
JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 7 1 OCTOBER 2002
Experimental observation of scaling laws for alternating current and direct
current conductivity in polymer-carbon nanotube composite thin films
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Alternating current ~ac! and direct current ~dc! conductivities have been measured in
polymer-nanotube composite thin films. This was carried out for a range of concentrations of
multiwall nanotubes in two polymer hosts, poly~m-phenylenevinylene-co-2,5-dioctyloxy-
p-phenylenevinylene! ~PmPV! and polyvinylalcohol~PVA!. In all cases the dc conductivitysDC

was ohmic in the voltage range studied. In general the ac conductivity displayed two distinct
regions, a frequency independent region of magnitudes0 at low frequency and a frequency
dependent region at higher frequency. BothsDC ands0 followed a percolation scaling law of the
form s}(p2pc)

t with pc50.055% by mass and t51.36. This extrapolates to a conductivity of
131023 S/m for 100% nanotube content. Such a low value reflects the presence of a thick polymer
coating, resulting in poor electrical connection between tubes. This leads to the suggestion that
charge transport is controlled by fluctuation induced tunneling. In the high frequency regime the
conductivity increases with frequency according to an approximate power law with exponent
s'0.92, indicative of hopping transport. The onset of this frequency independent conductivity scales
with mass fraction for the PmPV composite due to the variation of correlation length with nanotube
content. This behavior is discussed in terms of a biased random walk in three dimensions. In
addition ac universality is demonstrated by the construction of a mastercurve. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1506397#
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I. INTRODUCTION

Over the last 10 yr carbon nanotubes1 have generated
much interest, partly due to their electronic properties. Sin
walled nanotubes have been shown, both theoretically
experimentally, to display either semiconducting or meta
properties, depending on how they are rolled up.2 In com-
parison multiwalled nanotubes~MWNTs! have a more com-
plex structure, but are expected to be good conductor
their large external diameter suggests the existence of a
small band gap for the semiconducting variety. While na
tube purity and processability have been a problem in
past, these issues have recently been addressed with
success.3,4 Self-purifying polymer nanotube composite sol
tions can now be routinely made, allowing thin films to
fabricated using traditional techniques such as spin coati5

This has allowed the characterization of the electronic pr
erties of the composite films themselves and the study
their potential as field injection and charge transport layer

a!Author to whom correspondence should be addressed; electronic
colemaj@tcd.ie
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traditional organic electronic devices such as light emitt
diodes.5,6 Additionally the possibility of producing highly
conductive thin films suggests nanotubes may be usefu
passive components such as electromagnetic interfer
shielding materials or antistatic coatings.

In recent years blends of conducting materials in insu
ing hosts have been extensively studied because of their
portance in both basic and applied science.7–9 Most of this
work has focused on polymer hosts such as poly~methyl
methacrylate! or polyvinylalcohol~PVA! filled with materi-
als such as carbon black, carbon fibers, and conductive p
mers such as polyaniline. In these systems electronic con
tivity can be increased by up to 10 orders of magnitude w
relatively low filler concentrations. This is significant as
allows the retention of the intrinsic matrix properties such
flexibility. The lowest filler concentration needed for macr
scopic conductivity increase~i.e., formation of an electrica
pathway through the sample! is described by the percolatio
threshold, which has been observed to be as low as 0.0
by volume for some polymer blends.10 For economic rea-
sons, the achievement of extremely low percolation thre
olds is important and has been a driving force behind m
il:
4 © 2002 American Institute of Physics
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of this research. To this end, it has been shown both exp
mentally and theoretically that percolation thresholds
crease significantly as the aspect ratio of the filler partic
increases.11 Thus fibril shaped filler particles such as condu
tive polymers have been an attractive choice in recent ye
This fact suggests that carbon nanotubes, with their h
conductivity and high aspect ratio, are ideal candidates
conductive fillers in percolative systems.

In this work we have studied the electrical properties
two composite systems formed from a conjugated polym
poly~m-phenylenevinylene-co-2,5-dioctyloxy-p-phenylenevi-
nylene! ~PmPV! and a nonconjugated polymer PVA, bo
filled with various concentrationsp of multiwalled nanotubes
in the range 0.037%,p,4.3% by mass. We have measur
the dc conductivity of these composites as a function
nanotube content, allowing us to determine the percola
thresholdpc and the conductivity exponentt. The increase in
conductivity is discussed in relation to the fluctuation
duced tunneling model. Finally we have measured the c
ductivity of these composites as a function of frequen
These data are discussed in terms of hopping conductivit
the form of a biased random walk. Scaling was applied
construct a master curve suggesting universal ac conduct
in these materials.

II. EXPERIMENTAL PROCEDURE

The polymers used in this study were PmPV, which w
synthesized here in Trinity College Dublin12 and PVA which
was purchased from Aldrich and used as supplied. The m
tiwalled carbon nanotubes were produced in Trinity by
Kraetschmer arc discharge method13,14 and used without fur-
ther treatment. Composite solutions were prepared by ad
this Kraetschmer generated powder to 20 g/l solutions
PmPV and PVA in their respective solvents, toluene and
ter. These were then sonicated with a high power sonic
for 1 min and then subsequently in a low power sonic b
for 1 h. The solutions were then allowed to stand undistur
for 24 h to let any non-nanotube impurities sediment o
Decantation then yielded composite solutions free from g
phitic impurities as described by Coleman et al.3,4 Electron
paramagnetic resonance was then used to show that
polymer and MWNTs remained in solution after settling a
decantation.3,4 Various lower mass fraction solutions we
prepared by blending these composite solutions with p
polymer solutions in the required ratios. Thermogravime
analysis was used to calculate the nanotube concentratio
each composite solution.3 This technique also establishe
that the PmPV decanted solution held significantly m
nanotube material~;7.5 times! than PVA.

The substrates used were 1231231 mm glass square
which had been thoroughly cleaned by a process of son
tion in decon 90, rinsing in de-ionized water, sonication
acetone followed by boiling in isopropanol. Substrates w
dried by blowing compressed air across them. Alumin
bottom electrodes were evaporated onto these substrate
der high vacuum conditions~;531026 mbar). Films were
spin coated onto these contacts using a Convac 1001
coater and subsequently dried in a vacuum oven at 40
Downloaded 01 Jul 2010 to 134.226.1.229. Redistribution subject to AIP
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Six aluminum top finger contacts were then evaporated o
the films yielding six sandwich structure devices with
active area of 5 mm2. It should be noted that while sampl
preparation conditions were identical for both PmPV a
PVA samples, morphological differences are expected du
the different nature of host polymer and solvent. Avera
film thicknesses for PmPV and PVA devices were 83 and
nm, respectively, as determined by Dektak surface profilo
etry. Contact was made to the electrodes using pres
probes and conductive silver paint. Devices were tested
der a dynamic vacuum of;1022 mbar. dc measurement
were made using a Keithley Model 2400 sourcemeter.
measurements were made using a Zahner IM6e imped
spectrometer over a frequency range 10 Hz-1 MHz with
plied alternating voltage of 50 mV. For both ac and dc test
for all samples, measurements were made on all six dev
and subsequently averaged.

III. RESULTS AND DISCUSSION

A. dc and frequency independent ac conductivity

For all composite samples, both dc and ac conductiv
measurements were carried out. All dc current–volta
~I–V! characteristics were ohmic in the voltage range stud
~20.15→0.15 V! and the conductivitiessDC were calculated
from the slope of the I–V curves. The real part of the
conductivities~as calculated from the real part of the adm
tance! for selected nanotube concentrations are presente
Fig. 1~a! as a function of angular frequencyv for both PmPV
and PVA composites. The frequency dependent conducti
for the PmPV composites can be more clearly seen in F
1~b!. Two cases must be distinguished: those with low na
tube mass fraction~p<0.037%! and those with higher mas
fraction. In the former case conductivity is frequency depe
dent in the frequency range studied with a slope of unity
a log–log scale. This is in good agreement with the expr
sions5v«9«0 , valid for dielectric materials wheres is the
conductivity,«9 is the imaginary part of the dielectric con
stant,v is the angular frequency, and«0 is the vacuum per-
mittivity. The higher mass fraction curves are characteriz
by a frequency independent conductivitys0 up to a critical
frequencyv0 , followed by a region of increasing conductiv
ity. This frequency independent conductivity is indicative
nonzero dc conductivity, i.e., nondielectric behavior. Th
second region will be discussed later in the article.

Shown in Fig. 2~a! are the dc conductivitysDC and the
frequency independent ac conductivitys0 as a function of
nanotube mass fractionp for both PmPV and higher mas
fraction ~nondielectric! PVA composites. In general, goo
agreement is observed between the dc and ac data with
conductivities of both composite types appearing to fall
the same curve. As the mass fraction is increased, the
ductivity increases from approximately 10212S/m for the
host material to over 1025 S/m for the 4.3% PmPV sample
with most of the increase occurring below p50.5%. Extrapo-
lation to p5100% using the scaling law described belo
gives an approximate conductivity of 1023 S/m, which is 6
orders of magnitude lower than the conductivity expected
a mat of multiwalled nanotubes.15 This discrepancy may be
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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partly due to the fact that as the film thickness~'80 nm! is
much less than the length of the nanotubes~length ;1–2
mm, diameter;15–20 nm!, they are constrained to lie in th
plain of the film, resulting in a larger effective film thicknes
However this explanation cannot explain a discrepancy o
orders of magnitude. Alternatively, previous studies ha
shown that individual nanotubes in PmPV based compos
tend to be coated by a thick polymer layer.16,17 This layer is
thought to form in the solution phase and is responsible
the solubility of nanotubes in composite solutions. This
expected to result in poor electrical contact between in
vidual nanotubes, resulting in lower effective conductivi
This is because the highest resistance sections in the ele
cal pathway, manifested by the internanotube connecti
dominate the macroscopic conductivity. The second expla
tion seems more likely as further measurements of cond
tivity in the plane of the film~not shown! were observed to
be only marginally higher than these measurements per
dicular to the plane of the film. It should be pointed out th
in plane conductivity measurements could only be carr
out for high conductivity samples due to limited detecti
sensitivity.

According to classical percolation theory the conduct
ity of composite materials as conductive filler content is
creased can be described by a scaling law of the form

s}~p2pc!
t, ~1!

wherepc is the percolation threshold.18 This equation is valid
when p.pc and ~p2pc) is small. As the mass fraction in
creases beyond the percolation threshold the conductivity

FIG. 1. ~a! Frequency dependent conductivity for some of the samples s
ied in this work. Filled symbols represent PmPV based composites w
unfilled symbols represent PVA based composites.~b! Frequency dependen
conductivity results for three of the PmPV composites. The shift to
quency dependent conductivity can clearly be seen above 105 rad/s. In the
interest of clarity these data have been normalized to thes0 value and two
of the curves shifted by 10%.
Downloaded 01 Jul 2010 to 134.226.1.229. Redistribution subject to AIP
6
e
es

r
s
i-
.
tri-
s,
a-
c-

n-
t
d

-
-

n-

creases sharply as conductive paths begin to form. The
ponent t is expected to depend on sample dimensiona
with calculated values oft;1.33 andt;2.0 in two and three
dimensions, respectively. It should be noted however t
these values vary depending on the authors and the typ
simulation used. Both ac and dc conductivities for each h
polymer have been plotted logarithmically and are shown
Fig. 2. The solid line is a fit of Eq.~1! to the dc data for both
composites and givespc50.05560.01% by mass~pc

50.02960.01% by volume! andt51.3660.13. This fit was
found by incrementally varyingpc until the best linear fit to
the equation was found. As might be expected the perc
tion threshold falls in the middle of the mass fraction ran
between the dielectric like composite~p50.037%, PVA! and
the p50.074%, PVA composite which exhibits a frequen
independent conductivity at low frequencies. This extrem
low percolation threshold compares with values for fibu
filler particles found in the literature of 0.035% by volum
for polyaniline–polyvinylalcohol composites10 to 1.1% by
volume for polymer–carbon black composites.19 It also com-

d-
le

-

FIG. 2. ~a! dc and frequency independent ac conductivity for all samp
studied in this work. Note that conductivity increases by approximatel
orders of magnitude up to 4.3% nanotube loading level.~b! Logarithmic plot
of conductivity vs reduced mass fraction. The solid line is a fit of the dc d
to the percolation scaling law@Eq. ~1!# giving pc50.055% and t51.36.~c!
Plot of the log of conductivity againstp21/3. The solid line is a fit of the dc
data to Eq. 3~b!. This type of plot is indicative of fluctuation induced tun
neling.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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pares well with previous values found for polymer–nanotu
composites of 8% by mass for low purity MWNT–polym
composites20 and 1.1% by mass for low purity single walle
nanotube–polymer composites.21 This value is, however
rather low compared with percolation thresholds calcula
by Munson–McGee for cylindrical conductors in a insulati
matrix. In this study statistical analysis was used to show
a percolation threshold in the region of 1%–5% is expec
for a system of conductive fillers of aspect ratio between
and 130~consistent with the nanotubes used in this study!.11

However, it should be pointed out that the value presen
here may be artificially reduced by individual nanotub
shorting through the thin film in the sandwiched structu
configuration.

While the low value oft51.36 suggests charge transpo
through a two dimensional object this seems unlikely as
charge must flow through the film and not along any surf
or interface. Values oft in the region of 1.3 have, in fact
been observed in a number of bulk systems. These inc
t51.33 and t51.42 in separate polyaniline-PMMA
networks22,23 and t51.3 in polyethelene–carbon blac
composites.24 One possible explanation for this is that th
charge must flow solely through the conductive netwo
which itself may be a fractal object of fractal dimension
the region of 2. An alternative suggestion has been mad
Reghuet al. in a study of percolation in polyaniline–PMMA
networks.22 They observed the critical exponentt51.99 at 10
K indicating transport in three dimensions. However on
turn to room temperature the exponent decreased tot51.33.
This was suggested to arise from thermally induced hopp
transport between disconnected~or weakly connected! parts
of the network. This latter description seems plausible a
supports the suggestion that the nanotubes are separated
thick polymer barrier. Alternatively it is possible thatt can be
reduced below the three-dimensional value by the reduc
in the number of ‘‘dead arms’’ present, as would be expec
for a thin film sample.

While the data for the dc conductivity for all sample
agrees well with Eq.~1!, the ac data at low mass fractio
diverges from the dc data and is approximately 1 order
magnitude higher for the 0.074% mass fraction PVA sam
It is well known for hopping conduction that the dc condu
tivity is limited by the maximum of the range of activatio
energies25 as a carrier hops through the sample. In contr
ac conduction is limited by the highest barrier experienced
the carrier travels for one half period of the field. It is po
sible for low mass fraction, just above the percolation thre
old, that ac transport in a small fraction of the network
more favorable than dc conduction through the entire inc
ent network as large energy barriers can be avoided. T
may result insAC.sDC. As the mass fraction is increase
the number of internanotube connections increases and m
conductive paths become available. In this situation, subs
tial numbers of carriers traveling through the entire netw
follow paths which avoid the larger barriers and the dc c
ductivity approaches the ac conductivity. Alternatively
mass fractions just above the percolation threshold, relativ
large networks may exist which are not connected to
main network linking the electrodes. These networks co
Downloaded 01 Jul 2010 to 134.226.1.229. Redistribution subject to AIP
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contribute a significant component of the ac conductiv
which would not appear in the dc conductivity, again resu
ing in sAC.sDC.

Given that each nanotube is probably coated with po
mer which acts as a potential barrier to internanotube h
ping, it is likely that electrical conductivity in this system
limited by tunneling between conductive regions~nano-
tubes!. This behavior is described by the fluctuation induc
tunneling model26 which takes into account tunnelin
through potential barriers of varying height due to local te
perature fluctuations, predicting a conductivity described

sDC}exp@2T1 /~T1T0!#, ~2!

where T is the temperature,k is Boltzmans constant,T1

5wA«2/8pk and T052T1 /pwx, with x5(2 mV0 /h2)1/2,
«54V0 /ew, m ande the electron charge and mass,V0 the
potential barrier height,w the internanotube gap width, andA
the area of capacitance formed at the junction. It can ea
be seen that for constant temperature this equation ca
written in the form19

lnsDC}2w. ~3a!

If we assume that the nanotube content in the polymer ho
homogenous, the composite conductivity at a given temp
ture can be described by the behavior of a single tunnel ju
tion where the gap width isw}p21/3 due to spatial consid-
erations. This suggests the dc conductivity should follow
following rule

lnsDC}2p21/3. ~3b!

In Fig. 2~c!, both the dc and ac conductivity data presented
Fig. 2~b! are shown on a semilogarithmic scale versusp21/3.
The expected linear relationship is observed, with the so
line as a fit to the dc conductivity data. This plot furth
supports the idea that the current is limited by potential b
riers between nanotubes due to the polymer coating. T
perature dependent studies are currently underway to fur
investigate these results.

B. Frequency dependent ac conductivity

Figure 1 has already been discussed in terms of the
quency independent conductivity observed at low frequen
Now we will turn to the frequency dependent conductiv
component observed at higher frequencies. This strong
persion of conductivity is in fact one of the most charact
istic properties of electrical conduction in disorder
solids.27 Typically, as discussed previously, a frequency
dependent region is observed at low frequencies switch
at a characteristic frequencyv0 , to a region of conductivity
increasing approximately as the power of the frequency. T
can be expressed as a power law

s~v!}vs. ~4!

This behavior can clearly be seen in Fig. 1 but is m
obvious for the PVA composites. In all materialsv0 was
measured as the frequency at which the ac conducti
reached 110% ofs0 , i.e.,s(v0)51.1s0 . For the PVA based
composites the exponents was measured as the slope of t
high frequency region in Fig. 1. In the PVA based composi
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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v0 occurs between approximately 63103 and 3
3104 rad/s, with s ranging between 0.91 and 0.94. It h
been shown25 that an approximate power law of this form
with 0.8,s,1.0 is characteristic of hopping in a disorder
material where hopping charge carriers are subject to
tially randomly varying energy barriers. This agrees w
with the fluctuation induced tunneling model where t
nanotube–nanotube barriers vary due to local random t
perature fluctuations.

This is not quite as easy to see for the PmPV compos
as the conductivity only begins to become frequency dep
dent at frequencies in the range 23105 to 63106 rad/s. As
this is close to the maximum experimental frequency,
exponential region was not observed for the PmPV comp
ites, but they are expected to behave similarly to the P
based materials. However the critical frequencyv0 could be
measured, albeit within a significant error margin, and
general was observed to increase with increasing mass
tion. The results forv0 ands ~PVA only! are given in Table
I, while v0 is plotted against the reduced mass fraction~p
2pc) for both composites in Fig. 3.

TABLE I. Summary of the numerical values measured in this work, colu
1 gives mass fraction, columns 2 and 3 give dc and frequency indepen
conductivity, respectively. Shown in column 4 is the critical frequency wh
the frequency dependent conductivity exponents is given in column 4 for
the PVA composites only.

p(%) sDC(S/m) s0(S/m) v0 (rad/s) s

PmPV
4.30 1.3931025 1.1831025 5.633106 —
2.15 5.8231026 4.8831026 3.013106 —
1.08 3.1331026 2.3231026 1.023106 —
0.54 1.1431026 1.4431026 3.453105 —
0.27 1.1831026 9.4231027 1.993105 —
0.00 3.62310213 — — —

PVA
0.590 8.2531027 9.6831027 1.763104 0.93
0.295 3.3031027 4.0131027 6.563103 0.91
0.148 5.7831028 4.4631027 2.633104 0.91
0.074 8.6331028 2.4131027 9.683103 0.94
0.037 2.31310211 — — —
0.00 6.95310212 — — —

FIG. 3. Graph of the critical frequencyv0 against reduced mass fraction
Note that while for the PVA based compositesv0 depends only weakly on
frequency, for the PmPV based composite it scales as a power law as
dicted by Eq.~7!.
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In all network systems described by percolation theory
characteristic length scale known as the correlation lengtj,
can be defined. This correlation length can be associated
the distance between connections in the system, i.e., the
tance between junctions or nodes.22,27,28When an alternating
voltage is applied to a material, the charge carriers sca
distance that scales with the period of the perturbing wa
Thus if a carrier travels a distancej at a frequencyvj , it
follows that the mean distance traveled at frequenc
smaller thatvj will be larger thanj and vice versa. In our
case at frequencies lower thanvj , we would expect carriers
to have to tunnel through at least one nanotube–nano
barrier ~becausej is associated with the distance betwe
these barriers! while for frequencies greater thanvj , some
carriers would be expected to travel within single nanotub
Thus we would expect a conductivity approaching the
value at low frequencies with higher conductivity at high
frequencies as is observed experimentally. The transition
quency would then be expected to be that where carriers
an average distance of order of the correlation length. Th
fore it seems reasonable to associatev0 with vj .

At low frequencies~or long time scales! the carriers
travel long distances through the long range Euclidean~non-
fractal! structure of the network. In the absence of an appl
electric field these carriers undertake random walks and
scan a mean distance along the network ofL}t1/2 or L
}v21/2, wheret is the walk time andv is the associated
~angular! frequency. Connoret al.19 have used this idea to
explain the behavior ofv0 as a function of filler concentra
tion ~in this case carbon black! by looking at the relationship
between the applied frequency and the distance scanned
random walker on a fractal object for different filler conce
trations. Their method seems slightly implausible for tw
reasons. First, they modified the equationL}t1/2 to describe
a random walk on a fractal object, i.e.,L}t1/d, whered is
the fractal dimension of a random walker on the fractal o
ject. The problem here is that this length describes the a
age straight line spatial distance traveled from the star
point to the finishing point on the random walk. The distan
scanned by the charge carrier, however, is not this dista
but the distance traveled on the trail of the random wal29

which, as described earlier, is given byL}t1/2. Second, on
application of a small voltage we would expect the rand
nature of the walk to be compromised, with the walk beco
ing biased. At high applied voltages the trajectory will b
come completely nonrandom withL}t or L}v21 for a sys-
tem where charge carrier scattering applies.

We suggest that charge carriers undergo a biased ran
walk along the conducting network with the relevant d
tanceL being that traveled through the network. In the tw
extreme cases,L}v21/2 for a completely random walk~in-
finitesimally small electric field! and L}v21 for a com-
pletely nonrandom trajectory, under the influence of a stro
electric field. It should be pointed out that whileL}v21

only applies for systems with carrier scattering, this is e
pected to be the case for nanotubes interacting strongly
their environment, in this case the polymer coating. Thus
general we can considerL}v2a with 0.5,a,1. Conversely
the frequency required for a carrier to travel, on average
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distanceL in one half period is given byv}L21/a for trans-
port within the network. Therefore the parametera describes
the level of bias imposed on the walk by the application
an external field. If this is the case, at the high frequen
limit of this behavior the carrier scans the correlation len
at a frequencyvj given by

vj}j21/a. ~5!

It should be pointed out that electrical transport prop
ties based on biased random walks have been mod
previously.29 While this work suggested an exponential re
tionship between distance and frequency, this result
strongly influenced by the presence of loops in the frac
system modeled. This resulted in significant carrier wait
times, leading to reduced transport properties in the prese
of a field. This situation is not expected to exist in a syst
of rigid cylindrical conducting inclusions. Thus Eq.~5! is
expected to be valid in our system.

In any network system the correlation length decrea
as the mass fraction of filler particles is increased. This
be expressed as a scaling law of the form

j}~p2pc!
2n, ~6!

where the exponentn has the valuen54/3 in two dimensions
andn'0.9 in three dimensions.18,28Thus by combining Eqs
~5! and~6! and assumingv05vj , the critical frequency can
be expressed as

v0}~p2pc!
n/a. ~7!

This critical frequency for both PVA and PmPV compo
ites is plotted against~ p2pc) in Fig. 3. From this graph it is
clear that the PVA based composites behave quite differe
from their PmPV based counterparts. For the PVA samp
the critical frequency varies little with mass fraction. Co
versely the PmPV based materials display power law beh
ior as predicted by Eq.~7!. As the critical frequency is con
trolled by the microscopic structure it is probable that t
PVA based materials have different local morphology to
PmPV based samples. This may indicate differences betw
the nanotube dispersal properties of the two host polym
The critical frequency is related to the correlation leng
which in turn can be associated with the distance betw
connections in the system. In this case these distances
likely to be linked to the length scale over which the nan
tubes themselves are connected. A higher critical freque
in the case of the PmPV based composites would sug
shorter distances between nanotube connections. This e
could easily be caused by a higher level of nanotube ag
gation in this host compared with PVA. This is in contrast
the data in Fig. 2 which showed only minimal differences
dc behavior for the two types of composites. As the total
current flow would be expected to be less sensitive to ag
gation effects than ac current flow this result is not surp
ing. This shows that the frequency dependent ac prope
are more sensitive to local structural differences than
properties.

The exponent relating the critical frequency to the
duced mass fraction was measured from Fig. 3 to be 1
60.15. By comparison with Eq.~7!, this means 1.185n/a. In
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three dimensionsn50.9, givinga50.76, well within our cri-
teria for a. However in two dimensionsn54/3, giving
a51.13. Asa has been defined as being between 0.5 an
this suggests that in this system charge transport mus
through a three dimensional structure. This strongly supp
the suggestion that the low value of the conductivity exp
nent t51.36 reported earlier is due to tunneling betwe
nanotubes and not the dimensionality of the system. Ad
tionally, a50.76 confirms that the path traveled by the carr
in our system is partially biased.

As discussed previously, Connoret al. assumed that the
distance scanned by the carriers scaled asL}t1/d. Using Eq.
~6! they obtained an equation of the formvj}(p2pc)

vd. As
n andd are known, with values of 0.9~in three dimensions!
and 3.5,30 respectively, this gives an exponent relatingvj to
~ p2pc) of 3.1. This contrasts with their experimentally d
termined value of 1.5. This was explained by assuming
scaling relation of the formvj}v0

2. However if one applies
the biased random walk theory to this data,a50.9/1.550.6 is
obtained, suggesting a weakly biased random walk. This
planation is preferable for reasons stated earlier and a
incorporates Occams razor by removing the need to assu
scaling relation betweenvj andv0 .

Finally it has been known for over 40 yr that universali
of ac conduction is common in many disorder
materials.25,27,31This is manifested by the ability to plot th
ac conductivity data from a range of experiments on
same plot by the appropriate scaling of conductivity and f
quency. In general the conductivity and frequency scal
factors are taken ass0 andv0 , respectively. Shown in Fig. 4
is the ac conductivity data for the PVA samples scaled us
the s0 andv0 values given in Table I. These data do in fa
exhibit universal behavior, with all data sets falling on t
same master curve. It has been reported that the exte
pair approximation model10,32 can describe this type of dat
using the equation

s~v!/s0511k~v/v0!s, ~8!

wherek has been added to take into account our rather a
trary criterion for measuringv0 . The solid line in Fig. 4 is a
fit to the master curve using Eq.~8! with k50.175 and
s50.92 in accord with the values ofs obtained from Eq.~4!.
Good agreement is observed between fit and data at low
mid frequencies. However, at high frequencies the data be

FIG. 4. Master curve showing the ac conductivity for selected PVA co
posites. The solid line is a fit to the extended pair approximation mode
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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to deviate from this power law dependence. While this c
possibly be described by the antenna effect a more plaus
explanation is given by Dyre’s25 view that frequency depen
dent conductivity is actually described by approxima
power laws. He points out that for hopping in a regime
randomly varying potential barriers, a natural consequenc
an s value which increases weakly with frequency, as is o
served experimentally. This suggests that the extended
approximation model is too simple to describe the behav
in this system and that a more complicated hopping ba
model compatible with fluctuation induced tunneling
needed.

IV. CONCLUSIONS

Both dc and ac conductivities were measured for a se
of polymer nanotube composite thin films with varyin
nanotube mass fraction. The host polymers used were Pm
and PVA. In all cases dc I–V characteristics were ohm
while in general the ac conductivities displayed two regio
a low frequency region of constant conductivity and a h
frequency region of increasing conductivity. All dc condu
tivities followed the percolation scaling law with percolatio
thresholdpc50.055% by mass and exponentt51.36. While
ac conductivities for higher mass fraction composites fell
the same curve as the dc measurements, those for the l
mass fraction samples exhibited significantly higher cond
tivity. The extrapolated conductivity for a nanotube film w
significantly lower than expected withsNT5131023 S/m.
This is due to a thick coating of polymer, resulting in po
electrical connection between tubes. This suggests that
duction in this system is due to fluctuation induced tunn
ing. This is strongly supported by the linearity of lns as a
function of 2p21/3, suggesting that conductivity is limite
by tunneling through potential barriers between conduc
regions.

The high frequency conductivity increases with fr
quency according to an approximate power law with ex
nents'0.92, indicative of hopping conductivity. The critica
frequency for the onset of frequency dependent conducti
was measured for all samples. This varied only weakly w
frequency for the PVA composites but scaled as a power
with exponent 1.18 for the PmPV composites. This is due
the variation of correlation length with nanotube concent
tion. This behavior has been modeled using a biased ran
walk approach. This approach explains the data well fo
partially biased random walk in three dimensions. Fina
universal ac conductivity in these materials was dem
strated by the construction of a master curve. This curve
fitted using the extended pair approximation model. Whil
good fit was observed at low to mid frequencies, the ac d
diverged at high frequencies, suggesting that a more com
cated hopping based model is needed.
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