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A B S T R A C T

Performance of Single Electron Transistors as analogue frequency doublers is evaluated by analysis and HSPICE
simulations. First, a macro model is selected which represents the device characteristics adequately. The model
parameters are determined for different devices reported in the literature, based on their DC characteristics.
Adding terminal capacitances to the device model, the small-signal AC performance of the transistors are then
simulated. It is observed that the selected devices can operate up to GHz frequencies. Then large signal theory of
operation of a common source doubler with resistive loading is developed based on the selected model. Simu-
lations for resistor and transistor loaded circuits with HSPICE are also presented. There is good agreement be-
tween the simulation results and those from the closed form analytical expressions. The device analysis and
simulations indicate that the device can be used as a doubler in its Coulomb blockade region of operation.
Conversion gain (loss) of �13 dB, and harmonic distortion of 12% can be expected.

1. Introduction

Since the early work on understanding fundamentals and potential of
Single Electron Transistors [1,2], there have been growing interest in
these devices for the past decades [3,4]. On its path of development, the
simulation of devices, circuits, and systems have followed the early work.

The evolution of the device has included various modelling efforts.
The computationally intensiveMonte Carlo models have been introduced
by Chen andWashuber [5,6]. The results of the Monte Carlo models often
serve as the benchmark for other modelling activities namely, analytical
[7–9] and macro models [10–15]. The advanced fabrication technology
required for these transistors has limited the number of devices actually
built and measured [16]. To the best of our knowledge, there is not
enough experimental data to be considered as a typical device perfor-
mance. Hence, many have relied upon Monte Carlo simulations. Macro
models have traditionally been the favourite choice for circuit simula-
tions. We have selected one of the early macro models by Yu et al. [12],
for our work. The favourable characteristics of this model are the
simplicity, ease of implementation, and satisfactory predictive power.

Digital circuit and eventually sub-system simulations have followed
the device work. The circuit simulations have demonstrated logic gates
[11,12]. More complex structures such as SET-CNN [17], SET-CMOS
hybrid [18], and SET Network on Chip [19], have also been

demonstrated.
Because of the small size of the SETs, and potential for very high level

of integration, the focus of the circuit development has been on digital
circuits with limited work on analogue applications [7,20]. In this work,
we will analyse and simulate the performance of a SET analogue fre-
quency doubler. Frequency doublers can be used for waveform genera-
tion at a higher frequency when building a fundamental oscillator proves
difficult. The ability of the SET as a doubler is a natural consequence of its
oscillatory drain current versus gate voltage transfer characteristic.

In what follows, we will first use our selected macro model to fit the
DC characteristics of three SETs given in the literature. The capacitive
elements are added to the circuit model for the simulation of the small-
signal frequency response. Then the theory of operation of a common
source doubler with resistive loading is presented. Doubler performance
parameters such as conversion gain (loss), its dependence on input
amplitude and supply voltage, and harmonic distortion as predicted by
the theory and simulated by HSPICE is shown. The reasons for discrep-
ancies between the calculated and simulated results are given. Finally, a
single-stage common source configuration with transistor loading is
considered. Here only results of simulations by HSPICE are presented. In
addition to the above performance parameters, the frequency limits of
large signal operation will be given for the transistor loaded circuit.

* Corresponding author.
E-mail address: abdollah.eskandarian@iaurasht.ac.ir (A. Eskandarian).

Contents lists available at ScienceDirect

Microelectronics Journal

journal homepage: www.elsevier.com/locate/mejo

https://doi.org/10.1016/j.mejo.2018.02.008
Received 10 September 2017; Received in revised form 13 February 2018; Accepted 28 February 2018

0026-2692/© 2018 Published by Elsevier Ltd.

Microelectronics Journal 75 (2018) 52–60

mailto:abdollah.eskandarian@iaurasht.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mejo.2018.02.008&domain=pdf
www.sciencedirect.com/science/journal/00262692
www.elsevier.com/locate/mejo
https://doi.org/10.1016/j.mejo.2018.02.008
https://doi.org/10.1016/j.mejo.2018.02.008
https://doi.org/10.1016/j.mejo.2018.02.008


2. Device model

The choice of the device model is one of the important factors in
circuit simulations. Macro models are traditionally used for circuit sim-
ulations, because of their computational efficiency. We have selected one
of the early macro models for our circuit simulations, namely the model
developed by Yu [12]. By appropriate addition of internal device ca-
pacitances we have been able to extend the model to high frequencies. In
this section, we first discuss the basic model followed by extension to AC
analysis and simulation.

2.1. The macro model

The circuit diagram of the Yu model is shown in Fig. 1, excluding the
terminal capacitances. The drain to source part of the circuit model is
composed of three branches. The controlled resistor R0 represents the
Coulomb blockade phenomenon observed in these devices. The other
two branches become significant for higher drain source voltages with
opposite polarities. The circuit elements are described by the following
equations [12].

R0 ¼ R1 þ R2 Cosð K⋅π⋅ Vgs Þ (1)

R ¼ Vp

Ip � 2 Vp
R0

(2)

Where R1; R2; K; Vp, and Ip are the fitting parameters to be determined.
Vgs is the gate to source voltage. Equation (1) shows the gate voltage
dependence of the circuit element R0. The cosine variation of this resistor
results in the oscillatory transfer characteristic. The value of the resistor R
in the circuit model is also dependent on R0. For the diodes, we have used
the usual equation given below.

I ¼ Is
h
e
qV
kT � 1

i
(3)

The parameter definitions are well known.
There have been modifications to this model up to recent years [10,

11,15], with the purpose of improvement. Karimian et al. [10] added a
quantizer block to account for the tunnelling time. Wu et al. [11]
modified the voltage dependence of the resistors to include the effect of
the drain to source voltage. The aim was to improve the prediction of the
dependence of the drain current on the drain to source voltage. In
another attempt to achieve the same goal, Ghosh et al. [15] had to add
new circuit components to the original model. However, all of these
added to the complexity. We believe the model in its original form cap-
tures the key characteristics of the device for the doubler circuit opera-
tion. Including the enhancement features of the later authors wouldmake
the analytical calculations a formidable task. We have found that it is
capable of reasonably accurate prediction of device characteristics for
symmetric SETs.

Three devices with their characteristics given in the literature were
selected to implement the macro model. These devices were named A
[11], B [17], and C [7]. Device A characteristics were obtained with the
macro model developed by Wu et al. [11], and their results were

examined against the predictions of the Monte Carlo simulator SIMON
2.0. The device A temperature was at 30 K [11]. Their model was a
modified version of the Yu model [12]. The DC characteristics for device
B were also generated by the simulator SIMON 2.0 working at room
temperature 300 K [17]. The macro model was not used in their work.
The characteristics for device C were given in the paper by Mahapatra
et al. [7]. Their characteristics were generated using their analytical
model incorporating physical events. Their model was also tested against
SIMON. They did not use a macro model either, and their operating
temperature was 15 K.

We have replicated the DC characteristics of these devices using the
Yu model [12] with the parameters given in Table 1. Fig. 2 (a) shows the
drain current versus gate-source voltage for the device A, in the Coulomb
blockade region. These plots are in agreement with the characteristics
given by Wu et al. in Ref. [11]. To the extent possible, we read some
points from theMonte Carlo plots given for the device A. These points are
shown by circles in Fig. 2(a). At first glance, the transfer characteristic
seems different from the macro model. But a closer look reveals that
much better agreement is obtained by a shift of the horizontal axis Vgs by
10mV. The shifted version is shown by the dashed line. The offset in the
Vgs axis can easily be implemented in the Macro model by insertion of a
DC voltage source in series with the gate resistance RG. The dashed curve
in Fig. 2(a) includes the effect of this series voltage source and shows
much better agreement with reference data.

The transfer characteristic for the devices B and C are shown in Fig. 2
(b) and (c). Here again, the open circles are those from the references.
While the results for the device B agree favourably with those given by
Gerousis et al. in Ref. [17], but for the device C [7] we notice a shift of the
Vgs values and the agreement can only be considered adequate. Finally, it
should be mentioned, to evaluate the model we had to read points from
printed documents and we expect some errors to occur.

Despite the shifted characteristics, the macro model prediction of the
span of the gate -source voltage and the drain current for all three devices
can be considered good. Indeed, these are the important parameters
which determine the potential of the SET as a doubler. In the next section,
we extend the model for predictions of frequency response.

2.2. The small-signal AC model extension

Considering the macro model for small-signal operation, we have to
replace the diodes with their dynamic resistances and the variable
resistor with its nominal value at the given applied bias voltage. This
results in a purely resistive network with flat small-signal frequency
response. Therefore, to obtain the small-signal frequency response of the
device we have to add the terminal capacitances.

With the satisfactory evaluation of the DC aspects of the device
model, we now use the capacitor values given for these devices [7,11,
17], to predict the small-signal AC performance of the SETs. The capac-
itance values given for the respective devices are repeated in Table 1.

Fig. 1. The equivalent circuit model used for the SET.

Table 1
Summary of model parameters for the three selected devices.

Parameter Device A Device B Device C

RG (Gohm) 100 100 100
T (K) 30 300 15
K (1/V) 40 3.75 25
R1 (Mohm) 1600 120 15
R2 (Mohm) 850 100 10
Ip(nA) 0.075 2.5 8.5
Vp (mV) 20 20 14
Is (pA) 20 0.1 1E-5
Cg (aF) 3.2 0.3 2
Cd (aF) 1.6 0.1 1
Cs (aF) 1.6 0.1 1
Cgs(aF) 0.8 0.06 0.5
Cds (aF) 0.4 0.02 0.25
Cgd (aF) 0.8 0.06 0.5
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