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SUMMARY A multiple-valued logic inverter is proposed
that uses single-electron-tunneling (SET) circuits in which the
discreteness of the electron charge is utilized. The inverter cir-
cuit, which is composed of only two SET transistors, has a mem-
ory function as well as an inverter function for multiple-valued
logic. A quantizing circuit and a D flip-flop circuit for multiple-
valued logic can be compactly constructed by combining two in-
verters. A threshold device can be compactly constructed by
attaching more than one input capacitor to the inverter circuit.
A quaternary full adder circuit can be constructed by using two
threshold devices. Implementation issues are also discussed.
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1. Introduction

A promising area of research in microelectronics is
the development of integrated circuits based on single-
carrier electronics. In this paper, we propose a
multiple-valued inverter circuit constructed of single-
electron-tunneling (SET) circuits.

Single-carrier electronics is a technology for manip-
ulating electronic functions by controlling the transport
of indivisual electrons, utilizing the SET phenomenon
[1]. This technology has been receiving increasing at-
tention because it affords the possibility of producing
LSI circuits that have both dense integration and low
power dissipation. It is natural for us to hit upon the
idea of using the discrete charge of an individual elec-
tron for generating multiple-valued signals in SET cir-
cuits. Using multiple-valued logic (MVL) in an elec-
tronic circuit would lead not only to an increase in the
density of integration but also to an increase in pro-
cessing speed and a reduction in the number of the in-
terconnections [2]. MVL circuits could also be used to
construct fuzzy, fault-tolerant, asynchronous systems
[2]-[4]. Toward this goal, we must find ways to gener-
ate, store, and transfer multiple-valued signals in SET
circuits.

The inverter is one of the basic logic gates, and
it can be used to construct a threshold device that is
useful for building a multiple-valued logic system. We
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propose a multiple-valued inverter that uses SET cir-
cuits and describe its design methodology, its function
and its reliability. The next section describes the design
method of proposed inverter circuit. A way to construct
a quantizing circuit is also shown. Section 3 describes
the circuit’s inverter function for multiple-valued logic
and its memory function. It is shown that a multiple-
valued D flip-flop circuit, which is normally a large cir-
cuit, can be compactly constructed. Section 4 describes
a way to construct a multiple-valued threshold device.
Section 5 discusses implementation issues. Section 6 is
a brief summary.

2. Multiple-Valued Inverter Circuit

A SET multiple-valued inverter circuit can be obtained
by adjusting the parameters of the quasi-CMOS in-
verter circuit proposed by Tucker [5]. In this section,
we describe the quasi-CMOS inverter circuit, and the
design method of the multiple-valued inverter circuit.

2.1  Quasi-CMOS Inverter Circuit

The SET circuit shown in Fig. 1(a) is called a “quasi-
MOSFET.” Tt consists of two tunneling junctions and
two capacitors. By controlling the bias voltage applied
to the back gate, we can adjust its Coulomb blockade
condition. The behavior of this device is similar to that
of an nMOSFET or a pMOSFET when a high or a low
voltage is applied to the back gate. A quasi-CMOS
inverter circuit [5] that operates like a CMOS inverter
can be constructed by connecting two quasi-MOSFET's
through the load capacitance Cy, as shown in Fig. 1(b).
The capacitances were initially chosen as follows [5];

le = 1&].:“7 ng = 2&F7 CG = SaF, (1)
CB = 7aF, CL =24 aF.

In Fig.1(b), L, M, and N represent the islands be-
tween the tunneling junctions. When there is an excess
hole at M, the device outputs a high voltage. When
there is no excess charge at M, it outputs a low volt-
age. The quasi-MOSFET above the output node (the
quasi-pMOSFET) and the quasi-MOSFET below the
output node (the quasi-nMOSFET) operate in a com-
plementary manner as follows.
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Fig.1 Circuit diagrams for (a) a quasi-MOSFET, and (b) a
quasi-CMOS inverter circuit that can be made into a multiple-
valued inverter by adjusting the parameters.

1) When the input voltage is low, the quasi-
nMOSFET stabilizes because of the Coulomb block-
ade for both high and low output signals. The quasi-
pPMOSFET becomes unstable (the Coulomb blockade is
destroyed) if the output voltage is low, and it becomes
stable (the Coulomb blockade is achieved) if the output
voltage is high. If the output voltage is low, i.e., M has
no excess charge, an electron is transferred from M to
voltage source Vgyq through the quasi-pMOSFET. This
leaves a hole at M that causes the output voltage to
become high, which stabilizes the quasi-pMOSFET. As
a result, the entire circuit becomes stable and outputs
a high voltage.

2) When the input voltage is high, the quasi-
pMOSFET stabilizes for both high and low output sig-
nals. The quasi-nMOSFET becomes unstable if the
output voltage is high, and it becomes stable if the out-
put voltage is low. If the output voltage is high, i.e., M
has one hole, an electron is transferred from the ground
to M through the quasi-nMOSFET, and the charge
vanishes at island M. This causes the output voltage to
become low, which stabilizes the quasi-nMOSFET. As
a result, the entire circuit becomes stable and outputs
a low voltage.
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2.2 Parameters for a Multiple-Valued Inverter Circuit

Using the circuit shown in Fig. 1(b), a multiple-valued
signal can be generated by adjusting the magnitude of
the capacitances Cg, Cp, and (', and fixing the values
of Cj1 and Cja. A quaternary device can be designed
as follows. The value of Cr, should be 72aF to store
three holes and to make the maximum output voltage
around 6.5mYV. Then the values of C¢ and Cp should
be adjusted so that the proper multiple-value is out-
put. A useful tool for this adjustment is a stability di-
agram that shows Coulomb blockade condition on the
bias voltage plane. By plotting the stability diagram
repeatedly after slightly changing the values of C¢ and
Cp, we found the following parameters;

le = 1&F7 Oj2 = 2&F7 OG = 2aF, (2)
Cp =10aF, Cp, = 72aF.

The stability diagrams for parameter set (2) are shown
in Fig.2. They are plotted on the V;,-V;4 plane and
show the Coulomb blockade bias condition for several
internal states. The white regions are the stable re-
gions where the Coulomb blockade occurs. The shaded
region is an unstable region where tunnelings frequently
occur. In Fig.2(a), various stable regions overlap in a
complex manner. Figure 2(b) is an enlargement that
more clearly shows the relation among the stable re-
gions. In both figures, the internal state of the circuit
is given by (I,m,n), where [, m, and n are the number
of electrons that can exist at islands L, M, and N, re-
spectively. Except for (0, —4,0) and (0, 0, 1), all regions
are located so as to contain the origin. m mainly deter-
mines the output voltage, while [ and n slightly modify
the output voltage. Increasing m, which can take a neg-
ative value to represent the number of holes, decreases
the output voltage. (0,-3,0), (0,—2,0), (0,—1,0) and
(0,0,0) are used to output multiple values “3,” “2,” “1,”
and “0,” respectively.

A multiple-valued inverter operation can be
achieved by moving the bias point along the PQ locus
in Fig.2(a). Because the bias point moves across four
stable regions with different m’s, the transfer charac-
teristic should look like a staircase. This transfer char-
acteristic was simulated by a Monte Carlo method that
took into account the basic equations for electric-charge
distribution, charging energy, and tunneling probabil-
ity ignoring the cotunneling [6]. The result is shown
in Fig. 3. Here the temperature is assumed to be 0 K.
Though hysteresis exists in the transfer characteristic,
it is not a problem for discrete input voltages that
are all located outside the hysterisis loop. The Monte
Carlo simulation showed that a cascade connection of
more than two inverter gates achieves a successful sig-
nal transfer.

By cascading two inverter circuits, we can obtain a
quantizing circuit as shown in Fig. 4. A multiple-valued
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Fig.2 Stability diagram for parameter set (2). The shaded
region is an unstable region. The boundary of each region is
denoted by the stable electron state of its region. (b) enlarged
stability diagram.

quantizing circuit can be used as an analogue-digital
converter and as a buffer for adjusting the multiple
value. In a quantizing circuit, the multiple-valued out-
put increases monotonously with the input voltage. In
Fig. 4, a quantizing function is obtained by connecting
voltage source Vzgq to nodes V4 and V. The simulated
transfer characteristic of this circuit for Vzg; = 6.5mV
at 0K is shown in Fig.5. By using SET circuits, a
quantizing circuit with a simple configuration can be
obtained.

3. Memory Function

It may be possible to get the potential functions of an
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Fig.3 Transfer characteristic of multiple-valued inverter
circuit.

SET device from the stability diagram [7]. As shown
in Fig.2(a), more than two stable regions overlap at
the origin, which makes the circuit multi-stable at the
bias point O. This characteristic can be exploited to
create an inverted multiple-valued memory function. If
we move the bias point along the locus P—Q’ —R—0,
the electron arrangement becomes (0, —2,0) at Q’, and
it can be maintained at point O. Therefore, the stored
information can be maintained after Vyy and V;,, are
turned off. We carried out a Monte Carlo simulation
of this function. As shown in Figs.6(a) through (c),
the inverted values of the input multiple-values can be
retained after turning off the voltage bias. The dura-
tion of the clock is determined as follows. To prevent
stochastic errors due to tunneling, the duration of the
clock pulse should be long enough to complete the tran-
sition. Among the possible transitions of the internal
state, the one having the longest mean waiting time of
one inverter is (0,—3,0) — (0,-3,1) — (0,-2,0) —
(0,—2,1) — (0,—1,0) — (0,—1,1) — (0,0,0). When
the tunneling resistance Rr of each tunneling junction
is 1 M, the tunneling rate I" of this transition at 0 K is
3.8 x 108/s. To keep the error rate below 1072 at 0K,
the duration 7 of the clock pulse should satisfy the fol-
lowing relation, which is based on the theory described
in Ref. [8].

7T > 20 (3)

The duration should thus be longer than 53 ns. In
Fig. 7, the duration of the clock pulse is 60 ns.

In the same way, by applying a clock pulse at V4
and Vp, the circuit in Fig. 4 can store a multiple-valued
input. This function was also simulated, and the result
is shown in Fig. 6(d).

Next we describe how to construct a sequential cir-
cuit (a D flip-flop). A D flip-flop circuit stores the input



IEICE TRANS. ELECTRON., VOL.E82-C, NO.9 SEPTEMBER 1999

1610
Vin
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diagram (Fig.2(a)), the circuit is multi-stable on the
input-voltage axis. Therefore, we can create a latch
function that maintains the output signal and ignores
any input signal. A D flip-flop circuit can thus be ob-
tained by using the circuit construction shown in Fig. 4
if the clock signal CLK is applied to node Vg, and the
inverted clock signal CLK is applied to node V4. For
CLK = 0, the first inverter changes its state depending
on the value of V;,, but the second one does not. For
CLK = 1, the first inverter’s state is independent of
the input signal, while the second one sets and main-
tains its output based on the signal received from the
first one. We again used a Monte Carlo simulation to
generate the waveforms of this function. As shown in
Fig. 7, the input signal is stored when the clock voltage
is high, and the stored value is maintained after the
clock signal is turned off.

Fig.6 Simulated waveforms of the memory function. (a) Vg,
(b) input value, (c) the output of multiple-valued inverter shown
in Fig. 1 and (d) the output of quantizing circuit shown in Fig. 4.

4. A Way to Construct a Multiple-Valued
Logic Circuit

As described above, one way to construct a multiple-
valued circuit is to use a multiple-valued threshold de-
vice. A schematic diagram of the quaternary threshold
device and its characteristic is shown in Fig.8. The
threshold device receives more than one input signal,
weights each input, sums up all the weighted-inputs,
compares the sum with the threshold values t¢;, and
then outputs a multiple-valued signal V,,;. The value
of V,,: depends on the value of the sum of weighted
input. For an example, a quaternary threshold device
changes its output as follows;
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Fig.8 Schematic diagrams of (a) the SET multiple-valued
threshold device, and (b) its characteristic.

when Sw -V <ty

0
1 when t1§2lel<t2
2

Vout =
when o SZU)Z‘/Z < t3

3 when t3 <> w;-V; <ty

where w; indicates the weight of the input, and V; indi-
cates the input voltage. The weight w; for each input
and the threshold values t; are specified for each use.
The SET inverter can be used to create a multiple-
valued threshold device. For this purpose, we have to
construct a sum-of-product unit for more than one in-
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put. It can be easily achieved by attaching input capac-
itors between the input nodes and the islands as shown
in Fig.9. The value of each capacitance is determined
in such a way as to give a weighted connection for each
input signal.

Using the threshold devices, any type of logic cir-
cuit can be constructed. Figure 10 shows an example:
a full-adder circuit. Here, the parameter values are
assumed as follows. The capacitances of the tunnel-
ing junctions are the same as previously described, i.e.,
Cj1 = 1aF and Cj2 = 2aF. The other parameters are
as follows.

For inverter 1,
the capacitance of input capacitors are 2 aF for all the
inputs, Cg; = 8.5aF, Cry = 15aF, and Vyg1 = 5.9mV.
For inverter 2,

CGQ = 1aF, CBQ =20 aF, CLQ =70 aF,
and Vygeo = 3.6 mV

For inverter 3,

the input capacitor for carry signal is 2.8 aF, other in-
put capacitors are 2aF. Cgz = 7TaF, Cr3 = 75aF, and
Vddg =6.4mV.

For inverter 4,

the parameters are the same as those of the multiple-
valued inverter, i.e.,

Cg4 = 2aF, CB4 = 10aF, CL4 = 72aF,
and Vdd4 =6.5mV

The results of Monte-Carlo simulation of the adder cir-
cuit operation are summarized in Fig.11. In the simu-
lation, all the tunneling resistances were 1 M. It can
be seen that the simulated operation is correct for all
combinations of quaternary values. The parameters
are, however, not the optimized ones. The reliability
is poor with these parameters. An error occurs when
the output from inverter 1 is later than the transition of
the state of inverter 3. One way to increase the reliabil-
ity of the circuit is to increase the ratio of the tunneling
resistances of inverter 1 to the tunneling resistances of
inverter 3. Since the lower limit of the tunneling resis-
tance is a few 100 k<2 [1], the resistance of the tunneling
junction of inverter 3 must be much larger than 1 GSQ to
make the full-adder circuit reliable. This method would
decrease the response speed of the adder. While other
ways to increase reliability should be investigated, we
have shown that construction of a logic circuit is possi-
ble with this threshold device.

5. Implementation Issues
5.1 Thermal Error

The above description, in which the temperature is as-
sumed to be 0K, is not necessarily an accurate descrip-
tion of operation at non-zero temperature. We investi-
gated the effect of thermal agitation by using a Monte
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Circuit diagram of an SET full adder circuit.

Carlo simulation of the circuit. We calculated the num-
ber of times there was a transition to an incorrect sig-
nal (number of errors) as well as the ratio of the to-
tal duration of each wrong output to the observation
period (time ratio of errors). The input for the in-
verter was assumed to be fixed at 0.2mV, and the errors
were counted for when the internal state changed from
(0,—3,0) to another state. We calculated the number
of the errors and the time ratio of errors by observing
the output signal for 60 ns. We repeated this proce-
dure 100 times for different sets of random numbers
and then calculated the mean value. The results are
summarized in Fig.12. Both quantities increase with
temperature, and time ratio of errors reached 50% at
2 K. If the signal is binary and if we can judge the out-
put signal value from the average of the output for a
fixed period of time, the logic gate can be used at tem-
peratures up to 2K. However, the signal used in the
test was a multiple-valued signal. Therefore, there is a
possibility that the critical temperature for generating
a multiple-valued signal is lower than 2 K. We simulated
the averaged value of the output voltage during 10 us at
several temperatures. The result is shown in Fig. 13. If

Circuit construction of the SET multiple-valued threshold device circuit.

A[mV]

B[mV]

Co[mV]

Carry [mV]

Sum [mV]

0 1,000
time [ns]

Fig.11 Summary of the simulation results of operation of the
SET full adder circuit. The temperature is assumed to be 0 K.

we require that the average voltage be able to be used
as the input signal of the next gate, the inverter gate
can be used up to 2K. This operation temperature is
not impractical.

5.2 Discrepancies in Parameters

Discrepancies in the capacitance parameters alter the
stability condition and the device characteristics. In the
proposed inverter circuit, a discrepancy of 2% in all the
capacitance values is fatal. The parameters should be
accurate within 1% in order to achieve the multiple-
valued inverter function.
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Fig.12 The number of errors and the time ratio of errors in
the output signal of the inverter.
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Interconnection produces parasitic capacitance,
which alters the load capacitance C';,. In the inverter
operation, changing Cp modifies the output voltage.
When the other parameters are exact, the maximum
permissible discrepancy in Cp, is £10aF.

A discrepancy in Vg4 causes a large hysteresis or
bias condition that destroys the Coulomb blockade.
Judging from the stability diagram shown in Fig. 2, the
discrepancy of V4 should be less than +0.1mV.
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5.3 Power Consumption

We can estimate the power consumption of the inverter
circuit as follows. The maximum power consumption
in an inverter gate can be estimated by the power con-
sumption Pp.x by 3-electrons being charged and dis-
charged in the load capacitance Cp, by

2

Prae = %f s (5)
where e is the elementary charge, and f is the clock
frequency. This equation gives a maximum power con-
sumption of 2.7fW for a clock operation with a 120 ns
on-off period. This value is much smaller than typi-
cal values for CMOS MVL gates, which usually range
between W and mW.

The fabrication of the proposed device is difficult
using present technology, but the results of this investi-
gation have shown that it is physically possible for SET
circuits to generate, transfer and hold multiple-valued
signals.

6. Conclusion

We proposed a SET inverter circuit for a multiple-
valued logic circuit. The circuit consists of only two
SET transistors. The circuit performs both the in-
verter function for a multiple-valued logic circuit and
the memory function. A quantizing circuit and a D
flip-flop circuit can be constructed by combining two
inverters. A threshold device that uses the inverter was
also proposed. A full adder circuit can be constructed
by using only two threshold devices. Implementation
issues were also discussed.
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