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Can single electron logic microprocessors work
at room temperature?✩
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Abstract

The error rate of single electron logic based on single electron transistors (SETs) at nonzero temperature
estimated. Similarly to recent microelectronic studies [Phys. Lett. A 305 (2002) 144], the maximal error rate of one
error chip−1 year−1 is used as the condition of the error-free performance. The aspects of power dissipation and e
performance are studied versus the radius of quantum dot (QD). The conclusion is that microprocessors with silico
less than 1 nm radius can be used at room temperature.
 2004 Elsevier B.V. All rights reserved.
ing
l of
for
le
ce,

all
nce

with

irst
June
74].

rgy
tion

ired
ng,
ally
has

to-
el-
etc.

e at

are
rev
1. Introduction

During the last decade single electron tunnel
at ultra-small junction has received a great dea
attention in nanoelectronics. Two pre-requirements
the satisfactory on/off switching operation of a sing
ultrasmall junction are related to the capacitan
C, and the tunneling resistance,RT, of the junction
[2,3]. Firstly, the tunneling resistance of the ultrasm
junction has to be much greater than the resista
quantumRK = h/e2 ∼= 25.8 k�. This condition is
required since the energy uncertainty associated
the tunneling lifetime,τT = RTC, should be much

✩ This is a revised version of the talk presented at the F
International Symposium on Fluctuations and Noise, Santa Fe,
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smaller than the electrostatic charging energyEC =
e2/2C. Secondly, the electrostatic charging ene
should be much greater than the thermal fluctua
energy, which requirement results in

(1)C� e2/kBT ,

where kB is the Boltzmann constant andT is the
temperature. The first condition leads to the requ
discrete energy levels for single electron tunneli
and the second one to the blockade of the therm
assisted tunneling. The single electron tunneling
been observed at very low temperatures (< 4 K) [4],
where both requirements are easily satisfied by
day’s technology. A variety of single electron tunn
ing devices—electrometers, transistors, sensors,
[4–7], have been reported to successfully operat
low temperatures, as a single switching device.

In single electron microprocessors, logic levels
dependent on a single electron. Averin and Likha
.
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[8], and Korotkov [9] proposed single electron log
gates and circuitry. They used the SET as the b
component of these circuits. However, at non-z
temperature, thermally assisted tunneling takes p
even at such bias/control voltages where the de
would have closed at zero temperature [8]. Apparen
this phenomenon leads to bit flip errors.

In this article, the maximal error rate of one b
flip-error chip−1year−1 or alternatively one bit-flip-
error transistor−1year−1 is used as the condition of th
error-free performance. In single electron logic chi
this limit corresponds to one electron chip−1year−1.

2. Error-free performance condition

We consider a SET, with double single electr
junction, including a gate capacitor and a QD, w
low impedance driving and outputting, i.e.,Z1,Z2,

ZG � RK,ω
−1C−1

1 ,ω−1C−1
2 ,ω−1C−1

G , as shown in
Fig. 1. Under these low-impedance conditions,
single electron tunneling rate through each junctio
expressed as follows [10,11]:

−→
Γ 1= 1

e2R1

E1r (V ,VG, ne)

1− exp[−βE1r(V ,VG, ne)]
(2a)= kBT

e2R1

η1r

1− exp(−η1r )
,

←−
Γ 1= 1

e2R1

E1l(V ,VG, ne)

exp[βE1l(V ,VG, ne)] − 1

(2b)= kBT

e2R1

η1l

exp(η1l)− 1
,

−→
Γ 2= 1

e2R2

E2r (V ,VG, ne)

1− exp[−βE2r(V ,VG, ne)]
(2c)= kBT

e2R2

η2r

1− exp(−η2r )
,

←−
Γ 2= 1

e2R2

E2l(V ,VG, ne)

exp[βE2l(V ,VG, ne)] − 1

(2d)= kBT

e2R2

η2l

exp(η2l)− 1
,

where
−→
Γ and

←−
Γ are the single electron tunneling rat

through the junction in a left-to-right and a righ
to-left directions, respectively. The subscript num
represents the different junctions, and the subscripr
and l represent the direction that an electron tunn
from left to right and from right to left, respectivel
Fig. 1. Single electron tunneling transistor with driving impedanc
The tunneling resistances and capacitances of the double jun
areR1, C1 andR2, C2, respectively.CG is the gate capacitance
TheZi s are the generator impedances of the driving (Z1 andZG)
and the output (Z2).

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

E1r (V ,VG, ne)

(3a)= e

C�

[(
C2+ CG

2

)
V +CGVG+ ne− e

2

]
,

E1l(V ,VG, ne)

(3b)= e

C�

[(
C2+ CG

2

)
V +CGVG+ ne+ e

2

]
,

E2r (V ,VG, ne)

(3c)= e

C�

[(
C1+ CG

2

)
V −CGVG− ne− e

2

]
,

E2l(V ,VG, ne)

(3d)= e

C�

[(
C1+ CG

2

)
V −CGVG− ne+ e

2

]
,

and the dimensionless energiesη’s are defined by

ηi(V ,VG, ne)= βEi(V,VG, ne)= Ei(V,VG, ne)

kBT

(4)(i = 1r, 1l, 2r and 2l).

Here, C� is the sum of the capacitances,C� =
C1 + C2 + CG. Eq. (2) shows that the tunneling ra
depends only on the dimensionless energy,ηi , and the
tunneling resistance at fixed temperature. At a gi
tunneling resistance and temperature Eq. (4) allow
to draw the different regimes of working, as shown
Fig. 2 as a function of the source-drain voltage,V , and
the gate voltage,VG. The maximal error rateΓ 0

SET=
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Fig. 2. Working regimes of the SET with asymmetric junction
With symmetric junctions, the figures would be symmetric on
axes. The dotted lines represent the boundaries between the
and “off” states at zero temperature, while the solid lines repre
the conditions of the maximal error rate in the “off” state at roo
temperature. Point O and P represent “off” and “on” states.

3.17× 10−8 Hz, which corresponds to the limit o
one bit-flip-error transistor−1 year−1, is used as the
condition of the error-free performance [12] on Fig.
The dotted lines represent the boundaries between
“on” and “off” states at zero temperature, while t
solid lines represent the conditions of the maxim
error rate in the “off” state. Each region represe
different tunneling combination. The checked regio
represent the zero current regions, defined by
maximal error rate, and their area is temperat
dependent (see Eq. (4)). These regions exist if
following conditions are satisfied simultaneously:

ηjr (V ,VG, ne)�−αr
j (Rj , T ),

(5)ηjl(V ,VG, ne)� αl
j (Rj , T ),

where we call theα’s stability parameters. Eqs. (3), (4
and relations (5) are used to generate Fig. 2.

It is important to note here that in order to ha
a reasonable estimation of theα’s used in Eq. (5),
we have proceeded in the following way. The act
values of theα’s can be obtained from the followin
Fig. 3. Stability parameter as a function of temperature. I
evaluated by using Eq. (6).

equations:

(6a)
Γ 0

SETe
2Rj

kBT
= −αr

j (Rj , T )

1− exp[αr
j (Rj , T )] ,

or using the backward tunneling rate:

(6b)
Γ 0

SETe
2Rj

kBT
= αl

j (Rj , T )

exp[αl
j (Rj , T )] − 1

(j = 1,2),

where Eqs. (6a) and (6b) are relevant to the differ
tunneling direction and they give the same res
for the α’s. Fig. 3 shows the dependence of t
stability parameter on temperature at the differ
tunneling resistance. It shows that although theα’s
are implicit functions of the tunneling resistan
and temperature, they can be approximated by
following semiempirical way:

α(Rj ,T )∼= lnα(Rj ,T )− ln

(−→
Γ Y e2Rj

kBT

)

(7)∼= ᾱ − n ln

(
Rj

106T

)
,

whereᾱ = 41.1 andn= 1.025 for a single SET.1 After
substituting theα obtained from Eq. (7) into Eq. (5

1 The stability parameter also depends on the numberN of
the SETs in a chip since the error rate is proportional toN .
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the error-free zero current condition is obtained fr
Eqs. (3), (4), (5) and (7):

(8)
e2

2C�

> α(RT, T )kBT .

Eq. (8) expresses the condition of having the tunne
rate below the maximal error rate in the “off” state.

At practical operation theV and VG has to sat-
isfy two different kinds of requirements [1]. First, th
drain voltage cannot be greater thanVmax which cor-
responds to the maximal error rate in the “off” sta
Second, in the “on” state, the gate should be driven
V

opt
G which provides the maximal possible current

givenV max. In Ref. [1], simple considerations bas
on Eqs. (3) lead to

(9a)

V max=min

{
2

2C1+CG

(
e

2
− αr

1C�kBT

e

)
,

2

2C2+CG

(
e

2
− αr

1C�kBT

e

)}

and

(9b)

V
opt
G =

e

2CG
+ [

(2C1+CG)α1− (2C2+CG)α2
]
kBT

× [2eCG]−1,

where αj = α(Rj ,T ) and min(a, b) represents the
minimum of a and b. If the two junctions are sym
metric, i.e.,C1= C2, R1=R2=R, then Eqs. (9) will
be simplified so that the operation voltages in the “o
state becomeV max= e/2C� andV

opt
G = e/2CG. In

this case, we have the maximal rate of electron fl
through the device:

(10)
−→
Γ t = 1

8C�R[1− exp(−βe2/4C�)]
∼= 1

8C�R
.

Eq. (10) is based on unidirectional tunneling b
cause tunneling in the reverse direction would be n
ligible at the maximal tunneling rate conditions.

When the transistor runs at the maximal clo
frequency, the dissipation power of a single SET w
symmetric junctions is

(11)P1= e · −→Γ t · V opt
G =

e2

16CGC�R
.

The maximal error rate for the chip withN SETs is one bit-flip-
errorchip−1 year−1, i.e., Γ 0

chip = Γ 0
SET/N . For a chip with 109

SETs, we getα109 ∼= 1.025 ln(106/RTT )− 62.25.
It is important to note that this is the ultimate low
limit of dissipation because Eq. (11) takes into
account only the energy needed to control the dev
The actual power dissipation of the device is n
included in this picture because it can be depend
on several other conditions.

3. Size-dependence

In general, the semiconductor SET is built in late
structure which has 2-dimensional electron gas. In
lateral structure, the QD of the SET is supposed to
flat circular disk. Therefore, using the size depende
of the geometric capacitance,C� = 8εRQD [13], we
obtain the following relations for the size dependen
of the error-free performance condition:

RQD � e2

16εα(R,T )kBT
,

−→
Γ ∼= 1

64εRQDR
,

(12)P1= e2

128εCGRQDR
,

whereε is the permittivity of insulator andRQD is the
radius of a flat circular disk. Eq. (12) holds for SE
with symmetric junctions.

Today, the number of MOS transistors in t
Pentium 4 microprocessor is about 100 millions/cm2

and the characteristic size of lithography is arou
100 nm. Comparing this transistor density with t
case of densely packed transistors, we can see tha
transistor packing densityθ = 0.01, whereθ is the
ratio of the actual number transistors to the num
of devices of the characteristic size at fully den
packing. From Eq. (12), the power dissipation of a c
with N SETs can be given as

PN =NP1=N
e2

128εCGRQDR

(13)≈ θ
10−4

R2
QD

e2

128εCGRQDR
= 10−4e2θ

128εCGR
3
QDR

.

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

Fig. 4 shows the lower limit of power dissipatio
(when running at the maximal clock frequency); t
maximal clock frequency of the single SET; and t
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Fig. 4. Lower limit of power dissipation in single electron logi
Power dissipation of a single SET and a chip withN SETs; and the
maximal clock frequency; as a function of the radius of the quan
dot. The same packing densityθ = 0.01 is supposed as in today
microprocessor chips.

power dissipation of 109 SETs. Here,ε = 3.9ε0 for
SiO2, R = 1 M� and CG/C� = 0.1 are assumed
It is apparent from Eqs. (12) and (13) and from t
slope of curves in Fig. 4 thatfMAX ∝ R−1

QD, P1 ∝
R−2

QD, andPN ∝ R−4
QD. It is important to point out tha

the power dissipation limits of chips, which is tod
(2003) about 100 W, sets another upper limit for
clock frequency. When the maximal power dissipat
of the chip is limited at 100 W, the radius of the Q
and the maximal clock frequency are about 6 nm
30 GHz, respectively. It implies that microprocess
with RQD � 6 nm cannot operate at the maximal clo
frequencyfMAX . In fact, the maximal clock frequenc
is less than Eq. (11) due to shot noise [8].

Finally, we study the maximal quantum dot si
versus temperature. The results are compared
simple prediction based on the level-crossing an
sis of thermal noise at given capacitance and ba
width [12]. The rms thermal noise voltageVn =√
kBT/CG on the capacitor and the practical no

marginV opt
G � 12Vn used in [11] yields the following

relation:

(14)CG � 1

576

e2

kBT
.

Fig. 5. Maximum radius of the quantum dot for operation
given temperature. The thin solid line represents the requirem
of efficient DC switching (on/off) of the device. The other lines g
the maximal size for the error-free performance. The dashed
is for a single SET. The rest of the lines are for a chip with 19

SETs. The thick solid line is given by Eq. (12), the dashed-do
line is given by the thermal noise level-crossing analysis [12],
the dotted line estimates the case where the size-quantization
dominates; it is extrapolated below 2.8 nm.

In Fig. 5, the thin solid line represents the ca
where the charging energy is equal to thermal ene
i.e., the device can be used only as a DC switch wh
is not suitable for error-free data manipulation. S
prisingly, the simple thermal noise estimation wor
very well at large QD limit. However, as the size
the QD decreases, the size quantization effect beco
dominant.2 That case has a different slope3 because
T ∝R

−1/2
QD . So, the size quantization effect is a bene

cial effect which helps to work at higher temperatu

2 The radius of the QD is, respectively, 2.77 nm for Si/SiO2,
at which the ratio of energy level spacing in quantum dot
electrostatic charging energy,EQD/EC = 4πh̄2C�/mee

2AQD is
unit. Hereme is the effective mass of the electron andAQD is the
area of the quantum dot.

3 The energy level spacing from the size-quantization effec
proportional to 1/R2

L , whereRL is the characteristic length of th
QD. Since the thermal energy is much less than the spacing bet
energy levels, the maximum characteristic length of the QD sati
log(RL)MAX ∝ (−1/2) logT .
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or bigger sizes. The analysis of Fig. 5 suggests th
microprocessor including 109 SETs with smaller than
1 nm QD size can work at room temperature.

4. Summary

The aspects of power dissipation and error-free p
formance have been studied versus the radius of q
tum dot (QD). The analysis shows that microproc
sors with silicon QDs of less than 1 nm radius can
used at room temperature in single electron logic
croprocessors. The most important conclusion is th
single electron microprocessor working at room te
perature has to be in the size quantization work
mode.

It is important to note that we have used various
proximations in order to estimate the ultimate high
limit of quantum dot size at the required error ra
Some of the implicit assumptions are as follows:

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

(ii) We have not investigated the impact of possi
error correcting methods on the results. Howev
it is important to mention that, at a given num
ber of devices, the Shannon information chan
capacity (the bit/second information measure)
the system cannot increase by using error cor
tion. The error rate can be improved but the Sh
non information channel capacity will decrease
any kind of error correction.
-
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