
Superfi cies y Vacío 26(2) 42-49,  junio de 2013 ©Sociedad Mexicana de Ciencia y Tecnología de Superfi cies y Materiales

42

1. Introduction

In the early days of microelectronic design, a top-to-down 
design fl ow was conceived to achieve the designs, while a 
bottom-up verifi cation path was used in order to check them 
during every stage of design with the aim of generating a 
series of EDA tools. In a near future, hybrid systems composed 
of nanometric CMOS transistors and nano-devices, such as 
the SET will also need the development of a counterpart of 
their own design and verifi cation paths. It is regarding the last 
one, that a simulation methodology is devised in order to 
determine their electric response.

The main current obstacle when establishing a simulation 
strategy of hybrid systems consists in dealing with the big gap 
in development of both worlds, that is to say, the simulation 
methodology for CMOS circuits is mature even considering 
the new issues regarding the nanometric dimensions of the 
devices; while the simulation methodology for SET structures 
is still in its infancy. A simulation methodology for hybrid 
systems must cope with this circumstance while providing a 
reliable verifi cation of the electric behaviour of the MOS/SET 
circuitry in a scheme that should be appealing for nowadays 
circuit designers.

By considering this aspect, a particularly straightforward 
verifi cation strategy for hybrid systems composed of SET 
devices and CMOS consists in establishing models for the 
SET that can be easily combined with the MOS models that 
are embedded in SPICE-like simulators.

1.1.Structure of the SET

A SET consists of two metallic tunnel junctions (Drain and 
Source) that share a common electrode (Gate), as its symbol 
shows in Figure 1, [1], [2].

Correspondingly, a tunnel junction is formed — in plain 
words — by two pieces of metal separated by a very thin 
insulator, as sketched in Figure 2.

Besides, it turns out that two tunnel junctions in series 
create a Single-Electron Device (SED) which is the basic cell 
for Single-Electronics. As a result of the concatenation of the 
junctions, a third region is located in the middle, the so-called 
Island — as shown in Figure 3.

If we connect the island to an external terminal (the gate) 
via a thick dielectric, then structure of the SET is completed 
as sketched in Figure 4.

In fact, the structure above constitutes the simplest form of 
a SET, because actually another structure of SET arises when 
two external gates are connected to the island [3], [4].

1.2. A glimpse to SET simulation

In the SET, a mechanism of electric charge fl ow takes place 
as a result of the discrete nature of the tunneling process, 
which occurs in multiples of e, the charge of a single electron. 
Therefore, the analysis of stochastic processes was the most 
commonly used techniques for simulating SET devices in the 
early days. However, during the last years, several approaches 
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Figure 1. Symbol of the single-electron transistor.

Figure 2. Tunnel junctions.
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for simulating the SET have been developed. These efforts 
can be recast in three categories: Statistical Approach, Master 
Equation and Macromodelling.

The statistical approach is considered as a low-level simulation 
method and it is one of the most popular for simulating 
single-electron structures mainly due to its high precision. It 
is based on assessing the possibility of a tunnel event via a 
Montecarlo analysis. Despite its accurate results, simulating 
large number of structures becomes an extremely slow 
process, and it does not allow hybrid simulation [5], [6], [7], 
[8].

The Master Equation approach is considered as a high-level 
method and it rests on describing the Markov process for the 
tunneling of a single-electron by establishing a fi nite number 
of states. This approach regards each single-electron structure 
as isolated components in the network and it can combined 
with MOS circuitry in a rather easy form, but it neglects the 
needed interconnexions, which conveys errors when used in 
hybrid simulation [3], [4].

The Macromodelling approach is another high-level 
simulation method and it is aimed to overcome the problems 
that arise with the use of the previous methods by resorting to 
an electric circuit equivalent that can almost directly included 
in the modifi ed nodal matrix embedded in most of the circuit 
simulators. It clearly results that hybrid simulation is direct, 
although it misses insight on the physics of the device [9], 
[10].

1.3 Using models in electric simulation

Device models are used in electrical simulation in order to 
represent the set of parameters that characterise a given device.

One can see when and how device models are employed by 
looking at the standard structure of a circuit simulator [11], as 
depicted in Figure 5. Herein, the input stage of the simulator 
achieves — among others — the tasks of parsing the input 

fi le, error detection and recovery, and establishing the input 
data structure. The output stage is mainly focussed on establishing 
the output display capabilities of the simulator.

The analysis stage has as main task to establish the 
equilibrium equation of the circuit and to obtain the solution 
by resorting to an appropriate numerical engine. It is in this 
stage where models are incorporated.

Models usually come in two flavours in most circuit 
simulation tools: as embedded models within a library or 
as user defi ned models. On one side, library models mostly 
arise from pre-loaded models from IC fabs or specifi c discrete 
components. On the other side, user-defi ned models are given 
as models that the users have previously developed. The last 
classes of models offer more fl exibility to the user that can be 
applied on its full extent in order to speed up the simulation by 
re-using circuit blocks that were previously verifi ed.

Besides, user-defi ned models are mainly divided into two 
large categories, namely Macromodels and Functional models 
—see Figure 6. The fi rst ones are given as sub-circuits or 
subnetlists that constitute in fact circuit equivalents. The 
second ones are models stated in a hardware description 
language, such as VHDL or VERILOG that can recognised 
by the simulator [12]. Functional models constitute a particularly 
simple modelling strategy for the case of hybrid systems 
composed of SET devices and CMOS because the resulting 

Figura 3. A single-electron device.

Figure 4. A single-electron transistor.

Figure 5. Circuit simulator structure.

Figure 6. Classes of user-defi ned models.



Superfi cies y Vacío 26(2) 42-49,  junio de 2013 ©Sociedad Mexicana de Ciencia y Tecnología de Superfi cies y Materiales

44

model formulation can be straightforwardly added in any 
verifi cation fl ow-path but specially at circuit level.

2. Simulation Methodology

The motivation for achieving a simulation methodology 
can be established with basis on the previous paragraphs. It 
clearly results that some techniques above are more suited for 
simulation at device level, while others are more oriented to 
circuit level simulation.

With this preamble, the underlying philosophy of our 
simulation methodology consists in combining the accuracy 
of the results at device level with the effectiveness of the 
functional model as a circuit-level simulation technique.

The methodology for simulating hybrid circuits is graphically 
described in the fl ow diagram of Figure 7. Hereafter, a 
step-by-step explanation of the blocks of the methodology 
is given.

2.1. Device-level simulation

Given the SET parameters, the SET characteristics are 
obtained by using SIMON —a well-known device-level SET 
simulator. The parameters of the SET that constitute the input 
data for SIMON are the values of capacitors and resistors: 
CTD, RTD, CTS and RTS. The set-up for obtaining the SET 
characteristics is given in Figure 8, and shows the parameter 

values. The results of SIMON simulation are shown in Figure 
9, where the discrete points of the plots are denoted by small 
boxes. The characteristics are given as a family of curves 
IDS - VGS for several values of VDS. Figure 9 (a) shows the cha-
racteristics for positive values of VDS while Figure 9 (b) shows 
the same for negative values of VDS.

(a) For VDS ≥ 0.
(b) For VDS ≤ 0.

It can be notice that the IDS - VGS characteristics obtained 
with SIMON, as shown in Figure 9, exhibit a remarkable 
periodic behaviour that resembles a sinusoid of the form:

Figure 7. Flow diagram of the simulation methodology.

Figure 8. Set-up test for SIMON.

Figure 9. Simulation data from SIMON.
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   (1)

where A0, f, β and Aoff are the amplitude, oscillation fre-
quency, delay and offset, respectively.

2.2. Piecewise linear model generation

PWL modelling approximates continuous i-u branch 
relationships by means of several linear segments. The main 
advantage of using PWL models resides in the fact that the 
resulting equilibrium equations are recast in a set of linear 
algebraic equations instead of nonlinear algebraic equations, 
which accelerates the process of fi nding a solution.

Given a continuous piece-wise linear function, f(x), composed 
by a finite set of linear segments,  its explicit canonical 
formulation was proposed by Chua and Kang in [13], [14], [15]:

  (2)

Where the involved coeffi cients can be calculated as fo-
llows:

and 

The graphical representation of Equation 1 is given in Figure 
10. Herein, a continuous piece-wise linear function, f(x), is 
formed with p different breakpoints x1< x2< ... < xp. Each 
segment is defi ned with a slope mi, where i = 0,1,2, ... , p.

Hereafter, the parameters of the sinusoid in Equation 1 are 
modelled by PWL representations in order to generate the 
function in 1 in fully PWL form. Figure 11 shows the 

behaviours of these parameters as functions of VDS in 
piecewise linear approximations.

Using the explicit PWL defi nition of Equation 2, the explicit 
PWL functions that model the parameters above are given as:

slope=mo

m1
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m3

mi

mi+1
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x
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0
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Figure 10. A PWL function.
Figure 11. PWL functions of the sinusoidal parameters.

(b) Frequency f vs VDS.

(a) Amplitude A0 vs VDS.

 (c) Phase β vs VDS. 

(d) Offset level Aoff vs VDS.
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  (3)

    (4)

    (5)

 (6)

As a result, a closed PWL model of the ID (VGS,VDS) 
characteristics can be obtained after substituting the previous 
expressions in Equation 1. Hereafter, the expression for the 
positive part, i.e. when VDS > 0:

 (7)

and for the negative part (when VDS < 0):

 (8)

Equations 7 and 8 represent indeed the functional model 
of the single-electron transistor. By evaluating these equa-
tions the continuous plots of Figure 12 have been obtained. In 
this Figure, the results from SIMON are shown by the square 
boxes symbols. Our model shows Ids-Vgs characteristics that 
have an excellent agreement with those generated by SIMON.

Besides, these curves agree with the experimental results 
from [16], where the Coulomb blockade oscillation 
phenomenon in a SET is reported.

An important advantage of the models expressed in equations 
7 and 8 resides in the fact that they can be easily coded in a 
high-level language such as VERILOG-A in order to carry out 
hybrid simulation by using a standard circuit-level simulation 

tool such as SPICE. The next code is a VERILOG-A module 
ready to be imported by SPICE.

3.Cases of Study

In this section, several only-SET and hybrid circuits are 
simulated by using the aforementioned model.

3.1.SET inverter

An inverter is shown in Figure 12-(a). It consists of two 
identical SETs [17], [18]. The circuit is biased by Vdd source 

(a) For VDS ≥ 0.

(b) For VDS ≤ 0.
Figure 12. IDS - VGS characteristics for the SET.

 

‘define PI 3.14159265358979323846264338327950288419716939937511 
module setseno(D, G, S); 
inout D, G, S; 
electrical D, G, S; 
analog begin 
if (V(D,S)>=0) 

I(D,S) <+ (17p+95p*V(D,S)-90p*abs(V(D,S)-0.005) 
-80p*abs(V(D,S)-0.01)-300p*abs(V(D,S)-0.015) 
-200p*abs(V(D,S)-0.02)-200p*abs(V(D,S)-0.025) 
-75p*abs(V(D,S)-0.03))* 
(sin(2*‘PI*(5*V(D,S)+19.95)*V(G,S)+4.7-60*V(D,S))) 
-22.25p+2.605n*V(D,S)+40p*abs(V(D,S)-0.005) 
+230p*abs(V(D,S)-0.01)+170p*abs(V(D,S)-0.015) 
+260p*abs(V(D,S)-0.02)+270p*abs(V(D,S)-0.025) 
+175p*abs(V(D,S)-0.03); 

else 
I(D,S) <+ (-17p+95p*V(D,S)+90p*abs(V(D,S)+0.005) 

+80p*abs(V(D,S)+0.01)+300p*abs(V(D,S)+0.015) 
+200p*abs(V(D,S)+0.02)+200p*abs(V(D,S)+0.025) 
+75p*abs(V(D,S)+0.03))* 
(sin(2*‘PI*(5*V(D,S)+19.95)*V(G,S)+4.7-60*V(D,S))) 
+22.25p+2.605n*V(D,S)-40p*abs(V(D,S)+0.005) 
-230p*abs(V(D,S)+0.01)-170p*abs(V(D,S)+0.015) 
-260p*abs(V(D,S)+0.02)-270p*abs(V(D,S)+0.025) 
-175p*abs(V(D,S)+0.03); 

end 
endmodule 
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of 30mV, the input voltage is unit ramp, and the output 
voltage drives a load capacitor of 1aF.  The SET parameters 
are given in Figure 8.

The ramp input voltage is shown in Figure 13-(b). The static 
characteristics of the SET inverter that are obtained by using 
our functional model is shown Figure 13-(c).

3.2 Single-electron NOR-gate

The next example is a NOR-gate [19] entirely composed 
of 8 single-electron transistors (from S1 to S8) —as shown 
in Figure 14. The gate is biased by a ±15mV rail-to-rail 
supply voltage. The input signals (Vg1, Vg2) are given as ± 8 
mV square pulses. The resulting output signal drives a load 
capacitance of 1aF.

The logic inputs are shown in Figure 15-(a) and Figure 
15-(b), while the resulting output waveform is depicted in 

(a) Schematic of the SET inverter.

(b) Input voltage.

(c) Voltage transfer characteristics

Figure 13. A SET inverter and its static transfer.

Figure 15-(c). The output agrees with that reported in [19] 
where an electrical macro-model of the SET was employed.

3.3 Hybrid NDR

An important basic cell for the design of a wide number 
of applications, such as oscillator, is the negative differential 
resistance cell (NDR). In this example, the hybrid NDR from 
Figure 16-(a) is simulated. The hybrid NDR cell [20] is 

Figure 14. SET-based  NOR-gate.

(a) Vg1 input.

(a) Vg2 input.

(c) (Vg1+Vg2)waveform.

Figure 15. NOR waveforms.
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composed by a MOSFET and a SET in series (see Figure 
16-(a)). Vgg constitute a constant bias voltage and Vdd is swept 
from 0 to 600mV. 

The MOSFET acts as a buffer, then, the DC voltage at the 
drain terminal of the SET remains almost constant and less 
than e ⁄ CΣ , while Vdd is increasing. Therefore, the MOSFET 
must be working in deep subthreshold region (i.e. Vgg <VTH  + e 
⁄ CΣ , where CΣ = CTD + CTS + CG). Since Vdd is also connected 
to the gate terminal of the SET, then when Vdd increases, the 
SET current oscillates, yielding a periodic NDR behaviour.

Electrical simulation of the NDR cell was achieved by 
combining a traditional model for the MOS transistor with the 
functional model for the single-electron transistor.

Figure 16-(b) shows that voltage V1 reaches an almost 
constant value when Vdd is larger than the stipulated condition.

The NDR static characteristic (Id vs Vdd) is plotted in Figure 
16-(c). It exhibits several regions of negative slopes which 
implies locally negative differential resistance. The i - v 
characteristic of Figure 16-(c) has been contrasted with the 
results reported in [21], [22], where a steady-state master 
equation model for the SET was used to simulate a similar 
NDR cell.

Figure 16. Hybrid negative differential resistor (NDR).

(a) Hybrid NDR cell.

(b) Voltage at node 1.

(c) NDR static i - v characteristic.

 

3.4 Hybrid inverter

Figure 17 shows a hybrid inverter circuit formed by a SET 
driver with an NMOS load [23], [24]. 

In order to compensate for the low driving-capability of 
SETs, the inverter is coupled to a CMOS output buffering 
chain, in order to obtain an output signal with practical 
amplitude levels.

Similarly, hybrid simulation of the inverter was done by 
using traditional models for the MOS transistors of the circuit, 

Figure 17. Hybrid inverter.

(a) Input signal (Vin)

(b) Output signal (Vt ).

(c) Buffered output signal (Vo2 ).
Figure 18. Simulation results of the hybrid inverter.
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and our functional model from equation (2) for the single-electron 
transistor.

Resulting waveforms are shown in Figure 18, for the input 
voltage Vin, for the inverse output Vt, and for the buffered 
output Vo2.

Hybrid simulation results agree with those reported in [24], 
where the analytical model used for the SET is based on the 
steady-state master equation, which results much more time 
consuming than our model.

4. Conclusions

A methodology for the electric simulation of MOS/SET 
hybrid circuits has been developed. As a result of this, a 
functional model for the single-electron transistor was 
obtained by using piecewise linear approximation that yields 
a closed form for the IDS - VGS characteristic of the SET. The 
SET model can be easily coded in the VERILOG-A hardware 
description language and imported by a SPICE-like netlist 
defi nition. The feasibility of hybrid simulation methodology 
has been illustrated by several applications.
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