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Single-electron tunneling in metal droplets in the high conductance regime
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We present single-electron tunneling results for well-characterized multidroplet systems in the high conduc-
tance regime. The work was conducted with tunnel systems comprising ultra-small Ni droplets. The conduc-
tance associated with individual droplets was estimated to reach 18– 19GK in systems exhibiting especially
high conductance. TheP(E) ~phase correlation! theory has been successfully applied to the conductance
characteristics of these systems. Our results suggest that in the high conductance regime the droplets can be
modeled as single, resistively isolated tunnel junctions. Based on an analysis of the single-electron properties
of these systems, the average number of dropletsN contributing to the total tunneling conductance can be
estimated. For samples in the low conductance regime, it appears thatN51, whereas for samples in the high
conductance regime 100,N,1000.
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I. INTRODUCTION

Coulomb blockade effects associated with tunneling i
isolated mesoscopic droplets and dots are now of wide in
est. While single-electron tunneling~SET! phenomenology is
well understood in the low-tunneling conductance regim
G!GK[e2/h,1–4 lately the significant consequences of i
creasing the conductance beyond this regime are being
plored in systems such as single-electron transistors,5 quan-
tum dots,6 and in small tunnel junctions with7 and without8,9

metallic islands.
The present paper looks at multiple-droplet sing

electron systems in the high conductance regime. The ju
tions contained ultra-small Ni droplets~small, isolated is-
lands of Ni metal! with diameters in the range of 1 to 2 nm
The average tunnel conductanceGD of the individual drop-
lets comprising these tunnel systems was as high
18– 19GK . This is in the regime of the highest tunnelin
conductances yet studied.9 We have found that the detaile
tunnel characteristics of our high conductance systems
be well-described by theP(E) ~phase correlation! theory.
This theory considers the effect of the electromagnetic e
ronment on tunneling10,11 and has been considered for th
case of strong tunneling.9,12–15We will show that our results
for the increase in effective capacitance with tunneling c
ductance are generally consistent with theoretical result
the range 0,G&20GK . The successful application of th
P(E) theory for droplets in the high conductance regim
suggests they behave as resistively coupled single junct
rather than double junctions, as is the case in the low c
ductance regime. In addition, our results allow for a se
consistent estimate of the average number of dropletsN par-
ticipating in the tunneling, which has been absent fro
previous work, and provides for an estimate of the aver
conductance associated with individual droplets.

A key issue in these studies is the effective capacitanc
the droplets as a function of tunneling conductance. For
island that is decoupled from the environment~as in the case
of low tunneling conductance!, the effective capacitanceC0
of the island will be determined solely by its geometry a
0163-1829/2001/63~19!/195405~7!/$20.00 63 1954
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dielectric environment. As coupling to the environment i
creases~for higher tunneling conductance! the effective ca-
pacitanceC of the island will increase. To quantitativel
study this process in our systems, we have derived the ef
tive droplet capacitance in three independent ways:~1! mea-
surement of the Coulomb-blockade energy,~2! measurement
of the thermal activation energy, and~3! fits of tunnel con-
ductance data withP(E) theory. All three measurement
were found to be in excellent agreement. With these res
in hand, the number of tunneling droplets and a model
the coupling of droplets to the external environment ha
been established.

II. EXPERIMENT

Our junction preparation method was similar to previo
work with ‘‘soft’’ metals such as Ag, Au, Cu, In, Pb
etc.,16,17 which consistently show Coulomb staircase and
Coulomb blockade effects. As sketched in Fig. 1, tunnel s
tems used in this paper were of the form: Al/Al2O3/Ni
droplets/Al2O3/Ag. The first Al2O3 barrier was created by
exposing a 100 nm base Al layer to air. This was followed
a 1–5 nm layer of Ni. A second barrier was created by
positing a 1.1–1.2 nm layer of Alin situ on top of the ther-
mally evaporated layer of Ni~droplets! and re-exposing the

FIG. 1. Geometry and tunneling characteristics of Ni drop
tunnel junctions. Data were taken at 4.2 K.
©2001 The American Physical Society05-1
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system to air. Finally, the system was returned to vacuum
receive a 100 nm Ag counter electrode.

III. GENERAL CHARACTERISTICS

The deposition of Ni in the 1–5 nm thickness range
sulted in the formation of Ni droplets as shown in Fig. 2. T
droplets are isolated islands of Ni metal that coalesce du
the evaporation process. The individual images collec
here are smaller segments of larger format scanning tr
mission electron micrographs of films of a given thickne
made at the same time as those incorporated into tu
structures. The bright spots are images of isolated island
Ni metal. We note that soft metal systems~such as
Ag, Au, Cu, In, Pb, etc.! typically coalesce into polycrystal
line droplets roughly hemispherical in shape. While detai
crystallographic data are not available for our Ni drople
the micrographs of these films clearly indicate the prese
of isolated islands of Ni, and are similar in general appe
ance to micrographs of soft metal droplets in a compara
size range.

The associated droplet-size distribution for each Ni de
sition thickness is shown in Fig. 3. While it is clear that n
all droplets will contribute to the total tunneling conductan
of a given multi-droplet tunnel system, it has been obser
that the distribution of droplet sizes represented in a gi
micrograph correlates well with the distribution of dropl
sizes predicted on the basis of observed single-electron
ductance peaks.17 It could thereby be concluded that
droplet-size histogram is a fair representation of the distri
tion of droplets of a given diameter that will contribute to t
total tunneling conductance, even though only a small fr
tion of the total number of droplets physically present in
system will ultimately carry a significant tunneling curren
We note that even in the case of sample A—for which
will ultimately conclude that only on the order of a sing
droplet contributes to the tunnel conductance—the expe
blockade energyE0 associated with a droplet of the mea

FIG. 2. Scanning transmission electron micrographs of Ni dr
let films produced at the same time as films incorporated into tun
structures. Micrographs for film depositions of 1.0, 1.8, 2.5 and
nm of Ni are shown, associated with samplesA, B, C, and D,
respectively. Top and bottom size bars refer to top two and bot
two images, respectively.
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size as derived from a Gaussian fit to the droplet-size dis
bution is in good accord with the measured value of
blockade energyEg .

We do see, however, that there are some differences i
droplet formation compared to other metals. The size dis
butions for our Ni droplets are close to Gaussian~although
significant deviations from Gaussian behavior appear to
cur as film thickness increases!. Although the distributions
are not unusual in this regard, they are different with resp
to droplet formation in other metals such as Ag, Au, Cu, P
etc. For these metals, it is generally observed that the m
droplet diameter is close to the nominal deposition thickne
That is, for films less than;8 nm in thickness, droplets wil
form with a mean diameter comparable to the deposited
thickness. However, for Ni droplets, the mean diameter w
only a weak function of deposition thickness. For Ni dep
sitions of 1.0, 1.8, 2.5, and 5.0 nm, the mean droplet dia
eter was 1.3, 1.3, 1.6, and 1.7 nm, respectively. A sec
difference is the presence of a broad distribution width in
droplet diameter. Typical Ag films in the thickness regim
considered here have a distribution widths in the vicinity of
20% of the mean droplet diameter.16,18 In the case of our Ni
dropletss is significantly larger,;100% of the mean drople
diameter. A general discussion of metal droplet formation
thin films is given by Pashleyet al.19

In spite of the above-noted differences in the characte
tics of Ni droplet layers, they have been successfully used
single-electron studies. Indeed, junctions prepared with
droplets have the advantage that if a series of tunnel syst
is prepared with increasing Ni deposition thickness, the
sult is a series of samples with similar average Ni drop
size and increasing tunnel conductance. This has allowed
a more controlled study of the effects of tunnel conductan

Shown in Fig. 1 are the current-voltage characteristics
the tunnel systems studied. Gaplike structure associated
single-electron tunneling in the Ni droplets is clearly evide
as an offset in the quasilinear portion of the characteris
about zero bias. The magnitude of this gap clearly decrea
with increasing junction conductance, from samplesA to D,
although a Coulomb gap persists for all samples. This can
seen in theG(V) characteristics, Fig. 4, in which gaplik
structure is clearly evident for all junctions.

-
el
0

m

FIG. 3. Histogram and Gaussian fit for each Ni depositio
SamplesA, B, C, andD correspond to Ni deposition thicknesses
1.0, 1.8, 2.5, and 5.0 nm, respectively. These films contain drop
with average diameters of 1.3, 1.3, 1.6, and 1.7 nm, respective
5-2
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SINGLE-ELECTRON TUNNELING IN METAL DROPLETS . . . PHYSICAL REVIEW B 63 195405
Also evident in Fig. 4 is the evolution of the character
tics as the overall magnitude of conductance increases f
sampleA to D. This is highlighted by fits with the standar
semiclassical double-junction SET~single-electron tunnel-
ing! model.20–22The fit associated with each sample is ide
tified by a lowercase letter. Also, there are clearly two g
eral types of tunnel systems represented. SamplesA and B
exhibit a well-developed gap, whereas samplesC andD ex-
hibit much higher overall tunnel conductance, a signific
zero-bias conductance, and a well-suppressed tunnel ga

As noted above, previous studies~of tunnel systems com
prising Pb droplets! have demonstrated that the distributio
of single-electron conductance peaks—which are cle
present in other similarly prepared metal-droplet based
nel structures16—was well correlated to droplet diamete
distributions.17 The fits shown in Fig. 4 have included th
contribution of a distribution in capacitance, based on
measured droplet-diameter distribution shown in Fig. 3. E
cluding this contribution resulted~in all cases! in the appear-
ance of single-electron conductance peaks in the theory
are not present in the data.

The absence of a series of single-electron conducta
peaks in the data is consistent with the observed Ni dro
distribution width,s;100% of the mean droplet diamete
compared to a previously elucidated theoretical result
sets the upper limit for the appearance of conductance p
at a value ofs;50% of the mean droplet diameter.22 How-
ever, as will be discussed in the following section, the tu
neling characteristics and parameters of samplesA andB are
consistent with tunneling taking place through a single dr
let ~and in C and D on the order of hundreds of droplets!.
Therefore, while a broad distribution of droplet size wou
otherwise indicate a smearing and elimination of cond
tance peaks in all samples, other factors may well be
volved.

One such issue is joule heating of droplets as a poten
contribution to smearing of the single-electron conducta

FIG. 4. Tunneling conductanceG(V)[dI/dV for all junctions
studied. The dashed lines are fits to the data using standard s
classical SET theory. The fit associated with each sample is ide
fied by a lowercase letter.
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peaks. Assuming the droplet conduction electrons
strongly coupled to the external environment (k
.10 W/cm K), and given typical power levels involved, th
expected temperature rise for a given droplet would be in
vicinity of 1 K. Any heating effects beyond this modera
amount would be evident as clear changes in the functio
character of the conductance characteristics, or as hyst
in or obvious nonlinear excursions of the current-volta
characteristics, none of which are in any way present.
addition, based on fits both to the temperature dependenc
sample resistance, Fig. 5, and fits of the voltage-depen
conductance characteristics to theory, Figs. 6 and 7,
droplets appear to be in thermal equilibrium with the rest
the sample.

In the context of the semiclassical, double-junction mo
~which appears applicable for samplesA andB! another po-

mi-
ti-

FIG. 5. Logarithm of junction resistanceversusinverse tempera-
ture. Resistance is measured in the vicinity of zero biasV
<10 meV). The point at which 1/T5kB /Eg has been indicated on
the graph for sampleC.

FIG. 6. Comparison of the measured data for sampleC taken at
T54.2 K ~solid line! to that given by the phase correlation theo
~dotted line!. The data have been normalized to the asymptotic c
ductanceGT . The theoretical fit was obtained with parametersT
54.2 K, Re53.8 kV, andC58.0 aF.
5-3
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tential contributing factor for the absence of conductan
peaks is the simple assumption that tunneling to and fr
individual droplets is symmetric. That is, the product of r
sistance and capacitanceR1C1 associated with tunneling
onto droplets from one electrode is equal toR2C2 , the pa-
rameters associated with tunneling off of droplets to
other. This appears to be the case, for example, for e
tunneling studies of multidroplet systems.23 Another possi-
bility is the presence of a series array of junctions.24,25 This
is further suggested by microscopic studies of our Ni-drop
films indicating that more than one layer of Ni droplets m
exist, especially as film deposition increases.

For the higher conductance systems studied~samplesC
andD!, we will show that theP(E) theory for single, resis-
tively isolated junctions is in good accord with the measu
voltage-dependent conductance curves. This suggests
staircase behavior~and conductance peaks! would be inher-
ently absent here because of the physical characteristic
the systems. Also, since—as we will show—on the order
102 droplets contribute to the total tunnel conductance
these systems, the existence of a distribution of droplet s
may well contribute to their conductance characteristics.

We note finally that the observed progression from g
like, parabolic conductance characteristics to a more squ
rootlike dependence has experimental precedence in j
tions incorporating thin Cr layers, the results for which o
data parallel closely.26,27Our work with Ni droplets suggest
that the broader conductance features that appear in t
Cr-based systems are due to the presence of Cr-drop
These Cr-based junctions also exhibited a magnetic-fi
dependent zero-bias anomaly on a 1 meV energy scale
which was absent from our junctions. We note in this reg
that the tunneling characteristics of our Ni-droplet tunn
systems were unaffected by the application of magn
fields up to 9 T at temperatures down to 1.5 K. That i
spin-dependent effects or other zero-bias anomalies ap

FIG. 7. Comparison of the measured data for sampleD taken at
T54.2 K ~solid line! to that given by the phase correlation theo
~dotted line!. The data have been normalized to the asymptotic c
ductanceGT . The theoretical fit was obtained with parametersT
54.2 K, Re5550V, and C532 aF. Barrier asymmetry—the as
sumed cause of the conductance asymmetry in this very high
ductance junction—compromises the fit in the negative bias di
tion.
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not to be participating in the tunneling in these systems to
resolution measured.

IV. GAP SUPPRESSION AT HIGH CONDUCTANCE

Besides considerations regarding the absence of stair
behavior, it is clear that the semiclassical~double-junction!
approach is generally successful in representing the gen
features of the low conductance samplesA andB, and fails in
fitting the much higher conductance samplesC and D that
show a significant zero-bias conductance and lack a f
developed Coulomb gap. This suggests that for sampleA
and B the droplets are isolated from the environment
high-barrier height~and high-quality! tunnel barriers separat
ing the droplets from both the Al base- and Ag count
electrodes, and that for samplesC andD, the physical situ-
ation is different. To investigate this, we wish t
quantitatively consider the evolution of tunnel conductan
associated with individual droplets in the system.

The standard model for the depression of the Coulo
gap starts with a definition of the intrinsic charging ener
E05e2/2C0 , whereC0 is the geometrical capacitance of e
ther a single ultra-small tunnel junction of capacitanceC0 or
a tunnel junction containing an ultra-small island of capa
tanceC0 . As long as either a single junction, or the nan
element of a double junction, remains sufficiently isolat
from the external environment, the system will exhibit a g
plike blockade of current up to a voltageV5e/2C0 and can
also produce a series of steps with a voltage widthe/C0 and
current heighte/RC0—the Coulomb staircase~where R is
the average slope of the current-voltage characteristics
V.e/2C0).

In the case of a single junction, this isolation can take
form of sufficiently large lead resistances connecting
ultra-small capacitance~area! junction to the external envi-
ronment and in the case of a double junction, sufficien
large tunneling resistances to and from the internal cap
tive element or island. As coupling to the external enviro
ment increases, the capacitance is renormalized to a v
C.C0 , resulting in a reduction of the Coulomb gap and
for double junctions—a smearing of the Coulomb stairca

We can calculate the unperturbed, geometrical cap
tanceC0 and the associated energyE05e2/2C0 for the Ni
droplets in our multidroplet tunnel systems. If we model t
capacitor as a conducting sphere residing in a infinite die
tric medium, thenC052pee0D, where e is the dielectric
constant of the medium,e058.85310212C2/N m2 andD is
the diameter of the sphere. For Al2O3e58 ~Refs. 28, 29!
implying E050.36/D, with E0 in eV andD in nm. We wish
to compare this unperturbed capacitanceC0 with the mea-
sured, effective capacitanceC of the droplets with tunnel
current present.

One measure of the effective capacitance can be ga
through the Coulomb blockade energy, established by me
of a simple linear extrapolation toI 50 of the quasilinear
portion of the current-voltage curves. This offset is clea
visible in the data shown in Fig. 1. These values of the g
energy are listed in Table I asEg along with the associated
capacitanceCg[e2/2Eg .

-

n-
c-
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TABLE I. Ni droplet tunnel parameters.D is the average Ni droplet diameter;G is the total dynamic conductance of a multidroplet tunn
system measured at 50 mV bias;GD[G/N is the average individual droplet conductance in a multidroplet tunnel system withN droplets
contributing to the total conductanceG; R(0) is the zero-bias resistance of a multidroplet tunnel system;RD(0)5NR(0) is the average
zero-bias resistance associated with an individual conducting droplet;Re is the environmental resistance for an individual droplet deriv
from fits with theP(E) theory;E05e2/2C0 is the classical charging energy andC0 is the geometrical capacitance of an individual dropl
Eg is the gap energy derived from the offset of the current-voltage characteristics, and the capacitanceCg[e2/2Eg ; Ea is the activation
energy determined by a plot of lnR versus1/T and the capacitanceCa[e2/2Ea ; Eth is the gap energy derived fromP(E) theory and the
capacitanceCth[e2/2Eth . Here, as elsewhere,GK[e2/h;3.87431025 S.

Sample
D

~nm!
G

(GK)
GD

(GK) N
R(0)
~V!

RD(0)
~V!

Re

~V!
E0

~meV!
Eg

~meV!
Ea

~meV!
Eth

~meV!
C0

~aF!
Cg

~aF!
Ca

~aF!
Cth

~aF!

A 1.3 0.19 0.19 1 1.333106 1.333106 139 ;150 0.58 ;0.53
B 1.3 4.46 4.46 1 7.113106 7.113106 139 85 0.58 0.94
C 1.6 4970 18 276 14.0 3860 3800 113 10 9.6 10 0.71 8.0 8.3 8
D 1.7 8960 19 472 3.3 1560 550 106 2.5 2.5 0.76 32 3
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A separate way to evaluate the effective capacitance i
assume a simple thermal-activation model for the tunne
resistance,R}exp(Ea /kBT) whereEa is the activation energy
associated with removing an electron from a drople30

Shown in Fig. 5 are plots of lnR versus1/T. The resistance
was obtained by biasing the junction at a small, fixed volta
~< 10 meV! and measuring the current as a function of te
perature. For sampleC, the point at which 1/T5kE /Eg has
been indicated on the graph. Above this temperature, th
appears to be a well-defined linear regime as is also sho
For samplesA and B, this temperature is higher than roo
temperature and was not measured, although a small li
region appears to be present for the latter sample. The en
Ea and associated capacitanceCa5e2/2Ea is also listed in
Table I. SampleD is absent from this analysis because
problems related to its very low resistance. These data
illustrate generally that the zero-bias conductance in
samples appears to be associated with—or have as a co
uting factor—thermally activated tunneling.

The final measure of the Coulomb gap energy and ef
tive droplet capacitance was derived through direct fits to
G(V) characteristics of our tunnel systems with theP(E)
~phase correlation! theory.8,10,11This theory considers the ef
fects of electromagnetic coupling between ultra-small sing
tunnel junctions and their environment through the imp
ance of the electromagnetic environment,Z(v). In this
paper, this was modeled by a resistanceRe5Z(v). Re-
cently, the effect ofRe on small tunnel junctions has bee
experimentally investigated.8,9,31 Measured quantities ente
the theory as scaled parametersa[(p/2)ReGK , vc
[1/ReC, andVc[\vc /kBT.

Figures 6 and 7 show the results of fits~dotted lines! to
the measured data for samplesC andD ~solid lines!. The fit
for junction C was obtained withT54.2 K, Re53.8 kV and
C58.0 aF, and for sampleD with T54.2 K, Re5550V,
and C532 aF. As can be seen from Fig. 6, agreement
tween theory and experiment is excellent for sampleC and
somewhat compromised in sampleD, ~Fig. 7! because of the
asymmetry of the characteristics. Nonetheless, the theore
values of the capacitance, denoted in Table I asCth , for both
junctions are in excellent agreement with other measure
the effective capacitance derived from independent mea
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Figure 8 shows a global picture of our results in compa
son with theory in terms of the reduced capacitanceC/C0 as
a function of the tunnel conductanceGT . This includes our
work ~solid squares, open square, and diamonds! and a com-
pilation of theoretical results12,32,33 for EC /kBT5100, 200,
and 500, as indicated on the plot. Since the magnitude of
tunnel conductance is critical in this analysis, it is importa
to understand its meaning in the context of a multidrop
tunnel system. Here we will assume that, on average,N drop-

FIG. 8. Reduced capacitance,C/C0 as a function of tunneling
conductance,GT . C0 is the geometrical capacitance, andC is the
measured capacitance. Included are our results on multidrople
systems derived from: Coulomb blockade effects~solid squares;
samplesA, B, C, andD!, thermal activation effects~open square!,
and theoretical fits with theP(E) theory~diamonds!. Also included
is a compilation of theoretical results Refs. 12, 32, 33 forEC /kBT
5500, 200, and 100, as indicated on the plot. For the Ni drop
data, the plotted values of the tunneling conductanceGT5GD

[G/N, the total conductance of the multidroplet tunnel syste
scaled by the number,N of droplets contributing to the conduc
tance, whereN is a whole number providing the best fit to theor
For samplesA, B, C andD, it is found thatN51, 1, 292, and 498,
respectively.
5-5
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S. T. RUGGIERO, T. B. EKKENS, AND SH. FARHANGFAR PHYSICAL REVIEW B63 195405
lets contribute to the total conductance of a given tun
system. This number will be a small fraction of the lar
number of droplets physically present. We takeN3GD[G
whereGD represents the~average! conductance of each o
theN individualdroplets in the tunnel system contributing
a total conductance G. The total conductanceG
[1/R(50 mV), whereR(50 mV) is the dynamic resistanc
of a given tunnel system measured at 4.2 K at a dc bias o
mV. Plotted values of the tunnel conductance for o
samples are taken asGT5GD andN is treated as an adjus
able integer parameter.

In order to establishN, we rely on the predictions o
quantum-fluctuation theory12,32,33 as shown in Fig. 8. For
samplesA andB, the first and second data points in the p
~left to right!, Eg /kBT5413 and 234, respectively. Thes
data are thus in the range covered by the theory. In b
cases, best fits to the theory were unambiguously obta
with N51. That is, it appears that~on average! a single
droplet carries all the current in these samples.

For samplesC andD ~the third and forth data clusters i
the plot! Eg /kBT528 and 6.8, respectively. While the re
duced energy gap of sampleC is somewhat outside the para
metric range of the theory, it appears to be sufficiently la
such that, given the range of variation in the theory w
respect to reduced temperature, the two would likely co
cide within the error bars shown. Taking a best fit to the d
for sampleC with respect to the theory forEC /kBT5100,
produces a value ofN5276 in this case, which can also b
viewed as an upper limit forN. The actual range ofN corre-
sponding to the error bars indicated would be 262,N
,292. For sampleD, the value of the reduced gap is suf
ciently small as to place it outside current theoretical resu
Given this, the data were again fit to theEC /kBT5100 the-
oretical curve to obtain an upper limit forN of 472. For this
sample, the range ofN corresponding to the error bars ind
cated would be 448,N,498. In any case, we can certain
conclude that since the total number of droplets comprisin
typical tunnel junction~with an area of;131 mm) is
;1011, only a tiny fraction of the available droplets appe
to contribute substantively to the total conduction of a giv
multidroplet tunnel system. For samples in the lower cond
tance regime, it appears thatN51, while in the higher con-
ductance regime 100,N,1000. This is consistent with re
cent work with granular metal films.34

We are left with the question of why theP(E) theory
appears to be in excellent agreement with theG(V) data for
our ~high conductance! multidroplet systems, since th
theory is most directly applicable to single, ultra-small tunn
junctions resistively coupled to the environment. Some
sight can be gained by comparing the~average! resistance
RD , associated with an individual droplet, to the values
the environmental resistanceRe obtained from fits with the
P(E) theory. The simplest physical model of the syste
would be an array of droplets that on one side see a h
quality barrier~grown on the Al base layer! and on the other,
a low-barrier height barrier or one compromised by pinhol
etc., which serves as a resistive coupling element. This s
ation is similar to nanowire junction arrays35 that also show
good correspondence with theP(E) theory. For sampleD,
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the total resistance predicted for each droplet in the syste
high bias,RD51/GD51360V, compared to a parametri
value of Re5550V used in the theoretical fit to the data
~Note that values ofGD listed in Table I are in units ofGK
[e2/h.) Since we measure the total resistance of a syst
this is consistent with a picture of a droplet with an intrins
~high-bias! tunnel resistance of 810V ~to the base electrode!
in series with a resistanceRe5550V ~coupled to the counte
electrode!. Values ofRe in this range are also generally con
sistent with results for lithographically produced junction a
rays with parametric coupling resistances of simi
magnitude.36

For sampleC, however, the high-bias resistanceRD
51/GD51430V, is smaller than the value of the environ
mental resistanceRe53800V used in the theoretical fit to
the data. Perhaps coincidentally, this value ofRe is close to
the zero-bias resistance of the system that here isRD(0)
53860V. Since RD51/GD5N/G is proportional to the
value ofN assigned to the system, one possibility is that t
value is too small. However, the variation inN allowed for in
fits to the theory~see Fig. 8! amounts to approximately 10%
and would not be enough to account for this situation.
appears that in this case, it is the zero-bias resistance o
system that governs the resistive isolation of the drop
This suggests the presence of nontunneling~resistive! in one
or both barriers adjacent to the droplets that act as the p
metric equivalent of environmental resistors.

V. CONCLUSION

In conclusion, we have prepared systems containing ul
small N droplets. These systems have allowed us to syst
atically explore the increase in effective junction capacitan
as a function of junction conductance into the high cond
tance regime in multiple-droplet tunnel systems. We ha
successfully modeled our high conductance junctions w
the P(E) ~phase correlation! theory. Results for our high
conductance samples suggest that these junctions ca
modeled as comprising semi-isolated droplets with a re
tive coupling to the external environment~single junctions!.
A result from this paper is a measure of the number of dr
lets participating in the tunneling conduction. For systems
the low conductance regime where the individual-drop
conductance is in the range of 0.2GK,GD,4.5GK , the
number of droplets contributing to the total conductance
the system,N51. This means that asingledroplet carries the
entire current in these systems. In the high conductance
gime where the individual-droplet conductanceGD is
18– 19GK , the number of droplets contributing to the tot
conductance of the systemN is found to be 276 and 472
respectively, for the systems studied.
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