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Abstract

In this study, a regime where independent treatment of SETSs in transient simulations is valid has
been identified quantitatively. It is found that as in the steady-state case, each SET can be treated
independently even in the transient case when the interconnection capacitance is large enough.
However, the value of the load capacitance Ci. of the interconnections for the independent treatment
of SETs is approximately 10 times larger than that of the steady state case. A compact SET
transient model is developed for transient circuit simulation by SPICE. The developed model is based
on a linearized equivalent circuit and the solution of master equation is done by the programming
capabilities of the SmartSpice. Exact delineation of several simulation time scales and the
physics—based compact model make it possible to accurately simulate hybrid circuits in the time
scales down to several tens of pico seconds. The simulation time is also shown to depend on the
complexity level of the transient model.
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The schematic diagram of an SET. The
tunnel junction capacitances of the drain and
of the source are denoted by C, and C,,
respectively. The normal capacitances of the
gate and the backgate are denoted by C,

and C,, respectively. The terminal voltages

Fig. 1.

of the drain, the source, the gate, and the
backgate are expressed as V,, V,, V,, and
V,, respectively. Finally, the resistances of
the drain and the source tunnel junction are
denoted by R, and R, respectively.
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The drain current (I,) as a function of the
gate-source voltage V, when Vgs varies
linearly from 0 to 0.1 V. The simulation
uses various Jt, while ¢, = 10 psec, the
drain-source voltage Vg4 = 01 V, and the
backgate-source voltage Vi 0075 V.
Other parameters are; C, = 02 aF, C,
01 aF, ¢, = 08 aF, C, = 0.7 aF, R; =
R, = 1 MQ, and the temperature 7=30 K.

Fig. 2.
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The summary of the simulation results of
<Fig. 1(a)> at various f,s, tss, and 4t
The regime of less than 5 % deviation from
the minimum J4¢ case is dencted by the
dashed region and the time constant of the
tunnel junction is given by the solid line.

Fig. 3.
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{(a) The schematic diagram of a single-
electron inverter, consisting of two SETs in
series and (b) the maximum difference
between the output voltages ( V,,,) obtained
from two types of calculations when the
input voltage ( V) of the inverter is swept
from 0 to 0.03 V in three different trs ( C,
= C =16 aF, C, =32 aF, R; = R, =
100 MQ, Vg =003V, T =230 K). The
result Vymg is the output voltage calculated
by solving the time-dependent master
equation considering the overall probability
distribution of three Coulomb islands. The
result Vke is the output voltages calculated
by solving two time-dependent master
equations of the lower and the upper SETs
independently and applying the Kirchhoff's
law at the interconnection.
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The flow chart for the SPICE transient
simulation of SET/CMOS hybrid circuits.
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Fig. 6. The linearized equivalent circuit of the SET
for SPICE implementation. The symbols,
Cusy, Cuy Cu, Cpay Cg, and Cyy are the
drain—source, the gate-source, the backgate-
source, the gate-drain, the gate-backgate,
and the backgate-drain capacitance,
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(a) The drain (I;) and the source current
(I,), and (b) the gate (I,) and the backgate
current (I,) of the SET in <Fig. 1(b)>
when V,, varies linearly from 0 to 0.1 V in
t, = 50 psec, and (c¢) the drain current
when V. varies as shown in the inset
(Ve =01V, Vi =005V, C; =02 aF,
C, =01 aF, C, = 08 aF, C, = 07 aF,
R, = R, =1MQ, T =30 K). The results
from our DC model and the Monte-Carlo
results are also shown. The symbols denote
the results of our SPICE model and the
lines denote the results of the master
equation or the Monte-Carlo.
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(a) The schematic diagram and (b) the
voltage transfer characteristics of an
SE-NOR gate ( V,, = 003335 V, C,. = 160
aF). The parameters of the SET are the
same as those in <Fig. 6> The symbhols
denote the results of the DC model and the
lines denote the results of the transient
model.
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pm 2 W,= 02 um) ME 2 L = 50
nm, W, =40 pgm, Wn= 20 p¢m).

(a) A hybrid circuit consisting of an SE-OR
gate and a CMOS buffer and (b) the
transient simulation results of the hybrid
circuit. The parameters of the CMOS are as
follows: the gate oxide thickness, ¢, = 5
nm; the threshold voltages Vi = 10 mV,
V' = - 10 mV; the mobilities ( z, = 200
em?/Vs, 1,=400 cm’/Vs; the inverter 1( the
gate length L = 50 nm, the gate width W,
=04 pym, W,= 02 gm); the inverter 2 (L
=50 nm, W, =40 gm, and W, = 20 gm).
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The simulation times and the total number
of iterations of several types of SET
circuits (a) in the DC simulation and (b) in
the transient simulation. The x-axis
denotes the complexity of the circuit: 1
(single electron inverter), 2 (SE-NOR
gate), 3 (two inverters), 4 (four inverters),
5 (SE-OR gate; three SE-NOR gates).
Three levels of the device model show
discrepancies in the simulation time and it
increases as the complexity of the circuit
increases.
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