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ABSTRACT
Step-by-step controllable thermal reduction of individual graphene oxide sheets, incorporated into multiterminal field effect devices, was
carried out at low temperatures (125-240 °C) with simultaneous electrical measurements. Symmetric hysteresis-free ambipolar (electron- and
hole-type) gate dependences were observed as soon as the first measurable resistance was reached. The conductivity of each of the fabricated
devices depended on the level of reduction (was increased more than 106 times as reduction progressed), strength of the external electrical
field, density of the transport current, and temperature.

The study of the electronic properties of graphene and its
chemical derivatives promises to open a new era of solid
state electronics1 and of composite materials.2 A central
challenge of rapid graphene implementation is its mass
production, and the chemical exfoliation of graphite through
oxidation and then dispersion in water, down to single
graphene sheets, is one of the potential methods of achieving
this goal. Alternative approaches to large-scale production
of graphene, such as the thermal exfoliation of graphite
oxide3 and the liquid-phase exfoliation of graphite4 and
expandable graphite5 powders, are also studied.
While the effect of weak disorder on the electrical
conductivity of individual graphene sheets has been intensively studied experimentally6-9 and theoretically,10-15 the
conductivity of a highly disordered graphene-based material,
such as graphene oxide, has only recently attracted attention.16-25 The main focus of these investigations is to
maximize the conductivity of chemically modified graphene
sheets by optimizing conditions of chemical and thermal
treatments. In this research, we are presenting results of
“low”-temperature step-by-step, slow reduction of individual
sheets of graphene oxide measured by a 4-probe electrical
setup in a combination with a back-gate electrode at a wide
variety of source-drain currents, electrical fields, and temperatures. Therefore, the intermediate states of this material
are our focus. These results are important for understanding
* Corresponding authors. Tel: (847) 467-2024. Fax: (847) 491-3915.
E-mail: d-dikin@northwestern.edu. Tel: (512) 471-4691. Fax: (512) 4717681. E-mail: r.ruoff@mail.utexas.edu.
† University of Texas at Austin.
‡ Northwestern University.
10.1021/nl8019938 CCC: $40.75
Published on Web 11/01/2008

 XXXX American Chemical Society

and controlling the structural and physical properties of
graphene oxide and its possible applications.
A sheet of graphene oxide consists of a hexagonal ringbased carbon network having both sp2-hybridized carbon
atoms and sp3-hybridized carbons bearing hydroxyl and
epoxide functional groups on either side of the sheet, whereas
the sheet edges are mostly decorated by carboxyl and
carbonyl groups.26 Because it is a non-stoichiometric compound, the properties of graphene oxide vary depending on
its synthesis, processing, and environmental conditions.
A graphite oxide powder, the starting material prepared
for this research, had a carbon-to-oxygen atomic ratio about
2.7, according to our elemental analysis.27 There are likely
also some vacancies (missing carbon atoms), as well as sheet
corrugation associated with the local chemical structure.28
The extensive presence of saturated sp3 bonds, the high
density of electronegative oxygen atoms bonded to carbon,
and other “defects” give rise to an energy gap in the electron
density of states25 and makes graphene oxide non-conducting.
However, the structural and electronic properties of graphene
oxide can be modified by a variety of chemical and thermal
processes.16,18,20-22,24,29 Recently, we have also demonstrated
that the optical properties of graphene oxide depend on its
level of oxidation.30,31
Graphene oxide sheets were prepared as described in ref
32 with only one modification: instead of a short sonication
of the graphite oxide-water suspension, we stirred the
suspension for a long time (at least one week). As a result,
much larger graphene oxide sheets, having lateral sizes up
to 100 µm, were found (see Figure 1a,b,c). Single-layer-

Figure 1. Thermal reduction of graphene oxide field effect devices. (a,b,c) Optical images of graphene oxide single sheets with metal leads
prepared for conductive measurements. (a) Electrical circuit diagram including Si substrate as a back-gate electrode and mini-hot-plate with
incorporated heater and thermometer. (d) Changes in graphene oxide sheet resistance and temperature profile as function of time (sample
S12; see Supporting Information for details). The resistance at point A, measured at 172 °C (point 1) on the first heating cycle, is equal to
that of point B on the second heating cycle, but the temperature at point B is 125 ( 5 °C. A similar behavior (see the three dotted horizontal
arrows and the points that they indicate on the heating part of each cycle) was observed for each subsequent cycle during heating, and all
three points of sequentially decreasing sample resistance correspond to about the same temperature of 125 °C.

thick graphene oxide sheets were easily identified using a
confocal microscope, as described in ref 30. Some of the
samples were scanned by AFM to ensure that they had a
thickness of ∼1 nm, the thickness of a single layer. A few
samples were also characterized by scanning confocal Raman
microscopy (see Supporting Information for details).
The differential 4-probe technique and three different
layouts of electrodes (separated by 10 to 50 µm), as shown
in Figures 1a,b,c, were fabricated by one-step photolithography with an initial goal of looking for possible anisotropy
in individual sheet conductivity. All of the reported electrical
measurements were taken in a vacuum chamber (∼10-5 Torr)
evacuated for at least 1 h prior to the start of the experiment.
Eighteen individual graphene oxide devices were measured
in total (details in the Supporting Information). The irregular
shape of the graphene oxide sheets and the position of the
electrodes relative to their edges (van der Pauw configuration)
called for data analysis that was performed numerically by
using a finite elements method (see Supporting Information
for details about device preparation, measurements, and data
analysis). Electrical anisotropy in the conductance of the
graphene oxide sheets was not observed.
Sample electrical resistance was used as a real-time
indicator of graphene oxide chemical/structural modification.
By controlling the temperature of the hot plate and the time
of heating, we were able to gradually recover the graphene
oxide sheet conductivity. Figure 1d shows the temperature profile as a function of time and the corresponding
resistance change for one of the samples; a heating rate of
∼1 °C/min was used. Four interruptions of heating, with
subsequent cool down to room temperature each of the four
times, were made at 172 (point 1), 138 (point 2), 152 (point
3), and 165 °C (point 4). Data prior to point 1 (Figure 1d)
are not shown because no measurable resistance was recorded
B

until that time. As indicated in Figure 1d, as soon as the
“measurable” thermal reduction had begun at about 160 °C,
reduction continues (resistance decreases) after each repeated
cooling and heating as the increased temperature reaches
about 125 ( 5 °C. At the fourth heating, the change in the
sample resistance exhibited saturation (see red curve approaching minute 800). The sample resistance thus dropped
from essentially infinity to about 2 MΩ for this heating
protocol.
Current-voltage (I-V) curves for this sample measured
at room temperature after each step of the heat treatment
are nonlinear and slightly asymmetric (Figure 2a). The
nonlinearity decreases as the reduction of the graphene oxide
progresses. No saturation of the current was ever observed;
instead, the sample resistance decreased gradually at increased dc bias. The differential conductance, calculated from
the I-V curves, increases almost linearly with current (Figure
2b); however, this effect depends more on the bias current
at a low level of reduction than when the reduction has
proceeded further (Figure 2b). Note that the 4-probe configuration excludes the contribution of the metal electrodesample interface (Schottky barrier) resistances to the sample
resistance; thus, the I-V curves are independent of the
contact area or length of the electrodes edges, unlike for a
2-probe configuration.18,20,22 Charge transport in graphene
oxide is thus not contact-limited; instead, it is space-chargelimited, and the injected carriers significantly alter the local
electrical field created by the electrode potentials.
On the basis of the sample conductance versus current
dependences (as indicated in Figure 2b), the I-V curves can
be fit as V(I) ) R(I)·I, where R(I) ) (B + A·I)-1. Results of
such fitting for the second and fourth steps of reduction are
shown in Figure 2c,d, with B ) 5.5·10-10 and 8.5·10-8 [S]
and A ) 9.0·10-3 and 5.7·10-3 [V-1], respectively. This
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Figure 2. Conductivity of a graphene oxide device at different levels of reduction (sample S12). (a) Current-voltage curves recorded at
room temperature after each step of consecutive heating shown in Figure 1d. For the unified view of all measured curves, the recorded
current I for first, second, and third steps were multiplied by 103, 102, and 101, respectively. (b) Differential conductance versus current
derived from the set of I-V curves from panel (a) also with the use of the aforementioned multiplication factors. (c,d) Log-log form of
I-V curves for the second and fourth steps of reduction superimposed with the fitting dependence described in the text.

Figure 3. Gate and current dependent conductivity of graphene oxide device. (a) Resistance versus gate voltage for 4 different samples, as
marked. S4-1 and S4-2 show two reduction states of the same sample. The detailed sample parameters are in Supporting Information. (b)
Resistance-gate voltage dependence for S1 in vacuum and after exposure to air. (c) I-V at different negative gate voltages. (d) Sample
resistance derived from I-V curves in panel (c) and shown at the same gate voltages (curves 1 to 7) as a function of bias voltage. (e)
Resistance versus gate voltage recorded at different bias currents: I ) 0 (curve 1), +4 and -4 nA (curves 2 and 2′), 10 and -10 nA (curves
3 and 3′), 20 and -20 nA (curves 4 and 4′), 30 and -30 nA (curves 5 and 5′). (f) Color map of the sample resistance as a function of gate
voltage and bias current, when p- or n-type of doping is an effect of electric field or (*) electric charge injection.

approach describes the I-V data perfectly at the highest level
of reduction (Figure 2d), whereas at the early reduction level,
some deviation is observed (Figure 2c). Thus, our assumption
that graphene oxide conductivity is linearly dependent on
the amount of injected charges, σ ∼ I ∼ n, is correct for the
high reduction level.
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Surprisingly, once a measurable resistance of the device
was achieved, the hysteresis-free back-gate dependent resistance was observed in vacuum (Figure 3a) for all graphene
oxide devices, indicating ambipolar and almost symmetric
behavior for the electron and hole doping regions, which is
similar to graphene.33 The minimum conductivity points
C

Figure 4. Temperature dependences of graphene oxide device. (a) The normalized-to-room temperature sample resistance versus temperature
recorded at cooldown as shown in Figure 1d (sample S12). Temperature coefficients of resistance after the second, third, and fourth reductions
according to linear fits are -11.0·10-3, -8.9·10-3, and -7.4·10-3 K-1, respectively. (b) Resistance as a function of gate voltage measured
at 4 different temperatures (sample S12).

(MCP, or the Dirac point) usually had small gate voltage
offset (both polarities were observed), despite the fact that
the resistivity decays slowly for the entire range of applied
fields. This is unlike the behavior of weakly disordered
graphene.6 Any short exposure of graphene oxide devices
to the room environment or water vapor led to a rise of
hysteretic response to a back-gate potential, since adsorbed
molecules,
e.g.,
water,
become
polarized
in
the applied electric field (Figure 3b). If the graphene oxide
device was placed back in the vacuum chamber (10-5 Torr),
the measured hysteresis slowly decreased, but it did not
completely vanish until the device was heated to a temperature slightly above 100 °C for approximately 20 min. The
remaining chemical groups covalently bound to the carbon
skeleton did not reveal any obvious polarization or charging
behavior at a relatively slow sweep rate (0.1 V/s).
Figure 3c,d shows an example of how, initially, almost
symmetric n- and p-type conductance was transformed to,
e.g., a p-dominated conductance due to a negative gate
potential. The same type of transformation was observed via
injecting positive or negative charges into a graphene oxide
sheet. Subject to these conditions, in both the hole- and
electron-accumulation regimes, the I-V curves become less
nonlinear but more asymmetric, as can be seen in Figure
3c. As a result, the MCP moves toward the positive or
negative gate potential (see Figure 3e). On the basis of these
data, an equivalent change in the carrier charge density per
unit-surface due to the “injection doping” of graphene oxide
can be estimated. The gate potential, applied across the 300nm-thick SiO2 layer, induces changes in the surface charge
density n ) ε0εVg/(te) ≈ 7.2·1010 cm-2 per 1 V, where ε0
and ε are the permittivity of free space and of the silicon
dioxide having thickness t, and e is the electron charge. As
seen in Figure 3e, 4 nA of injected current leads to a shift
of the MCP to +20 or -20 V of the gate voltage, depending
on the dc current polarity. Thus, the shift of the MCP can
be recalculated as an equivalent change of the charge density
in the following way: 20 V × 7.2·1010 ·cm-2 V-1 ) 1.44·1012
cm-2, when a (40 nA bias current corresponds to an MCP
D

shift of (47 V of the gate voltage and is equivalent to a
∼3.38·1012 cm-2 change in the carrier density. Following
the conventional MOSFET model, when a negative gate
potential is applied, a positive dc bias will recover electron
loss and restore the n-channel transistor, and a negative dc
bias will enhance the p-channel-dominated behavior. The
two-dimensional resistance plot (Figure 3f) summarizes the
combined effect of n- or p-doping via electrical field and dc
bias charge (n* or p*) injection. Away from the MCP central
area, cooperative p-p* or n-n* conductivity enhancement
(lower left and upper right corners in Figure 3f) is seen as
negative (positive) gate potential and negative (positive) bias,
respectively, or as a noncooperative competing contribution
of these two factors (upper left and lower right corners in Figure
3f). This behavior looks similar to graphene conductivity
controlled by a combination of top and back gates.34 Thus,
both p- and n-carriers are seen in the percolating conductivity
of the graphene oxide sheets and their value can be tuned
by the gate potential or by charge-injection doping.
The reduced graphene oxide sheet shows a significant increase
in resistance upon cooling after each reduction step (Figures 1d
and 4a). The likely continued reduction during slow sample
cooldown and the narrow temperature interval prohibits more
detailed analysis, although one can see that the temperature
coefficient of resistance (TCR) is going down as the reduction
progresses (see Figure 4a), indicating a decrease in the
semiconducting energy gap. The gate-dependent resistance
(measured at 1 nA) also exhibits a significant change vs
temperature (Figure 4b). Small n-type dominated conductivity at room temperature is transformed upon heating to a
much larger electron-doped conductivity with significantly
reduced gate dependence. A close similarity with Figure 3d
is seen, but in this case, the overall charge transport is
controlled by thermal activation instead of carrier injection.
By analogy with a cluster model of amorphous and
hydrogenated amorphous carbon,35 graphene oxide contains
both sp2 and, predominantly, amorphous sp3 sites, and can
be described as a quasi two-dimensional amorphous carbon
(a-C). A complex set of hydroxyl-hydroxyl and hydroxylNano Lett., Vol. xx, No. x, XXXX

epoxide hydrogen-bonding interactions takes place between
the functional groups of graphene oxide. The molecular
dynamics simulations36 reveal reactions in which hydrogen
atoms are transferred and epoxide groups migrate on the basal
plane stabilizing by hydrogen bonding or catalyzing by
hydrogen transfer reactions between the mobile epoxide
oxygen and neighboring functional groups. Thus, initially
the sp2 clusters in graphene oxide are small and separated
by an amorphous and highly disordered sp3 bonded matrix,
which forms a high tunnel barrier between the clusters.
During heat treatment, the thermal energy favors the further
clustering of the sp2 phase stimulating connection between
ordered rings and moving from amorphous to the twodimensional nanocrystaline graphene, as was outlined in ref
37. This transformation results in the increase of I(D)/I(G)
ratio and a shift in the position of the G peak (see Figure 4
in ref 37). The equation for nanocrystalline sizes,38,39 La, is
invalid in this stage of chemically modified graphene (see
details in the Supporting Information). However, much more
research is required to understand all details of this new
material’s behavior.
A possible simplified model for the graphene oxide
conductance is that of percolation in random continua:40 the
two-dimensional Swiss-cheese model. As reduction progresses,
a sample-spanning cluster of touching conductive regions is
formed, and the sample resistance exhibits a power law
decay. That is, the localized states are randomly dispersed
throughout the graphene oxide. The model is complicated
by the fact that the occupation of the localized states is
controlled by the superposition of gate voltage and local
electric field created by the amount of injected carriers, and
hopping between localized states is thermally assisted.
Adequate modeling of such a system will require a host of
additional experiments.
Graphene oxide is unique compared to graphene in that
its electrical conductivity and optical transparency dramatically depends on the level of oxidation. Such chemically
tuned graphene sheets already suggest new vistas2,18,20,21,41
and hold significant promise for novel sensors, membranebased NEMS devices, transparent conductors for optoelectronic applications, smart composite materials, and others.
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