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Abstract We propose a CMOS device that is analogous
to the reaction-diffusion system, a chemical complex
system that produces various dynamic phenomena in the
natural world. This electrical reaction-diffusion device
consists of an array of pn junctions that are operated by
CMOS reaction circuits and interact with each other
through minority-carrier diffusion. Computer simulations
reveal that the device can produce animated
spatiotemporal  carrier-concentration  patterns, e.g.,
expanding circular patterns and rotating spiral patterns,
that correspond to the dissipative structures produced by
chemical reaction-diffusion systems.

1. Introduction

A promising area of research in microelectronics is the
development of electrical devices that imitate the behavior
of reaction-diffusion systems (RD systems), which are
chemical complex systems that produce dynamic, self-
organizing natural phenomena. In this paper we propose a
silicon RD device that consists of CMOS circuits
combined with minority-carrier diffusion. Creating an
electrical analog of RD systems would enables us to
imitate natural phenomena on silicon LSI chips to develop
nature-based information processing systems.

We previously proposed the construction of electrical
RD devices using semiconductors [1]. The point of our
idea was to simulate chemical diffusion with minority-
carrier diffusion in semiconductors and autocatalystic
chemical reactions with carrier multiplication in pnpn
negative-resistance diodes. Using minority carriers as a
medium of signals will enable us to create novel
optoelectronic  devices that combine electron-hole
excitation by photons with parallel signal processing
based on RD nonlinear dynamics. In this paper, we
propose an improved device that uses CMOS feedback
circuits instead of pnpn diodes. By using CMOS circuits,
we can simulate a variety of autocatalystic reactions and
open up a variety of application fields for RD devices.

2. Electrical RD device consisting of a p-cell array on
an n-type substrate

A reaction-diffusion system can be considered an
aggregate of chemical-reaction cells, each of which
represents a local chemical reaction. Each cell interacts
with its neighbors through a nonlocal chemical diffusion.

To imitate such systems, we propose a cell array device,
or a two-dimensional electrical RD device, as shown in
Fig. 1. It consists of p-type islands, or p cells, in a regular
arrangement on an n-type substrate, with each cell
connected to a CMOS feedback circuit that simulates
autocatalystic reactions. We named this CMOS circuit a
reaction circuit.

In operation, the n substrate is grounded. If a p cell has
a positive bias voltage, it injects minority carriers (holes)
into the substrate. The injected holes spread and travel by
diffusion through the substrate until they reach the
neighboring p cells and raise the cell potential. Through
this diffusion of minority carriers, the p cells interact and
correlate with one another.

To implement RD dynamics such as spatiotemporal
pattern formation, the p cell has to exhibit excitatory
behavior as follows:

(1) The cell is static in its normal (stationary) state and
does not inject any minority carriers into the substrate;

(2) Once the cell receives a few minority carriers from the
neighboring cells, it becomes excited and injects many
minority carriers into the substrate (excited state);

(3) The excited cell cools down quickly and gradually
returns to a stationary state. It cannot be excited again
during this refractory state.

To obtain this excitatory behavior, we drive the p cells
with CMOS reaction circuits, as shown in the next section.

CMOS reaction circuit (see Fig. 2)
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Fig. 1 RD device consisting of a p-cell array on an n
substrate, with each cell connected to a CMOS reaction
circuit.
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3. Driving the p cells with CMOS reaction circuits

The CMOS reaction circuits that activate the p cells are
illustrated in Fig. 2. They consist of four M1-M4
transistors and a capacitor C, biased with a positive
voltage Vd. The M1 gate, or node 1, is connected to the p
cell in the cell array. Transistors M3 and M4 are biased by
a current source 10 and transistor M5. They supply a
current to nodes 2 and 3. Transistors M1 and M2 and
capacitor C form a monostable feedback loop. The point
in constructing this reaction circuit is to set the M1
threshold voltage lower than the forward voltage drop of
the cell-substrate pn junction. The circuits with the p cell
array can be made on a chip by means of SOI (silicon-on-
insulator) process technology. The circuit operation is as
follows.

(Stationary state)

Without minority carriers around the p cell, the voltage
of node 1 is 0. So M1 is in the off position. Therefore, the
voltages of nodes 2 and 3 are Vd, and M2 is off. No
minority carrier is injected from the cell into the substrate.
(Excited state)

Suppose minority carriers (holes) flow into the cell
from neighboring cells. Then the voltage of the cell (node
1) rises and exceeds the threshold voltage of M1. This
excites the circuit as follows: M1 is turned on — the
voltage of node 2 falls to about 0 — the voltage of
capacitively coupled node 3 also falls to about 0 — M2 is
turned on — the current flows through the cell-substrate
pn junction. Consequently, the cell injects many minority
carriers into the substrate.

(Refractory state)

The voltage of node 3 quickly returns to Vd because of
the current through M3. This turns M2 off, so the cell
ceases its minority-carrier injection. Then the voltage of
node 2 gradually returns to Vd because of the current
through M4. The circuit cannot be excited again before
the voltage of node 2 exceeds the threshold voltage of M2.
This is so because the voltage of node 3 cannot be
sufficiently decreased to turn on M2 even if the voltage of
node 2 falls to 0. The circuit returns to the stationary state
when the voltage of node 2 rises to Vd. The duration of
the excited and refractory states can be controlled by
adjusting the currents through M3 and M4.

4. Operation of the reaction circuit combined with a p
cell

Figure 3 shows the computer-simulated operation of the
reaction circuit. To excite the circuit, we applied three
current pulses to the p cell adjacent to the cell connected
to the circuit (see Fig. 2). The first two pulses were
applied at short time intervals and the third pulse after a
long wait (Fig. 3(a)). To simulate the carrier transport
between two cells, we considered that the cells and the
substrate form a lateral pnp bipolar transistor. Triggered
by the first pulse, the circuit excited and lowered the
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Fig. 2 CMOS reaction circuit together with a p cell allay to
operate the p cell.
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Fig. 3 Reaction circuit operation: (a) triggering current
pulses applied to an adjacent cell (see Fig. 2), (b) voltage
waveforms on nodes 2 and 3, and (c) forward current through
the cell-substrate pn junction, simulated with a set of 1.5-um
CMOS parameters and voltage supply Vd = 1.5 V.

602



voltages of node 2 and 3 (Fig. 3(b)) and turned on M2, to
pass a current through the cell-substrate pn junction (Fig.
3(c)). However, the circuit was not excited by the second
pulse because it was in a refractory state---i.e., it had not
yet recovered the voltage of node 2. After a short time, the
circuit recovered the node voltage and returned to the
stationary state, before being re-excited by a third pulse.

5. Propagation and collision of minority-carrier waves
in a cell array

Excitation can be transmitted along the p cells. This is
illustrated in Fig. 4 with simulated results for a one-
dimensional array of 100 cells connected to reaction
circuits. Minority carriers were injected at the leftmost
cell with a triggering pulse (Fig. 4(a)). Excitation started
at the adjacent cell and traveled to the right along the cell
array. In other words, the minority-carrier wave traveled
rightward in the substrate. This is shown in Fig. 4(b): the
concentration of minority carriers beneath each cell was
calculated from the cell voltage.

Figure 5 shows a collision between two minority-carrier
waves. In this example, a 100-cell array was excited at
both ends at time = 1 us, and two waves were generated to
run toward each other. The waves collided head-on with
each other in the middle of the cell array and then
vanished without leaving a trace.

6. Spatiotemporal dynamics produced by the RD
device

In our proposed RD device, the minority-carrier
concentration in the substrate surrounding each cell
changes temporally as the cells interact with each other.
Consequently, a two-dimensional spatiotemporal pattern
of carrier concentration is produced in the RD device.
Since this carrier-concentration pattern corresponds to the
dissipative structure in chemical RD systems, it can be
called an electrical dissipative structure. A variety of
spatiotemporal patterns are produced from different sets
of system parameters. Here we show three examples,
simulated with a sample set of parameter values. The
following figures show the results for RD devices
consisting of 51 x 51 cells with 2601 reaction circuits. A
gray scale represents the carrier concentration around each
cell: light shading means a high concentration, and dark
shading means a low concentration.

(Expanding circular pattern)

The RD device is in a uniform, stable state as it stands.
Once a triggering pulse is applied to a cell in the device,
the minority-carrier excitation wave starts at the cell and
propagates in all directions to form an expanding circular
pattern. This is shown in Fig. 6. The front of the wave is
the region where cells are just excited and, therefore,
where the minority-carrier concentration is the highest, as
indicated by the light shading. At the back of the wave,
the minority-carrier concentration gradually decreases to
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Fig. 4 Transmission of an excited minority-carrier wave
along a 100-cell array: (a) one-dimensional p-cell array, and
(b) minority-carrier concentration beneath each cell. The
number for each waveform indicates the number of the
corresponding cell: the leftmost cell is No.l and the
rightmost is No0.100. The minority-carrier concentration is

normalized with respect to 1011><p0, where pg is the
equilibrium hole concentration in the n substrate.
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Fig. 5 Collision between two minority-carrier waves on a
one-dimensional p cell array consisting of 100 cells. Two
waves started from both ends of the array and collided in the
middle. The minority-carrier concentration is normalized
with respect to lollxpo, where Po is the equilibrium hole
concentration in the n substrate.
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{a)time=02 s (b) 2us (c) 4us

Fig. 6 Expanding circular pattern. Snapshots for three time
steps. The center cell was excited at time = 0.

its thermal equilibrium value, as indicated by the dark
shading in the center of the circular wave (see Fig. 6(c)).

(Collision between two circular patterns)

Figure 7 shows a collision between two waves. In this
example, the two diagonally opposed cells in the RD
device were excited at time = 0. Two minority-carrier
excitation waves started at the cells and propagated to
form expanding circular patterns (Figs. 7(a)-7(c)). The
two circular waves collided in the center and vanished
without leaving a trace (Figs. 7(d)-7(f)).

(Rotating spiral pattern)

Figure 8 shows a rotating spiral pattern. This pattern
appears when an expanding circular wave is chipped by
an external disturbance, thereby causing the endpoint to
appear in front of the wave. With this endpoint acting as
the center, the wave begins to curl itself to form a rotating
spiral pattern. In this example, a trigger was applied to the
middle cell on the left of the RD device at time = 0. When
the excitation wave started at the cell and expanded
slightly, the lower half of the wave was chipped by
resetting the cell voltage to 0 (Figs. 8(a)-8(c)). After
that, the RD device was left to operate freely, and a
rotating spiral pattern by carrier concentration was
automatically generated as can be seen in Figs. 8(d)-8(f).

We are now developing improved RD devices that
represent two or more variables by carrier concentrations.
With these improved devices, we will be able to
manipulate complex dissipative structures as observed in
chemical RD systems and proceed from there to develop
nature-based information processing systems.

Reference

[1] Asai T., Adamatzky A., and Amemiya Y., "Towards
reaction-diffusion computing devices based on minority-
carrier transport in semiconductors," Chaos, Solitons &
Fractals, vol. 20, no. 4, pp. 863-876 (2004).

P¥:
- - [

(a)time=2 s (b) 3us (c) 4us

vara'l

(d Sus () 6us () Tus

Fig. 7 Collision between two circular waves. Snapshots for
six time steps. Two minority-carrier waves started at
diagonal corners, expanded to form circular patterns, and
collided with each other in the center.
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Fig. 8 Rotating spiral pattern. Snapshots for six time steps. A
circular wave started in the middle on the left edge. It was
chipped by resetting ((a)-(c)) and transformed into a
spreading spiral pattern ((d)-(f)).
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