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S
imilar to carbon nanotube and nano-
wire networks, films and composites
made up of graphene sheets have also

recently demonstrated potential as conduc-
tive, transparent, and flexible materials.1-9

These films can be produced by relatively
low-cost and simple fabrication methods
such as chemical processing of graphite or
graphene oxide pallets1-5 and chemical
vapor deposition.6,7 So far, the focus ofmost
of the research related to graphitic films and
composites has been on the develop-
ment and simplification of the fabrication
process,1,4-7 as opposed to fundamental
electrical characterization of the material.
Electrical characterization of these films and
composites is important in order to shed
light on the basic transport mechanisms
and their inherent structural properties, be-
fore they can be optimized for various
device applications. Structural properties,
such as the density, area, and aspect ratio
of the nanoscale elements, making up these
films and composites affect both the trans-
parency and conductivity of the material, as
shown by various theoretical studies on
nanocomposites.10-12 For instance, a re-
cent computational study advocates in-
creasing the aspect ratio of the sheets to
obtain a material with relatively low gra-
phene sheet density (and hence high
transmittance) and high conductance.10

In this paper, we (1) successfully fabricate
and analyze the structure of films composed
of long and narrow multilayer graphene
nanoribbons and (2) study the low-tem-
perature transport and its dependence on
electric andmagnetic fields in these materi-
als. We use a simple chemical procedure for
film fabrication and then pattern the films
into four-point-probe structures using
photolithography and plasma etching. Our
fabrication and patterning approach can be
optimized and applied to a variety of gra-
phene-based materials. Using various

characterization techniques, we confirm
that individual or bundles of narrow and
long nanoribbons composed of multiple
graphene layers are the elements that form
the film. We then analyze the film resistivity
and its variation as a function of tempera-
ture and applied electric and magnetic
fields at low temperatures in the framework
of the variable range hopping theory. Re-
sults presented here not only provide in-
formation on the physics of electronic
transport in these graphitic nanoribbon
films but also help evaluate their suitability
and improve their properties for potential
device applications.

RESULTS AND DISCUSSION

Figures 1a and 1c show transmission elec-
tron microscopy (TEM) and atomic force
microscopy (AFM) images, respectively, of
a thin graphitic nanoribbon film (GNF). A
careful analysis of many similar TEM and
AFM images suggests that most individual
nanoribbons in the GNF have thicknesses
between3and15nm (averageabout 7.5 nm),
widths between 3 and 13 nm (average about

*Address correspondence to
abehnam@ufl.edu,
antural@ufl.edu.

Received for review April 22, 2010
and accepted January 31, 2011.

Published online
10.1021/nn100855n

ABSTRACT We fabricate, pattern, and analyze thin films composed of multilayer graphene

nanoribbons. These films are conductive at room temperature but depict noticeable insulating

behavior at low temperatures (<20 K) due to their disordered structure. We study the transport in

this strong localization regime by analyzing the dependence of resistivity on temperature and

electric and magnetic fields in the framework of the variable range hopping theory. Resistivity

dependence on the magnetic field confirms the insulating behavior of the films and can be fitted

effectively by forward interference scattering and wave function shrinkage models at low and high

magnetic field regimes, respectively. We extract large localization lengths in the range of∼45-90

nm from both the magnetic and electric field dependence of resistivity and relate these values to the

high conductance in the nanoribbons and/or good contact between them. By revealing the

fundamental structural and transport properties of graphitic nanoribbon films, our results help

devise methods to further improve these films for electronic and photonic device applications.
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6.6 nm), and lengths between 500 nm and a few
micrometers. Figure 1b is a TEM image of the folded
edge of a ribbon illustrating the ∼9 graphene layers
that form the ribbon. Selected area electron diffraction
(SAED) pattern in the inset of Figure 1b shows
several concentric rings representative of multilayer
graphene.13,14 While there are many individual nano-
ribbons in the GNF, often the ribbons also form bun-
dles with thicknesses as high as∼60 nm and widths as
wide as∼50 nm. The AFM height profiles in Figures 1d
and 1e are obtained from Figure 1c along the lines
labeled A and B, respectively, and contrast the thick-
ness of single ribbons (Figure 1e) and bundles (right
side of Figure 1d). The scanning electron microscopy
(SEM) image in Figure 1f shows the morphology of a
∼60 nm thick GNF. The uniformity of a GNF improves,
and its resistance decreases significantly as its thick-
ness increases. More quantitative structural analysis,
including statistical information regarding the width

and thickness distribution of the nanoribbons, as well
as Raman spectroscopy, X-ray photoelectron spectros-
copy (XPS), and transmittance measurement results
are provided in the Supporting Information. Raman
and XPS results and the electrical measurements dis-
cussed below confirm the graphitic nature of the
ribbons despite the presence of a small amount of
oxygen bonding groups and defects in their structure.
Figure 1g depicts the optical microscope image of a

patterned GNF four-point-probe device structure with
30 μm width (W) and 200 μm length (L), marked with
arrows in the figure. The room temperature resistance
was measured for several four-point-probe device
structures with lengths ranging from 200 to 1500 μm,
widths ranging from 10 to 100 μm, and thicknesses of
60 and 120 nm. For all of these devices, room tem-
perature resistivities (F) are found to be within the
range of 0.045-0.075 Ω 3 cm and do not scale with
device dimensions. This is because the device dimen-
sions are significantly larger than the size of nanorib-
bons making up the film, and hence the devices are
well above the percolation threshold.15,16

Figure 2 shows a log-log plot of F versus tempera-
ture (T) for a GNF devicewith length L= 1500 μm,width
W = 50 μm, and thickness t = 60 nm. It is evident from
the figure that F increases over 2 orders of magnitude
as T decreases from 300 to 4.2 K, thus showing a strong
insulating behavior that is due to the localization of
carriers at low temperatures. To confirm the insulating
behavior of the film at low temperatures, reduced
activation energy (W), defined as

W(T) ¼ -
dln(F(T))
dln T

(1)

is calculated and plotted in the inset of Figure 2 as a
function of T. The increase in W as the temperature
decreases suggests a nonzero value forW at T= 0 K and
a transport mechanism that can be explained by Mott
variable range hopping (VRH).17 For VRH transport,

Figure 2. Log-log plot of resistivity (F) versus T for a GNF
four-point-probe device structure with L = 1500 μm,W = 50
μm, and t = 60 nm. The black squares are experimental data
points, while the gray curve is the fit to the experimental
results based on the variable range hopping (VRH) model.
The inset depicts the log-log plot of reduced activation
energy (W) versus T with the gray curve being a power-law
fit to the data.

Figure 1. (a) Transmission electron microscopy (TEM)
image of graphitic nanoribbons. (b) High-resolution TEM
image of the folded edge of an individual graphitic ribbon,
where the nine graphene layers forming the ribbon are
visible. The inset shows the selected area electron diffrac-
tion (SAED) pattern for the same nanoribbon. (c) Atomic
force microscopy (AFM) phase image of a thin graphitic
nanoribbon film (GNF). (d,e) Height profile of the AFM
image along the lines A and B shown in (c), respectively.
(f) Scanning electron microscope (SEM) image of a ∼60 nm
thick GNF. (g) Optical microscope image of a four-point-
probe device structure patterned from a 60 nm GNF on a
SiO2 substrate using photolithography and reactive ion
etching. The widthW and length L of the device are labeled
in the figure.
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F can be written as

F(T) ¼ Cexp[(T0=T)
p] (2)

where C is a constant, T0 is the characteristic tempera-
ture that is proportional to the energy separation
between the available states, and p = 1/(dþ 1) for Mott
VRH,17 where d = 1, 2, or 3 is the dimensionality of the
hopping conduction. The value of p can be extracted
from the slope of the W versus T plot in the inset of
Figure 2. The rest of the parameters can then be
determined by fitting eq 2 directly to the F versus T

plot, as shown in the main panel of Figure 2. The values
thus extracted for p, C, and T0 are ∼0.31, 0.005 Ω 3 cm,
and 4200 K, respectively. The value extracted for p (i.e.,
0.31) is closer to 0.33 expected for 2D Mott VRH
transport than to 0.25 expected for 3D Mott VRH
transport. This behavior can be related to either the
structure of the film which is not completely 3D (the
transport could be partially 2D in larger ribbons) or
alternatively to a transition from Mott VRH to coulomb
gap (CG) VRH, for which the extracted exponent p is
expected to have a value close to 0.5.18 The value
extracted for T0 (i.e., 4200 K) can be used to determine
another temperature parameter T1 below which VRH
transport is valid. This temperature corresponds to the
limit atwhich the optimumhoppingdistance is equal to
the localization length and therefore can be extracted
from 1 = ((1-p)/2)(T0/T1)

p based on the VRH transport
theory.18 For our device, the extracted value is 135.8 K,
which shows that VRH can indeed explain the electronic
transport at low temperatures.
In order to further investigate the transport in the

VRH regime, we have studied the electric andmagnetic
field dependences of resistivity at low temperatures.
The top right inset of Figure 3 shows I-V characteristics
of our device at four different temperatures in the
range of 4.2-20 K. It is evident that the I-V curve
transitions from linear to nonlinear behavior as the
temperature decreases. To better present the effect of
electric field (E) at low temperatures on the transport in
the film, differential device resistance as a function of E
is shown in the main panel of Figure 3 for the same
temperatures as in the inset. As can be seen, the
change in the differential resistance within the mea-
sured E-field range decreases and the threshold elec-
tric field required for the onset of nonlinearity (Eth)
increases as the temperature increases. While at low
temperatures and very low fields, the hopping trans-
port is induced by phonons, at intermediate fields, the
electric field can contribute to the energy necessary for
the carriers to hop. In this regime, resistance has an
exponential dependence on the electric field.19 Still at
stronger fields, electric field-based hopping becomes
dominant and the resistance becomes temperature-
independent. In this regime, the differential resistivity
obeys F(E) � exp[(E0/E)

m], where E0 and m are con-
stants. This equation is similar to the temperature

dependence of resistivity in the VRH regime at low
fields as given by eq 2.20,21 Also shown in the main
panel of Figure 3 is the dependence of resistance on
temperature for our device (i.e., the data already shown
in the main panel of Figure 2) that is scaled to fit the
other four curves in the high electric-field region.21 This
fitting is allowed because the dependence of the
resistance on the E-field at high electric fields follows
the same form as the dependence of the resistance on
temperature at low electric fields, although experimen-
tal data at higher fields would be needed for a quanti-
tative analysis based on this fit.20,21 The similarity
between the electric field (4.2 K) and temperature
dependence of the resistance in the high field region
is clear from this fitting.
One of the important parameters in analyzing dis-

ordered systems in the VRH regime is the localization
length a. At the onset of nonlinearity, the hopping
energy provided by the electric field and temperature
become comparable and the relationship between Eth
and T becomes qEtha/kBT = 0.2,20,21 where q is the
electron charge and kB is the Boltzmann constant. We
have used different R(Eth)/R(0) ratios (between 0.80 and
0.95) to define the onset of nonlinearity and extract Eth.
An example is shown in the bottom right inset in
Figure 3, where we have extracted Eth as the E-field
at which R(Eth)/R(0) = 0.8. The linear relationship be-
tween Eth and T is clear in this inset. The value of the
localization length a can be extracted from the slope of
the Eth versus T plot. The extracted a values were within
the range of 45-90 nm, depending on the R(Eth)/R(0)
ratio used (0.80-0.95) in the definition of Eth. The large
value of the extracted a might be related to the long
length of the nanoribbons in the film that are con-
ductive even at low temperatures.
Last, we turn to the study of the effect of magnetic

field on the transport. The main panel of Figure 4a

Figure 3. Log-log plot of the differential resistance versus
electric field E for the device in Figure 2 at four different
temperatures, as labeled. The black squares are the ex-
perimental resistance versus temperature data points (from
the main panel of Figure 2) scaled to fit the differential
resistance versus E results. The top right inset shows the I-V
characteristics for the same device at the same tempera-
tures as in themain panel. The bottom right inset is a plot of
the extracted threshold electric field Eth as a function of
temperature.
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shows magnetoresistance (MR) data for our device at
four different temperatures up to∼7 T. As can be seen,
while at higher temperatures, MR is negative and
decreases with magnetic field (B), and at very low
temperatures, it reaches a negativeminimumand then
starts to increase and finally obtains positive values at
high B. The positive sign of the second derivative of the
MR, that is d2MR=dB2 jB¼ 0 as Tf0 is a signature of
strong localization.22

On the basis of the VRH theory, the negative con-
tribution to the MR data in Figure 4a is most likely due
to forward interference scattering (FIS),23-25 while the
positive contribution to the MR is probably due to
wave function shrinkage (WFS).23,25 In the FIS model,
direct and indirect hopping mechanisms between
localized states are considered, and the phase factor
that is introduced by the field flux through the area
between the hopping routes is averaged to show that
the field reduces the resistance.23-25 On the other
hand, in the WFS model, the magnetic field decreases
the overlap probability between two localized states
and thereby the resistance increases. In the Mott VRH
regime, due to the strong localization of the states and
weak interaction between the carriers, the WFS model
is more appropriate for explaining the MR data com-
pared to the spin effect models.26,27 The contributions
from FIS and WFS models can be added up and then

fitted to the experimental MR data. The complete
equation can be written as

MR ¼ ΔR

R0
¼ MRFIS þMRWFS

¼ -RT - βBþ γ(T)B2 (3)

where MRFIS and MRWFS are the negative FIS and
positive WFS contributions to magnetoresistance,
respectively; R is a constant, γ is a temperature-depen-
dent coefficient, and β is the temperature dependence
exponent of the forward interference scattering term.
In the VRH region, β should be close to 1 for a 2D
system and close to 7/8 for a 3D one.24

As can be seen from the fitted curves shown in
Figure 4a, the above simple model in eq 3 can explain
the MR trends at low and high fields well except for the
relative saturation of the 1.2 K curve at fields higher
than 4 T, which will be discussed below. Figure 4b
shows the positive and negative fitted contributions to
the MR as a function of T. As expected,23,26 FIS portion
(negative contribution) gradually becomes weaker as
T goes up but is still significant at 20 K. On the other
hand, WFS portion (positive contribution) is more
sensitive to T and vanishes quickly as T goes up to
10 K. Figure 4c shows the log-log plot of μ versus T,
where μ is defined as the magnitude of the coefficient
in front of B in the FIS term in eq 3 (i.e., μ = RT-β). From
the slope of Figure 4c, β is determined to be 0.859,
which is close to the theoretical prediction of β = 7/8
for a 3D system.24 In Figures 4b and 4c, the 1.2 K data
points are omitted due to the nonideality of the fit to
the 1.2 K MR curve, especially at high magnetic fields.
FIS and WFS models explain, respectively, that at high
fields the negative contribution to the MR approaches
a constant value25 instead of depending linearly on B

(due to the induced symmetry by the magnetic field)
and the positive contribution scaleswith B1/3 instead of
B2 (ref 26) (due to the stronger magnetic field-induced
transverse localization compared to the Coulomb
potential-induced localization). Magnetic field thresholds
for the onset of these two transitions are very close to
each other, and both depend strongly on T. In the case
of our films, these thresholds are already outside the
range of the measured fields for MR data above 1.2 K,
and therefore, the model presented in eq 3 is valid for
fitting those three curves. However, the 1.2 K MR data
begin to deviate from eq 3 above ∼4 T. Using
an expression for MR suggested for a Mott VRH system
for high magnetic fields,26,28 namely, MR = -t þ
(e/6p)1/3(T0/T)

1/3a2/3B1/3, we have fitted the high field
range of the MR at 1.2 K, as shown in the main panel of
Figure 4a. In this equation, t is a constant at a fixed
temperature and a is the localization length defined
before.26,28 The fit results in a localization length of
about a = 68 nm, in agreement with the range
obtained from the electric field dependence of

Figure 4. (a) Experimental magnetoresistance (MR) data for
our device at four different temperatures as labeled. The
black dashed curves are fits to the experimental data using
eq 3 in the text. The orange dashed curve is a fit to the high
field range of the 1.2 K MR data as explained in detail in the
text. (b) Contribution of forward interference scattering
(MRFIS) and wave function shrinkage (MRWFS) to the total
magnetoresistance as a function of temperature at a mag-
netic field of 7 T. (c) Log-log plot of the temperature
dependence of the coefficient μ defined in the text. From
the slope of the fit shown by the solid line, β = 0.86 is
extracted.
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resistance. On the basis of the above results, it can be
seen thatWFS and FISmodels explain all of theMRdata
successfully and the VRH theory not only successfully
explains the T and E dependence of resistance but also
provides very good fitting results for the MR data.

CONCLUSIONS

In summary, we have fabricated and patterned thin
films of graphitic nanoribbons and studied the low-
temperature electronic transport in these films. These
films are composed of long and narrow multilayer
graphene nanoribbons, as evidenced by AFM, TEM,
SEM, and Raman characterization. The nanoribbon
films depict insulating behavior at very low tempera-
tures, which is expected due to the disordered nature
of the films and can be explained by Mott VRH.
Furthermore, the film resistivity depends on both
electric and magnetic fields at temperatures lower

than 20 K. Resistivity dependence on the electric field
is significant at fields higher than 10 V/cm and follows
the VRH theory. From that dependence, the localiza-
tion length is extracted to be between 45 and 90 nm.
This large value of the localization length is likely due to
the high conductance in the nanoribbons and/or good
contact between them. Resistivity dependence on the
magnetic field confirms the insulating behavior of the
films and can be fitted effectively by forward inter-
ference scattering and wave function shrinkage mod-
els. Thesemodels can also explain the saturation of the
MR data at 1.2 K. The localization length of ∼68 nm
extracted from the MR data is in agreement with the
value extracted from the electric field dependence. The
results presented here not only reveal the fundamental
transport mechanisms in graphitic nanoribbon films
but also help evaluate and improve them for electronic
and photonic device applications.

MATERIALS AND METHODS

Film Fabrication. The starting product was expanded flake
graphite (product number 3775) provided by Asbury Carbons,
Asbury, NJ. This product is made by intercalating flake graphite
with sulfuric acid and heat treating the intercalated flakes to
about 800 �C for exfoliation. The resultant material is thenmade
into a powder. Graphitic nanoribbon films (GNFs) were pro-
duced by a vacuum-filtration process using this product as
received. Briefly, 40 mg of expanded flake graphite and 2 g of
sodium dodecylbenzene sulfonate (SDBS) surfactant were
mixed in 200 mL of DI water. Strong sonication and centrifuga-
tion processes have been shown to generate graphene nano-
ribbons as opposed to larger sheets of graphene.29 Therefore,
the solution was agitated vigorously with a homogenizer for 1 h
and then sonicated using a cup-horn sonicator (90 W) to obtain
multilayer graphene nanoribbons. Next, the solution was cen-
trifuged, and the supernatant was removed and vacuum filtered
through an alumina filtration membrane with 100 nm pore size
(Whatman, Inc.). A homogeneous GNF was deposited on the
membrane by the filtration process with a thickness that could
be controlled by the volume of the solution filtered and the
density of the graphitic nanoribbons in the solution.30,31 After
the film was dried, the supporting alumina filter was dissolved
using a strong base solution and the nanoribbon film was
transferred onto a silicon-based substrate. Finally, the sample
was soaked in 1:3 solution of HCl and DI water to remove any
remaining contaminates.

Device Fabrication. In order to prepare a GNF for electrical
characterization, the film was patterned into four-point-probe
device structures (to eliminate the contribution of contacts to
the measured resistance) by photolithography and inductively
coupled plasma reactive ion etching (ICP-RIE) using an O2

chemistry.15,16 After GNF patterning, metal contact pads (20
nm Ti/150 nm Au) were deposited on the contact areas of the
GNF using photolithography, e-beam evaporation, and subse-
quent lift-off. Gold wires (dipped in a conductive silver-based
epoxy glue) were then used to connect to the four contacts. For
low-temperature characterization, the sample was mounted in
a helium cryostat equipped with a Janis variable-temperature
insert and a superconducting magnet.
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