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Tunneling Between Multimode Stacked Quantum Wires
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Tunneling between vertically stacked quantum wires has been investigated. The wires
are assumed to have the dimension perpendicular to the tunneling barrier much smaller
than the other transverse dimension, so that only the lowest mode in such direction is to
be taken into account, while many modes in the other direction are filled. A model with
hard-wall confinement has been used for the investigation of the transport problem, and
the tunneling conductance has been computed, via a recursive Green’s functions
procedure.
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1. INTRODUCTION

The possibility of fabricating heterostructures
containing two weakly coupled and independently
contacted 2DEGs (two-dimensional electron
gases) has originated several proposals for possible
devices exploiting controlled tunneling between
such 2DEGs. The basic idea, proposed by
Sakakibara et al. [1], consists in fabricating two
stacked 2DEGs with different thicknesses, so that
in normal conditions the ground states for the two
quantum wells are not aligned. By applying a
potential to a metallic gate obtained on top of the
heterostructure, it is possible to alter the potential
landscape and to line up the two ground states, so
that tunneling will be possible. If we want to

observe interference effects dependent on the
length of the metallic gate, the situation is,
however, more complex than what is discussed in
Ref. [1]. While in a quantum wire the number of
transverse modes is limited or we can even achieve
monomode propagation, in a 2DEG the number
of transverse modes is not limited and the
continuous distribution of wavevectors may tend
to wash out interference effects. In particular, the
dependence of the tunneling conductance on the
gate length will differ from that reported in Ref. [1]
whenever the number of propagating modes is
significantly larger than one.

This happens because each pair of modes
contributing to conductance will be associated
with a different transfer length, corresponding to
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the length over which complete transfer from one
waveguide to the other occurs. Therefore, as a
function of the coupling length, the tunneling
conductance will not exhibit a periodic behavior,
but, rather, a superposition of different periodi-
cities. In the limiting case of two laterally
unconfined 2DEGs the number of occupied
transverse subbands is practically infinite and
any periodic pattern as a function of gate length
should disappear. However, if the transverse
dimension is limited by etching, thus defining
two stacked quantum wires instead of two stacked
2DEGs, it is possible to limit the number of
transverse modes contributing to conduction, and
therefore to preserve some sort of periodic or
quasi-periodic behavior. This is the case investi-
gated in the present paper: we study the tunneling
conductance between two quantum wires with
rectangular cross-section (with a large aspect ratio,
greater than 10) separated by a barrier along the
longer side.

2. MODEL

Our model consists of two vertically stacked
quantum wires with a rectangular cross section,
as shown in Figure 1. At the outer ends, the two
quantum wires are separated by hard walls and are
therefore completely independent, so that the
electron wave functions are completely localized

Top wire

Bottom wire

Tunneling barrier z

FIGURE Sketch of the stacked quantum wire structure.

in each of them, while in the "coupling region"
they are separated by a tunneling barrier of finite
height. The central section of the coupling region
corresponds to the area covered by the metallic
gate used to shift the potentials of the two
quantum wires. This section is connected to the
outer sections by means of a region with graded
potentials, with a length corresponding to that
over which the gate potential is effectively
screened. In order to reduce the computer time
used for the simulations and. considering that most
of the relevant physics is preserved unchanged, we
have included only one intermediate section
between the central region and the outer ends,
with a potential landscape corresponding to an
average of those relative to the adjacent sections.
The gate bias is assumed to tilt the potential
linearly along the vertical direction. In order to
solve the transport problem along this structure,
we use the quasi-3D approach that we developed
for the investigation of electron waveguide cou-
plers [2, 3]: the structure is divided, along the
longitudinal direction, into a number of slices,
each of which has a constant potential profile. The
Schr6dinger equation is solved within each slice
and the eigenvalues and eigenfunctions thus ob-
tained are used to evaluate the tunneling conduc-
tance by means of a recursive Green’s function
approach [2].

In the case of the present structure we are faced
with an additional problem: the effective mass in
the region corresponding to the barrier dividing
the two quantum wells is different from that in the
wells themselves. Let us assume a reference system
with y along the vertical direction, perpendicular
to the tunneling barrier, z along the longitudinal
direction, parallel to current flow, and x along the
horizontal transverse direction (see Fig.l). The
Schr6dinger equation in each slice reads"
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We can try a solution of the type X (x, y)
exp (ikz) (more generally it would be X (x, y)
[A exp (ikz) + B exp (-ikz)]): the transverse equa-
tion (on the x-y plane) can then be written as

__]2 02X(X, y)
2m* (y) Ox2

(2)

If we define Am* (y) m* (y) m;, where m; is
the effective mass in the quantum wells, and

Ez- h2/(2m;)k2, we get:

--h: 02X(x,y) -/72 0 [ 10X(x,y).]
2m*(y) Ox2 20y [miiy Oy ]

Am*(y)
Ezm + Am* (y)

X(x,y)

+ V(x,y)x(x,y) (E- Ez)X(x,y).

(3)

We notice that if the term EzAm* (y)/((m)
+Am*(y)) can be neglected compared to V(x, y),
this is just a standard 2D Schr6dinger equation
with variable effective mass. Such term is nonzero
only within the barrier, where Am*(y)/(m+
Am*(y)) is, however, always smaller than 0.5
(0.44 for GaInAs/AlInAs and 0.264 for GaAs/
A1GaAs). Furthermore it is clearly Ez < Ef, where

Ef is the Fermi level. Thus, as long as we choose
values of the Fermi level that are less than one half
of the barrier height, the transverse problem can
be reduced to that of solving a conventional 2D
Schr6dinger equation, without introducing too
large an error.

3. NUMERICAL PROCEDURE
AND RESULTS

The Schr6dinger equation in each transverse slice
is discretized on a uniform finite-difference mesh,
and the eigenvalue problem is solved with an
efficient iterative Chebishev-Arnoldi technique.

The typical size of the mesh varies between 20 x
50 and 20 350 points, and the lowest eigenvalues
up to the 50th are evaluated. The presence of a

varying effective mass along the y direction is
treated with the standard formalism ensuring the
continuity of the wave function and of its normal
derivative at the interface [4], as shown in Eq. (1).
The transmission coefficients between the two

waveguides are then computed with the modified
recursive Green’s function method [3], and finally
averaged over the derivative of the Fermi function,
in order to take into account the effects of
temperature [5] (all of our calculations have been
performed for a temperature of 1.6 K).
We have taken into consideration the parameter

values for two different material systems: a)
GaInAs/AlInAs and b) GaAs/A1GaAs. For mate-
rial system a) we have considered an effective mass
m*=0.042 m0 in GalnAs and m*+ Am*= 0.075

m0 in the barrier region, m0 being the mass of the
free electron. A value of 0.5 eV has been chosen for
the conduction band discontinuity. For material
system b) an effective mass m*= 0.067 m0 has been
considered in GaAs and m* + Am*= 0.091 m0 in
the barrier region. The conduction band disconti-
nuity has been assumed to be 0.3 eV.

In all the cases we have studied, the thicknesses
of the heterostructure layers have been kept
constant, while the width along x of the quantum
wires has been varied. The thickness of the upper
wire along y is 9 nm, that of the lower wire 7 nm
and that of the barrier 4 nm. All the energies are
indicated with reference to that of the lowest edge
of the bottom quantum wire.

In Figure 2 we report the tunneling conductance
between the input of one wire and the output of
the other, in units of the conductance quantum
Go 2 eZ/h, for a GaInAs/AlInAs structure with
widths of 50 nm (dotted line), 100 nm (dashed line)
and 200nm (solid line). The tunneling conduc-
tance is plotted versus the potential shift applied to
the upper edge of the top quantum wire (the
potential, as discussed before, is assumed to vary
linearly in the vertical direction). We have
considered only positive values of such shift, since
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FIGURE 2 Tunneling conductance (in units of the conduc-
tance quantum) for the GalnAs/AllnAs structure versus the
applied potential shift, with wire widths of 50nm (dotted line),
100nm (dashed line) and 200nm (solid line). The Fermi level
has been set at 0.24 eV.

the top wire is thicker than the bottom one and
thus it needs to be raised to a higher potential in
order to line up the energy levels in the two wires.
The coupling length is 200 nm.
For the results shown in this figure, a Fermi

level of 0.24 eV has been considered and up to 50
transverse modes have been included in the
calculation. A clear peak, reaching a maximum
for a bias of approximately 198 meV, is visible,
corresponding to the line-up of the energy levels
associated with the subbands in the two wires. At
this point it is useful to draw a comparison
between the situation for devices in which the
coupled wires are obtained by lateral confine-
ment[6] in the same 2DEG and the present
situation. In the former case all the subbands line
up for the same bias condition only if the two wires
are identical and, even in such a case, only the
highest ones give a significant contribution to the
tunneling current, because they have the largest
transverse wave vectors, in the direction orthogo-
nal to the potential barrier. In the latter case,
instead, the spacing between the subbands is
determined by the width of the wire along x,
which is the same for both wires, and therefore all
of them line up at the same time. More im-
portantly, all the modes give a similar contribution

to the tunneling current, because the wave vector
orthogonal to the tunneling barrier is the same for
all of them. The result is that if the width of the
wire increases, the height of the conductance peak
also increases, due to the contribution of a larger
number of modes, but its shape or position does
not vary significantly.

In Figure 3 we report the tunneling conductance
results for the GaAs/A1GaAs material systems, for
structures 50 nm (thin line) and 100 nm (thick line)
wide. Also in this case the coupling length
(corresponding to the length of the biasing gate)
is 200nm, while the Fermi level has been set at
0.15eV. The peak is located approximately at
95 meV: a value much lower than that in Figure 2,
because of the significant difference in the effective
mass value.
We have then investigated the behavior of the

tunneling conductance as a function of the
coupling length. If only one mode were contribut-
ing to the tunneling current, we would expect the
sinusoidal oscillation predicted also by the coupled
mode theory used for the analysis of optical
waveguides; in this case, however, there are many
contributing modes, each of which is associated
with a different transfer length. As a result, the
tunneling conductance exhibits some complex
structure, depending on the number of modes
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FIGURE 3 Tunneling conductance (in units of the conduc-
tance quantum) for the GaAs/A1GaAs structure versus the
applied potential shift, with wire widths of 50 nm (thin line) and
100nm (thick line). The Fermi level has been set at 0.15 eV.
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and on the relationships between the related
transfer lengths.

In Figure 4 the tunneling conductance is plotted
versus the length of the coupling region, for the
GalnAs/AllnAs material system and for three
different choices of the parameters. Two curves
have been obtained for a width of 50nm and a
Fermi level of 0.22 eV (dashed line) and of 0.24 eV
(thin line). The third curve (thick line) is for a
width of 200 nm and a Fermi level of 0.24 eV. In all
three cases the applied potential shift is 196 meV.
A rather complex structure can be observed, due
to the simultaneous presence of several pairs of
coupled modes, each of which is characterized by a
different transfer length. For the lowest value of
the Fermi level we have an almost monomode
propagation and the tunneling conductance oscil-
lates sinusoidally.

Results for the GaAs/A1GaAs material system
are reported in Figure 5, where the thick curve and
the thin curve have been obtained for a Fermi level
of 0.16 eV and wire widths of 200 nm and of 50 nm,
respectively. The dashed curve is instead for a wire
width of 50 nm and a Fermi level of 0.13 eV. The
applied potential shift is 100.5 meV. Also for this
material system we observe a transition from a
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FIGURE 4 Tunneling conductance (in units of the conduc-
tance quantum) for the GalnAs/AllnAs structure versus the
coupling length, with a wire width of 50 nm and a Fermi level
set at 0.24eV (thin line) or at 0.22eV (dashed line). The thick
line represents the results for a wire width of 200nm and a
Fermi level set at 0.24eV. For all three cases the applied bias
potential is 196 meV.
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FIGURE 5 Tunneling conductance (in units of the conduc-
tance quantum) for the GaAs/A1GaAs structure versus the
coupling length, with a wire width of 50 nm and a Fermi level
set at 0.16eV (thin line) or at 0.13eV (dashed line). The thick
line represents the results for a wire width of 200nm and a
Fermi level set at 0.16eV. For all three cases the applied bias
potential is 100.5 meV.

quasisinusoidal dependence of the tunneling cur-
rent on the coupling length (when just one pair of
modes contributes) to a rather complex behavior.

4. CONCLUSIONS

We have investigated the tunneling conductance
between two stacked quantum wires, as a function
of an applied transverse electric field and of the
coupling length. The conductance peak that is
observed when the subbands in one wire line up
with those in the other wire has a height depending
on the total number of occupied subbands. Thus a
relatively low "on" resistance can be achieved,
which makes the investigated structure suitable for
operation as a controlled switch.
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