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Abstract

The error rate of single electron logic based on single electron transistors (SETs) at nonzero temperature has been
estimated. Similarly to recent microelectronic studies [Phys. Lett. A 305 (2002) 144], the maximal error rate of one bit-flip-
errorchiplyear is used as the condition of the error-free performance. The aspects of power dissipation and error-free
performance are studied versus the radius of quantum dot (QD). The conclusion is that microprocessors with silicon QDs of
less than 1 nm radius can be used at room temperature.

0 2004 Elsevier B.V. All rights reserved.

1. Introduction smaller than the electrostatic charging enefyy=
e?/2C. Secondly, the electrostatic charging energy

During the last decade single electron tunneling should be much greater than the thermal fluctuation

at ultra-small junction has received a great deal of energy, which requirement results in

attention in nanoelectronics. Two pre-requirements for

the satisfactory on/off switching operation of a single C < e?/kgT, (1)

ultrasmall junction are related to the capacitance,

C, and the tunneling resistanc®y, of the junction X . .

[2,3]. Firstly, the tunneling resistance of the ultrasmall €MPerature. The first condition leads to the required

junction has to be much greater than the resistanced'screte energy levels for single electron tunneling,

quantum Rk = //e? = 258 kQ. This condition is and the second one to the blockade of the thermally

required since the energy uncertainty associated with zsssteg tunn((ajhn?. Thel sm?Ie electtron ;J(nllg)emg has
- o een observed at very low temperature ,
the tunneling lifetime,z1 = R7C, should be much . X N
g where both requirements are easily satisfied by to-
- day’s technology. A variety of single electron tunnel-

Y This is a revised version of the talk presented at the First ing devices—electrometers, transistors, sensors, etc.
International Symposium on Fluctuations and Noise, Santa Fe, June [4-7], have been reported to successfully operate at
2093, published in [Proc. SPIE Int. Soc. Opt. Eng. 5115 (2003) 174]. low témperatures as a single switching device

Corresponding author. . ! . _ ’
E-mail addresses: jongkim@ee.tamu.edu (3.U. Kim), In single electron microprocessors, logic levels are

laszlo.kish@ee.tamu.edu (L.B. Kish). dependent on a single electron. Averin and Likharev

where kg is the Boltzmann constant anfl is the
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[8], and Korotkov [9] proposed single electron logic
gates and circuitry. They used the SET as the basic
component of these circuits. However, at non-zero
temperature, thermally assisted tunneling takes place
even at such bias/control voltages where the device
would have closed at zero temperature [8]. Apparently,
this phenomenon leads to bit flip errors.

In this article, the maximal error rate of one bit-
flip-error chip tyear? or alternatively one bit-flip-
errortransistorlyear! is used as the condition of the
error-free performance. In single electron logic chips,
this limit corresponds to one electron chifyear 1.

2. Error-freeperformance condition

We consider a SET, with double single electron
junction, including a gate capacitor and a QD, with
low impedance driving and outputting, i.€Z3, Z2,

Ze < Re,07C L 07t05  wiegh, as shown in
Fig. 1. Under these low-impedance conditions, the
single electron tunneling rate through each junction is
expressed as follows [10,11]:

ra 1 E1-(V, Vg, ne)
1T 2R 1— exp—BEw(V, Vg, ne)l
ke T
_ke o (2a)
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ke T
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27 2Ry expBEa(V, Vo, ne)] — 1
ke T
_ ke 121 2d)
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whereT" andT" are the single electron tunneling rates
through the junction in a left-to-right and a right-
to-left directions, respectively. The subscript number
represents the different junctions, and the subscripts
and! represent the direction that an electron tunnels
from left to right and from right to left, respectively.
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Fig. 1. Single electron tunneling transistor with driving impedances.
The tunneling resistances and capacitances of the double junction
are R1, C1 and Ry, Co, respectively.Cg is the gate capacitance.
The Zjs are the generator impedances of the drividg &nd Zg)

and the outputZ,).

R is the tunneling resistancg, = 1/kgT, andn is
the number of the excess charge on the QD. The
tunneling-related energies in Eq. (2) are defined by

Ey,(V, Vg, ne)
- c -
< Co+ ==

e
=C_E_( 2 >V+CGVG+7’1€_§-, (33.)
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e [ Ce e
- = — 3b
Cx _(C2+ 2)V+CGVG+ne+2_, (3b)
E>-(V, Vg, ne)
e [ Ce e’]
=—|(a+=)v-CecVe—ne—=|, (3
C2_<1+2) GV —ne 2 (3¢)
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e [ Ceo el
=—|(C — |V —-CeVe — =1, 3d
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and the dimensionless energigs are defined by
E;(V, Vg,
0 (V. Vo.ne) = BEi(V. V. ne) = 21> V6:110)
kgT
(i=1r, U, 2r and 2). (4)

Here, Cy is the sum of the capacitance€y =
C1+ C2 + Cg. EqQ. (2) shows that the tunneling rate
depends only on the dimensionless energyand the
tunneling resistance at fixed temperature. At a given
tunneling resistance and temperature Eq. (4) allows us
to draw the different regimes of working, as shown in
Fig. 2 as a function of the source-drain voltageand
the gate voltageVs. The maximal error raté'oe, =
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Fig. 2. Working regimes of the SET with asymmetric junctions.
With symmetric junctions, the figures would be symmetric on the
axes. The dotted lines represent the boundaries between the “on”
and “off” states at zero temperature, while the solid lines represent
the conditions of the maximal error rate in the “off” state at room
temperature. Point O and P represent “off” and “on” states.

3.17 x 10~8 Hz, which corresponds to the limit of
one bit-flip-errortransistort year !, is used as the
condition of the error-free performance [12] on Fig. 2.

The dotted lines represent the boundaries betweenthe g7

“on” and “off” states at zero temperature, while the

solid lines represent the conditions of the maximal
error rate in the “off” state. Each region represents
different tunneling combination. The checked regions
represent the zero current regions, defined by the
maximal error rate, and their area is temperature
dependent (see Eq. (4)). These regions exist if the
following conditions are satisfied simultaneously:

njr(V, Vg, ne) < —a;(R;, T),

nj1(V, Ve, ne) > o (R;, T), (5)
where we call the's stability parameters. Egs. (3), (4)
and relations (5) are used to generate Fig. 2.

It is important to note here that in order to have
a reasonable estimation of theés used in Eq. (5),
we have proceeded in the following way. The actual
values of thex’s can be obtained from the following

J.U. Kim, L.B. Kish / Physics Letters A 323 (2004) 16-21

52

Stability parameter for a SET

32 T T 1 T T |

1 0 1 2 3

10° 10 10
Temperature (K)

10 10

Fig. 3. Stability parameter as a function of temperature. It is
evaluated by using Eq. (6).

equations:
FSOETeZRJ — —Ol;(R], T) (Ga)
kgT 1-exda(R;, T)] ’
or using the backward tunneling rate:
% *R, o (R;, T)
SETe J _ J (] — 1’ 2)’ (6b)

N expe (R;, T)] — 1

where Egs. (6a) and (6b) are relevant to the different
tunneling direction and they give the same result
for the «’s. Fig. 3 shows the dependence of the
stability parameter on temperature at the different
tunneling resistance. It shows that although #ie
are implicit functions of the tunneling resistance
and temperature, they can be approximated by the
C((Rj, T= |nC((Rj, T)— In(
R.
o —nln( J ),

following semiempirical way:
7
1% )

fyesz
kgT
wherea = 41.1 andn = 1.025 for a single SE¥ After
substituting thex obtained from Eq. (7) into Eq. (5),

1 The stability parameter also depends on the numideof
the SETs in a chip since the error rate is proportional Mo
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the error-free zero current condition is obtained from It is important to note that this is the ultimate lower
Egs. (3), (4), (5) and (7): limit of dissipation because Eq. (11) takes into the
account only the energy needed to control the device.
£ > a(Rt1, T)kgT. (8) The actual power dissipation of the device is not
2Cx included in this picture because it can be dependent
Eq. (8) expresses the condition of having the tunneling on several other conditions.
rate below the maximal error rate in the “off” state.

At practical operation thé/ and Vg has to sat-
isfy two different kinds of requirements [1]. First, the 3. Size-dependence
drain voltage cannot be greater th&A'@* which cor-
responds to the maximal error rate in the “off” state. ~ |n general, the semiconductor SET is built in lateral
Sgctond, in the “on” state, the gate should be driven by structure which has 2-dimensional electron gas. In the
Vg" which provides the maximal possible current at |ateral structure, the QD of the SET is supposed to be a
given V& In Ref. [1], simple considerations based flat circular disk. Therefore, using the size dependence

2

on Egs. (3) lead to

Vmaxzmin = E_M s
2C1+Cc\2 €
2 "CsksT
_ e (¢ _nbtxkel (9a)
2C2+ Cg \ 2 e
and
V' = —— 4+ [(2C1+ Co)at — (2C2 + Ca)az ks T

G T 2Ce

x [2¢Ce] ™2, (9b)

wherea; = a(Rj,T) and mir(a, b) represents the
minimum of a andb. If the two junctions are sym-
metric, i.e.,C1 = C2, R1 = R2 = R, then Egs. (9) will

be simplified so that the operation voltages in the “on”
state becom& ™ = ¢/2Cy and V™ = ¢/2C. In
this case, we have the maximal rate of electron flow
through the device:

_ ! =1 g
8Cx R[1—exp(—Be2/4Cx)] ~ 8CxR
Eqg. (10) is based on unidirectional tunneling be-
cause tunneling in the reverse direction would be neg-
ligible at the maximal tunneling rate conditions.
When the transistor runs at the maximal clock
frequency, the dissipation power of a single SET with
symmetric junctions is

t

e2

opt
P]_=€°T?‘[‘VG —m

11)

The maximal error rate for the chip witN SETs is one bit-flip-
errorchiplyear?!, ie., Fcohip = I'eq/N. For a chip with 18
SETSs, we ger;p = 1.025In(10°/RT) — 62.25.

of the geometric capacitanc€s = 8¢ Rop [13], we
obtain the following relations for the size dependence
of the error-free performance condition:

e2

16ex(R, T)kgT’

e2

~ 128CGRoDR’

wheree is the permittivity of insulator an®gp is the
radius of a flat circular disk. Eq. (12) holds for SET
with symmetric junctions.

Today, the number of MOS transistors in the
Pentium 4 microprocessor is about 100 millipois?
and the characteristic size of lithography is around
100 nm. Comparing this transistor density with the
case of densely packed transistors, we can see that the
transistor packing density = 0.01, whereé is the
ratio of the actual number transistors to the number
of devices of the characteristic size at fully dense
packing. From Eg. (12), the power dissipation of a chip
with N SETs can be given as

- 1

Rqo < ~_ 1
@D 64¢ RopR

P (12)

&2

Ni

128€CGRQDR
104 e? _ 107420
R2p, 128:CcRQDR 128 CGRILR

Py=NP1=

~

(13)

It should be noted that this is the lower limit of power
dissipation of the chip because the dissipation of other
elements are neglected.

Fig. 4 shows the lower limit of power dissipation
(when running at the maximal clock frequency); the
maximal clock frequency of the single SET; and the
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Fig. 4. Lower limit of power dissipation in single electron logic.
Power dissipation of a single SET and a chip WISETs; and the
maximal clock frequency; as a function of the radius of the quantum
dot. The same packing density= 0.01 is supposed as in today’s
microprocessor chips.

power dissipation of 1DSETs. Hereg = 3.9¢¢ for
SiOp, R=1 MQ and Cg/Cy = 0.1 are assumed.
It is apparent from Egs. (12) and (13) and from the
slope of curves in Fig. 4 thafuax o Rgp, P1 o

Rg3, and Py o« Rgp. Itis important to point out that
the power dissipation limits of chips, which is today
(2003) about 100 W, sets another upper limit for the
clock frequency. When the maximal power dissipation
of the chip is limited at 100 W, the radius of the QD
and the maximal clock frequency are about 6 nm and
30 GHz, respectively. It implies that microprocessors
with Rgp < 6 nm cannot operate at the maximal clock
frequencyfiuax - In fact, the maximal clock frequency
is less than Eq. (11) due to shot noise [8].

Finally, we study the maximal quantum dot size
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Fig. 5. Maximum radius of the quantum dot for operation at
given temperature. The thin solid line represents the requirement
of efficient DC switching (on/off) of the device. The other lines give
the maximal size for the error-free performance. The dashed line
is for a single SET. The rest of the lines are for a chip wit? 10
SETs. The thick solid line is given by Eq. (12), the dashed-dotted
line is given by the thermal noise level-crossing analysis [12], and
the dotted line estimates the case where the size-quantization effect
dominates; it is extrapolated below 2.8 nm.

In Fig. 5, the thin solid line represents the case
where the charging energy is equal to thermal energy,
i.e., the device can be used only as a DC switch which
is not suitable for error-free data manipulation. Sur-
prisingly, the simple thermal noise estimation works
very well at large QD limit. However, as the size of
the QD decreases, the size quantization effect becomes
dominant® That case has a different slopbecause

T x Réé/z. So, the size quantization effect is a benefi-

cial effect which helps to work at higher temperatures

versus temperature. The results are compared by a

simple prediction based on the level-crossing analy-
sis of thermal noise at given capacitance and band-
width [12]. The rms thermal noise voltagg, =
JksT/Cg on the capacitor and the practical noise
margin Vo' > 12V, used in [11] yields the following
relation:

(14)

2 The radius of the QD is, respectively, 2.77 nm for Si/giO
at which the ratio of energy level spacing in quantum dot to
electrostatic charging energfiop/Ec = 4mh%Cyx /mee® Aqp is
unit. Hereme is the effective mass of the electron angp is the
area of the quantum dot.

3 The energy level spacing from the size-quantization effect is
proportional to 1R2, whereR|_ is the characteristic length of the
QD. Since the thermal energy is much less than the spacing between
energy levels, the maximum characteristic length of the QD satisfies
log(RL)max o (=1/2)logT.
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or bigger sizes. The analysis of Fig. 5 suggests that a Acknowledgements
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4. Summary
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The aspects of power dissipation and error-free per- poterences

formance have been studied versus the radius of quan-
tum dot (QD). The analysis shows that microproces-
sors with silicon QDs of less than 1 nm radius can be
used at room temperature in single electron logic mi-
croprocessors. The most important conclusion is that a
single electron microprocessor working at room tem-
perature has to be in the size quantization working
mode.

Itis important to note that we have used various ap-
proximations in order to estimate the ultimate higher
limit of quantum dot size at the required error rate.
Some of the implicit assumptions are as follows:

(i) For the most optimistic estimation, we supposed
that higher-order co-tunneling [14] is negligible,
even though it can be important in the Coulomb-
blockade region, depending on the geometry and
the materials used.
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