrix
AlAs/GaAs superlattices For these cases the useaffective  visit all the excited states oA before collapsingLanczos
parameterse.g., effective barrier height, is highly question- phenomenjgon the lowest eigenvalue &f. This allows us to
able. identify high-energy states during the Lanczos iteration.

This paper presents a theoretical study of T- andEigenvectors(wave functiony can be obtained from the
V-shaped QWR'’s based on a tight-binding model which reknowledge of the eigenvalues by using the inverse iteration
laxes the restriction of EFA, maintaining at the same time theechniquet>2® The overall efficiency of the Lanczos/inverse
possibility to treat realistic structures. The latter characterisiteration approach is very high and a typical band structure
tic, which implies calculations with more than“@toms in  for realistic wire geometries can be carried out in a few hours
the unit cell, has been made feasible by recent developmentd calculation on a workstation. Further details will be pub-
in diagonalization algorithm&~1° lished elsewheré’

Empirical tight-binding calculations have already been T-shaped quantum wires are those of Ref. 5 and consist of
performed for nm-size rectangular QWR%Reduction of an AlGaAg500 A)/GaAg50 A) SL grown along thg001]
the full tight-binding scheme to the effective bond orbital direction and a 50 A quantum well in tH&10] direction.
method (EBOM) has also been considered for V-shapedThe profile of the V-shaped quantum wire is that obtained
wires!” The latter approach is, however, similar tokap ~ from a TEM micrograpt:®?® The confining barriers are cre-
method, thus valid only for states near the zone centerted by embedding the GaAs V wire in(AlAs) ,/(GaA9g
Promising semiempirical pseudopotential metdbdsave  SL. The use of a SL with respect to the conventional AlGaAs
been at present applied to ideal QWR geometries. barriers reduces the problems associated with the presence of
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FIG. 3. Energy of the first two quantized levels in the conduc-
tion band for the T-shaped wiresymbols and dashed lineas a
function of Al barrier composition. The first quantized level for a 50
A GaAs quantum wel{thin continuous lingis shown for compari-
son.
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Figure 2 clearly shows two distinct dispersion regions.
The first one close t&=0 is related to the GaAE valley of
the wire. The associated electron wave function is confined

-100

| 1 | 1 1 1 1 H 1 H H
200 00 0 100 200 to the wire and the calculated band dispersion is similar to

(1191 that obtained in the one-band effective-mass approximation.

However, the electron effective mass in this region increases
_ ) _ from m* =0.075 for QWR’s with Al sGag ;As barriers to
FIG. 1. Unit supercell u_sed in the calculations for the V-shapedy* — 088 for QWR’s with AlAs barriers.
and T-shaped quantum wires. The second region at largéts displays a flat band dis-
alloy in the nanostructure. The unit cell used in our calculaP€rsion with high electron mass. Since the energy onset of
tions for the V- and T-shaped QWR’s is shown in Fig. 1. this region varies with Al barrier content, those states are
The first conduction band of the the T-shaped wire forclearly related to thex valley of the AlGaAs barrier. The
three different alloy compositions in the barrier is shown incorresponding wave function of these states is mainly ex-
Fig. 2. The calculation fully includes mixing between te tended in the barriel related states of the wire can still be
valley of the wire and theX valleys of the barrier. found for energies higher then tieminimum, however, the
Experimentally?® indeed, it is well known that mixing in- Strong coupling betweeX and I' states will reduce their
duces a reduction of the barrier height with respect to thdifetime.” _ _
value obtained by simply considering the band discontinuity The energy of th&k=0 state of the first two conduction

X (A)

at theI” point. subbands as a function of the barrier alloy concentration is
shown in Fig. 3. By increasing the Al content one should
210 , i . : expect a continuous enhancement of confinement due to the
e Rt higher and higher barrier. However, due TheX mixing, the
2.00 | /ZIMG%AS barrier quantization energy reaches a maximum aroxrd.7 and
S decreases for higher Al contents. Such behavior would not
1.90 + i — be detected by using an effective-mass approximation where,

Al, Ga, ,As barrier by increasing the alloy concentration and consequently the
1 barrier height, the quantization energy would tend to saturate
to the value obtained from the infinite barrier model. As
— expected]'-X mixing increases for higher energy states. In-
AlAs barrier deed, wires with AlAs barriers show a reduction of 15 meV
] for the second level position and only 5 meV for the first one
with respect to the ones with flGay ;As barriers. We also
130 %0 005 .10 015 notice that the energy difference between first and second
k[A™] level is higher for an Al concentration betwegr0.6 and
x=0.7 and it is strongly reduced for AlAs barriers. Such
FIG. 2. First conduction band dispersion of the T-shaped quanobservation has important practical implications, as it defines
tum wire for three different alloy compositions of the barrier. The an optimal level separation, a property which controls, e.g.,
symbols represent the calculated points while the lines representthe characteristicglinewidth, threshold, linearityof QWR
cubic interpolation of these points. Spiguas) degenerate states lasers. Thus, the use of &a,_,As barriers for T-shaped
are not shown. wires with x around 0.7 leads to high quantization energy,
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region related to the barrier states. The confinement energies
at k=0 for the first three subbands are 55, 73, and 88 meV,
respectively, which are lower with respect to those of the T
wire with AlAs barriers. The flat portion of the dispersion
also presents distinct levels, a consequence of the quantiza-
tion of superlattices states. In T-shaped wire, barrier states
are not quantized.

For comparison, Fig. 4 shows the first subband dispersion
for a V wire obtained with AlGaAs barriers assuming a band
discontinuityAE. of 0.15 eV. This is the value recently used
as an effective barrier height to mimic the confinement of the

Lss . , , AlAs/GaAs superlatticé>! For the V wire with AlGaAs bar-

0.00 0.05 _, 010 0.15 rier we obtain a confinement energy lat0.0 for the first
k[A™] and second subband of 42 meV and 55 meV, respectively,

very close to those calculated in Refs. 3 and(83.31 and

FIG. 4. Conduction ba_nd dispersion for the first three levels of57_28 meV, respectivelyHowever, these confinement ener-
the V-shaped guantum wires. The symbols represent the CaICUIategies underestimate those obtained with the real superlattice
po!nts while the contl_nuous lines represer_lt an mterpo_latlon of thes arrier. Indeed, the energy difference between the two situ-
points. The dashed line represents the first conduction band for a . . . .
V-shaped wire with AlGaAs barrier and a barrier high of 0.15 eV. ations is equal to 13 meV for the first subband and Increases

ohap ¢ up to 18 meV for the second. A better agreement is found
Spin (quas) degenerate states are not shown. when the barrier Al content is increasedxat 0.5.

In conclusion, a tight-binding analysis of QWR has
shown that band mixing between wifé states and barrier
states can drastically change the electronic properties of
e conduction band in T- and V-shaped structureX mix-

1.70 — . .

1.65

Energy [eV]

1.60

reduces the penalty due ¥ states at too low energies and
maximizes the energy separation between first and high
levels. The quantization energy of the ground level can b‘%h

further increased by reducing the wire dimension. HoweverIng is enhanced in quantum wires, where the translational

in this case, the wire may sufferIan transition and be- symmetry is broken in two dimensions, with respect to sys-
corggrtys/glzlI(,)fat:soijlre;?sylo2bls:ierv§da||20RSe;.o\}é. the position 0{ems where the symmetry is broken in just one dimension
the ground level forpa 50 A’Ga?ﬁ;s/AIGaAs quantumpwell asa €.g., quantum yvejl, superlatti.c)esSuch mixing cannot b.e
function of the barrier Al concentration. No reduction of accounted for Wlt.hm. thg effect|y e-mass approximation since
: the band discontinuity is not simply given by the profile of

guantization energy is observed at high Al concentration , .
Such behavior is independent on well width. We can there:[he I' point energy. As a consequence, all effective-mass

fore conclude thathe strength of -X mixing increases with results related to the barrier height can be affected by the

the reduction of dimensionalityThis can be explained by 'EStriction of the effective-mass modél:X mixing can re-
S onality pa y duce, for high alloy concentration, the quantization energy.
considering that valley mixing results from breaking of the

i . . . We have found for the T wires an optimal Al content for the
translational symmetry in the presence of heterojunctions.

. : : barrier x=0.7) which maximizes the quantization energy
The three lowest subband dispersigab®ng the wire-free . :
direction) of a V-shaped wire are shown in Fig. 4. As seenand the energy separation between ground level and higher

for the T structure, the dispersion consists of a Iow-energye xcited states.

region related to thd" valley of GaAs followed by a flat We acknowledge TRACS support.
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