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Abstract

Peculiar waveguide properties of quantum
waveguides are revealed using a new
transfer matrix based approach in the
numerical analysis of the quantum well
structures. The approach is built on the
solution of the 2D Schrodinger equation for
the oblique incidence of an electron at the
semiconductor hetero-interfaces. Both the
interface parallel and interface
perpendicular complex electron wave
numbers are formulatedin each layer of the
structure. They help us to find bound states
of the electron in the quantum structure via
an analysis of the global transfer matrix
coefficients. Successively, the rigorous
curves of the real mode diagram of the
quantum waveguide can be evaluated. As
a particular result of it a new type of the
quantum structures acting as a selectively
coupled quantum waveguide pair is shown.
A new effect, the longitudinal mezoscopic
periodical charge distribution occuring
along the waveguide structure, has been
predicted.
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Introduction

Secmiconductor layered microstructures have been
used extensively to study many new guantum effects
based on the quantum and wave-like nature of fermions.
In the crystalline semiconductor heterostructures we

can observe the significant differences in the effective
mass and even the distinguishable anisotropic particle
mobility due to which the cffective mass anisotropy is
expectable here [1], [2]. The last seems to have particu-
lar importance for behaviour of the confined Bloch
electrons in semiconductor layered structures. Re-
cently it has been proposed that heterojunction quan-
tum well structures can act as electron waveguides in
which ballistic behaviour along the planes of the hetero-
interfaces has been predicted [4]. This paper presents
an extensive theoretical study of the waveguide nature
of slab multilayer semiconductor microstructures. The
aims of this work were to establish, within a simple
kinetic encrgy based formalism, a pred:ctwc model for
the electron waveguiding properties of single and cou-
pled quantum well structures.

Philosophy of the quantum waveguides

Ou approach to the quantum well structures is
based on an examination of the behaviour of an electron
wave incident at any angle on the confining barriers of
single and double quantum well structures as the wave
propagates along the planes of the hetero-interfaces. As
a ground of our derivation we have the double parallel
interface of the three mobility anisotropic semiconduc-
tor layers, {1}, {2} and {3}, with the square shaped
band edge potential function V{x} forming the quantum
well. The Schrodinger equation for an electron propa-
gating in such a media with potential function
V{x} = V, has the form

h 1
io*® 2
25 m; d

2

: (x,y,z) + [E —Vi] o (x,y,z) =0

i= {1} {2} {3}; j=xyz €Y

where 'mj" are the effective mass tensor elements for
j =x,y,z directions in each of the layers i = {I}, {2}
and {3}.

It is well known that the electrons can be confined in
between the interfaces, obeying perpendicular (x) di-
rection cross-resonance. In the case when the electrons
have the non-zero component of velocity in interface-
parallel (v} or (z} direction, the electrons are guided
along the interfaces by total reflections thar occur even
when the electron total energy is higher than the poten-
tial edges of the well. How it was shown basically in [4],
such the structure has the feature of the waveguide.

Energy based waveguide analysis

Solution of (1) inx-y plane for an electron incidence
at the interface reveals a possibility that the total reflec-
tion of the electron at the boundary can occur under
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certain conditions. Taking into account the possible
differences of the effective masses in the x and y direc-
tions the critical angle of the total reflection at the
heterointerfaces can be expressed as:

"
O, =tan z_k; =
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m E-—Vznz—E(E—Vi)
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provided E = V,, where V, is the height of the confin-

ing barriers and k k_are the magnitudes of the wave
vector and the vector component respectively, A similar
formula, equation (1) in [3], has been derived for the
simple mobility isotropic case m: = m; . The totally
reflected electron wave, bouncing in x cross-resonance
and propagating along y, must comply the general
boundary conditions at the interfaces. They express, in
fact, that the variation of all participated wave fields
(incident wave, reflected wave and penetrating wave)
along the boundary have to be identical. It means in our
case:
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Fig. 1
Mode diagram for square-shaped potential well based slab
efectron - waveguide with Vi =000V,
tmy = 'my = 0.2my; Va = ~0.2 8V,

2y =my = 0.1my; V3 =000V; my="my=02m,,
w =7.0nm,

where symbol ?ﬁ refer to the electron kinetis energy
of its y-direction motion. Figures (3) can be used for
formulating the phase coincidence condition of the
electron wave cross-resonance (4).
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Solution of that complex cross-resonance condition
for the integer p = 0 gives the allowed longitudinal
phase constants k, as a function of the total electron
energy E. The curves obtained for each p specify the
feature of the confined waves in the structure and form
an mode diagram of the electron waveguide, see for ex.
Fig. 1 and 2. The equation (4) was solved cfficicntly
using a complex transfer matrix method. It was devel-
oped from standard transfer matrix approach which is
frequently applied to the problems connected with the
electron tuneling [5}.

Results

The mode diagrams k(E) are calculated for the
square well shaped potcnnal function V{x) and for two

" different stepwisc cffective mass functions m *here. The

allowed energy sub-bands of our electron waveguide
are specified by this way, see figs. 1. and 2. Solid lincs
show the mode curves while dashed ones depict the
margins of the alowed space for the mode propagation
constant k,. How it is shown, the actual shape of the
mode curves weakly approaches parabola and, surpris-
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Fig. 2

Mode diagram for square-shaped potential well based slab
electron waveguide with Vi = 0.08eV;

‘my = "my =0.1m,; V= ~D.28V,
2my = 2my = 0.2m,; V3 =006V *my =°my=0.1m,,
w =7.0nm,
mgly, it strongly depends on both the effective mass
m * differences and the lower cutoff energy level which
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Mode curve of single subband slab electron waveguide as a
function of the potential well width w; Vi =0.0eV,
Vo= —03eV,

T = Tmy = 1.0 me;
3 ®my = 1.0 ma:

2my = 2my, = 0.1 my; V3=008V,
w varies from 0.25 to 1.0 nm.

My =

is determined by the pure transversal resonance in the
well. To be rigorous, there are cases when the shape of
the mode curves fairly differ from the parabolic one, see
fig. 3., which have substantial influence to the collective
electron behaviour here, namely to the energy density
of the electron states in such the clectron wavegnide. As
follows from (3) and (4), there are two basic conditions
for allowed k, here. They limit the allowed area in the
mode curve diagram, sce the dash linesin the figs. 1. and
2. If the effective mass component into the well comply
with the condition zm; < max ( lm; , 3a'“n;) the allowed
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Intersection of the mode curves for the two electron wavegu-
ide to be coupled, dash curves describe the situation under
the coupling distance d = 6.0 nm;

electron waveguide a): Vy = 0.0eV;

Ymy = 'my = 0.1002 me, (Alo.4Gao.eAS); Ve = —0.149 &V,
2my = 2my = 0.0836m,; wa=06nm, (Alo 2Gao sAs);
Va = 0.08V; *my = 3my = 0,1002 my; .
elactron waveguide b}: Vi =008V,
Ty = 1my = 0.1002 ms,; Wy = —0.52 eV,
2my = ?my = 0.0541 m,, wp = 1.05nm, (Ino.3Gao.7As);
Va = 0.0eV; *my = 3my = 0.1002 m,.

area for the k (E) curves is closed and each mode has
its upper cutoff. All mode curves now begin in their
lower cutoffs at k, = 0 with energies E < min (V), ;)
related to the pure transversal electron resonance like
itis shownin fig. 1.In case of Zm; = max ( lm; ) Jm; ) the
upper cutoff does not exist at all and, moreover, there
are modes which begin at the energies
E > min (V,V,) above the edges of the well and which
have no origin in pure transversal cross-resonance, see
fig 2. Knowledge on the potential and mass relations to
the mode curve shape allows us to design the complex
electron waveguide structure with predictable perfor-
mance. Using it, we can design the clectron waveguides
with different mode curve position and steepness.

As a particular result we report here the possibility
of creating an electron waveguide structure with a peri-
odic corrugation in the longitudinal charge distribution.
The periodic distribution is attainable even when the
broad energy spectrum feeding of the electron wavegu-
ide is applied. This effect is produced by the selectively
coupled pair of asymmetric electron waveguides (inset
of fig. 5) which offer a sharp mutual crossing of their
original mode curves. Energy coupling evoked by plac-
ing ong electron waveguide close to the other canses the
coupled mode curves to deviate from the original shape
but only closely around the point where the im-
perturbed mede curve intersects, see fig. 4. This feature
brings about the energy selective mode coupling,

Conclusion

The charge distribution in the coupled waveguides
is shown in fig. 5 for the case of only one electron
waveguide (a) is fed with the broadband electron energy
spectrum  E € (0.02, 0.12) ¢V with constant spectral

Fig. &
Charge distribution in coupled slectron waveguides, for con-
figuration see fig. 4., slectron waveguide a) is fed by the
eiectrons with constant spectral density in range 0.02 to
0.10 eV above the potencial edge of the wells.

distribution. Fig.6. shows the actual shape of selective
coupling coefficient. The eventual presence of any elas-
tic scattering mechanisms was neglected there. Dis-
cussion of that shows that an additive confinement of
the moving electrons in (z} direction can help to solve
this problem substantially. Destructive influence of the
nonelastic scattering processes can be limited by the
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setting the original mode cross-point to the low energy
range comparable to the longitudinal phonon energies.
The longitudinal periodicity of the charge variation can
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Fig. 6
Plot of the relative coupling coefficient on the energy of the
electron wave for tha identical case with thatin figs. 4. and 5,

be adjusted by the variation of the mutual electron
waveguide distance. Coincidence of the periodic charge
distribution with an optical wave can be easily arranged
and consequently new opto-electronics and electronic
devices can be envisaged.
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