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We have carried out ion implantation of gold into alumina ceramic substrates and measured the surface
resistivity as a function of implantation dose. The Au ion energy was 40 keV and the dose spanned the
range 2.7–8.9 � 1016 cm�2. Imaging of the implanted material by transmission electron microscopy
revealed that the implanted gold self-assembles into nanoparticles, thus forming a gold-alumina nano-
composite. The surface resistivity measurements were compared with the predictions of a model based
on percolation theory, in which electron transport through the composite is explained by conduction
through a random resistor network formed by the Au nanoparticles. The electrical conductivity of a com-
posite, near the critical conductor–insulator transition, is given by r � r0(x�xc)

t, where r0 is the satura-
tion conductivity for which the material still remains a composite, x is the normalized metal atom
concentration of the conducting phase, xc is the critical concentration, or percolation threshold and t is
the critical exponent. Excellent agreement was found between the experimental results and the predic-
tions of the theory, and the results are consistent with prior related (but more limited) work. The perco-
lation dose was 4.4 � 1016 cm�2, and the critical exponent obtained was t = 1.4 ± 0.1. We conclude that
the conductivity process is due to percolation and that the contribution from tunneling conduction is
negligible.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Nanocomposites formed by metal nanoparticles embedded in
an insulating matrix have some interesting electrical characteris-
tics. According to a number of theories of transport in isotropic
percolating materials [1], the electrical conductivity r of a compos-
ite, near the critical conductor–insulator transition, is given by the
scaling law r � r0(x�xc)t, where r0 is the saturation conductivity
for which the material still remains a composite, x is the normal-
ized metal atom concentration of the conducting phase, xc is the
critical concentration, or percolation threshold, below which the
composite has the same conductivity as the insulating host mate-
rial, and t is the critical exponent. For nanocomposite materials
formed by metal ion implantation into an insulator, the normalized
metal atom concentration x is given by the ion implantation dose
ratio u/u0, where u is the implantation dose and u0 (the satura-
tion dose) is the maximum dose for which the material still re-
mains a composite; for doses greater than u0 (x = u/u0 > 1), a
metal film starts to be deposited on the insulator surface and the
material begins to take on the characteristics of a thin metal film.

Electron transport through granular materials consisting of
small conducting regions embedded in an insulating medium can
occur through either of two possible processes or their combina-
tion. When the conducting elements are in geometric contact, the-
ory predicts that the critical exponent t is less than 2 and the
process is called percolation [1], percolation refers to the flow of
current through random resistor networks. When the conducting
elements are not in geometric contact, inter-particle tunneling is
dominant. Both processes may contribute separate percolation
and tunneling currents; then the theory [1] predicts that the criti-
cal exponent t is greater than 2 and the process is called tunneling-
percolation. Importantly, note that in these critical percolation
phenomena we distinguish three regimes: (1) conductor (x > xc),
(2) transition (x � xc), and (3) insulator (x < xc). In the conducting
regime the composite behaves like a dirty metal; the resistivity is
relatively low and the temperature coefficient of the resistivity is
positive. A vast class of disordered conducting-insulating materials
has been analyzed in the last 30 years. It has been shown [1] that
the critical parameters t and xc vary in the ranges 1.5 6 t 6 11 and
0.05 6 xc 6 0.5. These various composites include carbon-black-
polymer systems, oxide-based thick film resistors, and other me-
tal-inorganic and metal–organic insulator composites.

The formation of granular materials is a random process, and
statistics (Monte Carlo calculations) forms the basic mathematical
tool used to investigate the percolation and conductance processes.
However, let us consider here the resistor-network theory as
developed by Kirkpatrick [2], in which an effective-medium theory
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of conduction in mixtures is re-examined and generalized to treat
resistor networks. According to Kirkpatrick the effective conductiv-
ity rm of the composite is given by

rm ¼ ½ðzx=2� 1Þr1 þ ½zð1� xÞ=2� 1�r2�=ðz� 2Þ þ ½fðzx=2

�1Þr1 þ ½zð1� xÞ=2� 1�r2g2 þ 2ðz� 2Þr1r2�1=2ðz� 2Þ; ð1Þ

where z is the number of bonds at each node of the network, r1 is
the conductivity of the conducting material, r2 is the conductivity
of the insulating material, and x is the normalized metal atom con-
centration as above. This expression allows one to calculate analyt-
ically the effective conductance rm. Surprisingly, even though based
on resistor-network theory, the rm predictions from this equation
are accurate [2,3] – they are in fair agreement with the numerical
Monte Carlo calculations.

Nanocomposites of this kind are of interest from a fundamental
perspective as well as for the applications which they allow. One
important application is the ability to fabricate high-voltage insu-
lators with designer-determined surface resistivity. Metal ion
implantation into alumina ceramic has been used as a technique
for realizing experimenter-controlled surface resistivity (also
called sheet resistance) of the material [4–9]. Ti and Pt have been
used as implant species, ion energies have been in the 50–
150 keV range, and ion implantation dose in the broad range of
about 1011–1017 cm�2. Components processed in this way have in-
cluded high voltage accelerator columns [5–7], support rods for
electrostatic focusing lenses in single-ion devices [9], as well as
small, flat coupons for basic experimental investigations. In these
technological applications, the aim is to bleed off surface charge
accumulation; or, said differently, to grade the voltage drop along
the component in a uniform and controllable way. The approach
has met with considerable success. However, little theoretical
understanding of the underlying physics involved has accompa-
nied the empirical approach, successful though it is.

In prior work we have reported on our investigations of nano-
composites including Au/PMMA [10–16] (polymethylmethacry-
late), Pt/PMMA [17], Ti/alumina [18], and Au/DLC [19] (diamond
like carbon) systems. In the work described here we explore the
Au/alumina nanocomposite material. The Au/alumina samples
were formed using a novel kind of ion implantation technique,
and in situ resistivity measurements were performed as the
implantation proceeded. Computer simulation using the TRIDYN
computer code [20,21] was used to estimate the depth profiles of
the ion implanted gold in the alumina substrate, and transmission
electron microscopy of the implanted samples was used for direct
visualization of the nanoparticles formed.

2. Experimental

Samples were formed using ion implantation of gold into small
alumina coupons. In prior work by us and also by others the kind of
implanter used was based on a Mevva (metal vapor vacuum arc)
metal ion source; this kind of system has been well described
[22–25]. In the present work we used a variant of this approach
which is considerably simpler and of lower cost. We believe that
the work described here constitutes the first application of this
new ion implantation technique. The method has recently been de-
scribed in the literature by us [26]. Briefly, in this method the plas-
ma and the ion source are maintained at ground potential whereas
the final grid and the beam injection space are at high negative
potential.

In the specific embodiment of the inverted ion implanter used
here for gold ion implantation into alumina substrates, we made
use of a repetitively-pulsed vacuum arc plasma gun to generate
pulses of dense metal plasma [27–29]. We formed gold plasma
using a small vacuum arc plasma gun incorporating a gold cathode,
subsequently injected into a bent-solenoid (sectional torus) mag-
netic filter to remove macroparticles (cathode debris). This plasma
facility has been described previously [30,31]. The gun was driven
by an LC pulse line of impedance 1 O and pulse duration 100 ls,
providing a current of up to several hundred amperes at a repeti-
tion rate of up to about 3 pulses per second. The plasma stream
exiting the bent-solenoid filter was directed toward the entrance
of an attachment housing the negatively-biased implantation
chamber. The extractor voltage was 20 kV. A magnetically-sup-
pressed Faraday cup to monitor the implantation current density
is located behind the target holder, with the holder geometry such
that a known beam area is allowed to enter the cup. Thus the
implantation dose can be estimated with reasonable accuracy from
the Faraday cup current and the known number of pulses. The me-
tal plasma formed in the vacuum arc discharge in general contains
multiply ionized species [25,32,33]. For a gold plasma the ion
charge state distribution is close to Au+:Au2+:Au3+ = 14:75:11 (par-
ticle fraction percent) with mean charge state Q = 2.0; thus the
mean ion beam energy (keV) is twice the extraction voltage (kV),
generating in this specific case an implantation energy of 40 keV.

The resistivity measurements were performed in situ as the
implantation proceeded. For this purpose, electrical contacts were
formed at both ends of the alumina sample, a small coupon of size
12 � 12 mm2, using silver paint. For carrying out ion implantation,
we positioned the sample near the circular entrance aperture to
the Faraday cup, but not completely covering it, where the implan-
tation ion current was monitored. Thus, after a specified number of
pulses of known ion current density (as measured by the Faraday
cup), leading to a calculable ion implantation dose, the implanta-
tion process would be temporarily halted and the resistance of
the sample measured; then the implantation would be allowed
to proceed, and so on, leading to data of resistance vs. dose.

Two independent but identical experiments were carried out,
measuring the surface resistivity of the gold-implanted alumina
as described above. In what follows, we will refer to sample 1
and sample 2 for these two similar experiments.

The TRIDYN [20,21] computer simulation code was used to cal-
culate the expected depth profiles of the implanted gold in alu-
mina. This is a Monte Carlo simulation program based on the
TRIM (Transport and Range of Ions in Matter) code [34]. TRIDYN
takes into account compositional changes in the substrate due to
two factors: previously implanted dopant atoms, and sputtering
of the substrate surface. The TRIDYN program is appropriate when
the substrate composition changes significantly during the implan-
tation process, as occurs for moderate-to-high implantation dose.

Transmission electron microscopy (TEM) was performed to
visualize the gold nanoparticles inside the alumina substrate. For
sample preparation, an alumina plate was scratched with a dia-
mond tip to obtain alumina powder. The powder was sifted with
a mesh sieve size of 0.062 mm to remove large grains. Then the
powder was deposited on a piece of lens cleaning paper, scrubbed,
and the excess removed, leaving on the surface alumina particles
with grain sizes small enough for observation by TEM. A TEM cop-
per grid covered with formvar and carbon films was then moist-
ened in deionized water and rubbed on the paper surface
containing the alumina powder. The transmission electron micro-
scope used was a Tecnai™ G2 F20. The sample thus prepared
was observed before and after gold ion implantation.
3. Results and discussion

Computer simulations of the expected gold atom depth profile
in the alumina substrate were carried out using the TRIDYN pro-
gram [20,21]. The results of these simulations are shown in
Fig. 1, where the gold atomic fraction is given as function of depth;



Fig. 1. TRIDYN simulations of the depth profiles for gold implanted into alumina
with ion energy 40 keV and doses 2.5 � 1016 cm�2 and 10 � 1016 cm�2. (We
attribute the increase in concentration at shallow depth to an artifact of the
program).

Fig. 2. TEM micrograph of Au-implanted alumina (ion energy 40 keV and dose
4.8 � 1016 cm�2). The image shows gold nanoparticles with average diameter of
3.2 nm in the alumina matrix. The bar size is 5 nm.

Fig. 3. Normalized electrical conductivity, r/r0, as a function of normalized
concentration of conducting phase, x = u/u0, of the Au/alumina composite, using
the Kirkpatrick equation (continuous line). The data points shown as squares and
circles are experimental results from two independent samples, where the
saturation conductivity (r0) and the saturation dose (u0) have been adjusted so
as to follow the theoretical curve (continuous line).
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(the zero of depth is the alumina surface). We believe that the in-
crease in gold concentration seen for shallow depth is an artifact of
the program. The depth for the maximum gold atomic fraction for
gold ions implanted into alumina with energy 40 keV is about
20 nm for doses 2.5 � 1016 cm�2 and 10 � 1016 cm�2. It is known
[35] that an excess of metal atom concentration above the solubil-
ity limit leads to nucleation and growth of metal nanoparticles, dri-
ven by the temperature and temperature gradients within the
implanted sample including the beam-induced thermal character-
istics. The gold nanoparticles nucleate near the maximum of the
implantation depth profile [35], suggesting that the nanoparticles
are buried 20 nm below the alumina surface.

The TEM results obtained here support the idea of gold nano-
particle formation. Au ion implantation was performed with ion
energy of 40 keV and dose of 4.8 � 1016 cm�2, and 32 TEM images
were collected for the Au-implanted alumina. A typical TEM micro-
graph of the Au-implanted alumina is shown in Fig. 2, where one
can see gold nanoparticles with average diameter of 3.2 nm.

For determining the saturation conductivity (r0) and the satu-
ration dose (u0) for which the Au-implanted alumina still remains
a composite, we calculated the normalized electrical conductivity,
r/r0, as a function of the normalized metal atom concentration,
x = u/u0, of the Au/alumina composite, using the Kirkpatrick equa-
tion given above. The calculated result is shown as the continuous
curve in Fig. 3. The experimental results from two independent
samples are also shown, where the saturation conductivity (r0)
and the saturation dose (u0) have been adjusted so as to follow
the theoretical curve (continuous line). The data points shown as
squares and circles in the figure correspond to experimental results
from these two independent samples, indicating the reproducibil-
ity of the results.

The saturation conductivity, r0, thus obtained for the Au/alu-
mina composite was 14 S/m, which is about 104–105 times lower
than the saturation conductivities for the Au/PMMA (2.0 � 106 S/
m) and Pt/PMMA (0.5 � 106 S/m) composites, obtained by us in
prior work [10–17]. The maximum dose u0 for which the Au/alu-
mina system remains an insulator/conductor composite was found
to be u0 = 9.5 � 1016 cm�2, which is about 5 or 6 times the maxi-
mum dose of the Au/PMMA (2 � 1016 cm�2) and Pt/PMMA
(1.6 � 1016 cm�2) composites. This result shows that although
the maximum gold ion implantation dose is higher for the Au/alu-
mina composite, its saturation conductivity r0 is much lower than
the PMMA composites.
The percolation dose uc for the Au/alumina composite was
4.4 � 1016 cm�2, corresponding to xc = 0.46, and the critical expo-
nent obtained was t = 1.4 ± 0.1. Since the critical exponent obeys
the condition t < 2.0, we conclude that the conductivity process is
due only to percolation and that the contribution from tunneling
conduction is negligible [1].

Table 1 shows the percolation parameters and projected range
for Au/PMMA [10–16], Pt/PMMA [15], Ti/alumina [18] and Au/alu-
mina composites. It can be seen that although the absolute values
of the saturation dose u0, saturation conductivity r0, and percola-
tion dose uc are very different for PMMA and alumina composites,
the normalized percolation dose xc = uc/u0, the critical exponent t,



Table 1
Saturation dose u0, saturation conductivity r0, normalized percolation dose xc, percolation dose uc, critical exponent t, and projected range Rp for Au/PMMA [10–16], Pt/PMMA
[17], Ti/alumina [18] and Au/alumina (the present work) composites. The ion implantation energies were 49 eV for Au in PMMA, 67 eV for Pt in PMMA, 75 keV for Ti in alumina,
and 40 keV for Au in alumina.

Composite u0 (cm�2) r0 (S/m) xc = uc/u0 uc (cm�2) t Rp (nm)

Au/PMMA 2 � 1016 2.0 � 106 0.50 1 � 1016 1.64 6.5
Pt/PMMA 1.6 � 1016 0.5 � 106 0.31 0.5 � 1016 1.46 7.0
Ti/alumina 10 � 1016 50 0.4⁄ 4 � 1016 – 43
Au/alumina 9.5 � 1016 14 0.46 4.4 � 1016 1.4 20

⁄Estimated.

Fig. 4. Normalized electrical conductivity, r/r0, as a function of normalized
concentration of conducting phase, x = u/u0, of the Au/alumina (this work), Au/
PMMA [10–16], and Pt/PMMA [17] composites. Data from two independent
experimental Au/alumina samples are shown, indicating the reproducibility of
the results.
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and the normalized electrical conductivity, r/r0, as a function of
the normalized metal atom concentration, x = u/u0, are similar
(see Fig. 4), as also observed for a vast class of disordered conduct-
ing-insulator compounds [1]. Note also that the saturation dose u0

and the percolation dose uc for Ti/alumina and Au/alumina com-
posites are about 4–9 times greater than for Au/PMMA and Pt/
PMMA composites. In addition, the saturation conductivity r0 for
the alumina composites are about 104–105 times lower than for
the PMMA composites. We thus conclude that, still having a perco-
lated system, the alumina composites are much more resistive
than the PMMA composites.
4. Conclusion

The surface electrical conductivity of gold-implanted alumina
can be explained by a model in which an insulator-conductor com-
posite of gold nanoparticles in alumina is formed in the implanted
near-surface layer, and conductivity follows when the percolation
process occurs. By considering the measured normalized electrical
conductivity as a function of the normalized Au concentration of
the conducting phase in the insulator-conductor composite, we
have estimated the percolation parameters. For the 40 keV implan-
tation energy used here, we estimate the percolation dose thresh-
old to be about uc = 4.4 � 1016 cm�2, and the saturation dose, i.e.,
the maximum dose for which the system remains an insulator-
conductor composite, to be about u0 = 9.5 � 1016 cm�2. The satura-
tion electrical conductivity is estimated to be about 14 S/m. The
mean diameter of the gold nanoparticle was found by TEM to be
3.2 nm (at an implantation dose of 4.8 � 1016 cm�2).
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