Analysis of a single-electron decimal adder
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In this letter, a decimal adder using single electron transistors as a building block is presented. The
design is described and the equivalent circuit is extracted, from which the dc performance of the
adder is derived. This simple analytical approach is found to be in good agreement with numerical
simulation. A detailed sensitivity analysis is performed where the effects of temperature,
capacitance, conductance, and background-charge variations are analyzed and the attendant change
in device performance is described. This adder needs a number of wires four times less than binary
adders and hence alleviates the interconnections problem present in high density circui897 ©
American Institute of Physic§S0003-695(97)00719-5

In the past few years, several proposals were suggestékhe difference, which represents the charge of electrons
for performing logic and memory applications using singletrapped, is—ng, wheren is the number of electrons in the
electronics or quantum dots. Some of these involved usingot andq the charge of a single electron. The energy of the
the single electron transist¢8ET) as a replacement for the circuit, U, may be written in terms of the charges on the
standard field-effect transistbf, while others proposed us- capacitorsCy , Cy, Cq, Cs and then transformed to the
ing each electron to represent a single bit, in what is knowrfollowing form,°
as the single electron logitSEL).}® Others came up with _ ’
even more radical ideas about the architecture and signal U=[(an)”~2anG,, Vg, ~24nCy, Vg,

coupling between different parts of the circuit that should be +2C, Cy.Vy Vg —Cqy (Cy.+ Ce+ Cy)V2
used?~’ This was targeted to solve the wiring crisis and high 9
power dissipation present in the previous proposals. Another _ng(cgl+ C.+ Cd)VS 1/(2Cy), (1)

possible approach to solve the interconnections problem is
presented here by the use of decimal multivalued logic. OnlyvhereCy=Cgq +Cq,+ Cs+Cqy. This form is preferred be-
one wire is needed to represent a digit from 0 to 9, whereagause it gives 'the energy in terms of the external inputs and
if using binary adders four wires are needed. the measured quantity. The tunneling event occurs only

SETs have an inherent ability to perform multivalued When it is favorable from the energy point of view, i.e., when
operations due to their ab|||ty to “count” the Charges it causes a minimization df . By differentiating EC](].) and
trapped in a quantum dot and because the quantization levef§suming symmetric gate capacitanc€g, Cgy,=C,), the
for the charge are quite clear. Each step represents the addficrement in the sum of gate voltages required to trap an
tion of an extra electron to the dot. The device proposed herextra electron is found to be,
is a variation of the SET found in the literature, but instead q
of having one gate to control the charge tunneling, two gates AV=A(Vy +Vg )= c
are assumed. If the voltage between the drain and source is g
kept constant, the charge in the dot will be proportional toThis indicates thaAV is constant, independent of the abso-
the sum of the two gate voltages which are considered as tHgte voltage present on the gates, and that it is a step repre-
inputs here. senting the sum of the two inputs.

A schematic top view of the proposed device is shown in
Fig. 1(a). It can be achieved using scanning tunnel micro-
scope (STM)/atomic  force microscope (AFM)

Drain
nano-oxidatiof or any other nanofabrication technique. Fig-

@

ure 1(b) shows the equivalent circuit of the intrinsic device. Ca Gy
The sensing of the resulting number of electrons is per- —L

formed by coupling the device to an electrometer which con- Insulator Gatel Gate?
verts the value of the charge into a corresponding voftage (a) _”_ ’_

[Fig. 1(c)]. The analytical analysis of the intrinsic circuit glf g2
follows the same steps used for other propo¥ai=., drain \Z)

and source voltages are assumed to be zero and only the V:'

effect of the gates is considered. 2 Vour Source

Positive voltage on the gates induces negative charges in
the dot, while the dot voltage induces positive charges in it.

3E|ectronic mail: fahmy@cairo.eun.eg FIG. 1. (a) Schematic top view of the dual-gate SED) equivalent circuit

Ypresently at: IBM T. J. Watson Research Center, Yorktown Heights, NYused in the simulation; antt) dual-gate SET capacitively coupled to an
10598. electrometer to sense the charge.
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FIG. 2. Temperature effect on the adder performance. C(avis shifted FIG. 3. Effect of capacitance and conductance variattbe values corre-
down by 1, and curvéc) is shifted up by one for clarity. sponding to stdC are: C4=0.32aF, C;=C4=0.08aF, and that corre-
sponding to stdG is G=1 us). All capacitances are scaled together. Curves
. . . . (b) and(c) are shifted up by 1, and curve) is shifted down by 1 and for
We have performed numerical simulation of the deviceclarity is 15 nm thick in all cases.

performance! assuming C,=0.32aF and Cy=Cq

=0.25C,. The two gate voltages are swept together from O L _ . . .
9

to 5 V resulting in tunneling occurring at steps of nearly o.55ame direction with the insulator thickness variatjeorve

V (Fig. 2. This is in agreement with the analytical result of ©]

Eq. (2). If the tunnel resistance is assumed to be 1M ) .
(>h/g?), the time constant of the device is=RGC, ances may induce background .charge on the dpt. Th.|s has a
=0.8 ps. The device itself is quite fast and—depending Ondetr_lmental effc_act on the functionality of the smglgq_sland
its loading in a real circuit—high speed operation can bedewce _by ?‘dd'”g an offset to the |-V characteristics as
achieved. shown in Fig. 4, where four random charge offsets are as-

sumed. The use of multiple islands is known to suppress the

The sensitivity of the adder to temperature, capacitance, i i ffect and the offset ch Bt
and conductance variations has been also investigated. Fi otunneling etiect and the ofIset charges pre sum-

ure 2 shows the effect of temperature increase. Althoug g five islands having a random offset charge distribution

with high temperature the steps seem to wash out, the outp ?f?ults Itn a much motrﬁ r(_)k:us;dewce since tr;et effect |Of the
is still the correct value of the addition of the inputs. How- Iiterent charges on the islands averages out to nearly zero

ever, signal restoration may become a problem because ((J'f:'g;l_f]')' ted decimal adder h h dvant
reduction in noise margins. e presented decimal adder has a huge area advantage

Fabrication tolerances can cause the thickness of the iﬁ/yhen compared to a four bit complementary metal-oxide

sulator between the different electrodes to vary, which leadgemmonductor(CMOS) adder capable of performing the
to capacitance variation. The sensitivity AV to the gate
capacitance is calculated from EqQ2) to be Sév

In addition to parameter variations, fabrication toler-

L 9 0.0
=(JdAV/AV)/(dC4/Cy)= — 1. This indicates that the circuit
is quite sensitive to the capacitance value. Figure 3 shows the
numerical calculation result when all the capacitances are 10

reduced by 10%compare curvega) and(b)]. The predicted
sensitivity of AV is clearly observable, manifested in each
plateau increasing by 10%. This error, however, is cumula-
tive such that whewgl+v92= 10 the number of electrons in
the dot is only nine.

We have also examined the effect of varying the tunnel-
ing conductance which is exponentially dependent on the
insulator barrier height and thickne$sComparing curves
(b) and(c) in Fig. 3, where capacitances are equal but con-
ductances differ by 30%, it is seen that the conductance de- 4.0
crease has nearly no effect. On the other hand, comparing 0.0 1.0 2.0
curves(a) and(d) in Fig. 3, a conductance increase by 30% Vg1, Vg2 (V)
causes the steps to gradually smear out. This may be attrib-
uted to Increasing the COtunnelmg probablllty, which de_FIG. 4. Effect of background charge variation. The charges are chosen

StrOY_S the COUlomb_b|OCkade- It is important to note that_, ir‘randomly with a normal distributiofimear=0, standard deviation0.2q).
practice, the capacitance and the conductance change in thee “five islands” family of curves is shifted down by 1 for clarity.

Number of electrons
n
o

w
o
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same function. This is mainly due to the fact that here itisa H. Fahmy is grateful to J. Jasinski for supporting his
single device(in addition to another device and a resistor visit to IBM and for encouragement. The authors are thank-
needed for charge sensjinghich performs the decimal ad- ful to M. Metwally and A. E. Salama at Cairo University and
dition. In contrast, about 60 transistors would be needed tthe “nanodevices group” at IBM for interesting discussions.
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