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We have carried out a theoretical analysis of the possible performance of single-electron transistors 
with capacitive coupling in simple logic and memory circuits. Both resistively loaded and 

. complementary transistors have been analyzed, with a detailed account of parasitic factors including 
thermal fluctuations and background charge variations. The analysis shows that at optimal values of 
the parameters including the background charge, the maximum operation temperature is close to 
0.025e2/CkB, where C is the capacitance of the smallest tunnel junction. At T-O.Ole’/Cks the 
parameter margins are relatively wide; for the structures with 2-nm minimum feature size, the latter 
temperature is close to 77 K. A typical margin for background charge fluctuations is on the order of 
O.le; these fluctuations may be a major obstacle for practical ultradense single-electron 
circuits. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

During recent years, considerable attention has been 
given to the effects of correlated single-electron tunneling in 
ultrasmall tunnel junctions and systems (for reviews, see, 
e.g., Refs. l-3). These effects are based on the fact that 
tunneling of a single electron to/from a small but still mac- 
roscopic conductor may change its electrostatic potential 
considerably, in some experiments4,’ by -0.1 V. As a result 
of this change, the probability rate of tunneling of the suc- 
ceeding electron to/from the conductor may be substantially 
changed, so that some correlation may be established be- 
tween the single-electron tunneling events, the type and de- 
gree ,of the correlation depending upon the particular 
system. l-3 

The operation of devices of this class is based on the 
high charge sensitivity of current I flowing through a system 
of two small tunnel junctions separating a small conductor 
from two bulk conducting electrodes [Fig. l(a)]. The current 
I as a function of the background charge Q. of the small 
conductor is a function oscillating with the period equal to 
the fundamental charge e. If tunnel conductances Gt,z of the 
tunnel junctions and temperature T are low enough, 

As far as applications are concerned, correlated tunnel- 
ing makes it possible to control the motion of single elec- 
trons in solid state structures. Several “single-electron” de- 
vices based on these effects have been suggested and 
analyzed, and some of them have been tested experimentally 
(for a review, see Ref. 6). The prospects for wide application 
of such analog devices as the fundamental standards of dc 
current and ultrasensitive electrometers seem quite encourag- 
ing; in fact, the electrometers have already been used suc- 
cessfully in some unique physical experiments. 

G,24 l/R,, (1) b 
kBT4e2/ C,, (2) 

where RQ = &&e2== 6.5 kfl is the quantum unit of resis- 
tance, and Cz = C1 + C2 is the total capacitance of the central 
conductor, then dc current is virtually blocked below a 
threshold piecewise linear line in the [Qo,VJ plane, which 
oscillates with,, the period e [Fig. l(b)]. This effect (now 
called “Coulomb blockade of tunneling”) was first observed 
and interpreted by Giaver and Zeller.” Kulik and Shekhter 
developedI a quantitative semiclassical theory of this effect 
[strictly valid m the limit (l)]. In their theory, the background 
charge Q. was a constant fixed by workfunctions of the cen- 
tral conductor ( Wo) and external electrodes ( W,,,3: 

The situation with regard to the development of digital 
single-electron devices is quite different, despite the fact that 
much excitement has been generated by the prospect of 
single-electronic digital circuits of unparalleled integration 
scale.‘*2*6*7 Up to now, only a few experiments with the sim- 
plest devices have been reported (see, e.g., Refs. 8 and 9). 
Moreover, although several families of single-electron logic/ 
memory circuits have been proposed,6,7*‘0-‘4 we are not 
aware of any previous attempt at their detailed quantitative 
analysis. The objective of this paper is to present results of 
an analysis for one particular class of possible digital single- 
electron devices---voltage-stage logic using capacitively 
coupled single-electron transistors. 

Qo=~[(W,-Wo)C,-(W,-W,)C,l. (3) 

Averin and L&rarev17 (see also Ref. 7) recognized that Q. 
may be changed by a straightforward injection of external 
charge into the central conductor through any circuit compo- 
nent which allows continuous (on the scale of e) charge 
transfer. The simplest example of such a component is a 
capacitor Co [Fig. l(c)]; in this case 

a)Electronic mail: akorotkov@ccmail.sunysb.edu 

Qo--+Qo+ UCo w 

We capacitor also causes the ren0rmalizati0n7*‘* 
C2-+Co+C2, Cz+C,+C,+C,). This effect was first ob- 
served experimentally by Fulton and D01an,‘~ and then re- 
peatedly studied for various implementations of the device 
(called the “single-electron transistor”17). 
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FIG. 1. Single-electron transistor: (a) the backbone double-junction system, 
(b) its threshold curve, and (c) capacitive coupling to the signal source. 

Many publications have been devoted to the theoretical 
analysis of details of the dynamics of single-electron transis- 
tors (see, e.g., Refs. 20-26). There have been, however, sur- 
prisingly few papers discussing their possible performance in 
digital circuits. In the first work on this subject,7 the maxi- 
mum voltage gain 

G= laV~“,laVi,l (5) 
of the simplest inverter with resistive load [Fig. 2(a)], based 
on the capacitively coupled transistor (C-SET), was calcu- 
lated (the result of this calculation was later confirmed by 
experiments8*27), and control characteristics of the inverter 
were plotted for several parameter values without an attempt 
to optimize the device or to calculate its maximum operation 
temperature. Using the e-periodicity of Coulomb blockade, 
single-electron transistors may be used to design comple- 
mentary circuits without the need for new or additional fab- 
rication steps (which are necessary in the CMOS technol- 
ogy). Several control curves for such a complementary 
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FIG. 2. Inverterlbuffer stages using C-SET transistors: (a) with resistive 
load and (b) with tunnel-junction load. (c) Notation of the inverter. 

inverter with resistive coupling to the signal source. (R-SET) 
have been calculated in Ref. 7, again with no attempt at a 
quantitative optimization of the device. Later Tucker 
considered12 a similar complementary inverter, but with ca- 
pacitive coupling. His analysis was, however, restricted to 
the case of zero temperature and a certain set of parameters 
which did not correspond to the maximum operation tem- 
perature or parameter margins. Recently Lutwyche and 
Wadai8 undertook a semiquantitative analysis of digital cir- 
cuits using single-electron transistors, stressing the necessity 
of taking their geometry into account. They showed that the 
finite height of the tunnel barrier may impose limits on the 
operation voltage and maximal temperature. 

All papers mentioned above lack the exact calculation of 
the maximal temperature; also, parameter margins were not 
calculated or estimated. Besides that, the problem of the 
background charge fluctuations has not been discussed quan- 
tifatively; in what follows we will see that this problem may 
in fact be a major obstacle for digital single electronics. This 
is why in the present paper we have focused on the calcula- 
tion of the maximum possible operation temperature Z’,, for 
simple digital circuits using C-SET transistors and on the 
analysis of the background charge margins of these circuits. 

The paper is organized as follows. In Sec. II we discuss 
the circuits to be analyzed, write down the basic equations of 
the “orthodox” theory of single-electronic systems, and dis- 
cuss methods for their solution. Sections III and IV are de- 
voted to results of analysis of devices based on the resis- 
tively loaded and complementary transistors, respectively. 
The results of our analysis are discussed and summarized in 
Sec. V. 

II. MODEL, EQUATIONS, AND METHODS 

Figure 2 shows the simplest voltage amplification/ 
inversion stage based on the C-SET transistor. As we will see 
below, the load resistance RL should be considerably higher 
than the tunnel junction resistances R, so that when input 
voltage Vi” varies, the current through the transistor is nearly 
constant, and typically rather low (Z+Ze/RC). This means 
that the bias points on the [Q. , VI plane [Fig. l(b)] are typi- 
cally not too far above the threshold line. Hence, if the ef- 
fective background charge puts the transistor onto one of the 
negative-slope segments of the line, 

1 Cl Qo+KnCo<n+~ 
n+-ic e 2’ 

an increase of Vh will result in a decrease of V,,, (see, e.g., 
Fig. 4). Hence, the circuit may play the role of inverter/ 
amplifier, and its maximum voltage gain7 (achieved at 
Z4O,T-+O) Gmax= Co/Cl, may be larger than unity if 
Co>C1 (while the dc current gain is always infinite). 

In order to increase the operation temperature T, capaci- 
tances C1,2 of the tunnel junctions of the inverter should be 
as small as possible. For this reason in the following analysis 
we will accept the junctions to be similar: 

c1=cz=c, .RI=R2=R, (7) 

J. Appl. Phys., Vol. 78, No. 4, 15 August 1995 Korotkov, Chen, and Likharev 2521  [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

169.235.13.92 On: Fri, 07 Feb 2014 00:57:30



(a) 

in)2r(Vout)l 

cL 

(c) 

* 

FIG. 3. Two simple digital circuits using inverters: (a) inverter string and (b) 
flip-flop. (c) Implementation of the flip-Hop using t.he&mnel-junction-loaded 
C-SET transistors. 

assuming that C is the smallest capacitance available in a 
given technology (we neglect the stray capacitance of the 
island). In all typical cases, capacitance C is much smaller 
than that (CL) of the load (say, of the logic gate intercon- 
nects). This relation (C,S C) allows us to neglect shot and 
thermal noises of the system and to consider the output volt- 
age F’,,, as constant in time (for constant VJ, simplifying 
the analysis considerably. Note also that because the dis- 
creteness of the charge accumulated on CL is not important 
in this limit, the replacement of the load resistor RL by a 
tunnel junction with the same resistance [Fig. 2(b)] will not 
result in any change of the system dynamics. Such a 
replacementz9 may be preferable from the point of view of 
practical implementation. 

Inverters with a voltage gain above unity are sufficient 
for forming two simple digital circuits: a long string of simi- 
lar inverters, passing along the binary information [Fig. 3(a)] 
and a bistable flip-flop, i.e., a static memory cell [Fig. 3(b)]. 
It is well known that the dynamics of the two devices are 
very similar, and the minimum requirements for their opera- 
tion coincide. Namely, the differential voltage gain (5) of the 
inverter at the point Vi,= V,, should exceed unity; equiva- 
lently, the control curve V,,,,( V,) of the inverter should cross 
the transposed curve at at least three points, as shown in Fig. 
4. In this case, the middle point V,= V,,, is unstable (in the 
flip-flop the instability develops in time, while in the inverter 
string it develops in space), while two other crossing points 
are stable and correspond to two stationary voltage levels, 
which may be used to represent binary 0 and 1. In what 
follows, the existence of these two stable states, 
Vhigh’ vlow 7 has been considered as a criterion for the op- 
eration of the circuit. 

FIG. 4. A  typical control curve of the resistively coupled inverter (solid line) 
and its transpose (dashed line). Filled (open) circles correspond to stable 
(unstable) states of the flip-flop or the inverter string. 

In order to analyze the dependence Vout(V,) quantita- 
tively, we used evident equations of the circuits shown in 
Figs. 3(a) and 3(b), together with equations of the “ortho- 
dox” theory of correlated single-eIectron tunneling.‘” In this 
theory, electrons can tunnel through only one junction at a 
time, i.e., it does not take into account the cohmneling 
processes.22 Cotunneling may play an important role in logic 
families in which the digital information is coded by single 
electrons’“*11*‘3 and hence a single undesirable cotunneling 
event may lead to an error. On the contrary, cotunneling is 
much less important for the logic which uses single-electron 
transistors, and the information is represented by the dc volt- 
age levels, i.e., by many (n-CL/C) electrons charging the 
interconnect capacitances CL9 C (Figs. 2 and 3). As we will 
see later, in the typical case the current even through nomi- 
nally “closed” transistor is on the order of lo-‘c/RC, and 
the corresponding increase of the transistor resistance is only 
about 10 times. Comparison of this current with the esti- 
mates of the current due to cotunneling [see, e.g., Eq. (32) of 
Ref. 221 shows that the “orthodox” theory is sufficiently 
accurate for resistances RZ30Ra=200 kQ. The only case 
when cotunneling cannot be neglected is estimates of power 
dissipation in the the complementary inverter in the “power 
saving” mode; this case is considered in Sec. TX 

Within the framework of the “orthodox” theory the 
probability rate rij of each tunneIing event may be caicu- 
lated independently as follows: 

r,=f T(hWijk) 
1 

1 -,-*Wljlf - 

Here h Wij= Wi- Wj is the change of electrostatic en- 
ergy W  of the system due to the tunneling event; this energy 
can be found without considering tunneling, from elementary 
electrostatics (see, e.g., Ref. 7). Z(V) is the current which 
would flow through the given junction if it were biased by a 
fixed voltage V; in what follows we accept the linear depen- 
dence I(V) = VIR, thus neglecting possible suppression of 
the junction barriepx3’ by the applied voltage. T is the tem- 
perature in energy units. 
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FIG. 5. The control curves of the inverter for different temperatures. The 
lowest curve corresponds to the case when digital applications are impos- 
sible because the voltage gain G is less than unity. 

There are two alternative ways to analyze the behavior 
of the circuits using Eq. (8). The first is the Monte Carlo 
approach, using Eq. (8) to simulate real motion of electrons 
in the system.31 This approach is very convenient for crude 
fast analyses of novel single-electron circuits299’-33 and we 
used one such program34 as a reference. The simulation 
method is, however, too slow for the optimization of single 
electron circuits in the multi-dimensional space of param- 
eters. That is why our final results were obtained using a 
different (“Fokker-Planck-type”) approach, in which Eq. (8) 
is used in the “master equation”re3 

Pi=C rji Pj - rij Pi 
i 

for the probability of a particular (ith) charge configuration. 
A general drawback of this approach is the potentially large 
number of charge states of complex single-electronic sys- 
tems (see, e.g., Ref. 35) and hence the large size of the ma- 
trix rij. In our case, however, there are two time scales for 
the system dynamics: one determined by cr=RC constant of 
the transistor itself, and another rL = R CL determined by the 
much larger load capacitances. Hence processes in the tran- 
sistor may first be averaged over a time interval 
r4At4rL; at this stage all input and output voltages may 
be considered as constants. This means that a charge state is 
defined by only one integer i (which determines the island 
charge Qi= Q. + Cc Vin+ ie ) , and stationary probabilities Pi 
satisfying Eq. (9) [and hence average current I=I(V, U)] 
may be calculated very fast (typically, - 1 ms per point on an 
Intel-486-based PC). We used this algorithm as a fast sub- 
routine for solving the set of~rdinary differential equations 
of the circuit as a whole, which allowed the study of the 
stationary solutions and the dynamics of the system .on the 
time scale rr.. 

III. RESISTIVELY LOADED C-SET TRANSISTORS 

Calculations show that thermal fluctuations lead to fast 
smearing of the control curve of the inverter based on the 
resistively loaded transistor (Fig. 2). For example, Fig. 5 

shows this smearing for “typically good” parameters, in- 
cluding relatively high coupling capacitance Co =3 C and 
load resistance RL= 1OR. The figure shows that the voltage 
gain G [Eq. (5)] at Via= V,,, becomes less than 1 at tempera- 
ture as low as -O.OlSe*/C. (In contrast to this rapid loss of 
its digital capabilities, the reasonable analog performance by 
the transistor persists up to much higher temperatures. For 
example, output voltage modulation depth decreases below 
5% at T==0.15e2/C for Co+C.) 

Let us see how the circuit parameters affect the tempera- 
ture range and how the parameter window shrinks with in- 
creasing temperature. Figure 6 shows the operation range 
(corresponding to bistability of the flip-flop or inverter 
string) at different temperatures in the plane of dc bias volt- 
age V, and coupling capacitance Co, for several values of 
load resistance RL (the background charges are assumed to 
be zero). It can be seen that an increase of RL widens the 
parameter window for a given temperature, and also in- 
creases T,,,,, . An important conclusion is that the device per- 
formance degrades rapidly when ratio RLIR becomes less 
than -10, and even above this level the effect of ratio 
RLIR on the performance is still quite considerable. The best 
choice of ratio Co/C (the approximate center of the param- 
eter window) is roughly between 2 and 4 and depends both 
on ratio RLIR and temperature. An increase in temperature 
or RLIR decreases the optimal Co/C. 

Another conclusion which may be drawn from examina- 
tion of Fig. 6 is that if T is not too close to Tmax (but is, say, 
a factor of 2 lower), the margins for Co and VB are relatively 
wide (of the order of +- 50%). A similar conclusion could be 
made for the background charge Q, , if it were assumed that 
Qe is similar for all the transistors of the circuit [Fig. 7(a)]. 
To study the influence of independent variations of back- 
ground charge we consider a flip-flop with background 
charges Qt and Q2 on its transistors. Figure 7(b) shows that 
the asymmetric deviation of Qi and Q2 is much more dan- 
gerous than the symmetric mode. The reason is simple: ad- 
ditional input signals [Fig. 3(c)] of opposite signs destroy the 
symmetry of the system, both pulling the unstable stationary 
state in the same direction (Fig. 4); when this state reaches a 
stable state (Vhish or VI,,) bistability becomes impossible. 

Figure 8 shows the parameter window in the plane of the 
two background charges of the flip-flop transistors, for a 
fixed dc bias voltage. This window shrinks with an increase 
of the temperature as well as with a decrease of the ratio 
RLIR (in the limit T-+0, RLIR+~, CnlC+~ the window 
includes all possible background charge values). An impor- 
tant observation is that the point corresponding to zero back- 
ground charge is typically close to the optimal one (approxi- 
mate center of the parameter window). However, the optimal 
background charge is not exactly zero and depends on other 
circuit parameters and temperature. 

The absolute maximum temperature at which the flip- 
flop and the inverter string still have two stable states corre- 
sponds to the following parameter set:36 

e2 
T,,=O.O26 - at ColC=2, Qu=O.le, 

C 

VB/RL--0.02elRC, R,SR. (10) 
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PIG. 6. Parameter window in the [ Ca , V,] plane, corresponding to the ex- 
istence of two stable states of the flip-flop or inverter string. Increase of 
temperature and decrease of load resistance decreases the window. Back- 
ground charges are taken to be zero. 

Figure 9 shows the parameter window which opens at lower 
temperatures for the above value of the background charge. 

Figure 10 shows the margin for the magnitude of the 
charge deviation vector AQ={AQl,AQ2} for the flip-flop, 
provided that the ratio AQ r /AQz is arbitrary, calculated for 
the parameter set (10) and two other sets. One may see that 
at T-O.Ole”IC, which is close to T,&, the margins for 
V, and Ca are very wide, while the background charge mar- 
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PIG. 7. (a) Parameter windows (for the flip-flop or inverter string) in the 
[ Qa ,V,] plane for similar background charges on all transistors. (b) Param- 
eter windows for the flip-flop with asymmetric background charges, 
QI=-Q,- 

gin even for large ratio RL IR is only about O.le. For a more 
moderate load resistance, RL= lOR, the margin for AQ (at 
T==0.01e2/C) reduces to about 0.03e. 

The question arises whether the condition R,%-R leads 
to unacceptably slow switching of the single-electron transis- 
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PfG. 8. Parameter windows (for the flip-flop) in the plane of background 
charges Q, and Qa at different temperatures for a particular parameter set. 
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PIG. 9. Parameter windows (for the flip-flop or inverter string) in the plane 
[Co,V,] for Qa=O.le, RLIR=w (this choice corresponds to the maximum 
temperature). 

tor. Figure 11 demonstrates that the answer is no. This figure 
shows how long a rectangular pulse must be applied to in- 
puts of the flip-flop to switch it into the opposite state.“7 
While the exact value of the necessary pulse duration 7s 
depends on its charge amplitude A,, the minimum value of 
rs is of the order of T= RC, rather than rL= RLCL . The 
reason for this relatively fast switching is that in a stationary 
state both transistors are more or less open (see the very 
typical control curve in Fig. 4). This means that during 
switching, both load capacitances are recharged through the 
relatively low-resistance transistors rather than through the 
high-resistive loads. 

This fact, although very favorable for device speed, is 
unfavorable in terms of power dissipation. For example, in 
the “typically good” stationary points shown in Fig. 4, the 
average dc power consumption per inverter is as high as 
-5 X 10m3e2/C2R. Another cl.ear disadvantage of the resis- 
tively loaded logic stages is the necessity to provide either 
Ohmic resistors of small geometric size and high nominal 
resistance (RL2 lOR2 102RQ-1 Ma), or tunnel junctions 

0.20 
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0.0 8. 6 
wwww 

FIG. 10. The miniium fluctuation AQ=(AQ:+AQ$‘” of background 
charges which destroys the bistability of the flip-flop. Solid line: Ca=3C, 
Q,=Qa=O, RL=lOOR, dashed line: Ca=2C, Qt=Qs=O.le. RL=lOOR, 
dotted line: Ca=3C, Qt =Qa=O, RL= IOR. 
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PIG. 11. The minimum duration rS of the input charge pulse sufficient to 
switch the flip-flop [with parameters satisfying Eq. (10) and for 
T=0.01e21C] from one stable state to the other, as a function of the pulse 
amplitude A,. The solid line corresponds to simultaneous pulses of different 
polarity fed into both inputs [Fig. 3(c)]; while the dashed (dotted) line shows 
the effect of only one pulse at the input of the “open” (“closed”) transistor. 
The vertical lines are the asymptotes corresponding to T,-+w, i.e., to thresh- 
olds of switching by infinitely long signals. 

with resistances very different from those of the transistor 
junctions. Both facts push us towards using nonlinear loads, 
notably the complementary transistors.7”2 

IV. COMPLEMENTARY C-SET TRANSISTORS 

Figure 12 shows the equivalent circuit of the “comple- 
mentary” inverter consisting of two similar C-SET 
transistors,‘z and the flip-flop using this inverter. The device 
is only slightly more complex than its resistively loaded 
counterpart [Fig. 3(c)]; but has the important advantage that 
all its tunnel junctions may be similar, and there is no need 
for Ohmic resistors. In contrast to Ref. 12, we are not using 
additional relatively large capacitors between islands and 
bias leads. Instead, it is assumed that background charges 
Q, and Qd (Fig. 12) are controllable, for example, with the 
help of small capacitors leading to relatively large external 
potentials. (This substitution allows Cx to be reduced and 
T max increased considerably.) On the other hand, as we will 
see below, the complementary inverter may work well even 
when Q, = Qd= 0. 

An important new feature of the complementary inverter 
in comparison with the resistively loaded one is that at 
T--+0 both of the serially connected C-SET transistors may 
be “closed,” i.e., be in the Coulomb blockade state (Z=O). 
This feature appears clearly in the control curves of the in- 
verter (Fig. 13). For example, curve 1 in this figure (corre- 
sponding to Q,= - Qd= 0.15e) widens into an “uncertainty 
region” at Vi”- 0.15elC. Inside this region both transistors 
are closed and the current vanishes, so that the output voltage 
V,,, is arbitrary within limits. 

The uncertainty region widens with a decrease in the dc 
bias voltage V, . Its dependence on the background charges 
of the transistors (Q, and Qd) is more complex; in particular 
the uncertainty regions may appear either near the borders of 
the control curve (i.e., at Vi,-O,VB) or near its center 
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FIG. 12. (a) The complimentary inverter stage consisting of two C-SET transistors, and (b) the flip-flop using two such inverters. 

(V,-Vv,,J; these two cases are cepresented by curves 1 and 
4 in Fig. 13. Note that we have plotted results for asymmetric 
background charges only, Q,= - Qd, because the symmetric 
charge variation simply shifts control curves along the hori- 
zontal axis, i.e., destroys the symmetry of the complemen- 
tary inverter. 

For finite but low temperatures (T+e2/Cp) the bound- 
aries of the Coulomb blockade are no more exact. Formally, 
it is possible to calculate the single-valued dependence of the 
output voltage corresponding to the exponentially small cur- 
rent I through transistors. This single-valued dependence can 
be calculated even at T= 0 if we take the cotunneling22 into 
account. However, such a calculation does not have much 
sense for the analysis of the parameter margins of the device. 
This is because if the currents are too small, the time neces- 
sary for charging the load capacitance to reach the stationary 
state may be very long. Hence, if we need digital circuits 
operating at reasonable frequencies, we should consider the 
output voltage of the inverter as uncertain within some lim- 
its. That is why even for finite temperature we continue to 
consider uncertainty regions on the control curves, establish- 
ing their boundaries as corresponding to a small fixed current 

I, through a transistor {we can choose, for example, 
I,= 10W3elRC). The value of this current crudely deter- 
mines the upper bound for the time r-e CL /Cl, of transient 
inside the uncertainty region. The introduction of I, is 
mostly for the sake of mathematical correctness, because re- 
sults do not depend on I,,, if the bias voltage is not too close 
to its lower limit or me temperature is not too low 
(T;rO.Ole”/C). rl 

In the presence of the uncertainty regions the former 
criterion of the operation of the flip-t-lop or inverter string 
(three intersections of the control curve and its transpose) 
becomes ambiguous, because the intersections may occur not 
at points but in regions. In this case we have generalized the 
operation criterion in the foIlowing way: the inverter was 
assumed to be operational if there were three separate re- 
gions (or points) of intersection. This means that despite the 
fact that the exact value of the stationary output signal may 
not be well defined, we can easily distinguish states corre- 
sponding to logical 1 or 0. 

Figure 14 shows the operation windows of the tip-flop 
(or inverter string) for complementary inverters with zero 
background charge. At sufficiently low temperatures the low- 
bias margin widens with the temperature (compare the 

%/(e/c> 

FIG. 13. Control curves of the complementary inverter for different back- 
ground charges at T=O. The lines widen into “uncertainty regions” which 
correspond to the Coulomb blockade of tunneling in both transistors. 

0 2 
4 c,/c6 I0 

FIG. 14. Parameter windows in the [Co, V,] plane for the complementary 
Rip-Hop or inverter string. 
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FIG. 15. Bias voltage window as a function of background charges 
Q,= - Qd for the complementary flip-flop or inverter string. The dashed 
line corresponds to Eq. (12), and stars represent the parameter sets used in 
Fig. 18. 

*curves for T=O and T=O.Ole’lC). This is a consequence of 
our new operation criterion: for a sufficiently low bias volt- 
age at T=O the uncertainty region is so large that logical 0 
and 1 cannot be distinguished. The temperature increase 
makes the intermediate states unstable and hence decreases 
the lower boundary of the operation window. The position of 
the lower boundary in this case (which takes place for 
TsO.Ole’/C) depends on the value of I,. For higher tem- 
peratures (T>0.01e2/C) the Coulomb blockade is suffi- 
ciently smeared out; hence, the new criterion coincides with 
the old one, the operation window does not depend on I, and 
shrinks with temperature. 

A comparison of Fig. 14 with Fig. 6 shows that the pa- 
rameter margins of the complementary inverter are close to 
those of its resistively loaded counterpart with RL /R--m, 
and are considerably wider than those for R, IRS 10, thus 
confirming the arguments in favor of the complementary in- 
vertex 

Figure 15 shows the parameter window in the [Qo,Ve] 
plane for the case of the asymmetric shift of background 
chqm Q, = - Qd , identical in all inverters of the circuit. It 
can be seen that the lower boundary of the window for T= 0 
is higher than that for T=0.01e2/C for a the considerable 
range of background charges. This is again a consequence of 
new operation criterion. Note that the lower boundary of the 
window in Fig. 15 shows &ticeable dependence on the 
choice of I, for temperatures below -O.Ole*lC (cf. Fig. 
14). 

The lower left part of the operation window shown in 
Fig. 15 (with Q, = - Qd appioximately between - 0.2e and 
-0.4e) corresponds to the case of low power consumption 
(see below), however, background charges closer to zero pro- 
vide considerably higher operation temperatures. The maxi- 
mum temperature corresponds to the followi@ parameter 
set:38 

T,,=O.O26e”/C at C0/C~2, 

Qu=-Q,p-O.le, vpo.27e/c, (11) 

0.3 

0.2 
.c 

2 

0.1 

o*“o.o 0.1 0.2 0.3 0.4 0.5 
We/C> 

u.u 

WWC> 
FIG. 16. Critical margin for the charge deviation vector magnitude 
AQ=(AQf,+AQ:d+AQ~,+AQ:d)l” for the complementary flip-flop as 
a function of the bias voltage at (a) several temperatures, and (b) several 
values of the background charge at T=O.Ole’lC. 

and exactly coincides with the maximum temperature (10) of 
a resistively loaded inverter with RLIR--+a. This fact may 
be proven from the following symmetry arguments. In the 
limiting case of maximum temperature the stable states al- 
most coincide with each other and correspond to the center 
of the control curve (Vinw Vout= Vs/2) of the symmetrical 
complementary inverter. In this case a small input signal 
opens one transistor as much as it closes the other one, so 
that the current does not change. This means that each tran- 
sistor is biased by a fixed current, exactly as the resistively 
loaded transistor at RLIR--+m. 

Note that for the parameter set of the complimentary 
inverter accepted by TuckerI the maximum operation tem- 
perature is as low as 0.0056e2/C, where C is the minimum 
capacitance of tunnel junctions (which were different in Ref. 
12). This large reduction in T,, in comparison with E @  (11) 
is due to the use of large additional capacitances and a 
power-saving operating point (see below). 

Similar to the resistively loaded case, if fluctuations of 
the background charge in different inverters (and in transis- 
tors of the same inverter) are independent, they should be 
relatively small to ensure logic operation. Figure 16(a) shows 
the critical margin for AQ=(AQ’&+AQ:, +AQ& 
+ A Qgd) 1’2 describing the background charge fluctuations in 
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PIG. 17. The. minimum duration r3 of the switching pulse for the comple- 
mentary flip-flop as a function of the charge pulse amplitude A,. The solid 
line corresponds to simultaneous signals at both inputs, while the dashed 
line corresponds to a signal applied to only one inverter. 

four transistors of the complementary flip-flop [Fig. 12(b)] 
for two parameter sets at different temperatures. At 
T=0.01e2/C the typical margin is AQtii,==0.15e which is 
close to that in the resistively loaded case (Fig. 10) for 
RLIR-m (for a just comparison of AQ,, for two- and 
four-dimensional spaces of char es, in the latter case this 
parameter should be divided by J- 2). Figure 16(b) shows the 
critical margin AQtii, for various initial background charges 
at T=0.01e2/C. The largest margins are achieved when the 
initial charges are relatively close to zero (similar to the tem- 
perature optimization - cf. Fig. 15). 

Figure 17 shows the switching speed of the complemen- 
tary flip-flop. Similarly to Fig. 11 (for the resistively loaded 
case) we have used the parameter set which maximizes the 
operation temperature. A comparison between these two fig- 
ures shows that the complementary inverter is slightly faster 
than the resistively loaded one. This is to be expected since 
in the complementary case, the load capacitance is charged 
through two transistors in parallel, in contrast to one transis- 
tor in the resistively-loaded device with RL4R. Note also 
that in the complementary case the switching by a signal 
applied to either inverter of the flip-flop is equally fast (Fig. 
17), while in the resistively loaded case the signal fed into 
the “closed” transistor switches the flip-flop slightly faster 
than the signal applied to the “open” transistor (Fig. 11). 

To summarize, the performance of the complementary 
inverter is comparable to that of its resistively loaded coun- 
terpart for parameters which allow relatively high operation 
temperatures. Unfortunately, for these parameters the com- 
plimentary inverter does not provide a considerable advan- 
tage in power consumption P. For example, P&2 
X 10s3e21C2R per inverter for the parameter set (11) at zero 
temperature. On the other hand, in semiconductor electronics 
the complementary logic makes a sizeable reduction in 
power consumption possible. Such a reduction is possible for 
the complementary single-eIectron inverter as well, but with 
the price of a considerable reduction in operation tempera- 
ture and parameter margins. The power-saving mode of op- 
eration may be achieved in the lower left part of the opera- 

In-*3 I c I” 
1 V&/e=0.15 co=3c (b) 1 
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PIG. 18. Power consumption per complementary inverter as a function of 
the temperature for different parameter sets: (a) the bias voltage changes 
together with the background charge in accordance with Eq. (12); (.b) the 
charge is fixed while the voltage changes. Each curve is cut off at the 
maximum operation temperature for the given parameter set Solid lines 
represent the results of the “orthodox” theory, while dashed lines are cal- 
culated taking comnneling into account for R = 30Rp==200 kG [in (a) the 
dashed lines are shown only for curves 3-61. 

tion window shown in Fig. 15. Figure 18 shows power 
consumption per inverter as a function of temperature for 
several parameter sets. The sets used in Fig. 18(a) satisfy the 
equation 

v~=$y(Q.-Qd+ l), Q,= -Q~I w 

which corresponds to the dashed line in Fig. 15 going 
roughly along the middle of the operation region. [Equation 
(12) gives the threshold voltage for Coulomb blockade in the 
central part of the control curve of inverter at T=O.] The 
parameter sets of Fig. 18(b) diier in only V, and correspond 
to the points along the vertical line in Fig. 15. It can be seen 
that when the background charges are relatively far from 
zero (Q,= - Qd- - 0.2e), static power consumption at 
Ts0.01e21C can be made very small, less than 
10m4e2/RC2 per inverter. In this case both transistors are 
well below the Coulomb blockade threshold, and cotunnel- 
ing processe? should be taken into account. We have used 
the approximation of Ref. 39 to calculate the current due to 
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cotunneling and simply added it to the “orthodox” thermo- 
activated current (the two contributions can be merely added, 
because well below the blockade threshold both of them are 
small and do not influence each other). The results of such 
calculation for R = 30Rp==200kfi are represented in Fig. 18 
by dashed lines while the solid lines show the results of 
“orthodox” theory. One can see that contribution of cotun- 
neling becomes very important when the static current 
through inverter is less than - 10m3eIRC. The cotunneling 
contribution decreases with the junction resistance increase. 

v. DISCUSSION 

We have analyzed the simplest digital circuits using ca- 
pacitively coupled single-electron transistors (both resis- 
tively loaded and complementary) and have found their 
maximum operation temperature and typical parameter 
margins.40 The results are strongly dependent on the random- 
ness of the background charge Q. . If the background charge 
of each transistor in the circuit may be tuned to its optimum 
value, the maximum operation temperature is close to 
0.025e21CkB, and may be relatively high for devices which 
could be implemented using even present-day nanofabrica- 
tion techniques. Even if we leave aside scanning-probe meth- 
ods of single-atom manipulation,41’42 which are forbiddingly 
slow at the present stage of their development, direct e-beam 
writing has been demonstrated to provide features as small as 
- 2 nm (see, e.g., Refs. 43 and 44). The capacitance of a 
thin conducting island with such a diameter on a silicon sub- 
strate is close to 5 X lo-i9 F. We may expect a typical ca- 
pacitance -3 X lo-l9 F for a tunnel junction formed be- 
tween the island and “wires” of a similar width placed at 
distance -2 nm from each other (tunneling may be achieved 
by appropriate doping of the semiconductor substrate). For 
digital circuits using such junctions, the maximum tempera- 
ture of operation should be close to - 150 K. In this case 
relatively wide parameter margins would exist at the liquid 
nitrogen temperatures (T= 77 K). 

It is easy to imagine that utilization of substrates with 
lower dielectric constants or further reduction of the mini- 
mum feature size to - 1 nm could make the operation fea- 
sible even at room temperature. However, it is important to 
remember that at the scale of 1 nm the discreteness of the 
electron spectrum in the.dot should become noticeable,“’ so 
that the system behavior will be quantitatively different from 
that given by the orthodox theory used in this work. The 
finite height of the tunnel barrier28s3o can also give quantita- 
tive corrections to properties of devices of this scale. More- 
over, the stray capacitance C,& of conducting island may 
become comparable to the capacitance of the tunnel junc- 
tions. This factor would lead to a decrease of the maximal 
temperature. 

The optimistic estimate of the possible operation tem- 
perature presented above is only valid if the background 
charge of each transistor is close to its optimum value. For 
circuits of low integration scale the problem may be solved 
in a straightforward manner by adjusting each transistor in- 
dividually. At high integration scale the only hope is that the 
background charge would have a naturally narrow statistical 
distribution.46 This might be expected to happen in systems 

reproducible on the atomic level. In real structures there is 
always some amount of charged impurities, lattice defects, 
etc., leading to fluctuations of the background charge (see, 
e.g., Refs. 5, 8, and 47). Nevertheless, there is hope that in 
small structures the impurities would be eliminated due to 
internal electrostatic forces (for example, the attraction of the 
charge to the conducting surface by the image charge). There 
is some experimental evidence”” of such a “purging” in 
granular systems with the grain of a relatively large size 
(- 10 nm). In small structures the effect should be stronger, 
but additional experimental studies of the “purging” are 
clearly necessary. 
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