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Experimental studies of the temperature dependent resistivity of platinum nanowires grown on an oxi-
dised silicon wafer by using focused ion beam (FIB) have been made. A series of 4-terminal resistivity
measurements were carried out in the temperature range 50–300 K on single nanowires of width and
thickness �100 nm grown by decomposition of an organometallic precursor using Ga+ ions of different
accelerating voltages from 10 keV to 30 keV. Energy dispersive X-ray spectroscopy showed the nanowires
to be composed of more than 60% by volume of carbon, the remainder being principally platinum and
gallium. The exact composition depends on the accelerating voltage of the ions used. There is clear evi-
dence from cross-sectional microscopy that the material is a composite consisting of a metallic phase
present in the form of nanoscale clusters, randomly distributed in a matrix of carbon. Electrical measure-
ments are consistent with this, showing a critical volume concentration for conduction, which is typical
of electron transport in composites with percolating metal phase. Results show an unexpectedly high
sensitivity of the temperature dependence of resistivity near the critical volume concentration, which
has been explained to arise from thermal strain effects. The anomalous temperature/strain effects
observed in this investigation might be exploited in temperature measurement and strain sensor
applications.
1. Introduction

As the dimensions of devices based on nanotechnology con-
tinue to reduce, nanowires are becoming increasingly important,
not just as interconnects but also as mechanical elements. Piezore-
sistive effects in nanowires are also of keen interest for application
in nanoscale strain gauges. Focused ion beam (FIB) technology pro-
vides an useful tool for the development and prototyping of exper-
imental nanotechnology devices [1–3]. FIB etching has been used
extensively along with FIB deposition of nominally metallic wires
using a variety of organometallic precursor gases. It has been
known for some time that metal deposits produced in this way
contain carbon from the decomposed precursor as the majority
phase and that gallium from the incident beam is also incorporated
[4–6].

The deposition of Pt using FIB is usually achieved by the ion
beam decomposition of carbon rich precursors like methylcyclo-
pentadienyl platinum trimethyl (CH3)3(CH3C5H4) Pt. Such precur-
sors lead to Pt films with high resistivity (q) and the negative
temperature coefficient of resistivity (NTC) where the temperature
ax: +91 033 2335 3477.
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coefficient b ¼ 1
q

dq
dT can vary by a large amount depending on the

carbon content in the film [5,6]. An interesting thickness-con-
trolled insulator to metal transition has been seen in such films,
an effect which has been traced to the variation of metal content
with film thickness [6]. People have followed certain methods to
reduce the resistivity of the deposited metal (by changing the
amount of carbon incorporated) most common of which is post
deposition annealing of the films [7], and using inorganic precursor
gases [8]. (Films grown from precursors with less carbon content
can give films with metallic behaviour i.e., positive temperature
coefficient of resistivity [4]. Resistivity data for FIB grown Pt nano-
wires are compiled in [5,6]).

Micro-structural studies and chemical analysis show that the
deposited material is a nanocomposite with nanoparticles of Pt
embedded in a majority phase of carbon. Extensive electrical mea-
surements have shown that the observed electrical transport de-
pends on the metal content and can be described using theories
of disordered conductors in the presence of Coulomb charging [6]
or by multi-step tunnelling between metal grains through the
intervening composite phase [9]. Electron transport through such
a nanocomposite thus appears to be like that through an inhomo-
geneous medium rather than through a homogeneous one. The
electrical transport in FIB grown nanowires contrasts with our pre-
vious work on pure FCC metal nanowires which show that pure
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and single crystal nanowires with diameters down to 15 nm show
metallic conduction characterised by positive temperature coeffi-
cient of resistance [9,10].

In this paper we explore whether FIB grown Pt, which is indeed
a carbon–metal composite, can be described as a two phase 3D
percolating system [11]. In such a system, the volume concentra-
tion of the conducting material plays the key role and a critical
concentration of the conducting phase is expected to be present
in experimental data. The resistance of the system is most sensitive
to the volume fraction of the percolating metallic phase and, near
the critical volume fraction, the interparticle separation and corre-
sponding resistance are sensitive to small changes in strain. The
aim of this work is to consider these effects in FIB deposited nano-
wires (NWs) with a range of metallic platinum concentration
determined by variation of the ion-beam energy (the accelerating
voltage). The work presented here is not an extensive consider-
ation of the deposited Pt as a percolating system, but it reveals
new experimental information concerning the strain dependent
behaviour of C–Pt nanowires when the metal content is close to
the percolation threshold.
Fig. 1. (a) Four probe connection on FIB deposited nanowire of length 20 lm. (b)
Demagnified view showing FIB deposited electrical connections to Ag/Cr contact
pads.
2. Experimental details

2.1. Sample preparation

The NWs were fabricated using the Dual Beam Helios 600 (FEI,
Netherlands). The precursor molecule, methylcyclopentadienyl
platinum trimethyl (CH3)3(CH3C5H4) Pt, was first heated to around
48 �C, and then the gas was introduced near the sample surface.
The gallium ion (Ga+) beam with four different beam energies scan
over the defined area to form the C–Pt composite NWs. The beam
current was in the range 28–30 pA in each case with a total beam
diameter of about 42.5 nm. The length of the NWs was 20 lm with
width and thickness of approximately 100 nm shown in Fig. 1(a).
The dose for the Pt deposition used was maintained at
200 pC/lm2 for all the four beam energies. They were grown on a
bi-layer substrate of approximately 190 nm thick silicon dioxide
(SiO2) on a 525 lm thick silicon (Si) wafer. The SiO2 layer being insu-
lating, does not allow any contribution of the Si substrate to the total
conduction. Contact pads of Ag on a Cr adhesion layer were formed
on the oxide layer by deposition through a silicon stencil mask. The
latter was produced by contact optical lithography using an acetate
film mask, followed by plasma etching completely through the wa-
fer using an STS 100 inductively coupled plasma etcher with a gas
mixture of SF6/O2. The shortest distance between contact pads
was 200 lm and the final connection to the NWs was made by FIB
deposition of Pt interconnects. These were 1 lm wide and 500 nm
thick, deposited at 30 keV beam energy and 28 pA beam current.
The effects of contact resistances on subsequent electrical measure-
ments on the NWs were avoided using four probe connections to the
contact pads. The SEM image of the nanowire connected with the
contact pad has shown in Fig. 1(b). The experimental chip contain-
ing the NWs was mounted onto a chip carrier (Dual-in-line package)
and a gold wire bonder was used to connect the contact pads to the
carrier legs.
2.2. Microscopy and composition analysis

In-situ Energy Dispersive X-ray (EDX) analysis using a Field
Emission Scanning Electron Microscope (FE-SEM) was carried out
to determine the composition of the wires grown by varying the
Ga+ ion accelerating voltage. EDX analysis confirmed that the FIB
deposited structures are essentially a C–Pt composite. In addition,
they contain Ga from the ion beam, but this is at lower levels,
depending on the deposition energy (typically half the Pt content).
In the discussion and analysis of conduction mechanisms, which
follows, we therefore choose to treat the NWs as a two-component
composite conductor with low resistivity islands mostly composed
of conducting materials (Pt + Ga) inside a high resistivity matrix
composed principally of carbon. It is not clear whether the Ga is
uniformly distributed in this matrix or whether it too clusters
either with the Pt or separately. So we considered the volume
fraction of the conducting component consisting of Pt and Ga in
a nonconducting carbon matrix. The volume fraction has been
calculated from the atomic percentage obtained from EDX spectra
using the equation:

V ¼ Atconc � A
q� N

ð1Þ

where V is the volume of the element with atomic concentration At-
conc obtained from the EDX spectra, A is the atomic weight, q is the
mass density and N is the Avogadro number.

Therefore the volume concentration (Vcon) of the ith element
can be expressed as,

Vcon½i� ¼
ViP

iV i
ð2Þ

The EDX data presented in Table 1 shows how the Pt compo-
nent in the NW increases with the kinetic energy of the ion beam.
The basic principle of FIB induced deposition is that, when a fo-
cused ion beam is scanned over a surface where an organometallic



Table 1
Volume concentration of conducting and non-conducting elements with FIB energy at
28 pA beam current (+/� 0.1%).

Sample Beam
energy
(keV)

At%
of
Pt

At%
of
Ga

At%
of C

vol.% of
conducting
component
(Pt + Ga)

vol.% of non-
conducting
component
(principally C)

S1 10 14.0 7.1 78.9 30.8 69.2
S2 20 16.2 7.3 76.5 33.7 66.3
S3 25 17.5 7.9 74.6 36.0 64.0
S4 30 17.2 8.9 73.9 37.0 63.0
precursor gas is adsorbed, the interaction of the ions with the sub-
strate and the gas molecules cause dissociation of these molecules.
The nonvolatile fragment of the molecule remains on the substrate,
forming a local deposit where the beam, has been scanned. The
remaining volatile material gets pumped out. It has been reported
that the generated secondary electrons are mainly responsible of
the deposition [12]. With the increase of ion beam energy there
is an increased in the number of secondary electrons produced,
and more dissociation of the organometallic precursor molecules
takes place which may cause a slight increase in the Pt content.
With more ion beam energy there will be more local heating,
which may also contribute to the purification of the deposited film.
Again with higher beam energy the beam profile gets narrower and
hence the Ga incorporation in the nanowire also increases. Since
the bulk electrical resistivities of Pt ð1:06� 10�8XmÞ and Ga
ð1:47� 10�8XmÞ are three orders of magnitude smaller than that
of amorphous carbon ð1:5� 10�5XmÞ, it can be reasonable to con-
sider that the conducting clusters or nanoparticles consist of plat-
inum and gallium dispersed in a nonconducting matrix which is
mainly amorphous carbon. The average cluster size for the metallic
regions is �7 nm with an average spacing �15 nm, as seen from
the cross sectional data in Fig. 2.

2.3. Electrical measurements

The electrical measurements were carried out in a closed cycle
helium refrigerator at temperatures ranging from 50 K to 300 K at a
base pressure �10�5 mbar. Four-probe resistivity measurements
were carried out at 63.33 Hz, using a phase-sensitive ac technique
[9]. This method avoids thermoelectric effects, allowing greater
accuracy to be achieved. To avoid damage to the composite by
Fig. 2. Cross section of FIB deposited C–Pt on SiO2 coated Si wafer substrate. Pt
islands are distributed in a carbon matrix.
electromigration, the maximum current passing through the NW
was kept below 5 lA. This corresponds to a current density of
5 � 108 A/m2, which is much less than the electromigration dam-
age threshold �1010 A/m2.
3. Results and discussion

A cross sectional FE-SEM image of the FIB deposited platinum
NW (sample S4) is shown in Fig 2. The top layer is the deposited
material where the brighter contrast clearly shows islands of Pt
immersed in the carbon matrix (observed as darker contrast in
the image). Fig. 3 shows the results of the resistivity (q) vs. temper-
ature measurement on four NWs with different volume concentra-
tions of Pt.

The experimental results show that all the wires have a small
negative temperature coefficient of resistivity (b). However, the
sample S3, which has a metallic volume fraction of 36%, shows
an anomalous jump in resistivity at �150 K. A negative b is ex-
pected of a material where the majority matrix phase is an insulat-
ing material (amorphous carbon). For instance, b � �0:0003=K for
the sample S1 near room temperature, which is comparable to that
of amorphous carbon ðb � �0:0005=KÞ. The anomalous behaviour
of the sample S3 will be discussed later on.

The resistivity of the Pt NW decreases significantly with reduc-
tion in carbon concentration (increase of metallic phase concentra-
tion) when the wires are grown with higher voltage (see Table 1),
and the effect flattens out beyond a total metallic phase concentra-
tion of 36% (17.5 at% Pt, 7.9 at% Ga), as shown in Fig. 4. We note
that the resistivity decreases �40 times for a variation of concen-
tration from 31% to 36%, but changes only �1.2 times for concen-
tration variation from 36% to 37%. This type of behaviour is
expected from a composite where the composition of the metallic
phase is close to the percolation threshold [11]. The resistivity of
such a composite changes rapidly as the percolation threshold is
approached from the insulating side and once the metallic concen-
tration is beyond the percolation threshold, the resistivity becomes
some what insensitive to variation of the concentration. It is
instructive to compare our results with those for the thickness-in-
duced insulator to metal transition seen in [6]. This reports a tran-
sition occurring for concentrations of �18 at% Pt, 14 at% Ga: very
close to the threshold observed from our data [6].
Fig. 3. Resistivity vs. temperature of four NWs. The sample numbers are given in
Table 1.



Fig. 4. Resistivity ( � ) vs. metallic concentration (C) for different temperatures.
The results in Fig. 4 are consistent with a two component 3D
percolation model of conduction, involving a conducting phase of
Pt (with some Ga) incorporated within a matrix which is predom-
inantly C. While the latter may be thought of as insulating, it will
have some residual conduction, requiring a modification of the the-
ory. The volume concentration of the conducting component in-
creases with beam energy until the critical concentration of 36%
is reached. This suggests a resistivity dependence on volume con-
centration v according to [11].

q ¼ q0 þ Ajv � vcjK ð3Þ

Where q0 is the ‘‘background’’ resistivity of the C-Ga matrix and the
second term is the percolation resistivity, subject to a threshold ef-
fect at the critical metallic volume concentration (CMVC) value vc.
Standard percolation theory [11] suggests a value of vc � 30 vol.%.
This can be compared with our experimental result of vc � 36 vol.%.
This relatively small discrepancy may arise from the nature of the
interface for the C–Pt nanocomposite, which, if strongly insulating
as in our case, could change the threshold to a higher volume frac-
tion for the metallic component. Evaluation of the critical exponent
‘K’ requires more detailed experimental measurement near thresh-
old and is beyond the scope of the present publication.

The anomalous behaviour in the temperature dependence of S3
needs special mention. This sample has the metallic phase concen-
tration near the threshold value 36 vol.%. We observe reproducibly
the anomalous temperature dependence of the resistivity, seen
near 150 K. This is seen in Fig. 3 as a jump in resistivity in the
temperature range 175 K to150 K. It is not seen when the concen-
tration is other than very close to critical, either above or below.
We propose that this anomalous temperature dependence is due
to the nanocomposite NW’s enhanced sensitivity to strain near
the percolation threshold. The temperature dependence in this
case is a manifestation of the strain sensitivity. The strain arises
on cooling, due to thermal strain, as discussed below.

The NW was deposited on the insulating SiO2 surface of a bi-
layer substrate of Si/SiO2. During cooling/heating it is expected that
there will be a thermal stress developed in the nanowire due to the
widely different thermal expansion coefficients of the nanowire
(C–Pt composite) and the substrate [13]. Thermal expansion coef-
ficient (a) of composite can be estimated from the relation below
[14].

acomposite ¼ ametal Vmetal þ amatrix Vmatrix ð4Þ

where a is the thermal expansion coefficient and V is the volume
concentration. The subscript ‘‘metal’’ refers to the dispersed metal-
lic phase and ‘‘matrix’’ to the amorphous carbon phase. In FIB
deposited C–Pt nanowire a, using 36% metallic volume concentra-
tion (Vmetal) and ametal � 9 � 10�6/K [15], for nonconducting amor-
phous carbon amatrix � 3 � 10�6/K [16]. Using these values we
obtain acomposite � 5 � 10�6/K. At room temperature the expansion
coefficient for SiO2 is �10�7/K while that of the composite is
�5 � 10�6/K for the critical volume fraction. This difference in ther-
mal expansion will lead to a differential thermal strain DeT which is
expressed as,

DeT ¼ ðacomposite � aSiO2 ÞðT final � T initialÞ ð5Þ

When temperature decreases, DeT will create a tensile stress at
the NW, provided the adhesion is maintained. The tensile strain
will increase the inter-particle separation of the Pt islands thus
reducing the overall effective volume fraction. As stated earlier,
near vc, q is most sensitive to changes in this volume fraction
and the effects of strain will be most visible. In particular, if the
conduction is by tunnelling from one metallic grain to the next,
the strain can change the conductance significantly as the inter-
grain separation changes. This is because the tunnelling probability
varies as the exponential of the interparticle distance. The exact
temperature at which the maximum change due to strain occurs
will depend on the precise composition and its proximity to vc.

However, we note that the thermal strain in the nanowire is the
order of �10�3 for the temperature change from 300 K to 150 K
while the volume strain needed to cause a factor 3 change in resis-
tivity near the percolation threshold is � 2� 10�2. Thus, the ther-
mal strain appears to be somewhat lower than what is needed to
explain the observed effect, if we use simple percolation transport
idea in a mechanical mixture. A probable explanation can be that
the stress/strain sensitivity of the percolating system is augmented
by electron tunnelling conduction between the metallic nanoparti-
cles as discussed in [5]. Since the tunnelling probability varies as
the exponential of the interparticle distance, a small strain induced
increase in separation of the metallic nanoparticles can produce a
substantial increase in resistivity, as has been observed.

In summary, our experiment suggests that the FIB fabricated Pt
NW behaves as a percolating two-component system with a signif-
icant contribution to conduction arising from tunnelling between
adjacent nanoparticles.
4. Conclusion

There are several reports on FIB deposited Pt NWs which indi-
cate both metallic and insulating temperature dependent behav-
iour [1–6]. These suggest a composite percolating system where
both the phases, metallic and insulating, exist simultaneously. A
study of the beam energy dependence of metallic concentration,
followed by measurements of consequential electrical behaviour
has therefore been carried out. The results show resistivity varia-
tion with metallic concentration, which is indicative of a percola-
tion controlled conduction mechanism with a critical metallic
concentration of 36%. This can be compared with predictions of
30% from standard percolation models. The observed anomalous
temperature dependence of resistivity for metallic volume concen-
trations near 36% are further evidence for a percolation mechanism
and can be explained by temperature induced strain in the NW,
which changes the effective metallic volume concentration, there-
by changing the resistivity. The high sensitivity of the resistivity
change that occurs in the sample S3 (which has been related to
the thermally induced strain) suggests that the interparticle elec-
tron tunnelling may play a significant role in the conduction mech-
anism. This strain effect might be exploited in simple nanosensor
strain gauges. It is noted that the effect of strain, and thermally
driven strain in particular, on FIB deposited Pt has not been



investigated previously. This investigation has established the
effective percolative nature of FIB deposited Pt together with the
important role played by tunnelling conduction and provides an
opportunity for strain tuned resistance and strain gauge nanosen-
sor applications. However, one can achieve resistivity close to bulk
Pt by avoiding the carbon matrix using inorganic precursor.
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