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Temperature dependences of electrical conductivity of reduced graphene oxide composite with single-walled
nanotubes (rGO-SWNTSs) and rGO films has been studied in the temperature range of 25-290 K. Both films
were obtained by vacuum filtration of aqueous suspensions. Temperature dependences of conductivity of films
were found similar to the conductivity observed in disordered semiconducting systems. It was demonstrated that
the behavior of the conductivity temperature dependence of pure rGO, SWNTs and composite film is different.
The temperature dependences of the resistance R(T) of the films were analyzed within the framework of the vari-
able range hopping (VRH) transport in which electron motion is due to the thermo-activated quantum tunneling
between localized states. Two-dimensional Mott VRH (Mott 2D VRH) and Efros—Shklovskii VRH (ES VRH)
models were applied for analysis. Mott 2D VRH was observed for rGO-SWNT film in the interval of 25-200 K.
At higher temperatures R(T) of rGO-SWNT was fitted with Arrhenius-like equation describing electron activa-
tion from localized states to delocalized ones. R(T) of the rGO film followed the Mott 2D VRH model from 165
to 290 K, however, at lower temperatures ES VRH model was exploited. From approximation of R(T) by these
models the parameters of the electron transport in rGO-SWNT and rGO films were estimated. It was suggested
that nanotubes in rGO-SWNT composite serve as conductive bridges among rGO sheets enhancing the conduc-
tivity as compared to rGO. The conductivity of rGO also influences on the composite properties because 2D
character of electron motion is kept in sharp contrast to SWNT film which demonstrated three-dimensional Mott
VRH electron transport in the same temperature range.

Keywords: low-temperature electrical conductivity, disordered systems, reduced graphene oxide, single-wall
carbon nanotube, reduced graphene oxide-carbon nanotube hybrids, variable range hopping conductivity.

1. Introduction

Graphene nanomaterials have attracted great interest in
the last years due to unique optical, mechanical, thermal
and electrical properties [1]. Among them electrical prop-
erties received considerable response in real applications as
these materials open new pathways for the improvement of
existing technologies such as sensoring, fabrication of new
electronic devices, production of supercapacitors and lithi-
um batteries, layering conductive and transparent coverage
and so on (see, for example, Ref. 2 and references therein).
Functionalization of graphene with oxygen-containing groups
creates a novel material — graphene oxide (GO) which
expands the practical applications of graphene. One of the
main advantages of GO is its dispersibility in water, which
facilitates the production of graphene nanomaterials in in-
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dustrial volumes. Graphene oxide can be prepared in large
scale through chemical exfoliation method of graphite, how-
ever, GO is an electrically insulating material. Electrical pro-
perties of GO can be changed through controlled chemi-
cal/thermal reduction processes. The reduced graphene oxide
(rGO) is composed of nanometer-sized conductin% sp2 do-
mains alternated with insulating highly disordered sp™ regions
formed by oxygen functional groups. The charge transport
behavior of rGO is quite different from that of graphene,
where ballistic electron transport over several microns was
observed [3].

Elaboration of hybrids and composites based on gra-
phene nanomaterials allows to overcome disadvantages of
GO in conductivity. First of all, hybrids of GO/rGO with
carbon nanotubes (CNTSs) are appropriate for this cause.
CNTs are randomly distributed between rGO or GO sheets
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and provide a high mechanical strength and flexibility of
such films also increasing conductivity between rGO/GO
sheets, since CNTs have high electrical conductivity and can
closely contact with the graphene surface [4]. Applications
mentioned above require good understanding of the conduc-
tion mechanisms in these disordered nanomaterials. It is also
necessary to obtain detailed information about localized/mo-
bile electron states, to estimate the role of structural defects
and to understand how we can tune electrical properties
through GO reduction.

Previous measurements of electrical transport have shown
that the rGO exhibits a semiconductor behavior with a ne-
gative temperature coefficient of resistance. Research on the
electrical characteristics showed that at low temperatures the
charge transport in rGO is mainly described by thermally
activated tunneling in terms of variable-range hopping (VRH)
model proposed by Mott [5] and fluctuation-induced quan-
tum tunneling (FIT) model elaborated by Sheng [6,7].
Two-dimensional (2D) Mott VRH law was applied for fitt-
ing the temperature dependences of resistance of the rGO
monolayer and the thin rGO sheets within 4-298 K range [8].
Kaiser et al. [9] have also performed a detailed study of the
electrical conduction process in individual monolayers of
rGO down to a temperature of 2 K. The observed conduct-
ance was explained in the framework of Mott 2D VRH
model with electron tunneling between localized sp2 states.
Eda et al. [10] also applied the Mott 2D VRH model to
individual rGO sheets with different degrees of reduction
to describe the electron transport from 78 to 240 K. A de-
viation from this model observed above 240 K for the well-
reduced rGO flakes was explained by the thermally acti-
vated conduction mechanism that dominated in the high-
temperature range (Arrhenius law). Two mechanisms were
proposed for electrical conduction in chemically reduced
rGO thin films studied in a wide range (50 K < T <400 K)
of temperatures: at higher temperatures, Arrhenius-like tem-
perature dependence of resistance was observed while at
lower temperatures the rGO sample showed a conduction
mechanism consistent with Mott 2D VRH model [11].

Experimental results on the charge transport in GO film
studied at various temperatures from 300 to 120 K were also
matched with Mott 3D VRH model [12]. In another study at
electrical transport measurement in chemical reduced rGO
film from 20 to 297 K indicates the carrier transport mecha-
nism is thermally activated band conduction above 200 K
and 3D Mott’s variable range hopping below 100 K [13].

In a few works Efros—Shklovskii VRH (ES VRH) model
is exploited for fitting the temperature-dependent charge
transport in rGO films [14,15], monolayer graphene [16] and
hydrogenated graphene [17]. In the framework of this model
Coulomb interaction between electron and hole is not neg-
ligible that leads to a power-law dependence of density of
states (DOS) on energy near Fermi level g [18,19]. Ener-
gy interval Ecg with gradually vanishing density of states
is called Coulomb gap.
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D. Joung and S.I. Khondaker [14] investigated the low-
temperature electron transport properties of chemically re-
duced rGO sheets with different carbon sp2 fractions (ranged
from 55 to 80%). They showed that the temperature-depen-
dent resistance of all the samples follows ES VRH model.
Chuang et al. [17] performed transport measurements on
a hydrogenated graphene sheet in the temperature range
of 4.5-45 K. They also demonstrated that ES VRH is the
dominant transport mechanism in that system.

It was proposed that for samples with the high disorder
ES VRH mechanism dominates at all measurable tempera-
tures. In other relatively low disordered samples, the ener-
gy scale is such that the carriers may have enough energy
to overcome Ecg at all temperatures, and, in that case, only
Mott VRH can be applied [14]. At intermediate disorders,
it may be possible to observe a crossover from ES to Mott
VRH with increasing temperature in the sample. Such phe-
nomenon was reported in Refs. 15, 17, the authors also dis-
cussed the relation between crossover temperature and the
Coulomb gap energy Ecg.

Recently temperature-dependent charge transport beha-
vior was investigated in thick rGO film [20]. It was shown
that charge transport occurs through two parallel percolat-
ing conducting pathways. For large disordered regions con-
ductance is determined dominantly by Mott 3D VRH while
for small and medium disordered regions and crystalline sp2
domains its conductance is determined by quantum tunnel-
ing (FIT model) and thermal activation.

The electrical conductivity in thin layers of GO(rGO)-
SWNT (single-walled nanotube) hybrids is analyzed only in
few works [21,22]. The electrical conductivity in such com-
posite films is mainly conditioned by SWNTSs, since they
serve as conductive bridges for charge carriers between
non-conducting rGO sp3 domains. V. Skakalova and coau-
thors [21] had shown that the presence of electrically insu-
lating GO within the SWNTSs network significantly enhances
its electric conductivity, while rGO suppresses electrical con-
ductivity in a composite network with SWNTSs. In our recent
work [22] we have studied the low-temperature (5-290 K)
electronic transport in composite film of GO-SWNTSs ob-
tained by vacuum filtration of their aqueous suspension.
The temperature dependences of the resistance R(T) of the
films were analyzed within the framework of the Mott 3D
VRH model describing the electron transport in the interval
of 5-240 K. From the analysis of these dependences, the pa-
rameters of the electron transport (the mean length and ener-
gy of the electron hopping) in the GO-SWNTSs and in the
SWNTSs films were estimated. Arrhenius equation was involv-
ed to describe the temperature dependence of the resistance
of films at T > 240 K. The averaged potential barrier value
obtained in approximating R(T) with the Arrhenius formula
was larger for composite compared to SWNT film (18 vs
11 meV). The comparison of the parameters obtained for
different films showed that contact of nanotubes with GO
surface complicates the electron transport in composite film.

347



N.V. Kurnosov, A.S. Linnik, and V.A. Karachevtsev

As we can see, the different mechanisms with two- or
three-dimensional transport behavior are involved to un-
derstand the electron transport in GO (rGO) structures at
low temperatures. Such multifarious behavior can be partly
explained by different reduction degree of rGO, variety of
linear and volume sizes of rGO flakes, different arrange-
ment of flakes depending on the film preparation and so
on. In composite this picture obtains additional variety due
to heterogeneity of nanotube component. In this respect,
additional fundamental research is much needed in this
direction.

In this work we have analyzed the temperature depend-
ence of resistance of composite rGO-SWNT film and com-
pared this dependence with that of rGO and SWNT films
in the temperature range of 25-290 K. Films obtained by
vacuum filtration from aqueous suspension of rGO and
rGO-SWNT hybrids (weight ratio 1:1) were rather thick
(up to 10 um thick), SWNTSs used for composite prepara-
tion had prevailing semiconducting nanotubes (~95%) con-
tent. Mott 2D VRH model was applied for fitting the R(T)
dependence of composite film in the interval of 25-200 K
while for higher temperatures R(T) dependence follows the
Arrhenius law. rGO film demonstrates R(T) dependence
that has different behavior compared to composite film: for
lower temperature range (25-165 K) ES VRH model was
applied and for higher one Mott 2D VRH formula was
used.

2. Experimental details

Materials. The reduced graphene oxide (fraction of car-
bon ~87%) was purchased from Graphenea company (San
Sebastian, Spain) and single-walled carbon nanotubes syn-
thesized by chemical vapour deposition CoOMoCAT method
(SouthWest Nanotechnologies, USA) were used in experi-
ments. The SWNTSs contained predominantly semiconduct-
ing nanotubes (~ 95%), among them, nanotubes of chirali-
ty (6.5) prevailed.

Preparation of rGO-SWNT hybrids in aqueous suspen-
sions and films. The composite rGO-SWNTSs film was ob-
tained from aqueous suspension of rGO-SWNTs (0.5-2 ml)
deposited on the PTFE membrane (diameter 12.5 mm,
pores 0.24 pm, Millipore, USA) by vacuum filtration.
Preparation of aqueous suspension was based on ultra-
sound treatment (60 min, 22 kHz) with following centrifu-
gation (3000g, 15 min) of rGO and SWNTs with 1:1
weight ratio. The rGO film was obtained similarly. The
rGO-SWNT or rGO films were then separated from the
membrane to obtain circle-shaped films as a result (diame-
ter ~9 mm, thickness 4-10 um).

Low-temperature measurements of electrical conductivity.
The low-temperature measurements in the range of 25-290 K
were carried out in a helium cryostat with samples 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

348

1.5-2 K/min. Measurements of resistance were performed
for rGO and rGO-SWNT samples simultaneously, during
both cooling and heating courses. No resistance hysteresis
was found.

3. Results and discussion

3.1. Temperature dependences of conductivity/resistance
of the rGO-SWNT composite, rGO and SWNT films

In the low-temperature experiments we have measured
the resistance of rGO-SWNT and rGO films and obtained
the dependences of resistance on temperature in the range
of 25-290 K. R(T) dependences of two films are shown in
Fig. 1. Both films exhibit gradual increase of R at T lower-
ing. The changes are more pronounced in case of rGO
sample, R is increased by a factor of 60, while for compo-
site rGO-SWNT the R value is only increased ~6 times.
Note that in the whole temperature range the resistance of
the composite film is about two orders of magnitude lower
than in rGO film.

More noticeable difference in temperature behavior of
the charge transport of the rGO and rGO-SWNT films can
be observed in Fig. 2 where the temperature dependences
of the conductivity (o) (normalized to value at 290 K) are
plotted. The o(T) of SWNT film reported earlier [22] is
shown in Fig. 2(a) too. The decrease of the conductivity
with lowering of temperature indicates that this depend-
ence is similar with the conductivity observed in disorder-
ed semiconducting systems.

Conductivity derivative do/dT for these three samples
was also calculated in order to characterize the rate of con-
ductivity change with temperature (Fig. 2(b)). It is obvious
that the conductivity temperature dependence of rGO dif-
fers largely from the dependences of rGO-SWNT and
SWNT films which are rather similar. The conductivity of
rGO film decreases almost linearly from room temperature
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Fig. 1. The resistance temperature dependences plotted for rGO-
SWNT (squares) and rGO (circles) films.
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Fig. 2. Conductivity temperature dependences for SWNT [22] (full squares), rGO-SWNT (open squares) and rGO (triangles) films
normalized to the value at 290 K (a). Temperature dependences of conductivity derivatives do/dT for SWNT, rGO-SWNT and rGO

samples (b).

to ~60 K yielding constant do/dT, then starting from ~60 K
down to 25 K there is pronounced decrement of do/dT (see
Fig. 2(b)). No such tendency was observed in case of rGO-
SWNT or SWNT films, on the contrary, do/dT is increases
at lowering temperature. Such behavior can indicate the
different mechanisms of electron transport in rGO and
composite rGO-SWNTSs (or SWNT) films.

Therefore the next step in our investigation was aimed
to elucidate which electron transport models are applicable
for our samples in the temperature range of 25-290 K. As
our films can be considered a disordered semiconducting
systems we should analyze the temperature dependences of
the resistance R(T) within the framework of model involv-
ing thermo-activated tunneling through barriers between
localized states with a variable range hopping (model
VRH). In order to clarify this we have analyzed the R(T)
dependences of films by logarithmic derivative evaluation
which was used earlier for similar systems [14,15,17].

The main idea of such procedure is that it can provide
self-consistent and unambiguous evaluation of power pa-
rameter m in the general formula of resistance that can be
derived in hopping conductivity transport [5,19]:

R~exp[(To/T)™], 1)

where 0 <m < 1. First, we define reduced activation ener-
gy W =-8InR(T)/0InT. Then we plot its logarithm versus
logarithm of temperature, as is shown in Fig. 3 for both
rGO and rGO-SWNT films. Lastly, a linear fitting of cal-
culated data points is performed for each sample (up to the
temperatures indicated by arrows in Fig. 3). Such fitting
includes parameter m;

InW = A-minT. 2

As a result of the fitting, we obtainm = 0.5 + 0.02 = 1/2
in the range of 25-163 K in case of rGO film and
m=0.34 £0.02~= 1/3 in the range of 25-197 K for the
composite rGO-SWNT film. It should be noted that within
Mott VRH model parameter m in Eq. (1) is directly related
to the dimensionality d of hopping conductivity:

1

m “d 3)

So, d = 2 suggests applicability of Mott 2D VRH
transport model for the rGO-SWNT in the lower tempera-
ture range. But although formula (3) is correct in Mott mo-
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Fig. 3. (Color online) Logarithm of reduced activation energy W
plotted vs logarithm of temperature T for the rGO (open squares)
and rGO-SWNT (full squares) films. Linear fits and resulting
slopes are shown. Arrows indicate the high-temperature margins
of linear fits.
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del, it is widely accepted in case of graphene-related sys-
tems that evaluated m~ 1/2 does not mean one-dimen-
sional (d = 1) Mott VRH, but rather Efros—Shklovskii hop-
ping conductivity (ES VRH). ES VRH model was used in
Refs. 14-17 to describe temperature dependence of con-
ductivity (or resistance) in rGO and graphene samples in-
cluding those with different degree of reduction and dis-
order.

3.2. The temperature dependences of electron transport
in the rGO-SWNTs and SWNTs films: Mott VRH
and Arrhenius models

In this section we discuss the rGO-SWNT composite
film transport properties and also make a comparison with
composite containing strongly oxidized graphene oxide
(GO-SWNT) and nanotube film (SWNT) [22]. As was
shown in previous section, the logarithmic derivative eval-
uation for rGO-SWNT vyielded m = 1/3 in Eq. (1) which
means that Mott 2D VRH is the mechanism of electron
transport. An additional confirmation is provided when
R(T) dependence of rGO-SWNT is plotted in In R vs T-V3
coordinates (see Fig. 4(a)) which should transform Eq. (1)
into linear equation. Obtained data indeed can be well fit-
ted linearly at least from 25 up to 197 K.

The 2D character of Mott VRH in case of rGO-SWNT
is the main difference from GO-SWNT and SWNT sam-
ples which both exhibited Mott 3D VRH (see Ref. 22 for
details). Resulting two-dimensionality of electron transport
in rGO-SWNT can be due to the rather important role of
rGO sheets present in the film. rGO is a conductive 2D ma-
terial and can contribute to electron transport in composite,
while strongly oxidized GO film had no measurable con-
ductivity. Therefore electron transport in GO-SWNT com-
posite was largely conditioned by SWNT bundle network,
which was non-oriented and “isotropic” yielding 3D VRH.

(a)

InR

Fig. 4. (Color online) Semilogarithmic plots of In R vs T
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We have also noted that starting from ~200 K towards
higher temperatures there is a small deviation between ex-
perimental data and linear fit for the rGO-SWNTs sample.
This is shown in detail in Fig. 4(b). We assume that in the
range of ~200-290 K the activation transport mechanism
which yields Arrhenius-like equation (4) for the resistance:

R~exp(Ta/T) (@)

is more precise for our composite film. Parameter T4 in
case of disordered systems describes the averaged separa-
tion between the localized states (which contribute to VRH
processes) and delocalized states. Such mechanism takes
place if thermal energy is large enough to overcome the
energy barriers that define potential wells where states are
localized. Experimental data in the range of 201-290 K
plotted in InR vs 77 coordinates and linear fit are shown
in Fig. 5(a). In addition, we provide the R(T) dependence
in the same temperature range (Fig. 5(b)) to demonstrate
that curve calculated using Eqg. (4) fits to the experimental
data well. At the same time the lower temperature data of
the resistance dependence follows the Mott 2D VRH curve
which corresponds to Eq. (1) at m = 1/3.

The evaluated T, parameter was 115 K which is reason-
ably lower than the temperature in the fitted range. There-
fore at higher temperatures (> 200 K) the thermal energy is
sufficient for activation transport mechanism. Interestingly,
the Ty for the rGO-SWNT is only slightly lower than that
obtained for the SWNT sample (130 K) [22]. This may
indicate that transport through SWNTs is dominant at high
temperatures for rGO-SWNT composite. Also, if we com-
pare T, for composites containing GO with different oxida-
tion degree (rGO-SWNT and GO-SWNT), we conclude that
Ta is much larger in case of GO-SWNT (212 K) [22]. This
means that non-conductive strongly oxidized GO sheets

4.6

(b)

InR

for the rGO-SWNTSs film in the range of 25-290 K (a) and 183-290 K (b).
The marginal temperatures for linear fit in (a) are indicated by arrows.
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increase the potential barriers in composite film in contrast
to conductive rGO sheets.

3.3. The temperature dependence of electron transport
in the rGO film: ES VRH and Mott 2D VRH models

Results of fitting presented in Fig. 3 allow us to claim
that the ES VRH maodel is applicable for electron transport
in our rGO sample at low temperatures. The key feature of
ES VRH model is consideration of Coulomb interaction
for tunneling charges. It is interaction between electron in
the final state (the one which electron occupies after tun-
neling event) and hole which is left in the initially occu-
pied state. This interaction changes the density of states
distribution along energy scale. While in Mott model den-
sity of states near Fermi level (i.e., localized states which
contribute to tunneling) is supposed constant, in ES VRH
model this density of states depends on energy and comes
to zero at Fermi level:

N(a)w\s—?,,:\n. )

The energy range Ecg in which Eq. (5) is correct is
called Coulomb gap. Efros and Shklovskii had shown that
parameter n depends on dimensionality (n = 2 in 3D
transport and n = 1 in 2D transport) [19], and the resulting
formula for the resistance temperature dependence yields:

R ~exp[(Tes /T)Y2]. (6)

This formula was applied to approximation of the ex-
perimental results obtained for rGO sample. It was previ-
ously concluded that ES VRH conductivity model is appli-
cable up to 163 K (linear fit in Fig. 3 yielded m = 1/2 in
Eqg. (1)). On the other hand, the higher temperature data in
Fig. 3 (starting from point 167 K) cannot be well fitted in
In W vs In T plot and m for this range was not evaluated.
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So we have anallyzed the RgT) dependence of rGO film
using INnR vs T~ 2 and T coordinates as is shown in
Figs. 6(a), (b), respectively.

Data in Fig. 6(a) also gives additional evidence for ES
VRH model in 25-163 K range. But approximately near
165 K the experimental data start to deviate from linear fit
in InR and T2 coordinates. In order to obtain linear fit
for the higher temperature data we should use the In R and
T3 coordinates (Fig. 6(b)) meaning power parameter
m = 1/3 in Eq. (1). This allows us to state that approxima-
tely from 165 K up to room temperature the transport
model is not ES VRH, but Mott 2D VRH. Such transition
from ES to Mott VRH mechanisms for graphene and rGO
samples was reported earlier [15,16]. The reason behind it
is the increasing thermal energy so that tunneling occurs
between the localized states positioned on energy scale out-
side the Coulomb gap where density of states practically
does not change.

The linear fit performed for the data presented in Fig. 6(a)
resulted in evaluation of ES VRH model parameter Tgs
(see Eq. (6)), Tes = 794 K. The formula for this character-
istic temperature is (Gauss unit system) [19]

_ 2.8¢2

- kBKé ' (7)

Tes

where « is a dielectric constant of graphene, & is the locali-
zation length (parameter describing localized states wave
function decay). Following Eq. (7) and assuming x = 3.5
for rGO [14], we have calculated the localization length
&= 16.8 nm (roughly equal to value reported in Ref. 15
while larger than those in Ref. 14). Note that this localiza-
tion length is for states near Fermi level (inside Coulomb
gap). The estimation of band gap for rGO Eg~7wvg /¢
using Fermi velocity vf = 10° m/s [14] gave a value of
Eg~0.039 eV. The obtained Eg and & values suggest rela-
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Fig. 6. (Color online) Semilogarithmic plots of In R vs TV

are indicated by arrows.

tively large sp2 domains in our sample (sized about &) and
also mean that rGO is strongly reduced. Nevertheless, the
band gap expressed in Kelvins yields 452 K and this sig-
nificant value explains the absence of activation transport
mechanism (4) for rGO film studied in the whole tempera-
ture range 25-290 K.

If we compare the results obtained for two films, the not-
able feature is the absence of ES VRH transport model for
description of conductivity of rGO-SWNTSs, in contrast to
rGO sample where ES VRH model is confirmed. We sup-
pose that this is strongly related to addition of SWNTs
(including ~5% of metallic ones) and formation of compo-
site, because it can alter the route of charge transport and
change the distribution of density of the states near Fermi
level resulting in very small (comparing to thermal energy)
or even absent Coulomb gap. In this case Mott 2D VRH
will be dominant at relatively low temperatures, which we
experimentally observed for rGO-SWNT.

We can also analyze in our comparison the parameters
that are included in ES or Mott VRH models applied to
R(T) dependences of rGO and rGO-SWNT films. The Mott
2D VRH was observed for both samples, so we compare
the To parameters (see Eq. (1)) obtained within this model.
To in case of 2D transport is defined by equation [19]

13.8

—, 8
N ®)

TO :TM =

where N is a density of states that contribute to tunneling
events, & is the localization length of these states. The Mott
model presumes N to be constant (without dependence on
energy) and equal to density of states at Fermi level N(sf).
Twm was evaluated from linear fitting performed for In R vs
T3 data in Figs. 4(a) and 6(b), resulting Ty = 790 K for
rGO-SWNT composite and Ty = 9314 K for rGO film.
Similarly to [22] we confirm smaller Ty for sample with
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(b) for the rGO film. The marginal temperatures for linear fits

larger conductivity. According to Eq. (8), decrease of Ty is
caused by increase of both & and N (namely, Néz is by an
order of magnitude larger for rGO-SWNT). Larger density
of states and their “overlapping” (due to increased &) means
that tunneling becomes more probable and conductivity is
increased, which is experimentally observed for rtGO-SWNT
film. This again can be attributed to presence of intrinsic-
cally more conductive (comparing to rGO) SWNTSs in
composite.

We can also provide an estimation of density of states
that contribute to Mott 2D VRH in rGO sample. The local-
ization length & calculated using Eq. (7) can be substituted
into Eq. (8) as well as Ty = 9314 K. The resulting density
of states is N = 6-10™ eV"".cm . But we should consider
that states contributing to Mott VRH are located farther
from ¢r and can have different & compared to those in
Coulomb gap range. Therefore it is more correct to esti-
mate density of states in the energy range where Mott 2D
VRH model is observed as ~10'2-10"% evt.cm™2. Similar
value was obtained earlier for rGO by Eda et al. [10]. Fi-
nally, we can determine the Coulomb gap width Ecg for
rGO film according to formula [15]

Tes

Ece = Bar )

Here B is a numeric constant, which should be equal to
that used in Eq. (7). Substitution of previously evaluated
Tgs yields the value of Ecg as 80 K. Ecg is approximately
twice smaller than temperature 165 K at which we observe
the transition from ES VRH to Mott 2D VRH. Such ratio
between transition temperature and width of Coulomb gap
is fully similar to data reported in [15] and is understanda-
ble as transition to Mott VRH should occur at T > Ecg
when Coulomb interaction becomes smaller than thermal
energy.
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Comparison of temperature dependences of electrical conductivity composite rGO-SWNT film

4. Conclusion

In this work we have experimentally obtained tempera-
ture dependences of electrical resistance R(T) in the range
of 25-290 K for reduced graphene oxide (rGO) film and
composite rGO-SWNT film containing rGO and single-
walled carbon nanotubes (SWNTSs). The synergistic effect
is present as the composite film containing both rGO and
SWNTSs exhibited conductivity increased by approximately
two orders of magnitude as compared to rGO film. Both
films demonstrated decrease of conductivity (increase of re-
sistance) towards low temperatures which is similar to dis-
ordered semiconducting systems.

In order to approximate the experimental R(T) data we
have proposed two variable range hopping (VRH) electron
transport models, namely, Mott VRH and Efros—Shklov-
skii VRH. Both models involve electron tunneling between
localized states as the mechanism of charge transport. ES
VRH was proved to be the case for rGO film in the tem-
perature range of 25-165 K while at higher temperatures
two-dimensional (2D) Mott VRH transport was observed.
At the same time, for the composite rGO-SWNT film ES
VRH was absent and Mott 2D VRH was dominant from 25
to 200 K. We have provided evidence that at higher tem-
peratures the activation transport mechanism takes place in
composite film described by Arrhenius-like equation.

By fitting the experimental R(T) dependences we have
evaluated the parameters included in Mott 2D VRH and ES
VRH models and calculated such physical values as locali-
zation length and density of localized states, also the Cou-
lomb gap width (for rGO film). The performed analysis
suggests that density of states outside Coulomb gap which
contribute to Mott 2D VRH and their localization length
are larger in case of rGO-SWNT film. This is a reason for
increased conductivity of composite and it was related to
presence of SWNTs that, firstly, act as additional conduc-
tive bridges between rGO sheets, secondly, provide addi-
tional charge states.

The comparison of electron transport in rGO-SWNT
composite with transport in GO-SWNT composite contain-
ing practically non-conductive graphene oxide revealed dif-
ference in VRH dimensionality. In latter case three-dimen-
sional Mott VRH transport was observed (similarly to
SWNT film) and conductivity was largely conditioned by
nanotubes. As for the rGO-SWNT composite, we have
proved that SWNTS increase conductivity, but 2D charac-
ter of resulting electron transport is kept presumably due to
presence of conductive two-dimensional material rGO.
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N.V. Kurnosov, A.S. Linnik, and V.A. Karachevtsev

[MopiBHAHHA TemMnepaTypHUX 3anexXHocTen
€NeKTPOoNpPOBIgHOCTI KOMNO3UTHOI NNiBkM rGO-SWNT
Ta nniBok rGO 1 SWNT

M.B. KypHocos, O.C. JliHHuk, B.O. KapayeBLes

B inTepBani temneparyp 25-290 K gocnimkeHo Temmnepatyp-
Hi 3aJIOKHOCT] €JIEKTPOIPOBIJHOCTI KOMIIO3UTHOT IUTIBKH BiTHOB-
JICHHOTO OKCHIY TpadeHy 3 OJHOCTIHHHMHU BYIJICLIEBUMH HaHO-
tpyokamu (rGO-SWNT) rta rrieku rGO. O6uiBi wiiBku GyIio
OTPUMAHO 32 JIOIIOMOT'OK0 BaKyyMHOI QinbTpariii BOAHUX CyCHeH-
3iil. BusiBieHo, 110 TemrmeparypHa 3aleXHICTh MPOBIAHOCTI MOi0-
Ha 3aJISKHOCTI IIPOBIJHOCT] y HEBITOPSIKOBAHNX HAIIBIIPOBITHHAX
cucremax. Iloka3aHo, IO XapakTep TEMIEPaTypHOI 3aJIeXHOCTI
npoBigHOCTI pi3Hmil s wiiBok yucroro GO, SWNT Ta ix xom-
nosuty. Temneparyphi 3anexuocti onopy mwiisok R(T) npoaai-
30BaHO B paMKax MOJEJN CTPHOKOBOi NPOBITHOCTI 3i 3MIHHOIO
nopxuHoro crpuoka (VRH), B sikiii pyx enekTpoHiB 00yMOBIICHHI
TEPMOAKTHBOBAaHUM TYHEIFOBAHHIM MDK JIOKaJi30BaHUMH CTa-
Hamu. [lpu aHaii3i BUKOPHUCTAHO IBOBUMIpHY Mojens MorTa
(Mott 2D VRH) Ta mozens Edpoca—Illkioscskoro (ES VRH).
Mopens Mott 2D VRH Bukonysanace mis miiBku rGO-SWNT
B iHTepBaii Temnepatyp 25-200 K. IIpn GuIbII BHCOKHX TeMmIle-
parypax 3anexuicte R(T) Gyio anpoKCHMOBAaHO PiBHSIHHAM Ap-
peHiyca, 110 OIHCYE aKTUBAL[WHUII TPAaHCIOPT ENEKTPOHIB Ipu
Mepexo/ii 3 JIOKaNi30BaHUX CTaHIB y AENOKaTi30BaHi. 3aleKHICTh
R(T) murieku rGO Bixnosinana moxeni Mott 2D VRH B niamazoni
temmeparyp Bix 165 no 290 K, a npu 6inblr HU3bKHUX TEMIIEPATy-
pax — mozeni ES VRH. 3 anpokcumariii 3anexuocreit R(T) uu-
MH MOJCISIMH MHPOBEACHO OLIHKM IapameTpiB eJIeKTPOHHOTO
tpancnopry B miiBkax rGO-SWNT Ta rGO. IIpumyckaersest, mo
HaHOTPpYOKH B Komno3uTi IGO-SWNT BukoHyIOTH (yHKIIIO HPO-
BIIHUX MiCTKIiB Mix siuctamu fGO, o npu3BOIUTE A0 301IbIICH-
Hsl mpoBinHOCTI B nopiBHsHHI 3 rGO. IIpu oMy BracHa mpoBij-
HicTh GO TakoX BIIMBAE HA BIACTUBOCTI KOMIO3UTY, OCKIJIBKA
JBOBHMIPHHI XapakTep eJIEKTPOHHOTO TPAHCIIOPTY 30epiraerhes,
B IIPOTHJIEXKHICTH 3 mtiBkoto SWNT, s sikoi B ToMy camoMy iH-
TepBajl TeMIepaTyp BUKOHyBaJlaCh TPUBHMIipHA CTPHOKOBA MpoO-
BIIHICTE 3a MOJEILI0 MoTTa.

Kitro4oBi ciioBa: HU3BKOTEMIIEpATypHa €JIEKTPOIPOBIAHICTD, He-
BIIOPSIIKOBaHI CHCTEMH, BiTHOBJICHHH OKCHJ rpadeHy, OTHOCTIH-
Hi ByIJieneBi HaHOTPYOKH, TiOpUIM BiJHOBJICHOIO OKCHAY Ipa-
(heHy 3 HAaHOTPYOKaMH, CTPUOKOBA TPOBITHICTH 31 3MIHHOIO JIOB-
JKUHOIO CTpUOKa.
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CpaBHeHne TemMmnepaTypHbIX 3aBUCUMOCTEN
3MEKTPONPOBOAHOCTN KOMMNO3UTHOWN NITEHKN
rGO-SWNT u nneHok rGO n SWNT

H.B. KypHocos, A.C. JluHHuk, B.A. KapayeBLes

B unrepBane temmnepatyp 25-290 K uccnenoBansl Temmnepa-
TYpHBIE 3aBUCHMOCTH 3JIEKTPOIPOBOJIHOCTH KOMIIO3UTHOM TUIEHKH
BOCCTAHOBJICHHOTO OKCHJa IpadeHa C OXHOCTEHHBIMH YTJIEPOJI-
HeiMH HaHOTpYOKamu (rGO-SWNT) u mnenku rGO. Obe muieHKH
OBLIM TIOJyYEHBI C HMOMOIIBI0O BaKyyMHOH (DHIIBTpali BOIHBIX
cycneH3uil. OGHapyKeHO, YTO TeMIepaTypHas 3aBUCIMOCTb IPO-
BOJMMOCTH aHAJIIOTMYHA 3aBUCHMOCTH IIPOBOANMOCTH HEYIOpS-
JIOUEHHBIX MOIYMPOBOAHUKOBBIX cucTeM. [Ioka3aHo, 4To XapakTep
TEeMIEepaTypHON 3aBHCUMOCTH 3JEKTPOIIPOBOJHOCTH PA3INIHBIH
i wieHok yuctoro rGO, SWNT u ux xomnosura. Temneparyp-
HBIC 3aBHCHMOCTH conpotusieHus mwieHok R(T) npoanaiusupo-
BaHbl B paMKaX MOJIEIH MPBDKKOBOH MPOBOAMMOCTH C IEpeMeEH-
Hol JumHOM npsbkka (VRH), roe aBmkeHne 3J1eKTpoHOB CBSI3aHO
C TEpMHUYECKH aKTUBHPOBAHHBIM TYHHEIMPOBAHUEM MEXY JOKa-
JIM30BaHHBIMU COCTOSIHUSIMH. [IpM aHanm3e HCIIOIb30BaHBI IBY-
MepHas mozens Motra (Mott 2D VRH) u monmens Odpoca—
Ixmoeckoro (ES VRH). Monens Mott 2D VRH BrInonHsutach
s mwieHkn rGO-SWNT B untepBasie temmepatyp 25-200 K.
IIpu Gonee BbICOKHMX Temieparypax 3aBucumoctb R(T) ammpok-
CHMHpOBAII ypaBHEHHEM ApPpEHHYcCa, ONUCHIBAIOIIUM aKTHBAIU-
OHHBIN TPAHCIIOPT JIEKTPOHOB IPH NEPEXOAE U3 JOKATN30BAHHBIX
COCTOSIHMI B JIeJIOKan30BaHHble. 3aBucuMoctb R(T) rienku rGO
cootBercTBoBana mojemu Mott 2D VRH B nuanazone temmepa-
Typ oT 165 mo 290 K, a mpu OGonee HU3KHX TeMmmeparypax —
mozenmu ES VRH. U3 annpokcumarmu 3aBucumocteit R(T) atumu
MOJIETISIMH BBITIOJTHEHBI OLIEHKH ITapaMeTPOB EKTPOHHOTO TpaHC-
nopra B mrenkax rGO-SWNT u rGO. IIpennonaraercs, 94To Ha-
HOTpYOKku B kommo3ute IGO-SWNT ciyxaT B KauecTBe MPOBO-
JUIIIIX MOCTHKOB MeXIy imctaMu GO, IpUBOJS K TOBBIIICHHUIO
aneKTponpoBoHocTH 1o cpaBHeHuto ¢ rGO. Ilpu atom cober-
BeHHas npoBoauMocTs GO Taxke BIHMSET Ha CBOWCTBAa KOMIIO-
3UTa, TaK Kak JBYMEPHBII XapakTep 3JIEKTPOHHOTO TpaHCHOpTa
coxpaHsieTcsi, B poTHBONONI0KHOCT I1eHke SWNT, st koTopoit
B TOM )€ HHTEpBajleé TEMIIEPATyp BBINOJIHANACH TPEXMEpHas
MIPBDKKOBAst IPOBOUMOCTE 110 Moz MoTra.

KntodeBble cnoBa: HHM3KOTEMIIEpaTypHasl 3IEKTPOINPOBOJHOCTb,
HEYTIOpSI0YCHHBIE CHCTEMBI, BOCCTAHOBJICHHBIN OKCUA TpadeHa,
OJHOCTEHHBIE YIJIEPOJHbIE HAHOTPYOKH, TMOPHIBI BOCCTAHOB-
JIEHHOTO OKcuja rpadeHa ¢ HAaHOTPYOKaMH, IPBDKKOBAsi IIPOBO-
JIMMOCTB C IEPEMEHHON JUIMHOW MPbDKKA.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 3



	1. Introduction
	2. Experimental details
	3. Results and discussion
	3.1. Temperature dependences of conductivity/resistance of the rGO-SWNT composite, rGO and SWNT films
	3.2. The temperature dependences of electron transport in the rGO-SWNTs and SWNTs films: Mott VRH and Arrhenius models
	3.3. The temperature dependence of electron transport in the rGO film: ES VRH and Mott 2D VRH models

	4. Conclusion
	Acknowledgments

