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Abstract:

Single Electron Tunneling (SET) technology introduces more potential
for feature size reduction compared with well-established 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 (SEC) found in the literature
is reviewed. The complete schematic diagrams of these basic SEC (inc.
parameters for used devices) along with the corresponding simulation
results (using SIMON 2.0) of these SEC arc included. Finally, a novel
XOR SEC, with detailed schematic and simulation results, is presented.
The developed XOR SEC can be used as a half-adder SEC.
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1. Introduction:

The Single Electron Tunneling (SET)
lechnology is the most promising future
technology generations (o meet the
required increase in  densily and
performance and decrease in  power
dissipation [|-2]. The main device of the
SET circuits is the tunnel junction
through which individual electrons can
mave n a controlled manner [3].

A decade ago, the basic physics of SET

was well understood and designing
useful Single Electron Circuits (SEC)

introduced in the literature [6-9].

In this paper, we (irst briefly discuss the
basic physcs of SET in section 2. We

provided in

single-electronics. The eritical voltage
V. (the voltage needed in order 1o make

(n

The Coulomb blockade effect is the
suppression of electron tunneling across
the tunnel junction st voltages [V| <
'e/2C. This meuns that for such voltages,
there  will increase  in  the
clectrostatic  energy of the
capacitor: CV'2 (in the case of such
ncrease, the energy would be [4]:
C(V2e/CYR.

Today's well-established technologies
uses metal with an area about
0x50 nm" that lead to a typical

capacitance and  ils  corresponding
voltage scale (e/C) in the order of 100 oF

and | mV, respectively.

To avoid the cffects of thermal
fuctuations on SEC, the thermal energy
kaT should be much less than the typical
one-electron charging energy (eV = ¢
RC) 4],

kT <<e' 2C (2)
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The above condition [imits 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. 1 shows one possible way; of
constructing the SEB along with . the
sawtooth-like  output  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(Ci+C,). Then the
tunneling occurs and as a result, the
charge goes down and VOUT decreases
instantaneously to become - e/2(Ci+C,).
The above process repeats giving rise to
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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Fig, 1 The first SEB (2) SET implementation,
(b) lts simulation results.
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Fig. 2 The second SEB (a) SET implcmentation.
(b) Its simulation results.
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1.2 The Linear Threshold Gate:
The general Lincar Threshold Gate
(LTG) shown in Fig. 3 is able to
compute any linearly separable Boolean
function represented by:

0ifF(X)<0
?ﬁm{F(xH { \ 3)

LIFF(X)=0

0 =| 2| axi-w (4)

~1

where x, are the n Boolean inputs and w,
are the corresponding n integer weights.
The LTG compares between the
weighted sum of inputs and the threshold
value ¢ to determine if the output is
logic L or logic O [7].

Mote that this LTG SEC is capable of
implementing both positive and negative
weights. This can be accomplished by
connecting the corresponding inputs
(through appropriate capacitors) to nodes
POS and NEG (see Fig. 1), respectively.

Note also that the threshold value WS
implemented and can be adjusted by the
capacitor C; and the external voltage V.,

Due to the passive nature of the LTG
circuil, an added buffer/inverter circuit at
ils outpul is essential for the correct
operation of the LTG circuit. To get both
the nonnal and inverted outpul, one can
add two cascaded inverters at the LTG
output [7].

3.3 Boolean Logic Gates:

The basic Boolean logic functions AND,
OR, NAND, and NOR can be
implemented as instances of the LTG
circuit  (described in  the previous
section) followed by an inverter circuit.

The full design of both the AND SEC
gate and the OR SEC gate are shown in
Fig. 4 while the full design of both the
NAND SEC gate and the NOR SEC
gate are shown in Fig. 5. The simulation
results of the above mentioned four gates
using SIMON 2.0 are reported in Fig. 6.
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AND gate (Cx = 11.7 aF}
OR gate (Cx = 10.6 aF)
N1 Cx 16V
‘ E ;l c Co
ca n
m2
Cg=05ar
Rj= 100 kClun
Cj=0.1aF
Ch=425aF
Co~9aF
Fig. d The schiematie SEC Tur 1he AND and OW giies.
NOR gate (Cx = 11.7 aF)

HAND gate (Cx = 10.6 aF)

Cg=05aF
Rj= 100 kOlitat
Ci=0.1aF
Ch = 4.25 aF
Co=9of

Fig. 8 The schemntic SLC for the NAND nnd NOItgnies,
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L 4, The Novel XOR SEC:
Ly A (wo-layer [ecdforvard antificial neurzal
nehwvork (ANN) that implements the
XOR gate is shown in Fig. 7. The
nwmbers within the neurons represent
each neuron's explicit threshold (which
ot ——| can be designed so that all neurons have
IN2 the same threshold, wsually 1), The
. I numbers that annotale arrows rcpresemt
the weight ol the nputs. “This nel
assumes that il the theeshold is not
reached, zero is the cxpecicd oulput.
Noie that the botton layer of inputs is
e nol considered a rcal ncural nelwork
P e layen
2=XO0R(x.y)
=
Lr) -
o
oor }—
.‘Ln.. Ly Fig. 7 An ANN that sulves the XOR prublem.
NARD
VOR -
To implemem the above XOR ANN
| using SET technology, we proposc the
following:
1. The hidden neuron can  be
implemenied using the AND gate
e =i described in sub-section 3.3,
ron 2. The output neuron can be
oo implemented using the gencral LTG
described in sub-section 3.2,
Fig. 8 shows the complete schematic
diagram of the developed XOR SET
oo —~ | implementation (inc. all parameters used

Time

Fig 6. Simulation results for the basic Boolenn logic gates.

in SIMON 2 simulation).
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Notc Lhat the output of e AND gatwe
(representing the output of the bidden
newron) is connecled 1o the negalive
nede of the LTG through a (2Cy)
capacitor (representing the weight -2).
Note also that the two other inputs to the
output neuron (represenicd by the lwo
inputs to the SEC) is connecicd lo the
positive node of the LTG through o {(Cy)

capacilor (represenling the weight 1),

Fig. 9 shows the SIMON 2 simulation
results for the developed XOR SEC. It is
worth noting here that this XOR can be
uscel as o half-adder SEC. The XOR
oulpul node implements the SUM and
the AND node implements the CARRY,

5. Conclusions:
In this paper, some of ihe basic SEC,

E.7

found in (he lileratwe, was reviewed.
SEC (inc. detailed paramcters for all
usedd  devices) along  with  the
corresponding simulation results (using
SIMON 20) of these SEC were
included. Finally, a novel XOR SEC,
with detailed schematic and simulation
resplls, was presented.
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