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It has been previously demonstrated that it is possible to form the NOT gate in a coupled
semiconductor waveguide structure in III–V materials. However, to this point, investigations have
assumed the materials to be perfect. In this article, we present results of a semiconductor waveguide
inverter in GaAs and InAs with disordered material effects included in the simulation. The behavior
of the device clearly shows that with the inclusion of mild to moderate disorder in these materials,
waveguide NOT gate function is still possible. Nevertheless, under heavy disorder in the system,
clear switching becomes impossible. ©2003 American Vacuum Society.
@DOI: 10.1116/1.1589521#
ry

t
in

s
t
o
ct
e
ve
en
th
id

as
i

v
di

ri
s
t

lle
rri

as
nd
m
hi
u
p
id
m

en
s
ti

k-

put

and

i
cited
ial.
put
nly
di-
d as
ula-
of

ing

we
the
th
ry
ch

in
s
er-

iod-
ch
is
m.
p,

ode
his
tem,
the
of
om
tin-

ma
Much of quantum computation and information theo
has been structured around the use of the qubit.1 Two or
more bits of quantum information are coupled together
achieve basic logic structures for subsequent process
whereby the most basic and essential coupling of qubit
the controlled not gate~CNOT!. Before a CNOT construc
can be realized, we must first demonstrate the operation
NOT gate. It has been shown that, in coupled semicondu
waveguide structures, it is possible to transfer the incid
electron density from an input waveguide to an output wa
guide using either the application of a magnetic field perp
dicular to the direction of density propagation or through
addition of an applied bias across the coupled wavegu
structure.2 While the theoretical operation of the device h
been shown to work, the materials in which this device
fabricated have been assumed to be perfect. Here, we in
tigate whether the semiconductor switching process, in
ferent III–V semiconductor hetrostructures~GaAs and InAs!,
remains possible in the presence of disorder in the mate
We present the results of studies on GaAs- and InAs-ba
semiconductor waveguide invertors, with attention given
the role of disorder and dissipation.

The structure studied here is shown in Fig. 1. Two para
waveguides, separated by an electrostatic potential ba
are coupled via a tunnel region. The input~top! waveguide
has a uniform width of 35 nm from start to finish, where
the output~bottom! waveguide is narrowed at the source e
with a width of 25 nm and then widens to a width of 45 n
after the coupling region in the middle of the structure. T
wider output region assures that modes propagate thro
the coupling region and do not decay. The electrostatic
tential barrier that separates the input and output wavegu
begins with a width of 50 nm and then narrows to 25 n
after the coupling region. To achieve a more realistic pot
tial profile for the barrier, the initial hard wall potential ha
been smoothed with a Gaussian distribution. The poten
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barrier, however, is still sufficiently high to prevent any lea
age~from the input waveguide to the output waveguide! and
assures all transfer of density from the input to the out
occurs in the coupling region.

The Fermi energies in the structure are chosen to be 2
9 meV corresponding to carrier densities of 5.631010 and
931010 cm22 in GaAs and InAs, respectively. These Ferm
energies have been chosen so that only one mode is ex
in the input waveguide of the structure for a given mater
Since the input waveguide structure is wider than the out
waveguide, the mode that is excited at this energy will o
propagate in the wider input waveguide. The particular
mensions of the waveguide structure can be easily scale
long as the constraints mentioned are honored. This sim
tion is performed on a discretized grid using a variation
the Usuki mode matching technique via the scatter
matrix,3 using a grid spacing of 5 nm.

With the Fermi energy in the system defined, in Fig. 2
now vary the coupling length in the materials. We see
initial state of the qubit is plotted against the coupling leng
variation for GaAs and InAs. We find that there is a ve
periodic pattern in the probability density transfer at ea
respective Fermi energy. In Fig. 2~a!, for GaAs we find a
period of approximately 300 nm with pure states occurring
intervals of 150 nm. In Fig. 2~b!, for InAs, the period appear
to be approximately 400 nm whereby we recover the sup
position of the states at every 200 nm. Based on the per
icity shown in Fig. 2, we now select coupling lengths whi
correspond toT11 maxima. For GaAs, this coupling length
335 nm and for InAs the selected coupling length is 400 n

In Fig. 3, we plot the results of adding a voltage dro
ranging from 0 to21.0 mV for GaAs and 0 to27 mV for
InAs, across the coupled waveguide structure with the an
at the right and the cathode at the left of the structure. T
adds an extra degree of freedom to the carriers in the sys
and it is no longer viable to discuss the operation of
device in terms of just the transmission and reflection
incident modes. The addition of an extra degree of freed
to the carriers excites extra output modes which are indis
il:
19243Õ21„4…Õ1924Õ4Õ$19.00 ©2003 American Vacuum Society
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guishable in the total transmission from the initially excit
mode~determined by the setting of the Fermi energy!. There-
fore, in order to determine the extent to which our dev
switches from one pure state to the next, we use the La
auer formula4 to integrate over the individual transmissio

FIG. 1. Plot of the coupled waveguide structure under consideration. In
figure the coupling length between the two waveguides is 335 nm. The
hand side of the structure (x5600 nm) is defined to be the anode while th
cathode is defined to be the left hand side of the structure (x50 nm).

FIG. 2. ~a! The individual transmissions (T11 and T12) plotted over the
coupling length between the two waveguides for GaAs.~b! The individual
transmissions (T11 and T12) plotted over the coupling length between th
two waveguides for InAs.
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and compute the current. We can see that in both mater
the vast majority of the current flows in the top wavegui
(I 11) for small reverse biases. However, as we increase
reverse bias across the device, we see that the current c
to flow in the top waveguide and transfers to the botto
waveguide (I 12). This occurs due to the fact that as the r
verse bias is increased the top waveguide begins to pinch
as the Fermi energy at the end of the device has been
ered to such a degree that it becomes impossible for the
waveguide to sustain a propagating mode. Further, as
reverse bias increases, we are also modulating the veloci
the incoming mode. As the mode continues to slow, we
that the mode couples to the bottom waveguide as we h
effectively changed the location of the coupling length th
maximizesT12. Moreover, as the mode continues to slo
we sweep through a highly reflective energy state wh
causes the null in theI –V characteristics of each of th
semiconductors. Finally, as the bias reaches its maxim
the Fermi energy at the output of the device reaches a l
that is insufficient to sustain modes propagating in either
top or the bottom waveguide at the output of the device.

is
ht

FIG. 3. ~a! Output currentsI 11 and I 12 plotted over an applied source-drai
voltage ranging from 0 to21 mV for GaAs.~b! Output currentsI 11 andI 12

plotted over an applied source-drain voltage ranging from 0 to27 mV for
InAs.
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FIG. 4. ~a! Output currentsI 11 andI 12 plotted over an applied source-drain voltage ranging from 0 to21 mV for GaAs with no disorder.~b! Output currents
I 11 and I 12 plotted over an applied source-drain voltage ranging from 0 to21 mV for GaAs assuming a mean-free path of 131026 m. ~c! Output currents
I 11 and I 12 plotted over an applied source-drain voltage ranging from 0 to21 mV for GaAs assuming a mean-free path of 131028 m. ~d! Output currents
I 11 and I 12 plotted over an applied source-drain voltage ranging from 0 to21 mV for GaAs assuming a mean-free path of 1310210 m.
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Nevertheless, to examine the effects of disorder scatte
on the ability of the semiconductor waveguide inverter’s o
eration, we add a uniformly distributed random perturbat
of energy widthW to the on-site energyE( i , j ), which cor-
responds to a distribution of scatterers having a delta fu
tion potential, or

W

EF
5A 6lF

3

p3a2G
. ~1!

Here,lF is the Fermi wavelength,a is the grid spacing and
G is the mean-free path.5

In Fig. 4, we examine the effects of disorder on the Ga
system. In Fig. 4~a!, we see the normalI –V characteristics
of a GaAs waveguide inverter without the inclusion of d
order in the material. In Fig. 4~b!, we assume a mean-fre
path of 131026 m and see that the output characteristics
not really change significantly from the nondisordered ch
acteristics. In Fig. 4~c!, however, we see that for a mean-fr
path of 131028 m the disorder introduced into the potenti
causes the null in theI –V curves to be reduced. This i
caused by the fact that the perturbation introduced in
potential forces the energy of the mode to be such tha
never attains the critical value corresponding to the hig
reflective energy value. Finally, in Fig. 4~d! we examine the
I –V characteristics corresponding to a mean-free path o
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310210 m. In the latter case, we see that it is no longer cl
whether or not the mode will couple to the bottom wav
guide. This occurs because the perturbations in the pote
profile are significant enough to force the energy and, the
fore, the velocity of the mode into random states where
one bias point the mode exists mainly in the top wavegu
and then at the next bias point the mode resides mainly in
bottom waveguide. Therefore, an applied bias where we
be certain that the device has switched does not exist.
ther, we also see a noticeable decrease in the output cu
of the device due to increased reflections from the siza
random potential.

Similarly, in Fig. 5, we examine the role that disord
plays in the InAs inverter. In Fig. 5~a!, we see the norma
I –V characteristics of an InAs waveguide inverter witho
the inclusion of disorder in the material. In Fig. 5~b!, we
assume a mean-free path of 131026 m and see that the out
put characteristics do not really change significantly from
nondisordered characteristics, as seen in the GaAs syste
Fig. 5~c!, however, we see that, for a mean-free path o
31028 m, the disorder introduced into the potential caus
the null in theI –V curves to be reduced. This is caused
the fact that the perturbation introduced in the poten
forces the energy of the mode to be such that it never att
the critical value corresponding to the highly reflective e
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FIG. 5. ~a! Output currentsI 11 and I 12 plotted over an applied source-drain voltage ranging from 0 to27 mV for InAs with no disorder.~b! Output currents
I 11 andI 12 plotted over an applied source-drain voltage ranging from 0 to27 mV for InAs assuming a mean-free path of 131026 m. ~c! Output currentsI 11

andI 12 plotted over an applied source-drain voltage ranging from 0 to27 mV for InAs assuming a mean-free path of 131028 m. ~d! Output currentsI 11 and
I 12 plotted over an applied source-drain voltage ranging from 0 to27 mV for InAs assuming a mean-free path of 1310210 m.
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ergy value. Finally, in Fig. 5~d! we examine theI –V char-
acteristics corresponding to a mean-free path of
310210 m. In Fig. 5~d!, just as in Fig. 4~d!, we see that it is
no longer clear whether or not the mode will couple to t
bottom waveguide. Moreover, we also see the decrease in
output current due to increased reflections from the rand
potential. Therefore, we cannot be certain of proper dev
operation.

In summary, the operation of the coupled waveguide
verter seems to be stable under the presence of mod
disorder in the system for both the GaAs and the InAs s
tems. However, care must be taken when implementing
JVST B - Microelectronics and Nanometer Structures
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device in hetrostructures containing a significant amoun
disorder as device operation is no longer predictable.
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