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Effect of island length on the Coulomb modulation in single-electron transistors

J. G. Lu,* J. M. Hergenrother,† and M. Tinkham
Division of Engineering and Applied Sciences and Department of Physics, Harvard University, Cambridge, Massachusetts 02

~Received 18 August 1997!

We have studied single-electron transistors with island lengths of 2, 10, 20, 30, and 40mm and with
high-resistance tunnel junctions to minimize the effects of cotunneling and electron self-heating. With longer
islands, there is a marked reduction of the gate modulation of the Coulomb blockade width. According to
orthodox theory, the width of the Coulomb blockade atT50 is equal toe/CS , and it falls approximately
exponentially withkBT/Ec , whereEc5e2/2CS , andCS is the total capacitance. Based on numerical calcu-
lations and analytic estimates, we conclude that the modulation reduction is mainly due to the large increase in
stray capacitance between the island and the leads as the island length is increased, and not to some more
subtle nonequilibrium effect. When the increased capacitance is combined with the effect of electron heating,
the Coulomb modulation is rapidly reduced. This work also demonstrates the need to take stray capacitance
into account in addition to intrinsic junction capacitance even in structures that are only a fewmm long.
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I. INTRODUCTION

The development of single-electron tunneling devices
been guided by simulations based on the ‘‘orthod
theory.’’ 1–3 This theory is based on calculating the rates
single-electron tunneling transfers from one electrode to
other, the electrodes being treated as zero-dimensional m
islands in internal equilibrium, characterized only by mac
scopic parameters: capacitance and tunnel resistance
the islands get larger, their capacitances increase, char
energies decrease relative to the thermal energykBT, control
of electron number with unit precision becomes impossib
and characteristic features of single-electron tunneling, s
as the Coulomb blockade, disappear. This scenario le
open the possibility that other physical effects, not includ
in the zero-dimensional orthodox theory, might need to
taken into account in analyzing the Coulomb blockade wh
the physical dimension of an island becomes larger t
some characteristic length scale. Examples of such pos
length scales are the inelastic diffusion length~typically
;10mm!, which limits the range of quantum phase coh
ence of the electrons, and the relativistic event-horiz
length ~typically .100mm! set by the speed of light an
characteristic energies.

To explore experimentally the possible existence o
breakdown of orthodox theory due to such interesting n
equilibrium effects, we have fabricated and characterized
width of the Coulomb blockade in the tunneling characte
tics of a series of single-electron tunneling transistors w
island lengths of 2, 10, 20, 30, and 40mm. In such transis-
tors, a small superconducting~A1! island is weakly coupled
to a bias circuit through two small-capacitance tunnel ju
tions and a capacitive gate as shown in Fig. 1.4 A voltageVg
applied to the gate electrode modulates the equilibrium n
ber of electrons on the island by an amountCgVg /e
5Q0 /e. WhenQ0 is an integer multiple ofe, overcoming
the Coulomb blockade requires an excess voltage ofe/CS,
i.e., 2Ec /e ~whereEc5e2/2CS is the charging energy of th
island with total capacitanceCS to its environment!. On the
570163-1829/98/57~8!/4591~8!/$15.00
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other hand, ifQ0 is a half-integer multiple ofe, there is no
blockade since one pair of successive integer number
electrons has the same energy. When we vary the gate
ageVg rapidly while slowly taking theI -V measurements
we can obtain an envelope ofI -V curves. We refer to this as
an I (V,Vg) characteristic, and to the visible modulatio
within the envelope as the gate modulation of the Coulo
blockade. We have observed that, with longer islands, th
is a marked reduction of the modulation width of the Co
lomb blockade with variation of gate chargeQ0 , even at our
lowest available temperatures. As stated above, accordin
orthodox theory, the voltage width of the Coulomb blocka
modulation atT50 is equal toe/CS, whether the island is in
the superconducting or the normal state. ForT.0, simula-
tions show that the normalized Coulomb width, i.e
width/(e/CS) falls approximately exponentially with
kBT/Ec as shown in Fig. 2. This plot contains information o
the modulation width as it depends on both temperature
length since length is contained in the estimate ofEc . How-
ever, the observed width was found to decrease much fa
than we had expected on the basis of our original estima
values ofCS versus island length. A main point of this pap
is to show that the reason for this discrepancy is that
original estimate ofCS was flawed because we shared t

FIG. 1. Configuration of the NSN single-electron transist
with normal-metal leads~Au! and superconducting island~Al !.
4591 © 1998 The American Physical Society
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general lack of appreciation of the large magnitude of st
capacitances in such systems.

These samples are fabricated with high-resistance tu
junctions to minimize cotunneling5 and electron self-heating
both of which reduce the visible Coulomb blockade. In t
process of explaining these data, we have eliminated the
sibility that the effect is due to electron heating alone, sin
that would require an unrealistic temperature of over 400
in order to fit the observed modulation reduction with
simulation based on our original estimates ofCS . In addi-
tion, the global rule to local rule transition described in t
‘‘even-horizon’’ model6 does not appear to explain th
length dependence either since it predicts a much lon
crossover length of.200mm. Furthermore, thermally en
hanced inelastic cotunneling alone does not seem to c
sufficiently rapid modulation reduction. With extensiv
FASTCAP ~Ref. 7! calculations, we have found that the r
duction of the Coulomb modulation is, in fact, mainly a cla
sical effect caused by the large increase in the stray cap
tances between the leads and the island as its le
increases. These FASTCAP results can be semiquantitat
understood by simple analytic methods. Including also
effect of electron heating, this capacitance increase app
to provide a reasonably quantitative explanation for the ra
reduction in the Coulomb modulation with increasing isla
length, which was observed in our experiment. This res
serves as a warning that, unless the island length is v
short, stray capacitancemustbe included in the analysis t
avoid errors in interpretation of data. We also explore
broader implications of this analysis for other experimen
configurations.

II. OBSERVATION OF A LENGTH EFFECT
IN SINGLE-ELECTRON TUNNELING

In this section we present systematic experimental data
the effect of island length on the observed Coulomb blo
ade of single-electron tunneling transistors. Figure 3 sho
the I (V,Vg) characteristics for five different NSN sample
~see Fig. 1! with island lengths ranging from 2 to 40mm.
From these plots, we see that the width of the Coulo
blockade right above the superconducting energy gap
creases rapidly as the length is increased. For the 40mm
sample, the gate modulation is barely observable.

As further evidence for the significant reduction of mod
lation in our I (V,Vg) curves, we have also taken data wi

FIG. 2. Normalized modulation width versuskBT/Ec based on
orthodox theory.
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the island made normal by applying a 2T magnetic field.
This eliminates the 2D gap of the superconductor that ad
to the Coulomb blockade in Fig. 3. Figure 4 illustrates t
normal stateI (V,Vg) characteristics~normalized with the
junction resistances! for four samples of lengths 2, 10, 30
and 40mm, respectively. These curves are superimposed
top of each other to demonstrate how the Coulomb g
shrinks as the island length increases. We observe that a
length increases, the modulation decreases and collapse
ward the inner edge of the 2mm curve, which corresponds t
Q05e/2, that is, to no Coulomb blockade. Since the mod
lation reduction is similar to that in the superconducti

FIG. 3. MeasuredI (V,Vg) characteristics for five different NSN
samples with island lengths of~a! 2, ~b! 10, ~c! 20, ~d! 30, and~e!
40 mm. The plots are scaled with the energy gapD and the total
normal resistance (R11R2) of the two junctions in the device.

FIG. 4. MeasuredI (V,Vg) characteristics of four samples wit
islands held in normal state by a 2T magnetic field.~Although the
gate voltage was swept more slowly for the 10mm sample than for
the 2mm sample, the reduction in gate modulation amplitude is s
clear.!



o

d,
.

f
i

-

e

ar

ier
v

s

b

en

lo
e
A

es

ad

ea
t
u

ec

e

ts
el

d
th

an

to
to

e-

and
u-
i-

n
l of
(
tric
di-

li-
try
but
b-

en

the
te
th,

-
l-

six
dots.
con-
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case, this shows that the length dependence does not inv
superconductivity in any essential way.

III. STRAY CAPACITANCE ANALYSIS

From orthodox theory atT50, the Coulomb blockade
width is equal toe/CS . When the island length is increase
the total capacitanceCS of the system will be increased
Unfortunately, the accurate independent measurement oCS

has been difficult in our experiments. A common method
to extrapolate the asymptoticI -V curve back to the horizon
tal ~voltage! axis. The intercept valueVoffset in principle
yields the Coulomb blockade resulte/CS . However, this
method fails sinceVoffset is a function ofV so that the inter-
section value depends on the voltage range we use to
trapolate theI -V curve. Another method is to plotVoffset as a
function of V.6 By extrapolatingVoffset back to zero-bias
voltage, we should get a voltage corresponding to the ch
ing energy in the global rule, i.e.,e/CS . However, the non-
linearity in our I -V data at high bias voltages due to barr
bending8 gives us an unreliable result. For example, we ha
extrapolated a charging energy of about 150meV for a 20
mm sample. This clearly cannot be correct since it implie
CS of 530 aF, while the measuredCg value alone~560 aF!
already exceeds this value. In principle, one should be a
to extract the junction capacitances from theV-Vg contour
plot,9 but this was not available in our experiment.

A. Capacitance calculations using FASTCAP

The crucial parameterCS is the sum of the two intrinsic
junction capacitances 2Ci , the stray capacitanceCs between
the island and the two leads, the gate capacitanceCg , and
the capacitanceC` between the island and ‘‘infinity.’’ It is
important to realize that each of these capacitances dep
on the presence of the other electrodes~except for the intrin-
sic junction capacitance, where the electric field is well
calized between the two electrodes!, and in general cannot b
computed simply pairwise. Rather, we have used FASTC
to compute the capacitancematrix of the wholearray, again
apart fromCi .10 We then identify the various capacitanc
named above with off-diagonal elements of the matrix.

Figure 5~a! illustrates the geometry of the large-scale le
~10 and 100mm wide! patterns of a 10-mm-long island
sample. The six large rectangular pads at the end of the l
model the indium dots that are used to bond the leads to
external circuit wires for measurements. The large plane
derneath the sample represents a metal plane that is el
cally connected to the gate electrode. Figure 5~b! zooms into
the center region and shows the small-scale~100 nm, 400
nm, and 1mm wide! leads in the vicinity of the island. Tabl
I gives the complete capacitance matrix for a 20mm-long
island sample calculated by FASTCAP.

Let us consider the third row of this matrix to illustrate i
meaning. The absolute value of the capacitance matrix
mentC31 represents the mutual capacitance between the
land and the left lead anduC32u is that between the island an
the right lead.uC34u represents the capacitance between
island and the lithographic gate anduC35u that between the
island and the metal gate plane. Thus, the stray capacit
CS is (uC31u1uC32u) and the gate capacitanceCg is (uC34u
lve
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1uC35u). The capacitanceC36 from the island to ‘‘infinity’’
is small since the field lines from the island bend back in
the large metal plane situated below, rather than going
‘‘infinity,’’ and hence are included in the capacitance b
tween island and gate. In the following, we will neglectC36,
since it makes only a;1% contribution toCS , although the
capacitance between the other, more extended, elements
‘‘infinity’’ is quite significant, as can be seen from the tab
lated matrix elements.C33 corresponds to the total capac
tance of the island to its environment~apart from the intrin-
sic capacitance of the tunnel junctions!; it is equal to the sum
of uC31u, uC32u, uC34u, uC35u, and uC36u, consistent with the
fact that the sum of all the elements in any row or colum
must be zero. Because of our limited computer power, al
these capacitances were first calculated in free space«eff
51) and then scaled up by the estimated effective dielec
constant«eff;6.45, an arithmetic average between the
electric constant of free space («51) and of Si («Si
511.9). ~This approximation is supported by a formal app
cation of the method of images in an idealized geome
similar to ours, as well as by the results of rather simple
specific FASTCAP calculations that included a silicon su
strate of the appropriate geometry.! The matrix is calculated
for the actual geometry of the sample, which is not ev
left-right symmetric with respect to the island.

The gate capacitance can be accurately measured from
periodicity in theI -Q0 curve. We have found that the ga
capacitance increases roughly linearly with the island leng
with a slope of about 25 aF/mm. To complete our best esti
mate ofCS , we combine the results of the FASTCAP ca
culation for the stray capacitanceCs with the measured value

FIG. 5. ~a! Large-scale lead patterns of a typical device. The
large rectangular pads at the end of the leads model the indium
The plane underneath the device represents the metal plane
nected with the gate electrode;~b! Small-scale lead~100 nm, 400
nm, and 1mm wide! patterns in the vicinity of the island.
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TABLE I. Capacitance matrix of a 20mm-long island sample~in fF!. These values include the effectiv
dielectric constanteeff ~see text!, but do not include the estimated intrinsic capacitance of the tunnel junct

Left lead
~1!

Right
lead
~2!

Island
~3!

Litho-
graphic

gate
~4!

Gate
plane
~5!

‘‘Infinity’’
~6!

Left lead ~1! 1528.00 244.83 20.37 223.54 21378.37 280.89
Right lead~2! 244.83 1182.93 20.42 230.38 21045.54 261.76
Island ~3! 20.37 20.42 1.24 20.34 20.10 20.01
Lithographic
gate~4!

223.54 230.38 20.34 555.47 2474.08 227.13

Gate plane
~5!

21378.37 21045.54 20.10 2474.08 4311.83 21413.74

‘‘Infinity’’ ~6! 280.89 261.76 20.01 227.13 21413.74 1583.53
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of Cg and our estimate of the intrinsic parallel plate capa
tances of the junctions from their known area.

The intrinsic capacitanceCi of the junction can be esti
mated theoretically based on the parallel-plate capac
model. Taking the oxide barrier thickness of our junction
be 15 Å ~estimated from its conductance11!, and a dielectric
constant for AlOx of eight, the capacitance/area would
47 fF/mm2. This is very close to the nominal value o
45 fF/mm2 determined from large area junctions of simil
nature.12 Typical junction areas are estimated to be (
620 nm)2, which would yield capacitance estimates of 3
6150 aF. In view of this uncertainty, the value ofCi must
be considered a somewhat adjustable parameter, althoug
uncertainty is swamped by the increasing values ofCg and
Cs in the longer islands. From three previously studied
mm-long island samples of the same geometry and fabr
tion procedure, we extracted single junction capacitancesC1
and C2 from the V-Vg contour plot,9,13,14 and they areC1
5430 aF andC25310 aF, C15540 aF andC25450 aF,
C15470 aF andC25510 aF. The average of these junctio
capacitances yield a single junction capacitance of about
aF that includes the stray capacitance~'70 aF to each lead
as shown in Table II!. After subtracting out this stray capac
tance, the intrinsic capacitance is then about 380 aF, whic
consistent with the estimated range from the parallel-p
capacitance model. Since the capacitance should actu
vary inversely with the barrier thickness and hence with
logarithm of the tunnel resistance~for fixed area!, the junc-
tions will not all have exactly the sameCi , but this effect is
-

or

the

-
a-

50

is
te
lly
e

too small to account for the measured range of capacita
values. In view of these uncertainties, in our calculations
have adopted a single valueCi5300 aF, which lies in the
middle of the range theoretically estimated from the junct
dimensions.

The stray capacitanceCs between the island and all th
surrounding leads is found to be quite large and to incre
linearly with island length, so that it soon dominates t
junction capacitanceCi . Since bothCs andCg increase lin-
early with island lengthL, the total capacitanceCS will
increase approximately linearly with island length, leading
a rapidly decreasingEc . The values determined from th
FASTCAP calculations are listed in Table II. We see that
calculatedCg values are 10–20 % smaller than the actu
measured ones. This discrepancy probably arises becaus
have modeled our conductors as having zero thickness in
FASTCAP calculations. In addition, a finer discretizatio
(n.3) would also increase theCg value, but would require
more computer power than was available. The total cap
tanceCS is taken to be 2Ci1Cs1Cg ~with measuredCg
values!. Figure 6 plots the calculated stray capacitanceCs ,
the calculated and measured gate capacitanceCg , and the
total capacitance of the islandCS as a function of the island
length. Since each of the five samples has slightly differ
geometry in terms of the lengths of the island and the lith
graphic gate, the capacitances do not, and are not expe
to, agree completely to a linear fit.

To test these results, we simulate theI (V,Vg) curves
based on orthodox theory for each sample with different
ces, and
TABLE II. Measured resistances and gate capacitances, calculated gate and stray capacitan
estimated total capacitances.

Length
~mm!

Resistance
RS ~kV!

Measured
Cg ~aF!

Calculated
Cg ~aF!

Calculated
Cs ~aF!

Estimated total
capacitance

CS52Ci1CS1Cg

~aF!

2 240 70 63 144 814
10 1430 254 230 468 1322
20 584 560 441 792 1952
30 168 788 647 1100 2488
40 1850 1000 793 1520 3120
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land length. Even though the operating temperature of
mixing chamber of our dilution refrigeratorTm'15 mK, the
electron bath can still be at a higher temperature due to
poor coupling between the electrons and phonons at
temperatures. This implies that the effective temperature
be high enough to cause thermal rounding, and as a resu
further reduce gate modulation. The electron-phonon c
pling model gives the electron bath temperature:15

Te5A5 aIV/SVI . ~1!

Herea is the fraction of the total Joule powerIV dissipated
by electron-phonon coupling in the island; it is chosen to
;25% in our simulation.VI is the volume of the island an
the material constantS is taken to be 0.2 nW/~K5 mm3!.15

We have assumed that the phonons in the island are
coupled to the mixing chamber whose temperature is s
that Tm

5 !Te
5.

With the CS values from Table II, we simulate th
I (V,Vg) curves for each sample based on the orthod
model with power-dependent temperatures. The program
gorithm is as follows: at each fixed bias voltage, we first s
at a high temperature, obtain the current based on the or
dox theory,13 then calculate a new temperature according
Eq. ~1!. With this new temperature, we then iterate back
recalculate the current until self-consistency is achieved,
until the new temperature converges with the previous o

The simulatedI -V curves obtained in this way for eac
sample are shown in Fig. 7. They outline the envelope of
I (V,Vg) curves, corresponding toQ050 andQ05e/2, in the
case of symmetric tunnel junctions. These simulation cur
match well with the experimentally measuredI (V,Vg)
curves shown in Fig. 3. For the 2mm sample as shown in
Fig. 7~a!, the modulation is well developed and shows nea
the full width one would expect in the typical case in whi
CS is dominated by the intrinsic junction capacitances.
the island length is increased, we see that the gate mod
tion decreases quickly. When the length is 40mm as plotted
in Fig. 7~e!, the two curves atQ050 ande/2 nearly overlap
each other and lead to minimal, but nonzero, modulati
whereas modulation is hardly visible in the correspond

FIG. 6. Plot of the calculated stray capacitanceCs , the mea-
sured and calculated gate capacitanceCg , and the estimated tota
capacitanceCS as a function of the island length. The calculat
values correspond to the actual geometries of the devices.
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experimental curve in Fig. 3~e!. This is the only significant
discrepancy between the simulated and experimental cur

Because of the direct relation between the maxim
modulation width atT'0 and 1/CS , it is of interest to make
a systematic quantitative comparison between themeasured
maximum widths and the maximum widths found in fini
temperaturesimulationsusing our estimated values ofCS .
The latter were found from the simulated curves by det
mining the voltage modulation widths at various consta
current levels, and taking the maximum value. The elect
bath temperaturesTe at these maximum modulation width
are calculated according to Eq.~1! to be 275, 153, 154, 182
and 116 mK for the 2-, 10-, 20-, 30-, and 40-mm samples,
respectively. These values are not monotonic because
depend onRS as well asVI . The modulation widths deter
mined from simulation are plotted as closed circles in Fig
For comparison, the measured maximum Coulomb mod
tion widths at each island length are plotted as triang
From this figure, we see that the voltage modulation wid
as determined from the simulations generally agree q
well with the ones measured. The discrepancy of the two
longer island lengths suggests that the total capacitancesCS

determined with FASTCAP are smaller than the actual on
This is consistent with the deviation of the measured a
calculated gate capacitanceCg , noted earlier. In fact, if one
assumes the same deviation, i.e., that the FASTCAP va
underestimate the true values by approximately 20%,
would lead to a further 30% reduction in the simulat
modulation for the longest island. Although substantial, su
a correction is too small to account for the entire discrepa

FIG. 7. SimulatedI -V curves based on orthodox model atQ0

50 and e/2 using FASTCAP results and power-dependent te
peratures for samples with the same island lengths and scaling
the corresponding panels in Fig. 3.
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between the experiment and simulation for this sample. P
sibly the remaining discrepancy results from an undere
mate of the electronic heating by Eq.~1!. This formula is
based on the assumption of a spatially uniform heating of
electron gas. This should be appropriate for a short isla
but in long islands the finite electronic thermal diffusivi
will lead to higher electronic temperatures near the tun
junctions, where the heating is injected, and where the lo
temperature determines the rounding of the tunnel cur
and the amount of modulation reduction. This effect wou
be expected to become significant for lengths above the
elastic diffusion length for electrons, typically;10mm, and
we speculate that it might account for the increasingly s
nificant discrepancies between data and simulations for
20-, 30-, and 40-mm samples.

In these simulations, we have neglected any contribu
from the inelastic cotunneling current. This is a process
which two electrons tunnel simultaneously through the ju
tions and an electron-hole excitation is left on the isla
Since this process provides a way around the Coulo
blockade, it can contribute to the current in the blocka
region where the sequential-tunneling current is very sma16

Since for low temperatures, the inelastic cotunneling curr
varies as the third power of the voltageV, it makes theI -V
curve appear to be rounded near the voltage onset of
single-electron tunneling. Because of the fact that the cur
is inversely proportional to the square of the junction res
tances, we have fabricated high-resistance junctions to m
mize this process. However, since the electron bath is
higher temperature due to the poor electron-phonon c
pling, this process is enhanced and gives rise to a la
current than atT'0. This would further reduce the modula
tion width. However, we find that the contribution from the
mally enhanced inelastic cotunneling is not significa
enough to cause major modulation reduction, even with
nificantly reducedEc’s due to the large stray capacitance
Figure 9 shows the data in the normal state of the 40-mm
sample as compared with the calculated current based o
inelastic cotunneling process.17 In order to fit the cotunneling
current with the measured current, it requires an elect
bath temperature ofTe'1 K, which is unrealistic for the
small voltage range we are considering. At the electron b
temperature corresponding to the maximum modulat
width for this sample, i.e.,Te'116 mK, the inelastic cotun
neling current is negligible as seen in this figure. Thus

FIG. 8. Comparison of the measured~Fig. 3! and simulated~Fig.
7! maximum voltage modulation width vs island length.
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believe that the correction of the modulation reduction due
the inelastic cotunneling process is not significant in our
servations.

B. Analytic approximations to Cij

In retrospect, we recognize that the results of t
computer-intensive FASTCAP calculations could have be
anticipated in a semiquantitative way by simple analytic a
proximations. The essential observation is that the electro
in this geometry are essentially one-dimensional ‘‘wires’’
length L and widthw. The self-capacitance of such a co
ductor ~in vacuum! is well known to have the general form

Cii 5
L/2

ln~L/w!11
, ~2!

where the ‘‘1’’ in the denominator represents a number
order unity which depends on the exact geometry. Clea
this Cii is proportional to the lengthL, apart from a logarith-
mic correction.~For typical values ofL/w, this converts the
local dependence onL from linear toLp, with p'0.75.! The
mutual capacitance between such an element and anoth
the same type is essentially half this value, i.e., the se
combination of such ‘‘spreading capacitances’’ from ea
element, with the length being that of the shorter elemen
case of asymmetry. Thus, we estimate that

Ci j 5
L/4

ln~L/w!11
. ~3!

If we include an effective dielectric constant

«eff5
11«Si

2
'6.5, ~4!

and convert to SI units, we obtain the approximation

Ci j ~aF!5
182L~mm!

ln~L/w!11
. ~5!

Finally, if we take the typical valuesL'20mm and w
'100 nm in the denominator, we obtainCi j '29 aF/mm,
which is about 30% higher than the FASTCAP values. T
sense of this discrepancy is that which one expects betw

FIG. 9. Comparison of theI -V data for a 40mm normal island
with the inelastic cotunneling current calculated atTe'1 K and
Te'116 mK for Q050.



b
t
h

ov
a
y
c

lu
e
in
n
ic
h

no
a
e
d
.
in

ci
o
n
e
e
tr

t
o

mb
ve
we
aci-
nate
nt

de
ve
ch

sed
ther
of
-
of
a-

ig-
and
s is

.L.
.K.
te
ro-
0
e-
tion
7-
6-
o.

57 4597EFFECT OF ISLAND LENGTH ON THE COULOMB . . .
elements of a full capacitance matrix and capacitances
tween two isolated elements, because the presence of o
elements has a ‘‘shielding’’ effect which tends to reduce t
capacitive coupling quite substantially whenCi j is not much
less thanCii , as is the case here. Moreover, we noted ab
that there is experimental evidence that our FASTCAP c
culations may beunderestimatingthe actual capacitances b
;20%, which would significantly reduce the discrepan
between the analytic estimates and the actual values.

C. Broader implications

The large size of these estimated stray capacitance va
implies that the traditional approximation of modeling th
capacitances in single-electron tunneling circuits as aris
solely from the intrinsic capacitance of the tunnel junctio
needs to be re-examined. For example, even for a typ
short island length of 2mm, the stray capacitance to eac
lead is calculated to be approximately 70 aF, which is
negligible compared to an intrinsic capacitance of 300
When junction capacitances are determined by fitting f
tures in the Coulomb staircase, what is actually determine
the combination of the intrinsic and the stray capacitance
this combined number is treated as reflecting only the intr
sic capacitance, it provides an overestimate of the spe
capacitance. This observation may explain the lack of c
sistency of various estimates of this specific capacita
found in the literature, and suggests that the low end valu
45 fF/mm2 ~Ref. 12! may be the most appropriate for th
intrinsic value, so long as corrections are made for the s
capacitance as well.

IV. CONCLUSION

We have made a systematic investigation of the effec
island length on the Coulomb blockade in single-electr
M

r
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transistors, and observed a rapid reduction of the Coulo
modulation with increasing island length. Although we ha
considered various possible origins for this length effect,
have concluded that the rapid increase in the stray cap
tances between island and leads, causing them to domi
the intrinsic junction capacitance, is, in fact, the domina
factor producing the rapid reduction of Coulomb blocka
modulation. This conclusion is supported by extensi
FASTCAP calculations and analytic approximations, whi
indicate a stray capacitance of'25 aF/mm between two long
and narrow conductors on a Si substrate. Simulations ba
on orthodox theory using these capacitance values toge
with electron heating~estimated to reach temperatures
;100– 200 mK in these experiments! appear to give a satis
factory account of our experimental data. As a byproduct
this analysis, we conclude that the values of individual c
pacitances inferred from detailed fitting toI (V,Vg) charac-
teristics of single-electron tunneling transistors include s
nificant contributions from stray capacitance to the leads,
that the specific capacitance of the junctions themselve
probably only '45 fF/mm2, as had been estimated from
measurements on large-area junctions.
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