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A quantum cellular automaton (QCA) device that uses the image charge effect is proposed. This image-charge QCA device
is constructed from many unit cells on a metal substrate covered with an insulator layer. Each unit cell consists of four quantum
dots and two excess electrons. Two positive image charges in the metal substrate maintain the charge neutrality of each cell.
The distance between two neighboring cells is designed to allow intercellular electron tunneling. The image-charge QCA cell
can overcome two basic problems: establishing charge neutrality in each cell and loading electrons easily and precisely. We
designed signal-transmission and elemental logic gate circuits using these image-charge QCA cells, and simulated operation
of the circuits by computer simulation. It is demonstrated that the image-charge QCA circuits can perform signal transmission
and elemental logic operations and that electrons (two per cell) can be easily loaded into the image-charge QCA circuits.
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1. Introduction

One of the challenges in microelectronics is the develop-
ment of next-generation LSIs based on new paradigms for
information processing. The quantum cellular automaton
(QCA)? is a promising architecture for such LSIs because it
affords the possibility of producing data-processing systems
with a compact construction. To materialize the QCA sys-
tems, we must devise a feasible device structure for QCAs.
This paper proposes such a device structure, namely, a quan-
tum cellular automaton device that uses the image charge ef-
fect.

The QCA is a data-processing system consisting of a two-
dimensional arrangement of coupled unit cells. Each unit cell
consists of diagonally-positioned quantum dots, two of which
are occupied by excess single electrons. A unit cell has two
polarization states, which can be used to decode the binary
information “1” and “0”. The layout of the QCA circuit is
designed so that the ground state of the electron configuration
under a given input is equivalent to the result of the compu-
tation. By arranging the unit cells in an appropriate layout,
elemental logic gate circuits, such as AND and OR gates, can
be constructed.

To develop the QCA for use in actual devices, two basic
problems must be solved: that is, 1) how to establish the
charge neutrality in each cell, and 2) how to load exactly
two electrons into each cell. These two problems will be ex-
plained in detail.

The first problem is the establishment of charge neutrality
in the unit cell. The QCA is a device that uses an intercel-
lular interaction between the unit cells. To make the QCA
perform logic operations correctly, the intercellular interac-
tion must be a short-range interaction—that is, an interac-
tion that works only between the nearest-neighbor unit cells
and does not work between the separated unit cells. In the
QCA, the intercellular interaction is generated by dipoles of
the cell charge distribution. Hence, each cell must have a neu-
tral charge so that the intercellular interaction can be regarded
as a local interaction.” The second problem is the loading of
electrons. To make the QCA circuit work correctly, two and
only two electrons must be loaded into each cell. A possi-
ble physical means of achieving charge neutrality and load-
ing electrons is to implant exactly two donor impurity atoms

into the center of each cell. The two impurity atoms supply
two electrons and two positive ions into each cell. The two
electrons can move among the dots in the cell and the positive
ions can maintain the charge neutrality in the cell. However,
such impurity implantation into a designated position requires
nanometer-order precision, so it is not practical for use in LSI
fabrication.

We propose a feasible device structure for overcoming the
above problems. The device structure uses the image-charge
effect to maintain charge neutrality in each cell. Impurity im-
plantation is unnecessary. Furthermore, intercellular tunnel-
ing is allowed and is used to load the two electrons into each
cell. We call this device an image-charge QCA. In the follow-
ing sections we first present the structure of the image-charge
QCA and describe its operation (§2). We then present designs
of several circuit elements, i.e., a signal-transmission wire and
logic gates, using the image-charge QCA cells and analyze
the operations of the designed image-charge QCA circuits by
computer simulation. We will demonstrate that the image-
charge QCA circuits can perform signal transmission and el-
emental logic operations (§3). We will then describe the sim-
ulation of electron loading into each cell and will show that
electron loading can be easily performed by injecting elec-
trons from one end cell into the cell circuit, two electrons per
cell (§4). We also discuss the writing and reading operations
(§5). Finally, we will summarize the main results (§6).

2. Image-Charge QCA Unit Cell

Figure 1(a) shows the schematic structure of the image-
charge QCA circuit. The circuit is constructed from many
unit cells on a metal (or conductive) substrate covered with an
insulator layer. The distance between two neighboring cells is
designed to allow intercellular electron tunneling so that elec-
trons can move among all the cells in the image-charge QCA
circuit. Figure 1(b) depicts the image-charge QCA unit cell
and its two polarization states. The unit cell consists of four
quantum dots and two electrons. The cell is designed such
that the electrons can tunnel among the dots. When two ex-
cess electrons are injected into the unit cell, two correspond-
ing image charges originate in the metal substrate. The two
positive-image charges maintain the charge neutrality of each
cell. A dipole is formed out of the paired electron and image
charge. We hereafter use the symbol shown in Fig. 1(c) to
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Fig. 1. (a) Schematic structure of an image-charge QCA circuit; (b) unit
cell and two states of polarization; (c) cell notation.

represent an image-charge QCA unit cell.
The polarization of the excess electrons in the cell is de-
fined as

p_ (p2+pa) = (p1 + p3) )
pL+ p2+p3+ pa

where p; is the density of electrons on the i-th quantum dot
[see Fig. 1(b)]. When two electrons occupy quantum dots 1
and 3, the polarization is P = —1, and when the two electrons
occupy quantum dots 2 and 4, the polarization is P = +1.
The polarizations “1” and “—1” can be used to decode binary
values “1” and “0”.

An image-charge QCA has two advantages when com-
pared with the QCA. First, the charge neutrality in each cell
can be maintained naturally by the image charge effect. Be-
cause positive image charges will originate in the metal sub-
strate, corresponding to the excess electrons in the quantum
dot [Fig. 1(a)], the charges of these electrons can be neutral-
ized naturally by the positive image charges. Second, because
intercellular electron tunneling is allowed, electron loading
can be easily performed by injecting electrons from one end
cell into the cell circuit at the rate of two electrons per cell.
Consequently, the image-charge QCA circuit can be fabri-
cated using existing technologies. For example, it is possi-
ble to fabricate an image-charge QCA cell if we use pattern-
dependent oxidation on a SIMOX substrate® and the nano-
oxidation process.”

3. Operation of Image-Charge QCA Circuits

We simulated the operation of the QCA circuits by the
method described below. In describing this process, we will
first determine the ground state of the QCA circuit under
given inputs. Then, we will confirm that the corresponding
outputs are the correct results of the computation.

3.1 Image-charge QCA model
We used an extended Hubbard-type Hamiltonian® to de-
scribe the image-charge QCA circuit:
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Here, m and k denote the cells in the circuit, and 4 and j de-
note quantum dot 7 in cell m and dot 7 in cell k. The notation
c;ia (¢imic) 1 the creation (annihilation) operator for an elec-
tron with spin ¢ at site z in cell m, and 1, is the number
operator of the electron with spin ¢ at site 4 in cell m. The
notation t,,; 1,; is the overlap integral, which represents the
interdot coupling between the two quantum dots ¢ in cell m
and j in cell k, and FEj is the on-site energy for the i-th dot.
Unmi kj is the Coulomb potential energy between two excess
electrons located at dot 4 in cell m and dot j in cell &:

2q2 1 B 1
dmeoer | |Romi—Rijl /| Rpi— Ri;2+D2[ |’
)

where R,,; and Ry are positions of dot ¢ in cell m and dot
jin cell k£ and D is the distance between the excess electron
and the corresponding image charge. Up,; mn; is the charging
energy for a single dot, which can be obtained by replacing
R, — R;; with d/3 (d: the diameter of the quantum dot).

Umi,kj =

3.2 Simulation method

We used the Monte-Carlo simulation method, described
in ref. 6, to calculate the electron configuration for the low-
est free energy at a given physical temperature 7". During
simulation an iteration parameter, a virtual temperature 75,
was introduced (75 is different from the physical tempera-
ture 7). Initially, we selected a current electron configuration
randomly and started a “trial” at a sufficiently high virtual
temperature Tyo. The trial consists of the following steps: 1)
changing the current electron configuration into a new con-
figuration by making a unitary transformation, 2) calculating
the energy difference between the two configurations, and 3)
deciding to adopt the new configuration using the Metropo-
lis algorithm. We then continued the trial while exponentially
lowering T at a gradual rate. When the virtual temperature
is lowered to a sufficiently low value, the ground state of the
electron configuration for the given physical temperature T'
and given inputs can be obtained.

This simulation method has some advantages, compared
with the intercellular Hartree approximation.? First, it allows
calculation of the ground state of a many-body system with-
out dependence on the choice of the initial state. Second, it
can be used to calculate the ground state of the entire image-
charge QCA circuit by including the exchange and correlation
effects between the cells. Third, this method is applicable to
the simulation of an image-charge QCA circuit operation at
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any physical temperature.

3.3 Signal transmission

We designed signal-transmission circuits, such as linear,
angled, and fan-out arrays, using the image-charge QCA
cells. We calculated the ground state of the electron con-
figurations in each circuit for a given input, assuming the
physical temperature 0 K. We confirmed that the ground state
corresponds to the electron configuration in which the out-
put is 1 (0) for the input of 1 (0); that is, the signal can be
accurately transmitted along the signal-transmission arrays.
The values of the image-charge QCA circuit parameters are
as follows. We took the diameter d of the circular quantum
dot to be 10nm. The distance L between the centers of the
two nearest-neighbor dots in the unit cell was taken to be
20nm. The distance F' between the centers of the nearest-
neighboring cells was 42nm. The distance D between the
excess electron and the image charge was taken to be 20 nm.
The dielectric constant &, was taken to be 10. The magni-
tude of the transfer integrals between the quantum dots in
cell m was set to tmim2=tmom3=tmsma=tm1ma=0.03 meV
and t,1m3=tmama=0 (m = 1, 2, 3,...). The magnitude of
the transfer integrals between nearest-neighbor dots 7 and j
in neighbor cells m and k was set to tx; = 0.003meV.
The tunneling between the input cell(s) and the other cells is
forbidden (¢t = 0). For simplicity, Ey was considered to be
0. The simulated results are described below. Figure 2(b)
shows the typical development of the free energy of a five-
cell linear array circuit for an input “1” with the number ¢
of the Monte Carlo trials. After repeated trials, the free en-
ergy decreased and reached a stable state, that is, the ground
state. The ground states, as shown in Fig. 2(a), correspond
to the condition in which signal 1 (P = +1) is accurately
transmitted from one end to the other. During the calculation
process, the virtual temperature 75, decreased exponentially,
T, = 4exp(—1075t), where t is the number of Monte Carlo
trials.

Figure 3 gives the calculated results of the ground state con-
figuration for the angled array and fan-out array circuits. Fig-
ure 3(a) shows the ground state of the five-cell angled array
circuits for an input of “1”. The result shows that the input bi-
nary signal O or 1 (P = +1 or —1) can be accurately transmit-
ted from one end to the other through the circuit. Figure 3(b)
shows the ground state of the fan-out array circuit, which con-
sisted of seven unit cells for an input of “1”. The input signal
fanned out correctly to drive two output ends.

3.4 Logic gates

Figure 4 shows the ground states of the electron configura-
tions in the image-charge QCA elemental logic gate circuits:
(a) an inverter gate and (b) a majority logic gate. The inverter
gate consisted of six unit cells. The stable electron configura-
tion for an input of “1” is illustrated in Fig. 4(a). The result
shows that the polarization P of the output cell changed in in-
verse relation to that of the input cell; if the polarization of the
input cell was 1, then the polarization of the output cell was
—1, and if the input was —1, then the output was 1. Thus, the
ground state corresponded to a correct inverter operation.

Figure 4(b) illustrates the simulated result of the majority
logic gate, which consisted of five cells (three input cells, a
central cell, and an output cell). It can be seen from the stable
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circuit for an input of “17, (b) fan-out array circuit for an input of “1”.

electron configurations that the output cell of the gate always
lined up so as to match the majority of the input cells.

3.5 Operation at various temperatures

We also calculated the stable-state electron configuration
in the image-charge QCA circuit at non-zero temperatures.
Figure 5 gives the simulation result for a five-cell linear array
circuit with an input of “0”. At high temperatures, an electron
will extend over all the quantum dots, hence, a binary state
cannot be defined. For temperatures below 10K, the cell can
distinctly represent a 1-0 signal; the signal 0 (P = —1) was
accurately transmitted from one end to the other through the
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The diameter of the solid dots indicates the charge density at each dot, and
the values below each cell indicate the polarization in the cell. The distance
F between the centers of the nearest-neighboring cells is 46 nm.

circuit. If we consider scaling down the size of the image-
charge QCA cell, the operating temperature will increase.

3.6 Optimum range of parameters

We investigated the range of the dimension parameters that
produce the correct electron configuration at the ground state.
‘We analyzed the linear array, the inverter, and the majority
gate. We changed the distance D between the electron and
the image charge and the distance F' between the centers of
the nearest-neighbor cells while calculating the operations of
the majority logic gate circuit. Figure 6 shows the optimum
range of the parameters D and F' for the majority logic gate
in Fig. 4(b). If these parameters are designed to be within
the optimum range, the circuit can perform correctly and the
absolute value of the polarization of the input and output cells
in the circuits will be larger than 0.9. In practice, an image-
charge QCA circuit having parameters in the optimum range
can be achieved using existing technologies. For other image-
charge QCA circuits, a range similar to that of the majority
logic gate can be obtained.
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4. Electron Loading

Here we consider the loading of electrons (two electrons on
each cell). The method that we propose is as follows: 1) the
electron is injected into a specific quantum dot and 2) elec-
trons are dispersed into each cell. Figure 7 is a schematic rep-
resentation of electron injection into a quantum dot by means
of a scanning tunneling microscope (STM) [or atomic force
microscope (AFM)] tip. The advantages of this method are
the following. First, the injection method can be performed
using existing techniques. Second, due to the Coulomb
Blockade effect, the expected number of single electrons can
be controlled by adjusting the bias voltage.” We calculated
the operation of the STM/AFM electron injection using the
Monte Carlo method.®? Figure 8 shows the equivalent cir-
cuit of the injection system and the simulated dependence of
the electron number in the quantum dot on the bias voltage
at room temperature. When the bias voltage was set between
0.063 and 0.096V, one electron tunneled into the quantum dot
through the tunneling junction and occupied the dot in a sta-
ble configuration. When the bias was set between 0.145 and
0.19V, two electrons tunneled into the quantum dot and oc-
cupied the dot stably. If the voltage is set to another value,
the electron does not occupy the quantum dot stably. This re-
sult demonstrates that the desired number of single electrons
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Fig. 8. (a) Equivalent circuit of an injection system (C; = 1aF;
R; = 100MW; C = 1aF); (b) simulated results of single-electron load-
ing at room temperature.

can be loaded into a specific quantum dot by appropriately
adjusting the bias voltage.

After injection into a specific dot, the electrons will tunnel
among the cells to spread into the image-charge QCA circuit
and will reach a stable configuration that has the lowest free
energy. We simulated this process for a four-cell linear array.
Figure 9 shows the simulation result for electron loading in a
four-cell array, in which the input cell contains two electrons
and the polarization of the input cell is fixed at 0. In this sim-
ulation, the electrons were loaded one by one at the upper-left
quantum dot of cell 1. The ground-state electron configura-
tion is shown in Fig. 9 for each number N of injected elec-
trons. After six electrons (two electrons per cell) were loaded
into the array, each cell kept two excess electrons and showed
the same polarization as that of the input cell. This demon-
strates that the electron loading can be easily performed by
injecting electrons from one end cell into the image-charge
circuit, two electrons per cell.

5. Writing and Reading Operations

We previously discussed the operations of image-charge
QCA circuits. Producing a complete functional system re-
quires setting polarization of the input cell (writing opera-
tion) and detecting the polarization of the output cell (read-
ing operation) in an image-charge QCA. We consider that
the writing operation can be accomplished by the following
method. First, we design a four-dot input cell in which elec-
tron tunneling between the dots is forbidden. Electron tunnel-
ing between the input cell and the other cells is also forbidden.
Next, we can set the polarization state of the input cell using a
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STM/AFM tip to inject one electron into each of two quantum
dots positioned diagonally in the cell. Even if the STM/AFM
tip is removed, the polarization state of the input cell will re-
main stable, because tunneling between the dots is forbidden
in the input cell. Finally, we can switch the polarization of
the input cell from state 1 (0) to state O (1) by first pulling
one electron each out of dots 2 and 4 (1 and 3) and then in-
jecting one electron each into dots 1 and 3 (2 and 4). Because
tunneling between the input cell and the other cells is also for-
bidden, the writing operation can be carried out for different
input cells, and does not change the number of electrons in
other cells.

The reading operation can be performed by detecting the
polarization state of the output cell using a single-electron
transistor (SET) electrometer. We calculated the voltage po-
tential near the output cell of the image-charge QCA circuits
and discovered that the voltage potential distribution changes
markedly when the polarization of the output cell is switched.
Figure 10 shows typical contour plots of voltage potential dis-
tributions near the output cell in the five-cell linear array cir-
cuit shown in Fig. 2(a). If the polarization state of the out-
put cell is 1, then the difference Vag of the voltage potentials
at measuring points A and B is —4.4mV; if the polarization
state is 0, then Vip is 4.4mV. The SET electrometer” and
single-electron transistor scanning electrometer (SETSE)!?
have shown a remarkable ability to detect static electric fields
and individual charges. If we use the electrometers to mea-
sure the differences of the voltage potential distribution, the
polarization state of the output cell can be detected. Details
of the operations will be investigated in the future.

Successful experiments on (1) electron injection into (ex-
traction from) a quantum dot using a STM tip!? and (2) mea-
surement of the static electric field using a SET electrome-
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Fig. 10. Contour plots of voltage potential distribution near an output cell
of the image-charge QCA linear array circuit: (a) when the state of the
output cell is 1; (b) when the state of the output cell is 0. A and B show
measuring points of a SET electrometer.

ter'® have been carried out for other research objectives. We
believe that these techniques can be applied to our image-
charge QCA system.

6. Summary

We propose a novel device structure, an image-charge
QOCA. An image-charge QCA circuit is constructed on a
metallic substrate covered with an insulator thin film. Its unit
cell consists of four quantum dots. The barrier between the
neighboring cells is designed to allow intercellular electron
tunneling so that electrons can move among all the cells in

N.-J. WU et al.

the circuit. An image-charge QCA cell can overcome two ba-
sic problems: establishing charge neutrality in each cell as
well as loading electrons easily and precisely. Image charges
establish a cell’s charge neutrality naturally and form dipoles
with the excess electrons. The dipoles move among the cells
of an image-charge circuit. We designed signal-transmission
and elemental logic circuits using the image-charge QCA
cells and analyzed their operation by means of the Monte
Carlo simulation method. We demonstrated that the image-
charge QCA can perform signal transmission as well as ele-
mental logic operations and that electron loading can be eas-
ily performed by injecting electrons from one end cell into the
circuit at a rate of two electrons per cell with a STM/AFM tip.
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