Eur. Phys. J. D 39, 415-422 (2006)
DOI: 10.1140/epjd /e2006-00113-4

THE EUROPEAN
PHYSICAL JOURNAL D

Morphological differences between Bi, Ag and Sb
nano-particles and how they affect the percolation
of current through nano-particle networks

A.D.F. Dunbar?, J.G. Partridge, M. Schulze, and S.A. Brown

Department of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand

Received 25 July 2005 / Received in final form 15 February 2006
Published online 18 May 2006 — (© EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2006

Abstract. Nano-particles of Bi, Ag and Sb have been produced in an inert gas aggregation source and
deposited between lithographically defined electrical contacts on SiN. The morphology of these films have
been examined by atomic force microscopy and scanning electron microscopy. The Bi nano-particles stick
well to the SiN substrate and take on a flattened dome shape. The Ag nano-particles also stick well to the
SiN surface; however they retain a more spherical shape. Whereas, many of the Sb nano-particles bounce
off the SiN surface with only a small fraction of the Sb nano-particles aggregating at defects resulting in
a non-random distribution of the clusters. These nano-scale differences in the film morphology influence
the viability of applying percolation theory to in situ macroscopic measurements of the film conductivity,
during the deposition process. For Bi and Ag nano-particles the increase in conductivity follows a power
law. The power law exponent, ¢, was found to be 1.27 4+ 0.13 and 1.40 4+ 0.14, for Bi and Ag respectively,
in agreement with theoretical predictions of ¢ ~ 1.3 for 2D random continuum percolation networks. Sb
cluster networks do not follow this model and due to the majority of the Sb clusters bouncing off the
surface. Differences in the current onset times and final conductance values of the films are also discussed.

PACS. 73.63.-b Electronic transport in nanoscale materials and structures — 36.40.-c Atomic and molecular
clusters — 64.60.Ak Renormalization-group, fractal, and percolation studies of phase transitions — 81.07.-b

Nanoscale materials and structures: fabrication and characterization

1 Introduction

The inevitable future for electronics is to use single atoms
or molecules as the building blocks in the assembly of
devices. This goal has not yet been attained but there
is considerable interest [1,2] in development of new tech-
niques that will bridge the gap between molecular devices
and the commercial fabrication techniques available today
[3,4]. Devices made from clusters of atoms or molecules,
i.e. nano-particles, may allow that gap to be bridged,
since these building blocks are readily available in any
size between 0.5 nm and 100 nm. Nano-particles also of-
fer the potential to fabricate ‘new’ materials for devices
with novel functions because they are known to display
unusual behavior in their electrical, structural and other
properties [1,2]. Therefore, electrically contacted films of
nano-particles are of interest.

Percolation theory has been used to model critical phe-
nomena in a wide range of systems [5]. It relates various
properties of the system to the probability of occupation
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of sites within the system by simple power laws. For ex-

ample, the correlation length £ of connected structures is
described by

o (p—pe)~Y, (1)

where p is the probability of site occupation, p, is the crit-
ical occupation probability at which percolation occurs in
an infinite system and v is the power law exponent for
&. One of the reasons for the importance and widespread
applicability of percolation theory is the predicted uni-
versality of the exponents [5,6]. While there have been
extensive theoretical studies of percolation and power law
behavior, experimental studies have been relatively rare.
Previous work has shown that finite size effects in 2D Bi
nano-particle films are in agreement with percolation the-
ory [7].

In this work we describe the production of nano-
particles of Ag, Bi and Sb, and their deposition onto SiN
substrates with lithographically defined contacts. We in-
vestigate the morphology of the deposited nano-particles
and perform in situ measurements of the conductivity of
the percolating film of particles, therefore, we can relate
the nano-scale properties of the films to their macroscopic
conductivity.
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We experimentally determine the conductivity expo-
nent t in the power law predicted by percolation theory

0 X (p - pc)tv (2)

where o is the conductivity of the nano-particle film, and
compare the results to predicted values. In doing so we
establish that for Ag and Bi nano-particles percolation
theory is applicable to their deposition onto SiN substrates
but this is not the case for Sb nano-particles. Therefore
we demonstrate that the nano-scale morphology of such
nano-particle films controls the macroscopic properties of
these films.

2 Percolation theory

Within percolation theory the many different systems that
can be studied may be classified into two types; either
discrete, i.e. the constituents of the system are fixed at
discrete sites of a regular lattice (an early example being
Ref. [8]), or continuous, i.e. the constituents may locate
at any random location within a continuum. Many re-
searchers have studied percolation in discrete lattice sys-
tems, however much less work has been done on continu-
ous systems. The 2D inverted Swiss-cheese model consists
of randomly positioned 2D discs of conducting material
on a non-conducting 2D surface, where the strength of
connections between particles is non-uniform. It is an ap-
propriate starting point when considering the electrical
properties of nano-particle films on 2D surfaces. The value
of p. for the inverted Swiss cheese model, is reported [9]
to be 0.676339.

Theoretical studies by Feng, Halperin and Sen
(FHS) [10,11] have investigated the power law exponents
for transport properties in continuous networks, and for
the case of the 2D inverted Swiss-cheese model, they
showed that the conductivity relation equation (2) should
be universal i.e., the power law exponent t should take
its universal value of t ~ 1.3. This theory was extended
by Balberg [12] to allow for non random distribution of
the size of the discs and spheres in 2D and 3D. Balberg
concluded that the exponent ¢ could have any value larger
than its universal value, except in the case of 2D conduct-
ing discs where t always takes the universal value 1.3.

Several experimental papers have been published
which report investigations of percolation in large systems.
For example Okazaki et al. [13,14] used conducting ink to
generate a 2D inverse Swiss-cheese model and measured
its conductivity exponent ¢, which they found to be the
same as that for their discrete 2D model. Dubson and
Garland [15] used an x — y plotter to scribe holes in an
aluminium sheet and measured the conductivity of the
perforated sheet. They found the conductivity exponent ¢
to be 1.34 4+ 0.07 for their random void continuum.

Although a limited number of experimental studies
of percolating nano-particle systems have been previ-
ously carried out the power law behavior predicted by
equation (2) has not been confirmed in these systems.
Yamamuro et al. [16] deposited 6-13 nm cobalt particles
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and concluded that the power law exponent increased with
increasing particle size and did not follow a simple scal-
ing law. They attributed this non-universality to overlap-
ping of and ferromagnetic attraction between the Co par-
ticles. Melinon et al. [17] compared the deposition of Sby
molecules and Sbygso particles (4.8 nm diameter) on glass
substrates. They found that there was considerable dif-
fusion and nucleation for the Sby deposition, resulting
in the formation of much larger particles and a critical
coverage for percolation considerably larger than the the-
oretical value. For the Sbigso particles there was mini-
mal diffusion and nucleation, resulting in a percolating
network consistent with a simple site percolation model.
Schmelzer et al. [7] deposited bismuth nano-particles be-
tween contacts with small separations and observed ex-
perimentally finite size effects associated with the power
law predicted by equation (1). Atomic deposition and the
subsequent growth of particles leading to an onset of con-
duction has been investigated in terms of percolation the-
ory for Ag and In on Si(111) substrates by Heun et al. [18]
and Takeda et al. [19] respectively.

3 Experimental procedure

Optical lithography was used to define NiCr/Au contacts
(approximately 5 nm NiCr and 100 nm Au) on an insu-
lating SiN epilayer on 3 mm x 3 mm pieces of Si substrate.
The contact consisted of a ~85 pm wide strip if NiCr/Au
with a 70 pm rectangular gap missing from the conduct-
ing strip. Al wire was ultrasonically bonded to NiCr/Au
strip to allow I(V') measurements across the contacts to
be taken prior to the deposition of the clusters to verify
that there was minimal leakage current across the 70 pm
gap. In all samples investigated the initial resistance be-
tween the contacts was measured and found to be in the
~T§ range.

During each deposition experiment a beam of parti-
cles was produced in an inert gas aggregation source [7].
Metal vapor was produced in the source chamber by heat-
ing bulk metal to 1200 °C, 850 °C and 760 °C for Ag,
Bi and Sb respectively. Argon gas was fed into the source
chamber to cool the metal vapor causing the aggregation
of the vaporized atoms into nano-particles. The particles
and argon were then extracted from the source cham-
ber via a series of axially aligned exit nozzles, with in-
creasingly high vacuum pumping stages between. Most
of the argon was removed by the pumps, leaving a col-
limated beam of nano-particles, which entered the deposi-
tion chamber (base pressure ~2 x 10~6 Torr). Previously,
electron diffraction patterns of particle beams produced
by this source have been examined [20], and so the large
particles produced by this system are known to have the
crystal structure of the bulk material. A nominal depo-
sition rate was determined using a quartz crystal film
thickness monitor mounted in the beam path. The beam
was then blocked by a mechanical shutter while the con-
tacted sample ready for deposition was moved into place
in the beam. 30 mV DC (previous studies in our group
have shown that application of much larger voltages can
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modify the structure and electrical characteristics of nano-
particle films [21]) was applied across the electrical con-
tacts; this voltage and the resulting current were recorded
during the deposition. The particle beam produced a uni-
form spot ~1.5 mm in diameter which was centered on
the gap between the contacts.

After the deposition was completed the shutter was
closed and the sample removed from the beam. The sta-
bility of the deposition rate during the experiment was
then verified by measuring the deposition rate again. A
second I(V) measurement across the contacts was also
made, and in all cases after deposition the deposited film
showed Ohmic resistance with a considerably lower value
than the contacts prior to deposition (see results and anal-
ysis below).

4 Results and analysis

Figure 1 compares the distribution of Bi, Ag and Sb
nano-particles on the SiN substrates. Both the Bi and
Ag nano-particles are distributed randomly on the SiN
surface, whereas the Sb nano-particles tend to stick to-
gether in clumps separated by areas free of any parti-
cles. The atomic force microscope image (inset in Fig. 1
(top)) demonstrates that the Bi nano-particles form flat-
tened dome shaped structures when deposited onto the
substrate surface. The particles in the inset are somewhat
larger than those in the main image which are ~20 nm
diameter on average, because it is easier to image the
largest particles. Field emission scanning electron micro-
scope (SEM) images (inset in Fig. 1 (middle)) taken from
an acute observation angle show the Ag particles are tend
to be spherical in shape, wetting the substrate to a lesser
degree than the Bi particles. Again the particles in the in-
set are somewhat larger that the Ag particles in the main
image (which are ~15nm in diameter). There were oc-
casional large hexagonal plates found amongst the silver
particles, the distribution of these was sufficiently sparse
so as to have no effect upon the percolation experiments.
The distribution of both the Bi and Ag particles on the
surface is random, and therefore closely matches the 2D
Swiss cheese percolation model which is expected to hold
for these materials, whereas for the Sb particles the dis-
tribution is very different and a simple percolation model
would not be expected to apply. Field emission SEM im-
ages like Figure 1 (bottom) show that the Sb clusters tend
to be spherical in shape (i.e., similar to the Ag clusters
with a higher wetting angle than the Bi clusters), more
regular in size and are ~40 nm in diameter.

In these experiments the dimensions of the 2D region
between the contacts where the particle film is deposited
do not change and therefore the measured conductance
is directly proportional to the conductivity of the system
(prior to the transition to bulk film growth). The in situ
electrical measurements were taken as a function of depo-
sition time 7 rather than coverage p. Therefore to facilitate
the conversion from o(7) to o(p — p.) it was assumed that
the total coverage is directly proportional to the deposi-
tion time i.e. p = k7, and the critical coverage p. =~ 0.676
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Fig. 1. Field emission SEM images of Bi nano-particles (top)
and Ag nano-particles (middle) showing that the particles are
randomly distributed on the SiN surface, and an image of
Sb nano-particles (bottom) showing that the Sb particles are
grouped together on the SiN surface in a non-random manner.
The inset in the top image is an AFM close up of Bi nano-
particles and the inset in the middle image is a field emission
SEM close up of Ag particles taken at an oblique angle to
highlight their spherical shape.

(theoretical value for a system of over lapping discs [9])
occurs at the critical time 7, i.e., p. = k7.. The validity of
this assumption is discussed further, later in this article.
Conductance onset measurements for two Bi nano-
particle depositions are shown in Figure 2a. These con-
ductance onset curves are similar to those recorded for
Ag and Sbh, shown in Figures 2b and 2c respectively. The
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Fig. 2. Comparison of conductance onset curves for (a) two
Bi depositions, (b) Ag deposition and (c) Sb deposition. In (a)
the dashed line shows no pre-onset structure whereas the solid
line (data multiplied by 10 to allow comparison between the
two curves) is a current onset with pre-onset tunneling current.

structure in the conductance curve at very low coverage
is an experimental artifact due to the electronic shutter
opening. For all measurements in Figure 2 the initial con-
ductance i.e., at low coverage, is very small (~10710 Q~1),
as expected since the theoretical conductivity of a perco-
lating system is zero for p < p., and only increases for
p > pe. In all cases as the deposition continues the con-
ductance increases very rapidly and changes by more than
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5 orders of magnitude in ~1 s (limited by the response
time of the ammeter). Sometimes, although not always,
this fast conductance increase is preceded by some struc-
ture in the conductance curve, as shown by the solid line
in Figure 2a for Bi and in Figures 2b and 2c¢ for Ag and
Sb respectively. This structure prior to the sharp current
onset is tentatively attributed to a tunneling current be-
tween particles which are separated by narrow regions of
insulator (either an oxide layer or a narrow gap). The very
fast increase in conductance at the onset time is due to the
formation of a percolation pathway between the contacts
via the deposited film. After the initial rapid increase in
conductance there is a period of slower, steadily increas-
ing conductance. It is this section of the curve which is of
most interest since percolation theory predicts the conduc-
tance follows equation (2) for p > p.. It should be noted
that the conductance continues to increase after a com-
plete layer of coverage has been achieved. By this stage
the system has undergone a transition from filling a 2D
layer to multilayer growth.

It is clear that a lower limit for the number of parti-
cles required to bridge the gap between the contacts can
be calculated by dividing the separation between the con-
tacts by the mean size of the deposited particles. This
lower limit for the number of particles needed to span
the gap between contacts is several thousand particles in
the present experiments and therefore finite size effects are
minimal [5,7], i.e. the percolation threshold should be very
close to that for an infinite system. This latter point is an
important consideration because the prediction of ¢t ~ 1.3
from percolation theory is for an infinite system whereas
experiments necessarily require finite systems. The mobil-
ity of the particles on the surface after impact is negligible
due to their relatively large size (Ag~15 nm, Bi~20 nm
and Sb~40 nm: equivalent to hundreds of thousands of
atoms). A recent review outlines the criteria necessary for
mobility for clusters up to a few thousand atoms [22].

Smith and Lobb [23] drew attention to the fact that
close to the percolation threshold statistical fluctuations
in the conductivity of a finite sample become large. They
estimated the limit of the range of these fluctuations to
be described by the condition & ~ L, where L is the sys-
tem size i.e., [p — po| &~ L~(1/¥). A similar approach was
adopted by Dubson and Garland [15] who estimated the
range of these fluctuations to be & ~ L/2 when fitting
their data. Therefore, equation (2) was fitted to the ex-
perimental data in the range 0.006 < (p — p.) < 0.324.
The lower limit is a conservative estimate of the coverage
required such that £ ~ L and the upper limit is equiva-
lent to complete coverage of the substrate. Initial attempts
were made to fit the experimental data with a power law
using the observed onset time 7,y as the critical time 7.;
however this process did not yield satisfactory fits for the
data. Percolation theory only determines the value of p.
for an infinite system and therefore necessarily finite indi-
vidual experimental runs should yield a statistical distri-
bution of values of 7,,s.¢ however these experiments were
designed such that statistical variations due to the finite
size of our sample area were minimized by keeping the
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Fig. 3. An example of a power law (solid line) fitted to exper-
imental conductance data (squares) for a bismuth deposition
within the range (p —p.) = 0.006 to 0.324. The formula of the
resulting fit is o = 0.004 (p — p.)*3°.
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Fig. 4. A typical plot of the variation in the R? fitting param-
eter as the critical onset time is perturbed from the observed
onset time. The best fit value of 7. is taken at the maxima of
this curve.

deposition area large in comparison to the particle size
and therefore minimizing any statistical fluctuations be-
tween 7, and Tonset. Therefore other experimental factors
such as variations in the surface water and hence oxidiza-
tion rate of the nano-particles on the surface, oxidization
of the particle traveling through the deposition chamber
(~2 x 1076 Torr), small variations in the deposition rate
during each deposition and non-uniformity of particle den-
sity across the beam, must be responsible for the run-to-
run variations in these experiments. The upshot of these
experimental factors is that in effect the assumption that
p = k7 is not strictly true, but is instead only approxi-
mately true. Therefore the conductivity exponent for each
experimental data set was determined by fitting a power
law to each curve in the range (p — p.) = 0.006 to 0.324
(see Fig. 3) using a sliding least squares fit which started
with 7. = Tonset, and 7. was then iteratively perturbed un-
til the best least squares fit of equation (2) over the data
range described above was achieved. Figure 4 shows a typ-
ical example of how the R? fitting parameter varies as the
critical time is varied, the optimum value of 7. for each
data set being determined by the maxima in the value of
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R?. Tt is noted that the choice of a sliding least squares fit
for the data analysis is justified by the fact that the val-
ues of 7, obtained from the sliding fit varied only slightly
from the experimentally observed 7,,s.¢ values: for the Bi
and Ag cluster experiments best fits were achieved when
T, was within 6% of Topset.

Since the 2D theoretical model only considers a 2D
layer on the surface over-lapping (or stacking) of the de-
posited particles has been considered. Stacking of particles
leads to an under estimate of the true surface coverage in
the conversion from o(7) to o(p — p.) and will also cause
an increase in the conductivity of the film because it is
greater than one particle layer thick in some regions. Dif-
ferential equations relating the probability of overlapping
to the total coverage p (which is directly proportional to
deposition time) and the surface coverage pgurface Were
solved, yielding a relationship between the total coverage
p and the surface layer coverage psurface = 1 —e~P. Imple-
menting this correction to the coverage values used makes
only a minor perturbation (<4%) for the fitted power law
exponent t, as shown in Figure 5, which compares the
t values for the surface coverage corrected data and the
uncorrected total coverage data. The same sliding least
squares fitting procedure as described above was used for
both the corrected and uncorrected data in Figure 5. How-
ever, this correction only partially corrects for overlapping
and does not take into account the fact that particle stack-
ing in the experimental measurements will also result in an
increase in conductivity due to the increased thickness of
the stacked layer on the surface. This increase in the con-
ductivity of the film due to stacked particles is not easily
accounted for quantitatively but the influence of the rela-
tive conductivity increase on the exponent t is likely to be
of the same order of magnitude as the correction for the
coverage perturbation since both these effects stem from
the over-lapping of particles. The two effects are relatively
small and cause changes which have opposing effects on
the conductivity and so for the purpose of this study they
were neglected.
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Fig. 6. The experimental conductance data for bismuth plot-
ted as a function of (p — p.). The plots are stacked (each offset
by an order of magnitude) in order of decreasing gradient. Only
data points in the range p = 0.006 to 0.324 are shown and the
exponent ¢ from the fits for each data set is displayed at the
end of each curve.

4.1 Bismuth

The experimental data sets for eight bismuth depositions
are shown in Figure 6, where each curve is vertically off-
set from the previous curve by an order of magnitude to
allow clearer representation of the data. The eight results
shown are for different experimental runs using identical
system set up parameters and are shown to highlight the
variations which occur between experimental runs. For
Bi depositions, power curves closely fit the experimental
data with an average value of the conductivity exponent
of 1.27£0.13, in close agreement with the theoretical value
of 1.3.

The average exposure time before the sharp current
onset for the Bi samples was 92 s for a nominal deposi-
tion rate of 0.02 nm/s and the average conductance when
the 2D layer coverage was complete was 1.17 mQ~! (or a
resistance of 854 Q).

4.2 Silver

Seven experimental data sets for Ag depositions are shown
in Figure 7, where each curve is vertically offset from the
previous curve by an order of magnitude. The seven results
shown are for different experimental runs using identical
system set-up parameters. The conductivity exponent for
each experimental data set was determined as described
and it was found that for Ag nano-particle depositions
the power law equation (2) closely fits the experimental
data with an average value of the conductivity exponent
of 1.40 4+ 0.14, also in reasonable agreement with the the-
oretical value of 1.3.

The average deposition time before the sharp current
onset for the Ag films at a nominal deposition rate of
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Fig. 7. The experimental conductivity data for Ag plotted as
a function of (p — p¢). Only data points in the range p = 0.006
to 0.324 are shown and the plots are stacked (each offset by
an order of magnitude). The exponent ¢ from the fits for each
data set are displayed at the end of each curve.

0.02 nm/s was 100 s and the Ag films had an average
conductance of 10.9 mQ~! (or a resistance of 92 Q) when
the coverage of 2D surface is complete.

4.3 Antimony

Experimental data collected during the antimony deposi-
tions, presented in Figure 8, was analyzed following the
same procedure used for the Bi and Ag analysis. Once
again the seven results shown are for different experimen-
tal runs using identical system set-up parameters and are
shown to highlight the statistical variations which occur
between runs. In general it was not possible to obtain a
good fit to the Sb data with the power law equation (2)
since the plots in Figure 7 are not linear. Values of ¢ ob-
tained for a few of the ‘straighter’ curves are included in
Figure 7 for comparison with the Bi and Ag results.

The average time taken before current onset occurred
for the Sb depositions was 256 s, and it was also noted
that both the onset times and the deposition rates of the
Sb clusters fluctuated greatly in comparison to the Ag
and Bi depositions. The deposition times before the sharp
current onset for Sb were found to range from times com-
parable with those found for Ag (average = 100 s) and Bi
(average = 92 s) to values as high as 640 s. The average
final conductance values obtained for the Sb analysis was
1.42 mQ~! (or a resistance of 704 ).

5 Discussion

The Bi and Ag particles are randomly distributed on the
SiN surface therefore the average switch on times for the
Bi and Ag cluster depositions were similar, as expected for
similar deposition rates. However it is noted that the final
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Fig. 8. The experimental conductivity data for antimony plot-
ted as a function of (p — pc). The plots are stacked, each off-
set by an order of magnitude. Only data points in the range
p = 0.006 to 0.324 are shown and the exponent ¢ from the fits
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conductance values of the Bi and Ag clusters are quite dif-
ferent, this is partially explained by the difference in bulk
resistivity of the two materials (Bi: 117 pQcm @ 20 °C
and Ag: 1.6 pQcm @ 20 °C). The average final resistance
of the Ag cluster films (92 ) is approximately one order
of magnitude less than that for Bi cluster films (854 ),
however the bulk resistivity of Ag is close to two orders of
magnitude less than that for Bi, therefore the difference in
bulk resistivity cannot completely explain the differences.
There are further complications due to differences in the
packing of the Bi and Ag clusters and different oxidiza-
tion rates for the two materials. The Bi clusters flatten
to form dome shaped structures whereas the Ag clusters
remain spherical resulting in differences in the size and
distribution of the void regions within the final film.

The spread in the values of ¢ reported for the Bi and
Ag depositions is larger than is expected for a simple 2D
percolating system where a universal value of ¢ is pre-
dicted [10]. The presence of residual water, or other ab-
sorbents that could cause oxidization (and hence reduce
the conductivity) of the nano-particles on the SiN surface
at the relatively high vacuum pressures used has been con-
sidered. Since conduction onsets are observed it is clear
that not all the particles are entirely oxidized, therefore it
is assumed that any particles adhering to the surface will
all be equally affected by oxidization effects and therefore
the 2D Swiss cheese model should still describe the deposi-
tion process well, albeit with a lower final conductance for
the deposited film. It should be noted that many of pre-
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viously published experimental reports apply percolation
theory to just a single deposition experiment and there-
fore do not provide any detail of the statistical spread.
We include all our deposition data in order to emphasize
the small differences between each experiment. Despite
these run-to-run variations, by applying the sliding least
squares fitting procedure to our experimental results, the
mean value of the exponent ¢ is still found to be in good
agreement with percolation theory. Future experiments to
deposit nano-particles in a UHV chamber and observe the
conduction onset in a cleaner environment are planned.

The grouping together of the Sb nano-particles could
be explained by (i) particles sticking together whilst in the
beam and then impacting upon the surface in groups, or
(ii) the Sb particles may be mobile on the substrate and
move together after impact or (iii) the incident Sb par-
ticles strike the substrate in a random distribution, but
only adhere to the surface when they impact upon a nu-
cleation site or another cluster. Since nano-particles of the
other materials do not stick together whilst in flight, and
in any case, impact upon the surface would likely destroy
any groups of particles which may have aggregated dur-
ing flight, explanation (i) seems unlikely. As previously
mentioned in the results and analysis section the rela-
tively large size of the nano-particles in these experiments
would suggest that significant mobility of the particles
on the surface is also unlikely. Importantly, for the Sb
depositions nano-particle material was observed on both
sides of an aperture placed ~2 mm in front of the sub-
strate, whereas for the Ag and Bi depositions only the
front face of this aperture had material deposited on it.
Some of the Sb nano-particles bounce off the substrate
and subsequently stick to the back side of the final aper-
ture. Two other groups have also reported bouncing of
Sb nano-particles [24] and this effect has recently been
utilized in the production of Sb cluster assembled nano-
wires [25]. Therefore we propose that the non-random dis-
tribution of the Sb nano-particles is due to the majority
of the particles bouncing off the substrate, unless they im-
pact upon a suitable sticking site i.e. a surface defect or
another nano-particle already stuck to the surface. Sub-
strates from the same SiN wafer were used for all three
materials, and hence there were no variations in surface
quality.

The fact that the vast majority of the Sb nano-particles
bounce off the substrate explains why for Sb there is a
large increase in deposition time needed before the sharp
increase in conduction occurs in most cases. The variation
in Sb onset times from one experiment to the next can be
explained by the variations in the number per unit area
of defects from one sample to the next. If the number of
defect sites where Sb particles can stick to the substrate
is large the resulting onset time will be short. Similarly, if
there are very few defects where the Sb can stick to the
substrate the conduction onset time will be long. The ex-
act nature of these defect sites is unknown and therefore
their occurrence is an uncontrolled parameter in these ex-
periments, resulting in the large variations in Sb conduc-
tion onset times.
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The post onset electrical characteristics of the Sb par-
ticle depositions presented in Figure 7 are inconsistent
with percolation theory; this is in contrast to reference [17]
where 4.8 nm Sb clusters were deposited onto glass. The
difference between reference [17] and the Sb data pre-
sented here may be due to differences in particle adhesion
since different substrates, different sized particles and dif-
ferent impact energies were used. In reference [17] desorp-
tion of the Sb clusters used was reported to be negligible,
whereas in this work there is strong evidence that a sig-
nificant fraction of the Sb particles bounce off the SiN
substrate.

Occasionally, step like structure was observed in some
of the conductance data, particularly in the Ag data in
Figure 6. It is thought that these steps occur when either
the final clusters fall in place such that another percolating
pathway is completed between the contacts and therefore
suddenly increasing the total conductivity of the network,
or, the one of the large hexagonal structures occasionally
observed in the Ag films impacts upon the area between
the electrical contacts.

6 Conclusions

The deposition of Bi and Ag nano-particles on 2D SiN
surfaces results in randomly distributed films of nano-
particles. Therefore percolation theory can be used to de-
scribe onset of current flow through the resultant network.
The average values of the conductivity power law expo-
nent ¢t for cluster depositions were found to be 1.27 +0.13
and 1.40 4+ 0.14, for Bi and Ag respectively. These values
are in agreement with the theoretical value of ¢ ~ 1.3 pre-
dicted by percolation theory.

However, the conductivity increase during Sb nano-
particle depositions did not follow similar trends. The Sb
particles did not adhere to the SiN substrate in a random
distribution, instead the antimony particles were found
to bounce off the substrate unless they impacted upon a
suitable nucleation site or another Sb nano-particle stuck
to the substrate. Therefore percolation theory could not
be successfully used to model the onset of current flowing
through a film of Sb nano-particles.
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