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Transition from direct to Fowler–Nordheim
tunneling in chemically reduced graphene oxide
film

Srikrishna Pandey,†a Chandan Biswas,†b Titisa Ghosh,a Jung Jun Bae,c

Padmnabh Rai,d Gil-Ho Kim,e K. J. Thomas,e Young Hee Lee,a Pavel Nikolaeva

and Sivaram Arepalli*a

We investigate charge transport in a chemically reduced graphene oxide (RGO) film of sub-micron

thickness. The I–V curve of RGO film shows current switching of the order of �105 above the threshold

voltage. We found that the observed I–V curve is consistent with quantum tunnelling based charge

transport. The quantum tunnelling based Simmons generalized theory was used to interpret the charge

transport mechanism which shows that the current switching phenomenon is associated with transition

from direct to Fowler–Nordheim (F–N) tunneling. The absence of current switching in the I–V curve

after stripping away the oxygen functional groups from chemically RGO film confirms that the presence

of these groups and reduced interaction between adjacent layers of RGO play a key role in charge

transport. Such metal-based current switching devices may find applications in graphene-based

electronic devices such as high voltage resistive switching devices.
1. Introduction

The exceptional and unique combination of the physical,
chemical, mechanical and optical properties of graphene
exhibits its numerous exotic potential applications in next
generation devices.1–7 Graphene produced by reduction of gra-
phene oxide (GO) provides an excellent way to tailor its prop-
erties.4,5,8–10 Graphene bonded with oxygen-bearing functional
groups (mainly epoxy and hydroxyl) producing graphene oxide
(GO) exhibits an insulating nature due to their disrupted sp2

bonding networks. On the other hand, the reduction of GO
leads to re-stabilization of the p-bond network and therefore
reduced graphene oxide (RGO) becomes electrical conductive.

The charge transport in individual RGO ake under a low
bias potential range is consistent with the variable range
hopping (VRH) model11,12 due to the presence of residual
impurities and disorder.5,7,13,14 However, charge transport in a
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ually to this work.
lm of RGO may differ from the individual ake as additional
factors such as the varying number of layers with reduced
interlayer interaction, edges, ake to ake interactions etc.
would be imposed. Moreover, charge transport in RGO lm at
very high bias is expected to show interesting properties above
the critical applied voltage due to the presence of insulating
functional groups and defects in RGO lms. In this article we
investigate the charge transport in chemically RGO under a
wide range of applied potentials.

GO was reduced chemically by a modied method to achieve
uniform reduction and to avoid aggregation of the akes.15,16 I–V
measurements of RGO lm showed dramatically high current
switching of the order of �105 above the threshold applied
voltage. We interpret our data using quantum tunneling based
Simmons generalized theory.17 The current switching in the I–V
curve was found to be associated with transition of charge
transport from direct to Fowler–Nordheim tunneling. Recently,
similar transition of tunneling transport has been observed in
some other materials with single tunnel junction.18–20 Basically
the presence of oxygen-bearing functional groups and weak
interaction between the akes/layers play a key role in tunneling
based charge transport in RGO, which was conrmed by
subsequent measurements in the absence of functional groups
by high temperature annealing. The sharp increase in conduc-
tance during high voltage sweep reveals a switching behavior
similar to a varistor, observed generally in insulating metal
oxides or tunnel junctions.21–23 Observed current switching
could be applicable in graphene-based resistive switching
devices.
This journal is © The Royal Society of Chemistry 2014
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2. Experimental
Chemicals and materials

All chemicals and materials were purchased from Sigma-
Aldrich Company: graphite akes, nitric acid, sulfuric acid,
hydrochloric acid, potassium chlorate, and hydrazine (35 wt%
in water).
Preparation of GO and chemically RGO

Dispersed graphite oxide suspension in deionized (DI) water
was prepared by the Staudenmaier method.24 A mixture con-
taining 45 ml of concentrated nitric acid and 87.5 ml of sulfuric
acid was prepared in an ice bath and then graphite akes (5 g)
were added to this mixture. Aer that, 20 g of potassium chlo-
rate was slowly added to the mixture over 1 h. Aer settling for
96 h, the mixture was diluted with 2000 ml of cold water. The
diluted mixture was then washed on a lter paper with 5% HCl
solution and several times with DI water until the solution pH
reached neutral values. The synthesized graphite oxide was re-
dispersed in DI water in an ultrasonic bath for 3 h to create a
2 wt% dispersion to produce graphene oxide, followed by
centrifugation at 4000 rotations per minute for 15 min to
remove any unexfoliated graphite oxide akes. GO was reduced
chemically using hydrazine to produce chemically reduced
graphene oxide (C-RGO). A modied method for the reduction
was followed (for more detail, see ref. 15). In brief, GO
suspension was kept in an ice bath, and 5 mM hydrazine was
added dropwise for 20 min in order to achieve a slow reduction
process. Aer adding hydrazine, GO suspension was kept on a
hot plate at �60 �C for 1 h. This reduction process avoids
aggregation and agglomeration of the akes because of the
controlled kinematics of the reactions.
Preparation of C-RGO and CT-RGO lms

C-RGO paper was prepared by vacuum ltration of the reduced
graphene oxide solution, followed by drying at 60 �C for 1 h.
Prior to preparation of the lm, chemically RGO was ultra-
sonicated in dimethylformamide (DMF) for 15 min and
immediately used in lm preparation. An electrical device was
fabricated to investigate the electronic properties of the drop-
cast RGO lm on Cr (6 nm)/Au (50 nm) electrodes (deposited by
e-beam evaporation on a 300 nm thick thermal oxide layer over
a p-doped Si chip). The thickness of RGO lm was kept in the
submicron range and the channel length was 1.7 mm.

To prepare the CT-RGO lm, rst ltered RGO paper was
kept in a high vacuum chamber (10�6 mTorr) and the temper-
ature of the chamber was increased up to 1900 �C and was
annealed for an hour. The obtained CT-RGO sample was
dispersed in DMF using ultrasonication to cast a lm by the
drop-coating method.
Fig. 1 (a) Schematic diagram (in inset optical image) of chemically
RGO film based device. (b) Scanning electron micrograph of a portion
of the film.
Characterization techniques

The morphology of the samples was characterized by eld-
emission scanning electron microscopy (JEOL, Model JSM
7000F). Transmission electron microscopy (JEOL, Model JEM
This journal is © The Royal Society of Chemistry 2014
2100-2100F) at 200 kV for electron beam diffraction and Raman
spectroscopy (Witec) with an excitation wavelength of 532 nm
were used to obtain structural information. XPS analysis
(QUANTUM 2000, Physical Electronics, USA) was performed
using focused monochromatized Al Ka radiation (1486.6 eV) in
order to determine the changes in the atomic ratios of oxygen to
carbon and the existence of functional groups. The I–V
measurements were carried out by two terminal methods using
a Keithley Source Meter Unit (Model: 237). Low temperature
measurements were performed in a pumped He4 cryostat.
3. Results and discussion
I–V measurements at high bias

I–V measurements were performed by two terminal methods
to investigate the charge transport in RGO lm. The optical
image of the electrical device and the scanning electron
micrograph (SEM) of a portion of RGO (inset) are shown in
Fig. 1a. Fig. 1b is the schematic diagram of the device. The
maximum current was limited to 100 mA to avoid electrical
breakdown of the device.

Room temperature (RT ¼ 300 K) I–V measurements of RGO
lm (Fig. 2a) consist of three distinct responses corresponding
to a different range of the applied source to drain voltages: (i)
linear response to the applied voltage shaded with sky blue
colour and indicated as ‘Region (I)’ in low bias voltages (below
��20 V), (ii) small deviation from linear response, indicated
‘Region (II)’ during the intermediate range (up to ��40 V), and
(iii) a strong non-linear response in ‘Region (III)’ above a
threshold voltage. Thus a current switching of order 105 can be
observed on application of �0.035 V mm�1 strength of the
electric eld as shown Fig. 2b. The variation in the I–V curve
corresponding to different applied potential ranges becomes
more obvious in Fig. 2c which shows a graph of differential
conductance vs. applied voltage. Up to the threshold voltage,
almost a plateau region can be observed, whereas in ‘Region
(III)’, the conductance of the RGO lm was increased by a factor
of �12 as compared to its initial value. Moreover, in Fig. 2a, a
hysteresis at a high bias region during reverse sweeping of the
voltage was also observed. Due to this hysteresis, the maximum
conductance value corresponding to the positive and negative
biasing shown in Fig. 2c is different. Unlike ‘RGO ake’, a sharp
increase in the current (switching behaviour) above the
threshold voltage (Vth) � �45 V in I–V curve (Fig. 2a) seems an
Nanoscale, 2014, 6, 3410–3417 | 3411
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Fig. 2 (a) I–V curve of RGO film at 300 K, the direction of arrows
indicates the direction of the voltage sweeping. Schematics are the
shape of barrier potential under various ranges of applied voltage. (b)
Semilogarithmic plot of I–V curve and (c) differential conductance of
the RGO film at 300 K. (d) The I–V curve corresponding to 300 K, 100 K
and 4.2 K. The saturation in the I–V curves is observed due to the
setting compliances current for 100 mA.
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intriguing feature of the ‘RGO lm’. For further investigation,
low temperature measurements were performed in a pumped
He cryostat. Fig. 2d compares I–V curves obtained at three
temperatures (4.2, 100 and 300 K). The threshold voltage shis
towards a higher value as the temperature of the sample
decreases while the current switching and hysteresis at higher
applied voltages remain. The current saturation seen at a very
high voltage is due to the compliance current being limited to
Fig. 3 (a) Temperature dependence resistance of the RGO film.
Semilogarithmic plot of current (b) 2D VRH model (against T�1/3) and
(c) 3D VRH model (against T�1/4); according to the variable range
hopping (VRH) model I ¼ I0e

�(T/T0)1/n where I is the current, T is the
temperature, n is the dimension of the sample,I0 and T0 are the
constants. (d) Schottky plot (ln(I) vs. V1/2) of RGO film.

3412 | Nanoscale, 2014, 6, 3410–3417
100 mA. In Fig. 3a, resistance of the RGO lm as a function of
temperature (R–T curve) in the range of 10 to 290 K was shown.
The nature of the R–T curve indicates that RGO sample has an
intrinsic semiconductor character with some metallic
contribution.

In the presence of disorder or impurities, the charge
carriers spend more time in localized states and consequently
the charge transport can be realized either via hopping or via
quantum tunnelling of carrier charges between these local-
ized states. Under low bias and in a single ake of chemically
RGO the charge transport was found to be consistent with the
2D-VRH model.11,12 Although our sample shows a nonlinear
resistance, the VRH model does not provide a good t to our
data even for a very small applied voltage (70 mV) as plotting
the logarithm of the resistance as a function of (1/T)n with n¼
1/3 for 2D or 1/4 for 3D, we obtain nonlinear dependencies as
shown in Fig. 3b and c, respectively. Moreover if the energy
gained by charge carriers under a high bias is larger than the
average hopping energy, the VRH model would not be
applicable.25 Fig. 3d shows that RGO does not form any
Schottky barrier with gold as the Schottky effect plot is not
linear. Basically chemically exfoliated graphene from gra-
phene oxide, especially without any annealing or plasma
treatment, forms ohmic contact with gold26 implying that the
origin of this behaviour does not arise from the graphene–
gold contact. Therefore we have to look an appropriate
mechanism to explain transport behaviour in our RGO lm
and that should be consistent in all three regions shown in
Fig. 2a.
The distributed tunnel junction network

To nd out the nature and amount of present impurities,
chemically RGO sample was characterized by X-ray photoelec-
tron spectroscopy (XPS) and compared with GO sample (Fig. 4).
Fig. 4 (a) Full range XPS spectrum and (b) deconvoluted C1s peak of
GO film. (c) Full range XPS spectrum and (d) deconvoluted C1s peak of
RGO film.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (a) and (b) HRTEM images of a portion of RGO flake. The white
dotted enclosed region is crystalline graphene and the red colours
enclosed are the remnant functionalized portion of graphene. Inset is
the e-beam diffraction pattern of a RGO flake. Section (b) Shows the
presence of multilayers in a flake due to reduced interaction.
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A considerable amount of remnant oxygen-bearing functional
groups in RGO was conrmed from the elemental analysis
obtained by XPS which is presented in Table 1. The deconvo-
luted peaks of C1s in Fig. 4b (of GO) and d (of C-RGO) show that
these oxygen bearing functional groups are mainly due to the
presence of C–H(C–C, C]C), C–OH (hydroxyl), (C–O–C)
epoxide, C]O (carbonyl C), and O]C–OH (carboxylate C)
functional groups.5,13,14 The presence of similar deconvoluted
peaks can be observed in the XPS of C-RGO sample, and thus a
signicant portion in the chemically RGO lm could be elec-
trically insulating in nature. The size and distribution of these
insulating sites can be estimated using high resolution trans-
mission electron micrographs (HRTEM) and Raman
spectroscopy.

Fig. 5 shows HRTEM of a ake of chemically RGO. Careful
observation of the micrograph reveals the presence of insu-
lating remnants regions (region enclosed by red dotted lines)
surrounded by ordered carbon (crystalline graphene). In the
electron beam diffraction pattern of the RGO sample (inset of
Fig. 5a), a set of distinguishable hexagons can be observed.
Such a set of hexagons is generally attributed to the presence
of a few layers of graphene stacked in different orientations
due to the reduced interlayer interactions originating from the
chemical oxidation and reduction processes,27 whereas in the
case of well interacting layers (stacked in a certain order,
Bernal or rhombohedral) instead of hexagon points, a circular
ring would be observed. The electron beam diffraction of the
ake is consistent with the HRTEM image where a different
orientation of crystalline graphene from the same ake shown
in Fig. 5b (covered with white dotted regions) can be observed.
Similar observations about the atomic and chemical structure
of RGO have been reported.4,9,13,14,28–30 Several reports claim
that graphite oxide has an amorphous nature but reports on a
TEM study of the graphite oxide reect that it has ordering,
similar to graphite.27,31,32 Therefore, although the reduction
and oxidation process involves incorporation of defects and
dislocations contribute as a disorder, the remnant oxygen
bearing functional groups serve as an insulating area, rather
than as a disordered area. Moreover because of the oxidation
and reduction process, a ake to ake and interlayer layer
interaction would be very weak.

To obtain detail structural distributions in RGO lm, it was
further characterized by confocal Raman spectroscopy (Fig. 6a–
d) using 532 nm excitation wavelength. A large variation in its
structure was observed through mapping (10 � 10 mm2 area) of
the RGO lm. Fig. 6a shows representative Raman spectra in
two extreme reduction conditions: a highly reduced region
(HRR) and a lightly reduced region (LRR). The D-band
Table 1 Comparison of C, O and O/C ratio for GO, chemically RGO,
and CT-RGO samples obtained from XPS

Sample name C (atomic%) O (atomic%) O/C ratio

GO 73.73 25.38 0.344
C-RGO 91.5 7.6 0.083
CT-RGO 99.029 0.971 0.01

This journal is © The Royal Society of Chemistry 2014
originating from the disorder and graphene edges was observed
around 1350 cm�1 in both Raman spectra. Fig. 6b shows the
position of the G-band (originating from the tangential vibra-
tion) was centered at 1579 cm�1 in highly reduced RGO and the
position was signicantly shied in the lightly reduced RGO
(�13 cm�1 shi) due to decrease of remnant oxygen functional
groups. On the other hand, the D-band to G-band intensity ratio
(ID/IG) in a lightly reduced region was almost doubled (from 0.75
to 1.56). It is surprising that even aer the reduction of GO, the
ID/IG ratio increases, similar to that what others had also
observed.33–35 The exact reason behind it is not clear yet but we
believe that the presence of the edges and distributed insulating
regions throughout the sample gives rise to increased back-
scattering of the phonons with defects leading to increase in the
ID/IG ratio.34,35 A comprehensive distribution of highly and
lightly reduced regions in RGO lms was observed by confocal
Ramanmapping of the G-band position and ID/IG ratio shown in
Fig. 6c and d, respectively. Thus nano-sized distributed insu-
lating remnants are surrounded by crystalline graphene.4,13,14

The presence of insulating remnants in the matrix of crystalline
Nanoscale, 2014, 6, 3410–3417 | 3413
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Fig. 6 (a) Comparative Raman spectra normalized to G-band of GO
and lightly reduced GO and highly reduced GO regions in a chemically
RGO film (using 532 nm of excitation wavelength). (b) G-band of GO,
lightly reduced GO and highly reduced regions for RGO film imply a
systematic reduction in the Raman shift according to the degree of
reduction and consequently the presence of oxygen functional
groups. (c) Distribution of the G-band position in chemically RGO film
mapped in the area of 50 mm2 using confocal Raman spectroscopy
and (d) D to G-band ratio of the corresponding area.
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graphene (well reduced portion of GO) and a very weak inter-
action between the adjacent layer act as a potential barrier
against the charge transport. Therefore RGO lm appears as a
nano-sized remnant in the insulating area randomly distributed
in the matrix of crystalline graphene, forming a distributed
tunnel junction network. In this situation, initially during a very
low bias a small contribution from the hopping conduction
could occur, but at higher bias quantum tunnelling could be
more dominant. In this context the generalized theory for
quantum tunnelling given by Simmons17 which covers a range
of applied potentials could be an adequate model to explain the
charge transport mechanism in RGO lm. However this theory
is applicable to a single tunnel junction. Therefore to explain
the charge transport behaviour in a distributed single tunnel
junction network, incorporation of additional parameters to the
Simmons generalized theory is required, which is explained as
follows.

The distributed tunnel junction network can be assumed
to have a set of equivalent parallel and series channels of
tunnel junctions. Therefore, the applied voltage between the
source and drain will be distributed over the number of
individual tunnel junctions in series. Consequently, the
effective bias on the individual tunnel junction would be
much less than the applied voltage between the source and
the drain. Similarly, the current obtained between the source
and the drain will be a sum of the currents owing through
the equivalent parallel channels of the lm. If there are n1

equivalent parallel channels then to describe a chemically
RGO lm as a distributed tunnel junction network, we dene
the measured current I as,
3414 | Nanoscale, 2014, 6, 3410–3417
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where

v ¼ V/n2 (2)

is the effective potential on individual junctions, V is the
applied bias between source and drain, s is the thickness of the
insulating layer, f is the barrier height,m is the electron mass, e
is the electron charge. Eqn (1) is a modied Simmons' equation,
expressing the tunneling current through a rectangular barrier
in a distributed tunnel junction network. Thus the applied bias
would be divided over the number of tunnel junctions in series
and the total current constitutes by adding current through all
parallel channel junctions given by eqn (1). The modied Sim-
mon's eqn (1) includes two tting parameters of n1 and n2,
depending on the distribution of tunnel junctions, and repre-
sents the average number of equivalent parallel current chan-
nels and the average number of series junction barriers,
respectively.

Under extremely low bias (v y 0) the Simmons equation is
modied to

I f
Xn1
1

v exp

 
� 4ps

ffiffiffiffiffiffiffiffiffi
2mf

p
h

!
(3)

In this limit the current is directly proportional to the
voltage, consistent with our observation of a linear response up
to �20 V (Region I, Fig. 2a). Increase in potential between the
source and the drain will gradually increase the potential drop
across the individual tunnel junction and follow eqn (1)
provided that the applied potential v < fB/e. Accordingly, during
this range of applied voltage a deviation from linearity in the I–V
curve should be observed (Region II, Fig. 2a). Moreover, if
further increase in applied potential falls in the condition v >
fB/e on an individual junction, the electron transport
phenomenon would be governed by the F–N tunneling where
the electrons are able to cross easily the vacuum level (barrier
height) of the junction due to its bending and the correspond-
ing voltage dependence of the current is given as17,36,37

If
Xn1
1

v2 exp

 
� 8ps

ffiffiffiffiffiffiffiffiffiffiffi
2mf3

p
2:96ehv

!
(4)

Thus the I–V curve in F–N region should deviate considerably
from the linearity (Region III, Fig. 2a) due to the narrowing of
the barrier height as its shape changes from rectangular to
triangular in the presence of high applied potential. If observed
current switching is associated with F–N tunneling, a linear F–N
plot (a graph ln(I/V2) vs. 1/V) should be observed. To verify this,
F–N plot corresponding to different temperatures is plotted in
Fig. 7a. The negative slopes were obtained at a high voltage
region, conrming F–N tunneling behavior among adjacent
junction tunneling barriers. By expanding the F–N plot to a
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/C3NR05675A


Fig. 7 (a) F–N plot of chemically RGO film at various temperatures
above the threshold voltage, (b) F–N plot extended to wider range of
applied potential to show the transition from direct to F–N tunneling.
(c) RT modified Simmons equation (eqn (1)) fitted I–V curve corre-
sponding to the direct tunneling region with fitted parameters.
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wider range of voltages, clear transition from F–N to direct
tunneling region was observed in the voltage and temperature
space (Fig. 7b) which conrms the validity of the generalized
theory of Simmons for our sample. Recently, similar transition
of the tunneling transport in a single tunnel junction has been
reported by a few researchers in other materials.18–20 However
the appearance of this kind of transition in RGO lm shows its
intriguing properties and strengthens the concept of distrib-
uted tunnel junction, as the inter-electrode (source to drain
distance) was kept at 1.7 mm and eliminates the probability of
tunneling between the electrodes. Moreover, the threshold
voltage corresponding to current switching in Fig. 2a was well
manifested as a transit line from direct to F–N tunneling shown
in Fig. 7b. This implies that at a higher applied voltage, the
charge carriers can easily traverse through the sample because
of narrowing the barrier potential. The experimental I–V curve
of RGO that falls within the criteria of direct tunneling was
tted using eqn (1) to get the parameters of the statistically
distributed individual tunneling junctions network (Fig. 7c).
The tted curve is consistent with eqn (3), where the I–V curve
shows an almost linear behavior in the very low effective bias
region (v y 0) following a deviation from linearity according to
eqn (1) with parameters n1 y 1 � 1010 and n2 y 500, and the
barrier height f y 0.22 eV. As obtained from the tting
parameter n2, the average drop of the potential at the junction is
around 0.1 V when the applied potential was �50 V. Since the
length of the barrier is in the nm range, the order of the effective
electric eld on the junction would be �0.1 V nm�1 or 106 V
cm�1. This value of the electric eld is sufficient to cause F–N
tunneling. Moreover, the e-beam diffraction pattern of the RGO
ake reveals that even an interaction between adjacent layers is
very weak due to the presence of an oxygen bearing functional
This journal is © The Royal Society of Chemistry 2014
group as they functionalize the C atom perpendicular to the
basal plane. Therefore, a similar or weaker interaction would
exist among adjacent ake to ake contact too. Therefore the
possibility of conduction via percolation due to the ake to ake
interaction is very low. However there might be a contribution
in the current from the interake tunneling of charge carriers
via these insulating functional groups. This type of tunneling
generally governed by the uctuation induced tunneling which
occurs at low bias and thermally induced tunneling at high bias
but the contribution from this will be very small because of the
applied voltage direction.38

Origin of the hysteresis

To investigate the origin of hysteresis in the I–V curve (Fig. 2a
and c), the temperature of the sample was monitored during
measurements. It was found that a signicant amount of heat
dissipation occurred due to local Joule heating, leading to
increase in the sample temperature up to 30–40 K during high
bias. Similar hysteresis and an increase in the temperatures at
high bias were observed at low temperatures, down to 4.2 K
(Fig. 2c). Therefore, the hysteresis phenomena cannot be
ascribed to adsorption–desorption associated charge traps,
because oxygen-bearing functional groups in RGO such as epoxy
and hydroxyl groups can only be desorbed above �473 K.
However increase in the temperature due to the Joule heating
under high bias results in a signicant change in resistance (see
Fig. 3a). This change in resistance can be observed clearly in
Fig. 2b. Therefore the local joule heating could lead to the
formation of hysteresis during the reverse voltage sweep,
similar to that observed in magnetite samples.39

Role of remnant oxygen bearing functional groups

To conrm the role of remnant oxygen bearing functional
groups in the electron transport, C-RGO was annealed stepwise
at 1900 �C in high vacuum (10�6 mbar) for an hour to remove all
impurities comprised during the oxidation and reduction
processes. The XPS analysis of the thus obtained chemically and
thermally reduced GO (CT-RGO) samples reveals less than 1%
oxygen content (Fig. 8a, Table 1). I–V measurements of the CT-
RGO lm at room temperature reect the absence of the
switching behavior, followed by a Joule breakdown around 48 V
(Fig. 8b). A larger conductance (40 mA V�1, Fig. 8c) compared to
C-RGO sample was observed due to the great reduction of the
defects, disorder and oxygen bearing functional groups in CT-
RGO sample. To get a clearer idea, powder X-ray diffraction
(XRD) and Raman spectroscopy of the samples were carried out.
Fig. 8d shows the XRD of chemically RGO and CT-RGO lms.
The XRD of these two samples clearly indicates that during
thermal annealing of the C-RGO at 1900 �C, graphitization of
the sample occurred due to the removal of oxygen bearing
functional groups and favoring a strong interaction among the
adjacent layers because of reduced interlayer distance. This
excludes the possibility of any sorts of tunneling within the lm.
However, a considerable order of defects and disorder can be
observed in its Raman and XRD spectrum and due to this, a
nonlinear I–V characteristic was observed.
Nanoscale, 2014, 6, 3410–3417 | 3415
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Fig. 8 (a) XPS spectrum of RGO and CT-RGO samples, (b) I–V curve,
and (c) differential conductance of CT-RGO film at 300 K. (d) XRD and
(e) Raman spectra of C-RGO and CT-RGO samples.
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4. Conclusions

In conclusion, charge transport in a chemically RGO lm was
studied under high bias. The I–V curve of a chemically produced
RGO lm has three distinct responses corresponding to the
different range of voltages. Moreover, a current switching of order
105 was observed above the threshold voltage, which was
explained as transition from direct to F–N tunneling. The charge
transport mechanism was consistent with quantum tunneling
and can be explained using modied Simmons generalized
theory in a distributed tunnel junction. The chemically produced
RGO lm can be considered as a distributed tunnel junction
network due to the presence of a signicant amount of remnants
insulating the oxygen bearing function groups in the form of
islands and the very weak interaction between the adjacent
layers. Therefore the presence of these insulating oxygen-bearing
functional groups leads to quantum tunneling-based electron
transport in the RGO lm. The observation of the hysteresis in
the I–V curve at higher bias was explained by Joule heating. The
presence of oxygen bearing functional groups plays a key role in
charge transport as the transition in transport and current
switching behavior were absent when all remnant oxygen-bearing
functional groups were stripped away from the sample.
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