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Abstract To explore single-electron circuits for different
applications, a proper simulation platform where circuits
consisting of single electron transistors and other devices
can be simulated efficiently is needed. A macro model of
single electron transistor featuring symmetric tunnel junc-
tions is proposed. In the proposed model, a voltage con-
trolled current source is incorporated in the existing model
of SET to get more accurate results. Three scaling factors
have been included in the model to improve the versatility
of the model. The advantages and disadvantages of dif-
ferent simulation methods are discussed as a justification
for choosing the macro model approach. The proposed
model can efficiently describe the physical phenomena
occurring in coulomb blockade and coulomb oscillation
regions. The SPICE environment is used for the simulation
and to verify the accuracy, the model is applied to a single
electron inverter circuit and the effect of macro model
parameters on the noise margin is investigated to estimate
the robustness of the inverter cell. A multi peak negative
differential resistance circuit based on the proposed macro
model is designed and demonstrated. Also, an integrator
circuit has been designed to prove the validity of the pro-
posed model in the analog domain. Further, the linearity of
the integrator circuit is analyzed through harmonic and
intermodulation distortion analysis.
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1 Introduction

Single electronics is nothing but the controlled manipulation
of individual electrons through a barrier. Though the journey
of single electronics started long ego by Robert Millikan who
manipulated single electron onto oil drops in the early 1920s,
it took almost 70 years to put its footprint in the solid state
technology. Single electron transistor (SET) is the most
promising candidate for future VLSI/ULSI solutions [1-4].
Several works have been reported in the literature on SET
based circuit designs [5-10]. Some works have also been
reported on hybrid SET-MOS circuit design [11-18]. To
design and analyze single-electron circuits efficiently, we
need a proper simulation environment, which will allow us to
study the characteristics and have potential to compete with
other existing technologies. As Monte Carlo based simulators
take significant time to simulate circuits and don’t support the
hybrid SET-MOS simulations, researcher have been looking
for other modeling approaches [19-24] to efficiently simulate
single-electron based circuits. Basically there are three dif-
ferent approaches to the simulation of single electronics
circuits: SPICE macro-modeling, Monte Carlo based method
and master equation method. The Monte-Carlo method is a
probabilistic approach where the result is achieved by sto-
chastic integration [25]. In this method, random tunnel times
are computed for all possible events and correlation in these
Pseudo random numbers can affect the result drastically [26].
As this method includes stochastic sampling, it takes a long
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time to simulate circuit with large no. of nodes. In master
equation method, a set of equations which represents the
charge transport process in single-electron circuits are solved
deterministically to get the simulation results [27]. In this
approach one needs to know all relevant states a circuit can
occupy which is a tedious job to perform. A macro model is
an equivalent circuit of a device designed using conventional
microelectronic components such as voltage and current
sources, diodes and resistors [28]. In macro modeling, we are
not concerned about the probability of tunneling events;
rather the focus is on the KCL and KVL equations. So in
macro modeling approach, the computation time is lesser
compared to the other methods. For small circuits, master
equation method is faster than the Monte Carlo approach, but
for larger circuits, master equation method becomes infea-
sible. For very large system, SPICE macro modeling is much
faster compared to other approaches.

Several macro models of SETs have been reported in the
literature [18—-20] which are efficient to be used as a basic
circuit element in a single-electron circuit. Yu et al. first
proposed a macro model of a single electron transistor for
efficient circuit simulation in SPICE [18]. Wu et al. later
modified it by incorporating two back to back diodes in the
model to make the current flowing from gate to source
negligibly small [19]. Karimian et al. further modified it to
calculate the timing of electron tunneling through the
barrier by employing a switch capacitor circuit in the
model which works as a quantizer circuit [20]. In this paper
we have improved Yu’s model by incorporating a voltage
controlled current source to get more accurate results. In
Yu’s model [18], shown in Fig. 1 the current in the cou-
lomb blockade region is not zero for V4 equal to 0V,
rather it increases linearly. In case of Wu and Lin’s model
[19], the current in the coulomb blockade region is zero for
a fixed value of the gate to source voltage, but it doesn’t
provide any plots regarding the value of current for other
values of gate to source voltage. Yu’s model is unable to
predict the characteristics in the coulomb blockade region
whereas Wu and Lin’s model doesn’t provide any clear

Gate o— O Drain
R, Rs
Re § % R: b, .
V, V,
o 0 Source

Fig. 1 The macro model of Yu et al.
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picture of the coulomb blockade characteristics. We have
improved Yu’s model by replacing R; with a voltage
controlled current source g;.

In SPICE simulation, it is assumed that only the terminal
characteristics of one device can affect the characteristics of
other devices [18]. For circuits consisting of Single electron
transistors this assumption may not be valid as the current in
a single-electron circuit is calculated considering the charge
states of all the coulomb islands together. If we consider the
interconnection between adjacent SETs to be very large so
that it acts as a reservoir for the adjacent SET, then single-
electron circuits can be simulated in SPICE type simulator,
but obviously with a bit of sacrifice in accuracy. Therefore, if
the interconnection is large enough, SET shows similar
characteristics irrespective of whether it is a part of a circuit
or an isolated one. It has been observed that SET works well
in a circuit if C;, > 6.25 C; where Cp and C; are the values
of the load capacitance and typical junction capacitance
respectively [18].

2 The macro model

The proposed macro model of SET is shown in Fig. 2 and its
code is given in Fig. 3. Here CF1, CI2, CR1, CR2, CR3, CR4,
and CVp are macro model parameters, K;, K, and K3 are the
scaling factors. The symmetric features of the characteristics
on both side of the coulomb blockade are captured using a
combination of resistor, diode and voltage source, denoted by
Ry, Dy, Vy and Ry, Dy, V, respectively. The function of R1,
D1, V1and R2, D2, V2 is to control the current in positive and
negative direction respectively assuring the flow of current in
both directions when the value of V4 is larger than the critical
voltage [27] of the device. If the value of the critical voltage is
greater than V1 thendiode D1 is ON and current flows through
the resistor R1 and if it is less than V2 then the diode D2 is ON
and current flows through the resistor R2. For coulomb
blockade the current contribution comes from the voltage
controlled current source g;.The resistor RG is used in the

Gate o— AaV\~o Drain
3
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Fig. 2 The proposed macro model, where R; of Yu’s model is
replaced by a voltage controlled current source g;
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Fig. 3 SPICE macro model code of the proposed model

circuit to isolate the gate terminal from source terminal by
restricting the flow of current through it. The value of RG has
been chosen much higher than the values of R; and R, so that it
acts like an open circuit. We have also added R; in the model
to measure the overall drain current flowing through R;, R,
and g;. The Resistor R; contributes nothing to the operation of
the macro model but helps in plotting the overall drain current.
The main three designed components of our macro model are
R, R, and g; which are cosine function of the gate bias. R and
R, are expressed as [18].

CVp
Rl = (CIZ TV )/K1 (1)
" CR1+CR2%Cos(CFTnxVgs)
CVp

R2— ( ) /Kz o)
2 — CR1+CR2%Cos(CF1xm+Vgs)

2xCVp

From the ideal characteristics of single electron transistor,
it is observed that the gate to source voltage mainly have
two functions. It acts as a parameter for uplifting the I3 Vs
Vs curve for different values of Vg keeping the nature of
the curve intake. It also act as a variable for Ids Vs Vgs
curve which is oscillatory in nature. Considering these facts,
the expression for the novel component g; is expressed as

gl = (CR3 « Sin(n x Vgs)) /K (3)

Here the Sine term gives the oscillatory nature of the Ids
Vs Vgs curve and the overall value of this expression gives
a dc value.

By controlling the values of fitting parameters properly
we can control the characteristics of the proposed model in

the desired range of operation. It can be observed from (1)
and (2) that two scaling factors K; and K, have been
included in the expression of R1 and R2 respectively. K; and
K, have been incorporated in the design to change the range
of the drain current without affecting the V—I characteristics
of the model. As the values of R; and R, are dependent on
scaling factors, same value of K; and K, is chosen to
maintain the symmetry of the device. The designer has the
freedom to select either symmetric or asymmetric SET just
by changing the values of K1 and K2. Though there are
some advantages of asymmetric SET, we have focused only
on analysis of the characteristics of SET with symmetric
tunnel junctions in this study. One more scaling factor (K3)
has been included in the design as given in (3) to control the
vertical shift of 14—V curve for a specific gate bias.

3 Simulation results

The proposed model of the single electron transistor is simu-
lated in SPICE environment using the following parameter
values: the gate capacitance Cg = 3.2aF, the junction
capacitace Cj = 1.6aF, and the temperature T = 30 K [18].
The values for the fitting parameters to get the desired result
are chosen as CF1 = 40 [18], Cvp = 0.02,CI2 = 0.2 x 10_9,
CR1 =300 x 10° and CR2 =220 x 10°. It can be
observed from Fig. 4 that the coulomb blockade and non
coulomb blockade regions are clearly distinguishable in the
L4~V 45 characteristics of the model. With increase in Vg the
graph shifts upward along vertical axis. Even though this
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Fig. 4 Current—voltage characteristics of the designed SET where the
gate biases is varied from V, =00V to V, =025V with an
increment of 0.05 V. For simplicity we have assumed K; = K,
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Fig. 5 Comparison of the I;—Vy, characteristics for zero gate to
source voltage obtained from Yu’s model, Wu and Lin’s model,
SIMON 2.0 and verilog-A model MIB under the condition Rp =
Rs = 100 MQ, Ctp = Crs = 1.6 aF, and T = 30 K. The parameters
for our macro model are CF1 = 40, Cyp = 0.02, CI2 = 0.2 x 10_9,
CR1 = 300 x 10™®, CR2 = 220 x 1075, The value of RG is taken
as 50 x 10° Q

vertical shift is observed in Yu’s model, the nature of shift is
not fixed. Figure 5 shows the comparison of I3~V char-
acteristics obtained from SIMON [29], MIB model [30],
Yu’s model, Wu’s model and our model for both coulomb
blockade and non coulomb blockade regions. It is observed
that in the coulomb blockade region of the characteristics,
the results obtained using our model closely matches with
that of the most popular simulation software SIMON.
Among all the models, the drain current of our model covers
the maximum range which can be controlled by choosing
suitable values of the scaling factors.

The coulomb oscillation characteristics considering Vg
as a parameter is shown in Fig. 6. It is observed that with
increase in Vg the peak value of the characteristic curve
increases and the oscillations look more prominent.
Therefore, it can be concluded that SET gives better result
for higher values of Vg4, compared to lower values. The
transconductance characteristics of the proposed macro
model have been shown in Fig. 7. It is observed that
transconductance is a decreasing function of Vs and for
values greater than 0.07 V, almost all the transconductance
values lie between 0 and 10 pS. Here the positive trans-
conductance part of the characteristics have been shown
considering positive values of Vg, only, whereas the neg-
ative transconductances can also be obtained by taking
negative Vg, values. A comparison regarding computa-
tional overhead for each category (Monte Carlo based,
SPICE macro model and master equation based) is given in
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Fig. 6 Coulomb oscillation characteristics of the proposed SET for
various drain to source voltage
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Fig. 7 Transconductance characteristics of the proposed macro
model. Here V4 has been chosen as the parameter whose values
are varied from 0.2 to 0.6 V, with an increment of 0.1 V

Table 1. It can be observed that circuits designed with
macro model takes lesser time compared to other
approaches.

4 Single electron inverter

A single electron inverter is designed using the proposed
model as shown in Fig. 8 to verify the validity of the
proposed model for single-electron circuits. The voltage
transfer characteristic of the single electron inverter along
with the results obtained from MIB and SIMON is shown
in Fig. 9. The DC input is being varied from —0.02 to
0.02 V. The static characteristic closely matches that of the
ideal one. The logic ‘1’ and logic ‘O’ values are clearly
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Table 1 Comparison of computational time for different circuits using Monte Carlo based, SPICE macro model and master equation based

approach
Logic circuit (simulated No. of Monte Carlo Master equation Macro model
in a Intel core i3 processor) devices method (sec) based approach (sec) approach (sec)
Inverter 2 1.0 3.63 0.9
NAND gate 3 2.0 3.97 1.22
Master—slave JK flipflop 8 3.0 43 1.6
Q vdd
0.02 o ;
Ci: Ri
=—8— Our Model
| 0.01 w o MB E
C, G, R S . ' SIMON
V' — 5
i ¢ S o
5
Cg Ci> Ri o
—t -0.01¢
=y Ee.
G Ry
I -0.02 e
- - -0.02 -0.01 0 0.01 0.02
Input(V)

Fig. 8 Single electron transistor based inverter Circuit. Co,g is the
output load capacitance, Cj and Rj are tunnel junction capacitance and
resistance respectively

distinguishable for the designed inverter, also the gain of
the designed inverter is greater than one. The simulation
results obtained from SIMON and MIB model are almost
same and the output range is between —0.01 and 0.01 V
which is less than that obtained from our model.

It is observed that in all respects, the inverter designed
using our model gives better result compared to others. In
the inverter circuit, the value of the load capacitor is con-
sidered to be large enough to ensure that each SET in the
inverter can work independently. The transient character-
istic of the designed inverter circuit is shown in Fig. 10.
The output pulse is an exact opposite replica of the input
pulse which proves that our model performed well for the
test input. The simulation results obtained from the popular
simulation software SIMON and well accepted verilog-A
MIB model have also been plotted in the same graph so
that a comparison can be drawn.

The comparison with Monte Carlo simulation (SIMON)
and MIB model demonstrates the accuracy of the proposed
macro model in both static and dynamic regimes. We have
further investigated the effect of parameters on the noise
margin of the inverter circuit. We observed that Rg affects

Fig. 9 Static chracteristics of an SET inverter cell, as predicted by
MIB, SIMON and our model. The SET parameters for SIMON
and MIB are RS = RD =1 MQ, CTD = CTS =1 aF, CGI = 3 aF,
the output load capacitor is Cp. = 1 aF, and the parameters for our
macro model is CF1 = 40, Cyp = 0.02, CI2 = 0.2 x 10~°, CR1 =
300 x 10™®, CR2 =220 x 10™®. The value of RG is taken as
50 x 10° Q

the SET logic robustness significantly compared to the
other parameters. The effect of Rg on the static charac-
teristics of the inverter cell is demonstrated in Fig. 11. As
the value of Rg increases, the characteristics curve moves
towards the ideal characteristics and hence the noise mar-
gin is improved. With the value of Rg equal to 50 GQ, the
designed inverter shows the best result and further increase
in its value does not affect the characteristics curve. The
values of noise margin for different values of Rg are
depicted in the inset of Fig. 11. It is observed that for all
the values of RG, NM = NMy, so instead of representing
it in ratio form, we have represented the noise margin in
absolute form. Starting from RG = 10 GQ to RG =
20 GQ, the noise margin increases rapidly after which the
slope decreases. The minimum value of absolute noise
margin (NMy = NMp, = 0.25 V) is obtained for RG =
10 GQ, whereas the maximum value is obtained (NMy =
NM; = 0.286 V) for RG = 50 GQ.
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Fig. 10 Transient characteristics of an SET inverter cell, as predicted
by MIB, SIMON and our model. The SET parameters for SIMON
and MIB are Rg = Rp = 1 MQ, Crp = Crs = 1 aF, Cg; = 3 aF,
the output load capacitor is Cp = 1 aF, and the parameters for our
macro model is CF1 = 40, Cyp = 0.02, CI2 = 0.2 x 107°, CR1 =
300 x 107, CR2 =220 x 10*°. The value of RG is taken as
50 x 10° Q
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Fig. 11 Effect of RG on the static characteristics of the inverter
circuit

5 Multiple peak NDR circuit

The negative differential resistance circuit has a wide
variety of applications such as in memory circuit, analog-
to-digital converter, oscillators, logic circuit, delta sigma
modulator, cellular neural network [31, 32]. Heji et al. [33]
first proposed SET based NDR circuit. Later Mahapatra
et al. [30] proposed a more versatile architecture with an
improved dynamic range of the NDR region. Due to its
potential to reach ultra high speed and to reduce circuit
complexity, multiple peak NDR circuit has been employed
in multiple valued logic circuits, frequency multiplier and
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cross coupled single electron transistors and one current source used for
biasing the transistor T1. The parameter values used are CF1 = 40,
Cyvp = 0.02, CI2 = 0.2 x 1077, CR1 =300 x 10%°, CR2 = 220 x
107 (for T1) and CR1 = 300 x 107°, CR2 = 220 x 10*® (for T2).
The value of RG is taken as 10 x 10° Q

in multiple valued memory circuits [34-36]. A multiple
peak NDR circuit based on single electron transistor and
MOS transistor is proposed by Inokawa et al., but nothing
has been reported based on single electron transistors only.
We have presented a multiple peak NDR circuit based on
single electron transistor [30]. The designed circuit consists
of two cross connected SETs as depicted in Fig. 12. Here a
feedback loop is created by the current biased transistor T1,
which controls the current I;,, flowing through the tran-
sistor T2. -V characteristics of the designed multi peak
NDR cell for different bias current has been shown in
Fig. 13. We investigated the effect of different parameters
on the characteristics of the multi peak NDR circuit. The
parameter CR1 increases the NDR region where as CR2
helps to get a proper peak for different NDR regions. The
parameter Rg has the maximum effect on the characteris-
tics plot as it controls the number of NDR regions for a
fixed range of input voltage. As the value of RG decreases,
the number of NDR region increases as depicted in Fig. 14.

6 Integrator

We have designed an integrator circuit based on single
electron transistors [37] as shown in Fig. 15. Here the
transistor T1 is biased using Vdd and transistor T2 is biased
using Vgs. The input Vin is connected to the gate of
transistor T1 and to the drain of transistor T2. So transistor
T2 works in a pass transistor format. Finally the output is
received across the capacitor Cy. The input and output
waveform of the designed circuit is shown in Fig. 16. It can
be observed that the input is a sine wave where as the
output is a cosine wave which proves that the designed
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Fig. 13 Characteristics of the designed multi peak NDR circuit for
different bias current simulated in SPICE environment. The parameter
values used are CF1 = 40, Cyp = 0.02, CI2 = 0.2 x 10_9, CR1 =
420 x 10%%, CR2 =5 x 10™ (for T1) and CRI = 330 x 107,
CR2 = 330 x 10™° (for T2), the value of RG is taken as 10 x 10° Q
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Fig. 14 Effect of Rg on the characteristics of the multi peak NDR
circuit. The parameter values used are CF1 = 40, Cyp = 0.02,
CI2 = 0.2 x 107°, CR1 = 420 x 10™°, CR2 =5 x 10%° (for T1)
and CR1 = 330 x 10%5, CR2 = 330 x 10™° (for T2). The value of
the bias current is 60 nA
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Fig. 15 Schematic diagram of the integrator circuit. The parameter
values used are CFl =40, Cyp =0.02, CI2 = 0.25 x 1079,
CR1 = 420 x 10™®, CR2 = 5 x 107, CR3 = 0.29¢” (for T1) and
CI2 = 0.15 x 107°, CR1 = 330 x 1075, CR2 = 3 x 10"®, CR3 =
0.7¢”7 (for T2), the value of RG is taken as 2 x 10°Q
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Fig. 16 Transient characteristics of the designed integrator circuit
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Fig. 17 Plot of the harmonic distortion of the designed circuit

circuit is working satisfactorily. The linearity of the
designed circuit is analyzed with the harmonic and inter-
modulation distortion analysis [38]. In SPICE environment
the harmonic distortion analysis is done using four com-
mand which instructs the simulator to perform a harmonic
decomposition by calculating the fourier coefficients of the
input waveform and finally calculates the total harmonic
distortion (THD) [39]. We perform the harmonic distortion
analysis of the circuit where the fundamental frequency is
considered as 10 kHz and the number of harmonics is nine.
The result of the analysis is plotted after normalizing the
power of the harmonics in dBm and shown in Fig. 17. It is
observed that the maximum power of —15.95 dBm is
observed for the fundamental frequency 10 kHz and for
other frequencies the power is around —200 dBm which is
very much lower compared to the power of the input
waveform. Finally the THD is obtained as 2.94 %
which proves that the designed circuit is highly immune to
the harmonic distortion. Intermodulation distortion is
another quantity that signifies the linearity of the designed
circuit. The problem is SPICE does not provide any com-
mand to analyze the intermodulation distortion. So the
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Fig. 18 Plot of the intermodulation distortion of the designed circuit

intermodulation distortion of the circuit is analyzed using
total difference frequency distortion (TDFD) test [40].
Actually the TDFD test uses the same four command
keeping in mind the fact that all frequencies of interest have
to be the multiple of the fundamental so the fundamental
frequency is chosen as the submultiple of the stimulating
frequencies [41]. In TDFD analysis a two tone test is per-
formed where the stimulating frequencies are 8§ kHz, 10 kHz
and the fundamental frequency is 2 kHz. The result of the
intermodulation distortion analysis is shown in Fig. 18. It is
observed from the figure that the power of the stimulating
frequencies are much higher compared to the second order
intermodulation frequency (2 kHz) and third order inter-
modulation frequency (12 kHz). Finally the intermodulation
distortion is calculated as 1 %.

7 Conclusion

In this paper an improved macro model of SET is reported
for efficient simulation of single-electron circuits in SPICE
simulation environment. A voltage control current source is
incorporated in the existing model to predict the charac-
teristic of the model in the coulomb blockade region. Some
scaling factors are included which can be selected by the
designer to switch between symmetric SET and asym-
metric SET and also to scale the drain current. By com-
parison with other types of simulation methods, it is shown
that our model closely matches the results obtained from
the popular simulation software SIMON. Simulation
results of the single electron inverter designed using the
proposed model are promising enough to justify the use of
the model for designing single electronics logic circuits. It
was found that among all the parameters, Rg shows max-
imum effect on the noise margin of the designed inverter
cell. It is observed that with increase in Rg, the noise
margin is improved and the maximum value of absolute
noise margin is obtained for Rg equal to 50 GQ. The
designed multi peak NDR circuit is found to work
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satisfactorily. Among all the parameters, CR1, CR2 and
RG have significant effects on the characteristics of the
multi peak NDR cell. CR1 and CR2 affects the shape of the
NDR region where as Rg controls the number of NDR
regions for a fixed range of the input voltage. The inte-
grator circuit is found to work satisfactorily. The harmonic
and Intermodulation distortion is calculated as 2.94 % and
1 % respectively, which proves that the designed circuit is
highly immune to the harmonic and intermodulation
components of the designed integrator circuit.
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