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Noise and electrical transport properties of composites based on epoxy resin filled with various
carbon inclusions (single-walled carbon nanotubes, high surface area carbon black and exfoliated
graphite) were investigated in depth. The temperature dependence of resistivity shows that Mott’s
hopping and tunneling between conductive carbon particles dominate the charge carrier transport at
low temperature, whereas a positive temperature coefficient (PTC) effect occurs at higher temperature.

Low-frequency noise spectra of investigated materials comprise 1/f* type components. The noise level
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is the highest for composites close to the percolation threshold. The percolation threshold value of the
system also strongly impacts both the temperature dependence of noise level and the resistivity. Close
to the percolation threshold, the noise level increases due to the carrier tunneling throughout the
polymer matrix and decreases due to the rapid expansion of the polymer matrix. In contrast, the latter
has almost no influence on the noise level far above the percolation threshold, and the small kink in the
temperature dependence of the noise level indicates a crossover between tunneling and thermally

activated electron transport mechanisms.

Introduction

It is well known that carbon nanotubes (CNTS) are potential candidates for being used in various

nanostructures and nano-devices such as nano—sized transistors, field effect transistors
[1], nanoscale terahertz devices, micro-scale inductors [2], sensors [3, 4], etc. Those
versatile nanoscale electronics applications are possible due to a unique combination of structural

and physical properties presented by CNTSs, e.g. one-dimensional tubular structure, fast response and
low working temperature, strength and durability, flame resistance, vapor adsorption, UV absorption,
etc.

One more advantage of carbon nanotubes is their presumed immunity to excess electrical noise
that in general tends to increase dramatically as the dimensions of the devices decrease. Carbon
nanotubes behaving as covalently bonded metallic wires might be less susceptible to such fluctuations.
The strong carbon-carbon bonds which form the nanotube should indeed not be prone to electro-
migration or defect propagation, which are two of the most important noise mechanisms in standard

metal films and wires [5, 6].



Electrical conductivity studies in disordered solids are a topic of considerable interest [7-9]. Both
metallic and non-metallic behaviors can be observed, as well as abrupt jumps of conductivity when the
temperature is varied [10]. The results suggest that all these systems can be regarded as random
resistive networks of tunnel junctions formed by adjacent carbon nanotubes [11]. Electrical and
electromagnetic properties of carbon nanotubes composites also greatly depend on nanotubes
orientation and distribution in the polymer matrix [12-14].

It is also well known that noise characteristics are extremely sensitive to the physical processes
taking place in various materials and structures, and therefore can provide valuable information on
charge carriers transport and conduction mechanisms [15-18]. Nevertheless, investigations of noise in
CNT-based materials are rare [11, 19-21], while electrical and magnetic properties of the same
materials are thoroughly investigated in the literature. It has been shown [20] that the measured
magnitude of 1/f noise in individual isolated carbon nanotubes, thin films of interconnected nanotubes,
and bulk nanotube mats greatly exceeds the one commonly observed in more conventional conductors,
i.e., metal films, carbon resistors or even carbon fibers having comparable resistances. The large noise
level suggests the importance of surface mechanisms: any adsorbate or intercalant affecting CNTs
electronically might also be expected to play a role in the generation of 1/f noise, because every atom
that constitutes CNTSs is a surface atom. In other words, the external surface area of CNTs is quite high
[1, 20]. On the other hand, the contribution to 1/f noise, not only by nanotubes themselves but by the
material in which they are embedded, should be taken into account [19, 21-23]. It has also been shown
that, above the percolation threshold (i.e., the critical concentration of conductive filler at which a
composite undergoes an insulator — conductor transition), the resistivity of the composites can increase
with the temperature, and this can be explained by the thermal expansion of the polymer matrix which

results in the breakdown of the CNT network [23]. This phenomenon is well-known in polymer



(nano)composites and is referred to as a positive temperature coefficient (PTC) effect. Altogether, 1/f
noise level in CNT-based composites depends strongly on device dimensions, nanotube degree of
alignment, and film resistivity [1, 3, 20, 23].

In such a context, the aim of the present work was to clear up the physical processes occurring in
epoxy-carbon composites and to determine the charge carrier transport mechanisms by low-frequency

noise measurements.

Materials

Different carbon materials dispersed in epoxy resin were investigated: single-walled carbon
nanotubes (SWCNTSs), high surface-area carbon black (CBH), and exfoliated graphite (EG). The
electromagnetic and mechanical properties of the corresponding composites were reported elsewhere
[24, 25].

Commercially available SWCNTs from Heji were used for CNT/resin composite fabrication. The
synthesis method of SWCNTs was CVD. The SWCNT data are the following: diameter 1-2 nm,
mostly in bundles of 8-20 nm: length 10-20 um; apparent density 0.3 g/cm® at 25°C; 90 % purity. A
representative Transmission Electron Microscopy (TEM) image of SWCNT is given in Fig. 1a.

Commercially available ENSACO 350G conductive carbon black of High surface area (CBH:
BET surface area = 770 m?%g; oil absorption = 320 mL/100g) was kindly supplied by Timcal Ltd.
(Bodio, Switzerland). Such material is widely used as black pigment, UV stabilizer, and rubber
reinforcement, and allows the retention of a carbon network at low to very low filler content. Its high
void volume originates from the interstices between the carbon black particles, due to their complex

arrangement, and from the porosity. A typical TEM image of CBH is presented in Fig. 2b, and shows



that the aggregates can be as large as 500 nm and are based on spherical particles of diameter close to
10 nm, as expected for this kind of material.

Exfoliated graphite was purchased from Mersen (France). It is a material of extremely low
packing density, around 0.003 g cm ™3, based on highly porous, accordion-like particles [26]. Typically,
the diameter of the EG particles is in the range 0.3-0.5 mm, and their aspect ratio is around 20. A
typical Scanning Electron Microscopy (SEM) image of EG is presented in Fig. 1c.

EPIKOTE™ Resin 828 was used as composite matrix. It is a medium viscosity liquid epoxy
produced from bisphenol A resin and epichlorhydrin. It contains no diluent. EPIKOTE 828 provides
good pigment wetting and good resistance to filler settling and high mechanical and chemical
resistance in the cured state.

The fabrication of SWCNTs-, CBH- and EG-based composites was carried out along with the
same method. A series of composite samples made of Epikote 828 epoxy resin, a curing agent called
Al (a modified tetraethylenepentamine) and 0.25, 0.5, 1.0, 1.5 and 2.0 wt.% of carbon filler were
fabricated as follows: the resin was degassed under vacuum (1-3 mbar) for 12-14 h, then it was put
into an oven at 338 K. In the meantime, the carbon filler was dispersed in propanol through ultrasonic
bath for 1.5 h. Afterwards the solution of alcohol and carbon filler was mixed with the resin. The
obtained mixture was inserted inside the oven at 403-423 K for the evaporation of alcohol. The mix
was then poured into 1 cm x 1 cm x 7 cm molds, and left as such for 20 h for the curing process at
room temperature and then for 4 h in an oven at 353 K. When the process was completed, the samples
were removed from the molds. The uniformity of the distribution of carbon fillers in the polymer
samples was studied by scanning electron microscopy, using a Helios NanoLab 650 microscope and
examioning the samples at many places; all fabricated composites demonstrated good homogeneity,

carbon inclusions being reasonably well dispersed (see, Fig. 2). The concentration of fillers in all



composites was 2 wt. %, which is above the percolation threshold (1.5, 0.25, and close to 0.5 wt.% in
EG-, SWCNT-, and CBH-based composites, respectively [25]). Investigated samples were 3 mm-thick
(except EG sample: 2 mm), and had areas of 2.57, 21 and 12 mm? for EG-, SWCNT-, and CBH-based

composites, respectively.

Measurement technique

The low-frequency noise characteristics (current noise spectral density) were measured under
constant voltage operation in a frequency range from 10 Hz to 20 kHz at temperatures ranging from 73
K to 380 K. The measured noise signal was processed by a low-noise amplifier, a filter system, and an
analogue digital converter (National Instrument™ PCI 6115 board) [25]. The noise measurements were
performed in a specially shielded room (Faraday cage) in order to avoid interferences from electrical
network and communication systems. The measuring scheme is presented in Fig. 3. The load
resistance, Rioaq, Was at least 30 times larger than the resistance of the investigated samples.

The current noise spectral density, S;, was calculated using the standard Cooley—Tukey Fast
Fourier Transform algorithm and evaluated by comparison with the thermal noise of the standard
resistor (described by Nyquist’s theorem), which was at room temperature, and used also as the load
resistor [28]:

_ UZ-UZ 4kTy .
U4-UZ Rioad’

(1)

I

where U2, U2 and U_SZt are sample, measuring system, and standard resistor thermal noise variances in
the narrow frequency band Af; Ty is the absolute temperature of the standard resistor, and k is the

Boltzmann constant.



Results and discussion

Resistivity dependence on voltage and temperature

The resistivity values of the investigated materials were significantly different, depending on the
type of carbon inclusions. Those based on EG were only a few tens of Q-m, CBH — few kQ-m, whereas
those based on SWCNTSs were a few hundreds of kQ2-m. In Fig. 4a, the static characteristics of the
investigated materials are presented at room temperature. Up to a voltage of 1 V (approximately 3.3
V/ecm for SWCNT composites and 5 VV/cm for EG composites), the resistivity is constant and therefore
the current-voltage characteristic is linear. Above 1V, the differential resistance of the materials
changes and the current-voltage characteristics becomes super-linear. As expected for materials with
conductive fillers, and as carbon nanoparticles can indeed be roughly treated as having a metallic
conductance, the resistivity of the investigated materials is Ohmic at low electric field, but starts to
decrease above a critical value. Charge carrier transport mechanisms that can be usually found in such
materials are tunneling, transport through defect centers, and hopping [29]. Carbon particles’
dimensions and the distance between them determine which transport mechanisms dominate in one
given material. Also, for electrical transport, the orientation of carbon particles and the properties of the
electrical contact between particles are very important [30-31].

At low temperatures (below 188 K in EG- and CBH-based samples, below 292 K in SWCNT-
based sample), the resistivity decreases when the temperature increases (Fig. 4b). At these
temperatures, the resistivity can be well approximated by [32]:

IgR~(Toz/T)'3. (2
Such behavior is typical of two-dimensional hopping [32]. The values of T, are 324 K for

SWCNT composites, 200 K for CBH composites and 2 K for EG composites. Moreover, in the same



temperature range, the resistivity can be well described by the fluctuation-induced tunneling model [33]

(see Fig. 4c):

p = poexp (=+); 3)

T+To

where T is the temperature, Ty is the characteristic temperature below which the dc conductivity
reduces to temperature-independent tunneling, and T reflects the energy required to move an electron
across the insulating gap between conductive aggregates. The parameters obtained from the fit of the
tunneling model (Eqg. 3) to the experimental data are summarized in Table 1. Therefore, the carrier
transport occurs at low temperature due to electrons hopping inside carbon cluster and tunneling
between clusters. It is observed that the temperature of the minimum resistivity is lower for materials
with EG and CBH fillers compared to the SWCNT-based samples. The higher value of the temperature
of the minimum resistivity is related to the lower percolation threshold of SWCNT composites. The
resistivity of the latter follows a simple Arrhenius law in the temperature range 145 - 292 K (see Fig.
4c¢), indicating that the conduction mechanism based on thermal activation over the potential barrier is
predominant. Indeed, the conductivity based on thermal activation over the potential barrier can be

described by equation [11]:

P = po eXp( (1 - SA)Z) = po €Xp (A7E) (4)

T(T.+Tp)
where T is the crossover temperature above which the fluctuation-induced tunneling and thermal
activation contributions are indistinguishable, ea is the dimensionless applied electric field, and AE =
TcT1/(Tc+Tp). The value of AE parameter in the temperature range 145 —292 K is 9.5 meV, which is in
good agreement with T, = 145 K and with the values of T; and T, obtained from the fitting at low
temperatures.
The minimum in the temperature dependence of the resistivity is close to the polymer glass

transition temperature. The values of the temperature corresponding to those minima of resistivity are
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given in Table 1. Above these temperatures, the resistivity of composites increases due to the rapid
expansion of the polymer matrix, thereby leading to the increase of the distance between conductive

nanoparticles clusters at the micro scale and decreasing the electron tunneling current [34].

Noise measurement results

The low-frequency noise spectra coincide with 1/f* components with different « values (Fig. 5).
1/f* type fluctuations indicate that conduction mechanisms such as Mott’s hopping between carbon
nanoparticles and controlled by charge carrier capture in localized states between them are present.

1/f* type noise level depends on investigated materials: for EG-based sample, 1/f“ type
fluctuations are the most intense, while for CBH- and SWCNT-based samples, 1/f* type noise is 2-3
orders of magnitude lower at the same current (Fig. 5). Larger 1/f* type noise intensity can be related to
larger surface area presented by the carbon particles since the combination of many carrier capture and
release processes through surface states leads to 1/f* fluctuations. Moreover, according to the
percolation theory, the voltage spectral density close to the percolation threshold decreases with filler
concentration according to the power law [35, 36]:

Sy/U? = (0 —p) ™" ()
and the following similar relation is valid for resistivity:

p~{@-p)* (6)
where k and t are the critical exponents. Thus, the composites with the lowest percolation threshold,
I.e., those with SWCNT inclusions, present the lowest noise level. Moreover, according to Egs. (5) and
(6), it should be expected that close to the percolation threshold:

Sy/U? = p*/t (7)



where k/t can range from 0.87 to 3.2 for various random-void models [36]. However, Eq. (7) cannot
explain the relation between the noise level and the resistivity in a broad temperature range because
both k and t are temperature-dependent [37].

The noise spectral density characteristics at 86.13 Hz are presented in Fig. 5b, where 1/f* type
noise dominates. It is found that the spectral density of current fluctuation is approximately
proportional to the squared flowing current. Such proportionality of the current spectral density is
characteristic for resistance fluctuations.

The temperature noise characteristics are presented in Fig. 6. All investigated materials have a
maximum of current noise spectral density slightly below room temperature. The maximum is more
significant at low frequencies, which indicates that it is related to 1/f* type noise. For composites with
CBH and EG inclusions, the temperature at which the current noise spectral density passes through a
maximum is substantially higher than that corresponding to the minimum of resistivity (see Fig. 7).

Just for the conductivity, the noise level decreases with temperature due to the rapid expansion of
the polymer and to the induced increase of tunneling distances for charge carriers. However, if we
assume some energy distribution of carriers, even the tunneling of a low amount of carriers with
relatively high energy can contribute significantly to the noise. Therefore, the noise level increases with
temperature until the distance between the carbon clusters becomes too high, even for high-energy
carriers. This can explain that the temperature corresponding to the maximum of noise level is higher
than the temperature of the minimum of resistivity.

Above room temperature, the noise level of composites with EG inclusions increases with
temperature. Epoxy resin has negligibly low dc conductivity below 370 K [23], but the carrier density
fluctuation in such insulator can somewhat appear at lower temperatures. Therefore, electron tunneling

from the carbon clusters through the polymer matrix can impact the carrier’s number in a random way
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and thereby increase the noise level. This effect is observed only for EG-based composites, which are
the closest to their percolation threshold. Therefore, EG-based materials are expected to have the
lowest number of carriers, and this number can be mostly affected by electron tunneling throughout the
matrix.

Some small kink is observed in the temperature dependence of the noise level for SWCNT-based
composites close to 135 K (see Fig. 6). This temperature is very close to the temperature of a crossover
between tunneling and thermal activation conductivity processes. The maximum of noise for SWCNT
composites is close to 276 K, which is close to the resistivity minimum temperature (292 K).

The type of noise spectrum does not really change with temperature and remains 1/f*. One
exception was observed in the SWCNT-based material noise characteristics: some noise peaks are
indeed observed at low frequencies at particular temperatures: 111 K and 135 K. The noise spectrum at
those peaks is proportional to 1/f2. This indicates that the sample contains discrete, localized, centers of
charge carriers that lead to enhanced charge carriers capture and release processes at particular
temperatures, and to Lorentzian-type noise spectrum.

The noise level is presented versus the resistivity in Fig. 7 for all investigated composites. At low
temperatures (for example for EG-based composites below 237 K), the decrease of the noise level is

clearly observed and is consistent with the two-level tunneling system fluctuators model [38]:

__AT

Sy =1z (®)

At higher temperatures, composites with different inclusions demonstrate such particular
behavior. For composites with SWCNT inclusions, the noise level decreases when the resistivity
increases despite the fact that the conductivity follows the thermal activation law above 145 K. At the
highest temperatures (above 230 K), the noise level is independent from the resistivity. The same
almost applies to CBH-based composites at higher temperatures, as the classical dependence (Eqg. 7) is

11



observed only in a narrow temperature range: k/t = 10.4 in 197-253 K. For EG-based composites, k/t =
1.3 in the temperature range 308-352 K. The latter k/t value is close to the value theoretically predicted

in 2D inverted random-void model (k/t = 0.87).

Conclusions

Noise and electrical transport properties of carbon particles / epoxy resin composites were
studied. The temperature dependence of the resistivity showed that, at low temperature, Mott’s hopping
and tunneling between conductive carbon particles dominated the transport of charge carriers whereas a
positive temperature coefficient (PTC) effect occurred at higher temperature.

Low-frequency noise spectra of investigated materials comprised 1/f* type components. 1/f*
fluctuations originated from Mott’s hopping and combination of charge carriers capture and release
processes. The noise level was the highest for the composites close to their percolation threshold. The
percolation threshold value in the system strongly impacted the temperature dependence of the noise
level and the resistivity. Close to the percolation threshold, the noise level increased due to tunneling
throughout the polymer matrix and decreased due to the rapid expansion of the latter. In contrast, far
above the percolation threshold, the matrix expansion had a very weak influence on the noise level, and
the kink in the temperature dependence of noise level indicated a crossover between two electron
transport mechanisms: tunneling and thermal activation. At higher temperatures, noise due electron

tunneling into polymer matrix became also important.
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Figures

Fig. 1. Microscopy images of carbon particles used for composite preparation: TEM images of (a)
SWCNT and (c) CBH; (b) SEM image of EG.

Fig. 2. SEM images of composites based on: (a) CBH; (b) EG, and (c) SWCNT fillers.

Fig. 3. Scheme of the noise measuring system.

Fig. 4. Resistivity dependence: (a) on voltage at 290 K; and (b) on temperature (sample voltage was
150 mV for EG, 4.6 V for CBH, and 69 V for SWCNT); (c) Fit of Eq. (3) to the temperature
dependence of the resistivity of SWCNT-based material (To = 47.83 K).

Fig. 5. Dependence of current fluctuation spectral density: (a) on frequency (when the flowing current
is approximately equal to 1 pA); and (b) on current (at 86.13 Hz and 290 K).

Fig. 6. Temperature dependence of current noise spectral density at 86.13 Hz, when the current flowing
at room temperature is approximately equal to 1 pA.

Fig. 7. Current noise spectral density versus resistivity at 86.13 Hz when the current flowing at room
temperature is approximately equal to 1 pA. The solid lines are the best fits of Egs. (7) and (8) to the

experimental data.
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Table 1. Parameters of resistivity and noise temperature characteristics of investigated materials

Filler Tminr, K| T, K To, K Thoise max, K
EG 229 80 208 237
CBH 187 547 154 288
SWCNT 292 108 48 276

Tminr : temperature of the minimum of resistivity; T, and T, : parameters of equation (3); Thoise max : temperature
of the maximum of current noise spectral density.
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Fig. 1
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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