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The effect of degree of reduction on the electrical properties
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We study the effect of carbon to oxygen ratio (C/O) on the electrical resistance of functionalized
graphene sheets prepared by thermal exfoliation and reduction of graphite oxide at various
temperatures. Using a 2-probe technique in conjunction with Kelvin probe force microscopy, we
observe a transition from high-resistance (>400 k€/sq) nonlinear current/voltage characteristics at
low C/O to low-resistance (<10 kQ/sq) linear behavior at high C/O, indicating a transition from
hopping to diffusive electron transport. Simultaneously, the metal-graphene contacts change from
high-resistance Schottky-type behavior to nearly non-invasive metal-metal contact characteristics.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4775582]

Functionalized graphene sheets (FGSs) produced by the
thermal' or chemical® reduction of graphite oxide (GO) have
recently found numerous applications in polymer compo-
sites,” electrical energy storage devices,”’ electrochemical
sensors,® ' and photovoltaics.''"'> What makes FGSs suita-
ble for this wide range of uses is the fact that they combine
electrical conductivity with a large number density of
oxygen-containing functional groups and lattice defects
(Fig. 1(a))."*'* In polymer composites, the presence of func-
tional groups enhances load transfer between the polymer
matrix and FGS filler through the formation of hydrogen
bonds.? In electrochemical double layer capacitors, the pres-
ence of functional groups and defects provides a large elec-
tronic density of states which increases the surface-specific
capacitance of FGSs by a factor of ~3 compared to pristine
(non-functionalized) graphene.® Electrochemical sensors and
dye-sensitized solar cells rely on the electrocatalytic proper-
ties of functional groups and defects.'*'*

Depending on synthesis method and resulting degree of
reduction, a whole family of graphene materials can be fabri-
cated with a broad spectrum of physical and chemical prop-
erties: On one end of the spectrum lies graphene oxide, a
single layer of GO with a carbon to oxygen ratio (C/O) x
between 1.8'° and 2.3'° depending on synthesis and charac-
terization protocol.'®'® Values of x < 1.5 have been reported
in a small number of studies'® and theoretical evidence exists
that materials with such low C/O are thermodynamically sta-
ble.?” However, such large degrees of oxidation may not be
attainable in the experiment due to kinetic limitations.”' Gra-
phene oxide is an electrical insulator®” since most of the car-
bon atoms in this material are sp’-hybridized.”*** Pristine
graphene lies on the other end of the spectrum of graphene
materials and can, for example, be produced by chemical
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vapor deposition” or the so-called Scotch tape method.?® It
exhibits the smallest density of defects of all types of gra-
phene and is practically free of oxygen-containing groups
(x — o0). Its electronic properties have been studied in great
detail,”” revealing unprecedented charge carrier mobility in a
carbonaceous material at room temperature”>’ and, in the
case of increased charge carrier density due to doping or appli-
cation of bias, electrical sheet resistances Rg < 1 kQ/sq.**?
The electrical properties of graphene materials with in-
termediate C/O have been studied both by reducing individual
sheets of graphene oxide on substrates and by oxidizing pris-
tine graphene: Thermal and chemical reduction of graphene
oxide sheets which were deposited on a substrate prior to
reduction resulted in the onset of electrical conductiv-
ity.?>**33 Mildly reduced material was found to exhibit high
resistance (hundreds of M€/sq to several hundred k€/sq)
coupled with semiconducting behavior’**> and non-ohmic
properties due to hopping effects**** between sp>-hybridized
domains separated by non-reduced sp’ areas.’*>%%’
Substrate-supported graphene oxide that was reduced strongly
both chemically and, subsequently, thermally in an Ar/H,
atmosphere at 900°C showed low resistance (2.7 k€/sq)
ohmic behavior** indicating that the properties of pristine
graphene could partially be recovered. The transition from
insulating to semiconducting to metallic behavior when pro-
ceeding from graphene oxide to highly reduced graphene is
related to an increase of size and number of sp> domains with
further reduction, until eventually a percolated sp® network
forms within a background of sp3 hybridized area at an oxy-
gen content of about 10%.® Upon further reduction, hopping
is no longer a dominating transport mechanism, and the diffu-
sive motion of electrons is mostly limited by scattering at
functional groups, lattice defects. Simultaneously, also the
band gap decreases and metallic behavior begins to
emerge.34’35 Conversely, in studies based on the oxidation of
pristine graphene, it has been shown that the introduction of
functional groups and lattice defects, while providing benefits
such as increased bonding to polymers and catalytic activity,

© 2013 American Institute of Physics
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FIG. 1. (a) FGS schematic, (b) SEM image of a contacted graphene sheet.

at the same time decreases the electron mobility®® and can
induce semiconducting behavior.*

These studies provide insight into the relation between
the physical and electrical properties of graphene materials.
However, it has been shown that thermal processing of gra-
phene on a silicon dioxide substrate—the typical choice for
studies involving electrical characterization—yields results
different from those obtained with freestanding graphene
sheets.” For example, thermal treatment of graphene oxide
on substrates has been shown to yield C/O of not more than
14.%° FGSs fabricated in bulk amounts by the thermal exfolia-
tion and reduction of GO powder (thus, in the absence of a
substrate),1 exhibit C/O between about 7 and 500,*' depend-
ing on processing temperature and duration of the heat treat-
ment. Thus, with thermally exfoliated FGSs we span almost
the whole spectrum of graphene materials from graphene ox-
ide to pristine graphene regarding their chemical composi-
tion, and their availability in bulk quantities makes it suitable
for a wide range of applications. We denote our material as
FGS, where the subscript x represents the C/O, as defined
above. The intrinsic electrical sheet resistance of thermally
exfoliated FGSs (i.e., material that is not supported by a sub-
strate during processing) has so far only been characterized
for FGS, exfoliated at 1050 °C, yielding values between 2.7
and 20kQ/sq determined by Kelvin probe force microscopy
(KPFM) on only 3 individual sheets.** In order to understand
the impact of FGSs in applications, however, it is necessary
to know the electrical properties of the material as a function
of processing conditions for a wide range of C/O.

Here, we present a systematic study of the electrical
sheet resistance of FGSs exfoliated and reduced at various
temperatures ranging from 500°C (FGS;,) to 1500°C
(FGS340) (see Table I) based on both I/V curves from 2-probe
measurements (including contact resistance) and on KPFM
(excluding contact resistance). We observe that with increas-
ing x (decreasing oxygen content), the material undergoes a
transition from high-resistance (>400kQ/sq for a C/O of 7.3)
with pronounced non-ohmic current/voltage (I/V) characteris-
tics to low resistance (less than 10k€Q/sq for a C/O of 340)
with ohmic behavior. Our measurements demonstrate that the
electric conductivity of FGSs can be tuned in a wide range
and, for the largest degree of reduction, by far exceeds the
conductivity of chemically reduced graphene oxide and of
graphene oxide reduced thermally on substrates.

GO was fabricated by oxidizing flake graphite powder
(Asbury grade 3061) in an improved Hummers process.”*
FGSs were prepared by exfoliating and reducing the dry GO
inside a tube furnace (Lindberg Blue M) for 60s at various
temperatures between 500 and 1100 °C under vacuum. To
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obtain more strongly reduced material, FGSs were either left
inside the tube furnace for an extended period of time, or
they were further annealed inside a graphite furnace
(Astro1000, Thermal Technologies) under argon for one
hour. The C/O of the resulting FGS powder was determined
by combustion analysis (Atlantic Microlabs) and energy
dispersive X-ray spectroscopy (EDS, INCA x-act, Oxford
Instruments, attached to Vega 1 scanning electron micro-
scope (SEM), Tescan USA) of compressed FGS pellets. A
compilation of the produced materials is shown in Table 1.

10 mm x 10mm pieces of silicon wafer with a 300 nm
top layer of thermally grown silicon oxide were used as sub-
strates for electrical measurements. FGSs were suspended in
ethanol at a concentration of 0.1 g/l by tip-sonication (Vibra-
cell, Sonics & Materials Inc., CT) for 30 min, followed by
centrifugation at 3000 rpm for 1 h (IEC Centra GP8R centri-
fuge with 218 A rotor). 10 ml of suspension was drop-cast
onto the substrates and allowed to dry at room temperature
overnight. The position of selected individual FGSs with
respect to predefined alignment marks was measured with
optical microscopy (Axioplan 2 with AxioCam HRc, Carl
Zeiss Microlmaging, Inc.), and two electrical contacts were
applied to each selected sheet using e-beam lithography
(eLine, RAITH Inc.) and metal evaporation (Angstrom
Engineering, ~10nm Ti adhesion layer and ~100nm Au)
(Fig. 1(b)) followed by a lift-off.

In order to survey the electrical properties of a large
number of FGSs prepared under different exfoliation and
reduction conditions, their I/V characteristics were tested by
applying voltages in the range from —1 to +1V and record-
ing the current flowing through the devices using a potentio-
stat (263 A, Princeton Applied Research) as power source.
The topography of each sheet was determined with an atomic
force microscope (AFM) in contact mode (Veeco Multimode
with Nanoscope Illa controller). The electrical resistance of
the connection lines was determined independently and
found to be insignificant (typically on the order of a few
Ohms) compared to the resistance of the FGS and the metal/
FGS contact (kQ range).

In addition to the 2-probe method, single pass amplitude
modulated KPFM was used in order to obtain the contact resist-
ance at the metal/FGS interface as well as an independent mea-
surement of intrinsic resistance for 6 additional FGSs with
three different C/Os. The measurement setup and technique are
described in detail elsewhere.**** All electrical measurements
were performed in air at room temperature.

The resistance of in total 25 FGSs was measured by
recording I/V curves in a 2-probe configuration. The meas-
urements for three representative FGSs are shown in
Figure 2(a) and indicate the expected result that the current
at a given applied voltage increases with increasing degree
of reduction. We calculate an overall resistance R of the
three devices of 750 (FGS;3), 162 (FGS,4), and 4.9kQ
(FGS340). After normalizing the I/V curves with respect to
their slope at OV and plotting them on a linear scale
(Fig. 2(b)), we find that the FGS; 3 exhibits a non-linear I/V
curve, while the measurements with more strongly reduced
FGSs yield ohmic behavior (only shown for FGS,, in
Figure 2(b)). Contact-mode AFM images of the contacted
sheets are presented in Figures 2(c)-2(e). They show the
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TABLE I. C/O of functionalized graphene exfoliated and annealed at vari-
ous temperatures as used in this study. The specified errors represent the
standard deviation between at least 5 measurements on each FGS powder.

Exfoliation Annealing Cc/O

500°C, 60s 7.3+0.1
700°C, 60's 7.7+0.7
900°C, 60's 99+ 1.1
1100°C, 60's 24+ 10
1100°C, 10 min 65+ 16
1100°C, 60's 1100 °C, 60 min (Ar) 170 = 40
1100°C, 60's 1500°C, 60 min (Ar) 340 = 60

typical wrinkled morphology of functionalized graphene
caused in part by the presence of functional groups and
defects that induce strain in the carbon lattice"*> and likely
also in part by drying phenomena (capillary forces) during
the sheet deposition from the ethanol suspension. Based on
the lateral dimensions of the area of the FGSs which is
located in between the two gold contacts, we can estimate an
“effective” sheet resistance Rg ¢ for the sheets, yielding val-
ues of 1170, 232, and 8.8 kQ)/sq. From the different average
sheet thickness along cross sections through each of the
sheets (Figs. 2(f)-2(h)), we conclude that the sheets are at
multiple locations folded onto themselves* and likely do not
represent single layer FGSs. Consequently, the single layer
sheet resistance Rg gingle Of the FGSs shown in Figures 2(c)
and 2(e) is likely larger than the values of Rg.s specified
above, as their average thicknesses are significantly larger
than 2 nm indicating a multilayered structure.

However, during the measurement of a large number of
sheets at each C/O, we observed that the scattering between
values obtained from individual sheets of the same C/O
batch is substantial (as previously observed in 4-probe meas-
urements on substrate-reduced graphene oxide**), and that a
thickness correction of the data does not have a significant
influence on the calculated average values of Rg gingie if set
into relation with the measurement error. The scattering of
the data can be seen in the compilation of the results from
the full data set of 25 sheets shown in Figure 3, where the
error bars in the vertical direction represent the standard
deviation of Rg.¢ (see Table II for numerical values) and
horizontal error bars indicate standard deviation between
several independent C/O measurements of the bulk powder.
The large scattering of Rg.¢r is likely due to the combined
effect of fluctuations in the degree of reduction of individual
graphene sheets, variations in the sheet thickness (number of
layers), and inaccuracies caused by non-negligible and vary-
ing contact resistance at the metal contact pads which cannot
be excluded in a 2-probe measurement. (However, also in 4-
probe measurements of graphene oxide reduced
on substrates, large fluctuations were observed®* although
contact resistance effects were eliminated.) Despite the large
scattering in the data for each C/O measured, a clear trend
of decreasing Rgs ¢ With increasing C/O can be observed in
Figure 3, with the average sheet resistance falling by two
orders of magnitude from a value of Rg ¢~ 500k€Q/sq for
FGSs with C/O in the range from 7.3 to 9.9 to a value of
Rs or=7.7kQ/sq for a C/O of 340, individual sheets reach-
ing Rs ofr < 5 kQ/sq.

Appl. Phys. Lett. 102, 023114 (2013)
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FIG. 2. (a) I/V curves for three representative FGSs. (b) Non-linear response
of FGS; ;3 compared to linear response of FGS,4, curves are normalized with
respect to the slope at 0 V. (c)—(e) AFM topography images of the FGSs cor-
responding to (a). (f)—(h) Cross-sections along the lines in (c)—(e).

In order to obtain information about the possible contri-
bution of contact resistance to the data presented above and
to test whether the non-ohmic behavior observed for low
C/O sheets is a sheet-intrinsic phenomenon or perhaps is
caused by the metal-graphene contact, we performed KPFM
measurements on FGS, 3, FGS,,4, and FGS,7,. As illustrated
in Figure 4, where results from two sheets with C/O 7.3 and
24 are compared, we observe a qualitative difference
between the KPFM measurements on FGS; 5 and FGSs at
larger C/O. The low-C/O FGSs exhibited a significant poten-
tial drop at the gold-FGS interface which appeared to be
larger at the source (where the voltage was varied) than at
the drain (held at ground potential at all times). Conversely,
FGSs with larger C/O exhibited only a small potential drop
at the metal contacts in accordance with our previous
study.*? In order to quantify the potential drops across con-
tacts and FGSs, we calculated linear fit curves for the poten-
tial profiles in the contact and sheet regions (as shown in
the lower part of Figure 4(a)) and determined potential dif-
ferences by extrapolation to the edges of the gold contacts
(dashed vertical lines in Figure 4(a)).

In Figure 5, we plot the device current as a function of
the potential drops across source contact (Vs), graphene
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FIG. 3. Compilation of data from a total of 25 sheets measured with the
2-probe technique.
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TABLE II. Sheet resistance measured by 2-probe technique and KPFM and
contact resistances.

Rs ctr Rs ctr Rsource/Rbrain
/o (kQ/sq)(2-probe) (kQ/sq)(KPFM) (kQ)(KPFM)
7.3 520 + 360 430 1000/148
7.7 420 * 340
9.9 560 + 330
24 110 £ 85 21 <1.6/1.9
65 3227 ... .
170 10.1 £5.6 8.7 <0.8/0.9
340 77x1.5

sheet (Vrgs), and drain contact (V). This way, we obtain a
set of three different I/V curves from each individual mea-
surement that reflects the behavior of the contacts and the
FGSs independently and that can be used to calculate the
contact resistances as well as the effective sheet resistance of
the FGSs. For FGS;3;, we measured a pronounced non-
ohmic relationship between current and Vggs, Vprain, and
Vsource- The corresponding maximum effective sheet resist-
ance is 430 kQ/sq. The maximum contact resistances at source
and drain were 1000 and 148 kQ, respectively. A C/O of 7.3
corresponds to an oxygen content of 12%, and thus the sp”
domains that have formed as a result of the thermal reduction
treatment are likely not percolated.® Therefore, the observed
non-linear intrinsic I/V curve is likely due to hopping within
the FGSs, and we contend that the large contact resistance is
related to semiconducting characteristics of the FGS resulting
in a Schottky contact between the FGS and the metallic contact
pad.>*3 The asymmetry of the I/V curves obtained individu-
ally for source and drain contacts is not pronounced. For
Schottky contacts, however, it is expected that while one con-
tact is under reverse bias (high resistance) the other one should
be under forward bias (low resistance) and vice versa, as the
polarity of the source-drain voltage changes.** Since we do not
find clear indication for such behavior in our data within the ac-
curacy of our measurements, we conclude that the Schottky
characteristics are superimposed by the onset of ohmic behav-
ior and by convolution effects caused by the dimensions of the
AFM tip, as demonstrated in a recent KPFM study of Si nano-
wire Schottky junctions.*®

For the FGS,,, we find nearly linear I/V curves for sheet
and contacts, corresponding to an intrinsic sheet resistance of
21kQ/sq. The contact resistances cannot be determined accu-
rately due to the large noise in the voltage data. We estimate
upper limits of 1.6 and 1.9kQ for source and drain contacts,
respectively. Also, for FGSs with a C/O of 170, we measured
a nearly ohmic I/V curve with KPFM, corresponding to an
intrinsic resistance of typically a few kQ and small contact
resistances of less than 1kQ. These observations are attributed
to the existence of a percolated network of sp2 hybridized car-
bon within each FGS at this degree of reduction.’® For all
sheets characterized by KPFM, the overall device resistance
corresponds, within measurement error, to the results from our
2-probe survey measurements. Our KPFM results in terms of
sheet resistance and contact resistance are summarized and
compared to the 2-probe data in Table II.

GO-derived graphene materials with an electrical con-
ductivity comparable to that of our most strongly reduced

Appl. Phys. Lett. 102, 023114 (2013)
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FIG. 4. KPFM data for two FGSs with C/O of (a) 7.3 and (b) 24. Top: Map
of potential measured at a bias of +2 V. Bottom: Topography and potential
profiles at applied voltages between 42 and —2 V along the indicated cross
sections. Through linear fitting and extrapolation to the location of the gold
contact edges (see dashed lines in the potential plot for (a)) the individual
potential drops at source electrode (Vs), across the FGS (Vggs) and at the
drain electrode (Vp) are determined.

FGSs could, on a substrate, only be synthesized by a combi-
nation of chemical and subsequent thermal reduction at
900°C in Ar/H2.24 Thermal reduction alone, without prior
chemical treatment, cannot decrease the oxygen content of
substrate-supported graphene oxide sufficiently*® and thus
yields resistances several orders of magnitude larger than
those observed here. We suggest that in order to obtain resis-
tances of 10kQ/sq and below, a sufficient reduction of both
the oxygen content and the defect density is necessary. Ther-
mally, this can only be achieved at temperatures in excess of
1000 °C at which the onset of structural changes in graphene
has been observed.*’ Defects in the carbon backbone that
emerge upon thermal reduction at lower temperatures, e.g.,
through the reduction of epoxide groups,**° can be reduced
in number through such thermal annealing.*’ Unlike in the
case of substrate processing, with thermally exfoliated and
reduced FGSs such high annealing temperatures can be
achieved, resulting in the low observed resistances. We sus-
pect that the combination of chemical and thermal reduction
on a substrate yields high conductivities because the chemical
reduction step likely results in either the absence or a largely
decreased density of lattice defects compared to thermal
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FIG. 5. I/V characteristics of FGSs and contacts as determined by KPFM,
corresponding to the data shown in Figure 4. Device currents are plotted for
(a) FGS7 5 and (b) FGS,, as a function of the potential drops Vggs across the
FGSs (black squares) and as a function of the potential drops across source
(Vs) and drain (Vp) contact for all applied voltages between +2 and —2 V.
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TABLE III. Sheet resistance of different types of graphene.

Type Rs (kQ/sq)  Reference
FGS, ~400 This work
FGS;340 ~8 This work
Chemically reduced graphene oxide >1000 33
Chemically + thermally reduced graphene oxide 2.7 24
Pristine graphene (no doping, no bias) 6.45 27-29
Pristine graphene (highly doped or biased) <1 30 and 31
Pristine graphene (suspended, n=10"*cm?) 0.028 32

reduction at temperatures up to 1000°C. The subsequent
thermal processing step probably yields C/O and defect den-
sities comparable to the ones achieved in this study. A com-
parison of common types of graphene is shown in Table III.

In summary, we have shown that the thermal exfoliation
and reduction of GO yield FGSs with a wide range of electrical
properties, depending on exfoliation and reduction protocol.
With increasing reduction time and temperature, we observed a
transition from non-ohmic high-resistance (>400kQ/sq) to
ohmic low-resistance (<10k€/sq) behavior, achieving a mini-
mum effective sheet resistance of 5k€Q/sq for an individual
sheet. Using KPFM, we were able to separate the contributions
of intrinsic sheet resistance and contact resistance, showing
that the observed non-linear I/V curves at low C/O are due to a
combination of sheet intrinsic hopping-dominated charge trans-
port and Schottky-type FGS-metal contacts.
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