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Abstract The results of low-temperature studies (5-291 K) of conductivity in the
composite film of graphene oxide (GO) with single-walled nanotubes (SWNTs) are
presented. The composite film was obtained by vacuum filtration of aqueous suspen-
sion containing both GO and SWNTs. It was shown that conductivity of composite is
largely conditioned by the nanotubes, while graphene oxide film obtained similarly
demonstrated no conductivity. Semiconductor behavior with negative temperature
coefficient of conductivity was revealed for both composite and nanotube films. Fur-
ther analysis confirmed that conductivity in the range of 5-240 K is well described
within the framework of the 3D Mott model. The conductivity mechanism involves
thermoactivated tunneling of electrons through barriers with a variable range hopping
(VRH), which is common for disordered semiconductors. At higher temperatures (T
> 240 K) the Arrhenius model was used. Such parameters as distance and energy of
electron hopping as well as energy barriers were estimated.

9.1 Introduction

Graphene oxide (GO) and single-walled carbon nanotubes (SWNTSs) are carbon
nanomaterials that exhibit unique physical properties and are promising for applica-
tions in such fields as nanoelectronics, photonics, and sensing. GO is graphene with
oxygen-containing groups at the edges (carboxyl-COOH and hydroxyl-OH groups)
and on the plane (epoxy (C—O-C) and hydroxyl groups) [1, 2]. Due to these groups
GO is dispersible in water, which is a major advantage necessary for biomedical
purposes [3, 4]. GO sheets contain domains with both sp>— and sp>—hybridized
electrons that govern electronic properties of this nanomaterial. Another important
form is reduced graphene oxide (rGO) with partially removed oxygen groups. rGO
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contains mainly sp?> domains so that electronic structure is more similar to that of
graphene, but it remains soluble in water.

SWNTs have high electrical and thermal conductivity as well as very structure-
dependent electronic and optical properties. Significant progress has been made in
the production of hybrids formed by carbon nanotubes with rGO or GO [5]. These
structures combine 2D GO and 1D SWNTs so that GO sheets are interleaved and
connected with nanotubes. At that synergistic effect is possible and resulting charac-
teristics are improved compared to those of individual components. Various methods
are proposed to obtain such composites: deposition from suspension under pressure
(spray method), vacuum filtration, layer-by-layer deposition, and chemical vapor
deposition.

It is expected that GO-SWNTSs composite material has a significant potential for
use as transparent conductive electrodes in solar cells, active electrodes in super-
capacitors or in lithium-ion batteries. The electrical conductivity of GO-SWNTs
composites as well as of separate GO/rGO or SWNTs films and networks is a promi-
nent topic of research [6—14]. Mechanism of conductivity can essentially depend on
structural peculiarities such as film thickness and alignment of GO or SWNTs and
also on the oxidation degree of GO and conductivity type of SWNTs. Variable-range
hopping (VRH) [15] and fluctuation-induced tunneling (FIT) [16] conductivity mod-
els elaborated for disordered systems are used for approximation of GO-SWNTs and
SWNTs conductivity temperature dependence.

The main task of the present work is the study of electronic transport in GO-
SWNTSs composite film in the temperature range of 5-291 K. The electrical resistance
temperature dependence was analyzed using VRH model and also compared with that
of SWNTs film. The films were obtained by vacuum filtration method and contained
strongly oxidized GO and SWNTs with prevailing content of semiconducting species.
The physical characteristics of the films were studied earlier in more detail [17].

9.2 Experimental Details

9.2.1 Materials

Graphene oxide synthesized by chemical oxidation of graphite using the modified
Hummers’ method was purchased from Graphenea (San Sebastian, Spain). In GO the
content of carbon and oxygen was 49-56% and 41-50%, respectively (so the C/O
ratio was 1.2-1.3). The SWNTs grown by chemical vapor deposition CoMoCAT
method were purchased from SouthWest NanoTechnologies (USA). The SWNT
sample contained predominantly semiconducting nanotubes (~95%), among them,
nanotubes of chirality (6, .5) prevailed.



9 Temperature Dependence of Conductivity in Composite ... 81

9.2.2 Methods

The preparation method of aqueous suspensions of GO-SWNTs hybrids is based on
the ultrasound treatment (60 min) of the mixture of the aqueous suspension of GO
(mainly monolayers [4]) with carbon nanotubes added to this suspension. The GO
concentrations in suspension were ~0.2 mg/ml while the weight ratio of GO:SWNT
was 1:1. The composite GO-SWNTs films were obtained from aqueous suspensions
of GO-SWNTs (0.5-2 ml) deposited on the PTFE membrane (diameter 12.5 mm,
pores 0.24 wm, Millipore, USA) by vacuum filtration. The thickness of GO-SWNTs
film detached from the membrane was ~10 pm. SWNTs film was prepared simi-
larly from SWNTSs suspension in acetone and contained SWNT bundles. The low-
temperature measurements of the film conductivity in the range of 5-291 K were
carried out in a helium cryostat with temperature stabilization of the film kept in the
gas helium atmosphere. The samples were film stripes 0.4—1.5 mm wide attached
between contacts distanced at 3 mm, the average rate of temperature changes was
about 1.5-2 K/min.

9.3 Results and Discussion

9.3.1 Temperature Dependence of GO-SWNTs Composite
Film Conductivity

It was found that conductivity of composite GO-SWNTs films depends on the
GO:SWNTs ratio. Conductivity was registered for the film with 1:1 ratio and was
much smaller or absent at larger ratios. It was concluded that conductivity in obtained
composites is largely conditioned by nanotubes, as the pure GO film has shown no
conductivity.

The resistance of composite GO-SWNTs film (GO:SWNTs 1:1 ratio) and of
SWNTs film was measured in the temperature range of 5-291 K. Data are shown in
Fig. 9.1 as well as evaluated conductivities (see Fig. 9.1 inset). Both films demonstrate
decrease in conductivity towards low temperatures.

While both films show a negative temperature coefficient of resistance (dR/dT <0),
there are certain distinctions in o(T) behavior. For the GO-SWNTs film conductivity
decreased more than 150 times with larger and more uniform slope. So, despite that in
composite conductivity occurs mainly through SWNTs, the GO also defines resulting
electronic transport. This is because in composite film SWNTs contact not only
between themselves but also with GO sheets containing sp? and sp® domains. Such
contacts can create additional energy barriers for electronic transport. Also, most
likely, conductive sp> domains in strongly oxidized GO sheets do not form continuous
network and do not provide conductivity, but still can affect the conductivity of bulk
film.
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We should specifically note that extrapolation of o(T) to zero temperature yields
zero conductivity for both films studied. Such o(T) dependence means that most
conductive paths contain major disordered areas in which electronic transport is
“frozen”. The VRH model proposed by Mott for disordered semiconductors is more
appropriate for an approximation of such conductivity temperature dependence [15].

9.3.2 Approximation of Temperature Dependencies
of GO-SWNTs and SWNTs Films with Different Models

Resistance temperature dependence R(T) is often considered when experimental data

are fitted with certain electronic transport model. This is partially due to the fact that

resistance value changes greatly at low temperatures. In the present study we have

tested such models as FIT, VRH and Arrhenius equation for approximation of R(T).
In the FIT model [16] R(T) is described as:

R = RoexplTi/(T + To)l, O.1)
where Ry is a pre-exponential factor, T; depends on energy barrier height and width,

Ty is characteristic temperature so that if T << T the resistance becomes constant.
In the VRH model [15] R(T) is described as:

R = Roexp| (Tu/ T)™ ], 9.2)
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where Ry is a pre-exponential factor, Ty is governed by the density of states in the
vicinity of Fermi energy N(er) and localization length of electron wave function &,
d depends on the transport dimensionality.

The Arrhenius equation for the R(T) is as follows:

R = Roexp(Eg/kgT), (9.3)

where Eg is the energy barrier height, Ry is a pre-exponential factor.

The experimental data for GO-SWNTs film fitted with these three models in
different temperature ranges are shown in Fig. 9.2.

It was found that the FIT model (9.1) fits experimental data only in the low-
temperature range (5-60 K) and then deviates sharply. In addition, the proper use
of FIT model implies that there should be saturation in R(T) growth below certain
temperature Ty, which was not observed in our experiment (in [11] FIT model was
used at temperatures below 2 K). On the contrary, the VRH model (9.2) yields
good fit in much wider temperature range, small deviation starts only from 240 K
(see Fig. 9.2 insert), where approximation with Arrhenius equation (9.3) is more
precise. The results for the SWNTs film were qualitatively similar. On the basis
of comparative analysis performed we have chosen VRH (9.2) and Arrhenius (9.3)
models for approximation of our experimental data.

Another important stage of approximation was definition of transport dimension-
ality in VRH model (parameter d in (9.2)) for our samples. We have considered two
values, d = 2 and d = 3 for composite GO-SWNTs, which correspond to two- and
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three-dimensional electronic transport. It should be noted that for SWNTs films d =
3[10, 11] and d = 2 [12] were used earlier at studies of electronic transport.

Experimental data, R(T), are plotted in Fig. 9.3 in new coordinates, In(R) and
T~ V049 Tt can be derived that (9.2) is transformed into equation of a straight line
if such coordinates are used. As it follows from Fig. 9.3, at d = 2 experimental data
cannot be fitted linearly, the deviation starts at T < 40 K. On the contrary, at d =
3 linear fit approximates experimental data very well up to T &~ 240 K, and similar
results were obtained for SWNTs film. This analysis shows that electronic transport
in our samples is effectively three-dimensional and corresponds to 3D VRH model
applicable for disordered systems (also called 3D Mott model [15]).

The parameters obtained from the approximation of experimental R(T) data with
VRH and Arrhenius models for GO-SWNTs and SWNTs films are summarized in
Table 9.1.

We will briefly discuss parameters obtained from Arrhenius model, while VRH
parameters are discussed in the next section. The evaluated energies Eg yield cor-
responding temperatures Tg = Eg/kg as 212.3 and 130.6 K for GO-SWNTs and
SWNTs films respectively. Both Tg are lower than that temperature range, where
Arrhenius model was used, which confirms Arrhenius mechanism as thermal activa-
tion of electrons over the energy barriers. We should note that similar energy barriers
for rGO (10-50 meV) were reported earlier [7].

Fig. 9.3 Temperature
dependence of GO-SWNTs 4 GO-SWNTs
film resistance in coordinates od=2
T~V0+) and In(R) at d = 2 0d=3
and d = 3 in VRH model (2)

)
Table 9.1 The values of
GO-SWNT SWNT
parameters obtained in VRH s S
(Ro and Ty) and Arrhenius VRH Arrhenius VRH Arrhenius
(Ro and Eg) models for Ry = Ry = Ry = Ry =
GO-SWNTs and SWNTs 130.1 Ohm | 999.4 Ohm | 34.6 Ohm 128.8 Ohm
films ™ = Eg = T™ = Eg =
17449 K 18.3 meV 2857.4 K 11.3 meV
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9.3.3 Parameters of Electronic Transport in GO-SWNTs
and SWNTs Films Within Framework of VRH Model

VRH model, according to Mott, describes electronic transport that takes place due
to tunnelling of electrons between localized states in the potential wells divided by
energy barriers [15]. Itis also important that additional energy provided by interaction
with thermoactivated phonons is needed for tunneling. Probability of tunneling, and
consequently conductivity, is defined by the localization length of electron wave
function &, electron hopping distance r and electron hopping energy W. In this section
it is shown that these physical parameters can be derived from fitting parameters
obtained from approximation of experimental R(T) data.

As was mentioned before, parameter Ty in (9.2) depends on density of states
N(eg) and localization length of electron wave function €. It was shown that in case
of 3D VRH (d = 3), this relation is [11]:

18.2

T ksN(er)Ed ©4)

M

In order to estimate £ for our samples we need to know the density of state value.
The analysis of literature data was performed for this task. For example, N(eg) of two
SWNTs samples [11] were evaluated using (9.4) and yielded 8.5 x 10" and 7.1 x
102 eV~ cm™3. As for GO and rGO, data from [18, 19] gives N(er) as 6 x 10'8
and 102 eV~! cm~3. Therefore, we can conclude that N(ep) for different GO and
SWNTs samples can vary from ~10'° to 7 x 10%° eV~! cm™3. For the £ estimations
we have used three N(eg) values: 5 x 102, 102 and 10'°, which yield & as ~5, 9,
17 nm for the SWNTs film and~ 3, 5, 11 nm for the composite GO-SWNTs film.
The first two values for our SWNTSs sample roughly correlate with data in [11].

Electron hopping distance r can be defined from & [11]:

r=0.38(Ty/T)"/* (9.5)

Note that according to (9.5) r should increase towards low temperatures. The &
and r (calculated at 5 and 240 K) are presented in Table 9.2.

We can conclude from values in Table 9.2 that £ in case of composite GO-SWNTs
film is almost twice lower than that of SWNTs film. This, in addition to higher energy
barriers (see data from Arrhenius model), partially explains weaker conductivity in
GO-SWNTs film. Most likely, SWNTs contacts with GO sheets create additional
and more pronounced barriers that decrease &€ and hamper the electronic transport in
composite.

Electron hopping energy was evaluated as [18]:

3

= NGO ©-6)
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Table 9.2 The estimated values of localization length & and hoping distance r obtained in VRH
model at different densities of states N(eF) for GO-SWNTS and SWNTs films

Sample N(eg) (eV~! cm™3) £ (nm) rat5 K (nm) r at 240 K (nm)
SWNTs 5 x 1020 5.4 9.9 3.6

1020 9.2 16.9 6.2

1019 17 34.7 12.7
GO-SWNTs 5 x 1020 2.9 8.4 3.1

1020 5 14.5 53

101° 10.7 31.1 11.4

As the r increases at low temperature, W should decrease which is a conse-
quence of smaller energy of thermoactivated phonons. Decreased W is a reason
which makes necessary longer-range tunneling at low temperatures and results in
decreased conductivity.

We have plotted the hopping range and hopping energy temperature dependencies
for both GO-SWNTs and SWNTs films (using the density of states value N(ep) =
10%° eV~! cm™3 which gave rather good correlation of calculated £ with literature
data). r(T) and W(T) are presented in Fig. 9.4a and b respectively. It can be seen
that in the whole temperature range of 5-240 K r is lower for GO-SWNTs film. The
situation is opposite for W. We have noted that at 240 K the value of hopping energy
W reached 9 and 14 meV for the SWNTs and GO-SWNTs films respectively, which
is only slightly lower energy barriers height evaluated from Arrhenius model (11 and
18 meV). This means that roughly near 240 K VRH tunneling transport mechanism
is gradually changed to over-the-barrier electron activation described by Arrhenius
equation.

‘We should also note that for the SWNTSs film the condition W(T) < kg T is fulfilled
in the whole temperature range. This is also the case for GO-SWNTs film, except
for the range 5-60 K in which W(T) = kg T. This observation implies the viability
of VRH model as the hopping energy should be of the same value order or less than
thermal energy. The W(T) dependencies calculated using other N(ep) values, namely,
5 x 10?° and 10" eV~! cm~3, have shown that for our samples the N(er) most likely
lies in the interval 10 —5x10% eV~ cm~3.

9.4 Conclusions

The analysis of resistance of composite film GO-SWNTs (components ratio 1:1)
containing strongly oxidized graphene oxide and nanotubes with prevailing content
of semiconducting species was performed in the temperature range of 5-291 K. It
was shown that conductivity of composite film is due to nanotubes present, as the GO
film had no conductivity and SWNTs film displayed rather large conductivity. The
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Fig. 9.4 Temperature dependencies of hopping distance r (a) and hopping energy (b) calculated
for the GO-SWNTs (empty squares) and SWNTs (full circles) films. The straight line in Fig. 9.4b
denotes the thermal energy ky T

decrease of conductivity towards low temperature is similar to conductivity behavior
in disordered semiconductor systems.

Three-dimensional variable-range hopping model of electronic transport (3D Mott
model) based on tunneling of electrons between localized states near Fermi energy
was proved applicable for the resistance of both GO-SWNTs and SWNTs films in
the low-temperature range of 5-240 K. The Arrhenius model was used for the higher
temperatures (T > 240 K). Approximation of experimental data using these models
resulted in evaluation of such parameters of electron transport as localization length
g€, hopping distance r, hopping energy W and energy barriers Eg. The density of
states near Fermi energy N(er) was estimated to be in the interval 10%° — 5x10%°
eV~ ecm™3.

It was shown that at temperature increase from 5 to 240 K hopping distance r is
decreased in three times for both GO-SWNTs and SWNTs films. The comparison of
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r(T) and W(T) between GO-SWNTs and SWNTs film showed that hopping distance
r is larger for the SWNTs film, while situation is opposite for hopping energy W.
Also, in case of GO-SWNTs film localization length £ is twice lower comparing to
SWNTs film while energy barrier Eg is higher. This implies that additional contacts
between GO surface and nanotubes hamper the resulting electronic transport.
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