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Abstract:

Single Electron Tunneling (SET) technology introduces more potentinl for feature
size reduction compared with well-estublished silicon-based CMOS technology. The
SET technology offers the ability to control the motion of individual electrons in the
designed circuits. In this paper, some of the basic Single Electron Circuits (SECs),
found in the literature, are reviewed. The complete schematic diagrams of these
basic SECs (inc. parameters for used devices) along with the corresponding
simulation results (using the famous Monte Carlo simulator; SIMON 2.0) of these
SEC are included. Finally, a novel 4-neuron Hoplield ANN SEC is introduced. The
full design {ine, detailed schematic diagram) and its SIMON 2 simulation results are
included.
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1. Introduction:

The Single Electron Tunneling (SET)
technology is the most promising future
technology generations to meet the
required increase in density and
performance and decrease in power
dissipation [1-2]. The main device of the
SET circuits 1s the tunnel junction
through which individual electrons can
move in a controlled manner [3].

A decade ago, the basic physics of SET
was well understood and designing
useful Single Electron Circuits (SEC)
became the important research area [4-
5]. In the past few years, some basic
building blocks for SEC had been
introduced in the literature [6-9].

In this paper, we first briefly discuss the
basic physics of SET in section 2. We
review some of the SEC basic building
blocks that were introduced in the
literature, in Section 3. The full design
(inc. detailed schematic diagrams with
all parameters for used devices) and
simulation results (using the famous
Monte Carlo simulator; SIMON 2 [10])
are included. In Section 4, a novel 4-
neuron Hopfield Artificial Neural
Network (ANN) SEC is introduced. The
full design and SIMON 2.0 simulation
results of the developed Hopfield ANN
SEC are presented. The conclusions are
provided in Section 5 followed by the
used references in Section 6.

2. The Basic Physics of SET:

The main component of SEC is the
tunnel junction that can be implemented
using silicon or metal-insulator-metal
structures, GaAs quantum dots, elc.

The tunnel junction can be thought of as
a leaky capacitor (11]. For very small

tunnel junctions (hence, very small
capacitance C,), the movement of only
one clectron, from one side of the tunnel
junction (o the other, may produce a
noticeable change ¢/C of the voltage
across the tunnel junction. Note that the
above C = C; + C. where C, is the
equivalent capacitance of the remainder
of the circuit, as viewed from the tunnel
junction's perspective.

The discreteness of the elecirical charge
¢ leads to the Coulomb blockade effect
that s widely known in the field of
single-electronics. The critical voltage
V¢ (the voltage needed in order 10 make
one electron tunnel through the junction)
is given by [6]):

Ve=cl2C (1)

The Coulomb blockade effect is the
suppression of electron tunneling across
the tunnel junction at voliages V| <
¢/2C. This means that for such voltages,
there will be no increase in the
electrostatic energy of the junction
capacitor: CV¥2 (in the case of such
increase, the energy would be [4]:

C(V  e/C)A2.

Today's well-established technologies
uses metal 4 nctions with an area about
S0x50 nm® that lead to a typical
capacitance and its corresponding
voltage scale (e/C) in the order of 100 aF

and | mV, respectively.

To avoid the effects of thermal
fluctuations on SEC, the thermal energy
ko T should be much less than the typical
one-electron charging energy (cV = e
12C) [4],

kaT << ¢? /2C (2)
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The above condition limits the practical
use of SEC since the working temp. is
restricted to be < | K. For a room
operating temperature (300 K), junction
capacitances should decrease to the
range of 0.1 aF. To reach this low
capacitance level, the size of the devices
should go below few nanometers and
single electronics enters the areas of
atomic physics and chemistry [4].

3. The Basic SEC Building

Blocks:
Some of the basic SEC building blocks,
found in the literature, are reviewed in
this section. The full design (inc.
detailed SEC) and SIMON 2 simulation
results are also included.

3.1 The Single Electron Box:

The Single Electron Box (SEB) is the
simplest device using SET effect. The
SEB is composed of one capacitor and
one tunnel junction [8].

Fig. | shows one possible way of
constructing the SEB along with the
sawtooth-like  oulput  characteristics
using SIMON 2. In this configuration of
the SEB: with the linear increase of VIN,
VOUT increases until it reaches the
critical value of e/2(Cj+C,). Then the
tunneling occurs and as a result, the
charge goes down and VOUT decreases
instantaneously to become - ¢/2(C;+C,).
The above process repeats giving rise (o
the sawtooth-like output.

Fig. 2 shows the other possible way of
constructing the SEB along with its
output. In this configuration, VOUT
increases linearly until the tunneling
‘occurs, then there will be a sudden
increase in VOUT due to the charge
transfer. The above process repeats
giving rise to the linear-step-like output.
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3.2 The Linear Threshold Gate:
The general Linear Threshold Gase
(LTG) shown in Fig. 3 is sbie w

Where « are the n Boolean inpuls and w;
are the corresponding n integer weights.

The LTG compares between  ithe
weighted sum ol inputs and the threshold
value v 10 delermine il the outpul is
logic | a1 logic 0 (7],

Nowe et this LTG SEC is capable of
implementing buth positive and negative
weights. This can be accomplished by
connecling  the corresponding  inpuls
(through appropriate capacitors) to nodes
POS and NEG (see Fig. 3), respectively,

Motz slso that the threshold value § =

implemented and can be adjusted by the
capacitor Cy, nnd the external voliage V.

Due to the passive nature of the LTG
circuil, an added buffer/inverer circuit at
its oulpul is essential for the correct
opemtion of the LTG circuit. To get both
the normal and invencd output, ane can
add two cascoded inverters at the LTG
output [7].

4. The Hopfield ANN SEC:
The Hopfield ANN is a fully connected
single-layer  auto-associative  network
The connections in a Hoplield ANN
typically have the following restrictions:
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I. Each neuron is connected to every
other newron (except itsell).
w; =0V

2. The Hopfield ANN is guaranteed o
converge 10 8 stable state due to the
ic nature of its connections | 1 1),

wy = wyVi, j

Hopficld nets can have binary threshold
units that take on either values of | or -1,
or values of | or 0. So, the two possible
definitions for unit 's activation, &, are!

1 ifY, w0 >6,

. otherwise.
- {; uf E_:h:r“:., > 8,
rwise. (6)
Where

wy is the strength of the connection
weight from uait § 1o unit | (the weight of
the conneclion).

3, s the state of unit j.

@, is the threshold of unit i

Hopfield ANNs can perform robust
conteni-addressable memory systems.
For example, if we train a Hopfield nel

comect values to use 1o recall the patiern
100

Tabie 1;: Weights used te recall 1001
[Newrons 1 2 |3 4
L RERERE
| FREANRE]
I Vel [V [0 [
| BENERLE

- e e =

When a Hopfield ANN is trmined 1o
recognize a binary patlern, i also
recognizes the inverse of that bit pattern.
As & result, the above connection weight
matrix would also recognize 0110 [11}.

The developed SET ANN peuron is
shown in Fig 4. |l consists of the SET
LTG introduced in [6] followed by a
SET buffer/inverter introduced in [9)
Motc that im this design, the
bufferfinverter is connected W the POS
node rather than the NEG node. This
leads to non-inverling output that will
make designing SET ANN circuits
simpler.

The synapses of the ANN are
implemented ns capacitors thal can be
connected 1o either the POS node or the
NEG node depending on the sign of the
associated weight

A 4-neuron Hoplicld ANN is truined L0
recognize the hinary patterns 1001 and
0110 using the online Hopfield MNeural
Network Applet [12]. The binary weight
is mapped 10 the SET design shown in
Fig. 5.

The complete Hopfield ANN SEC is
simulated using the famous Monte Carlo
simulgtor SIMON 2 and the results are
summanzed o Table 2.
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l Cg=0.5aF
Ca Ci=112 aF

Co=0aF
1 Ch = 425 af
R = 100 leium

\ Cj= 0.1 af ’

Fig. & The sehemsatic dagram ol the thevw lnpnl SET ANMN semron [ime. sl paraseiers weed in SIM0N 2.8

It is worth noling here that the
simulation results show that the Hopficld
ANN SEC is 1olerant 1o an cmmor in only
one of the four binary bits of the input
patiern,

5. Conclusions:

The developed SET ANN neuron is
shown in Fig. 2. It consists of the SET
LTG introduced in [6] followed by a
SET buffer/inverter introduced in [12]
Note that in this design, the
bufferfinverter is connected to the POS
node rather than the NEG node. This
leads to non-inverting output that will
make designing SET ANN circuits
simpler.

The synapses of the ANN are
implemented as capacilors that can be
connecied to cither the POS node or the
NEG node depending on the sign of the

A d-meuron Hoplield ANN s trained 1o
recognize the binary patterns 1001 and
0110 using the online Hopficld Neural
Metwork Applet [13]. The binary weight
matrix obtained from the above training
is mapped to the SET design shown in
Fig. 3. The complete Hopfield ANN
SEC is simulated using the famous
Monte Carlo simulator SIMON 2 and the
results are summarized in Table 2. 1t is
worth noting here thet the simulation
results show that the Hopficld ANN SEC
is tolerant (o an error in only one of the
four binary bits of the input pattern.
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