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We study the properties of gold contacts on chemically derived graphene devices by scanning
photocurrent microscopy and gate-dependent electrical transport measurements. In the as-fabricated
devices, negligible potential barriers are found at the gold/graphene interface, reflecting the
noninvasive character of the contacts. Device annealing above 300 °C leads to the formation of
potential barriers at the contacts concomitant with metal-induced p-type doping of the sheet as a
consequence of the diffusion of gold from the electrodes. The transfer characteristics of the
chemically derived graphene devices point toward the suppression of Klein tunneling in this
material. © 2009 American Institute of Physics. �doi:10.1063/1.3270533�

The performance of nanoelectronic devices based on car-
bon nanostructures is strongly governed by the properties of
the implemented electrical contacts.1 In the early stages of
carbon nanotube research, the poor quality of the metal con-
tacts impeded the exploration of intriguing phenomena such
as ballistic conduction or spin injection. Later on, metals
such as palladium were found to provide close-to-ideal con-
tacts, which enabled the realization of ballistic field-effect
transistors �FETs� from individual single-wall carbon
nanotubes.2 Moreover, the availability of suitable ferromag-
netic metal contacts led to the development of spin valves
incorporating carbon nanotubes.3 More recently, experimen-
tal studies of metal contacts on mechanically exfoliated
graphene sheets have revealed the presence of local doping
under the metal contacts,4 a finding in accordance with the-
oretical investigations.5 It has also been experimentally ob-
served that the magnitude of the resulting potential step is
dependant on the difference in work function of graphene
and the contact metal.6

The charge transfer at the graphene-metal interface leads
to a charge inhomogeneity that surrounds the metal contacts
and extends to considerable distances inside the graphene
channel, which manifests itself in a notable asymmetry be-
tween electron and hole conductance in such devices.6

Moreover, the invasiveness of the metal contacts on
graphene can notably influence electrical measurements even
in the four-probe geometry.7 Here we demonstrate that non-
invasive metal contacts can be realized on chemically de-
rived graphene obtained through the graphite oxide route.8,9

This synthesis approach affords a high yield of graphene
oxide �GO� monolayers which are then chemically reduced
to remove the majority of the contained oxygenated func-
tional groups.9–12 Substantial progress has recently been
made toward approaching the electrical performance of ex-
foliated graphene.11,13,14 Compared to micromechanical
cleavage, the chemical synthesis of graphene offers several
advantages for various applications in nanoelectronics, in-

cluding the possibility to deposit high densities of large
monolayers on technologically relevant substrates.9,15 In ad-
dition, GO is a promising starting material for integrated
devices wherein the electrically active graphene regions are
separated by carbon oxide barriers.16 In the present work, we
examine the properties of gold contacts on chemically re-
duced GO �RGO� monolayers by the combination of electri-
cal transport measurements with scanning photocurrent mi-
croscopy �SPCM�. The latter technique has proven to be a
valuable tool for mapping built-in electric fields in devices
based on individual carbon nanotubes17 or exfoliated
graphene.4

Graphite oxide was prepared starting from graphite
flakes according to Hummers method.18 After dispersing the
resulting powder in water with the aid of ultrasonication,
it was deposited on a Si substrate covered with a 300 nm
thick thermally grown SiO2 layer which was modified by
3-�aminopropyl�-triethoxysilane prior to deposition. The de-
posited GO monolayers with sizes of �20�20 �m2 were
then etched using oxygen plasma �200 W, 0.3 Torr, 15 s�,
followed by chemical reduction through two subsequent
steps comprising hydrogen plasma treatment �0.8 mbar H2 at
30 W power for �6 s� and thermal annealing �by inserting
sample in a preheated furnace at 400 °C for 1 h�. Individual
reduced and annealed GO monolayers with heights of
�1 nm, as identified by atomic force microscopy �AFM�,
were contacted with Ti/Au �1 nm/30 nm� electrodes via a
standard e-beam lithography process �Fig. 1�a��, resulting in
a bottom-gated FET configuration. SPCM measurements
were performed using a diffraction-limited laser spot ��
=514 nm, spot size �0.4 �m, power �100 kW cm−2�. For
spatial correlation of the photocurrent response, the optical
reflection and photocurrent were acquired simultaneously.
The acquired AFM, reflection, and photocurrent images were
processed using the WSXM software.19

Electrical characterization of the as-fabricated RGO de-
vices revealed two-probe resistances of 4–7 M� under am-
bient conditions. This range is in good agreement with pre-
vious results obtained from RGO monolayers contacted by
AuPd electrodes.9,20 The reflection image of a device with
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four electrodes is depicted in Fig. 1�b�, while Fig. 1�c� de-
picts the corresponding SPCM image recorded at zero source
drain and gate bias. The latter image reveals numerous spots
of fluctuating sign throughout the sheet. This signal pattern,
which showed only a weak modulation upon sweeping the
back gate voltage between �60 V, reflects surface potential
variations that may arise from defective sp3-hybridized
regions remaining after the chemical reduction,9,21,22 or
from charged impurities located on the substrate akin to sig-
natures of electron-hole puddles in SPCM images of pristine
graphene.4,23 The photocurrent distribution in the as-
fabricated devices clearly differs from exfoliated graphene
with evaporated gold contacts4,23 by the absence of distin-
guishable signals at the contacts. It thus follows that no ap-
preciable potential barriers are present at the interface be-
tween gold and the RGO, resulting in noninvasive contacts.
This conclusion is corroborated by the fact that four-probe
and two-probe electrical measurements on the devices
yielded approximately the same resistance. The absence of
potential barriers may be attributed to the substantial density
of defects �e.g., remaining oxygen-containing functional

groups� contained in the RGO,21,22 which block the forma-
tion of an intimate gold-graphene interface. In order to test
this hypothesis, we investigated the effect of annealing on
the contact properties of the RGO devices. We found that a
treatment above 300 °C �for 1 h under argon atmosphere�
causes a significant change in the SPCM response, specifi-
cally the emergence of pronounced photocurrent signals
close to the contacts, indicative of the creation of local po-
tential barriers �Fig. 1�d��. This change thus signifies the
annealing-induced formation of intimate contacts of gold
with carbon and the subsequent transfer of charge at the
gold-carbon interface.

As a further change after annealing, the transfer charac-
teristics measured under a He atmosphere display a shift in
the current minimum �i.e., Dirac point� toward more positive
gate voltages by �60 V �Fig. 2�a��. Such positive shift is

indicative of p-type doping of the RGO channel. The sheet
doping is likely to originate from the lateral diffusion of gold
atoms from the contacts along the RGO sheet during the
annealing process. Noble metal-induced p-type doping of
graphene has been documented for gold-decorated epitaxial
graphene upon annealing.24 A similar doping effect, as mani-
fested in a pronounced positive shift in the Dirac point, could
also be observed for gold-contacted micromechanically ex-
foliated graphene after annealing under the same conditions
�Fig. 2�b��. However, while in the latter case the slope of the
hole branch �for not too negative gate voltages� remains
largely unaltered, it is strongly reduced in the RGO device.
One plausible explanation for this difference involves re-
duced Klein tunneling in the disordered RGO, which would
impede the charge transport through the potential barriers
formed between the p-doped contact regions and the central
RGO channel whose Fermi level position is modulated by
the applied back gate voltage �Fig. 3�a��. The suppression of
Klein tunneling by the presence of disorder in graphene has
been predicted by theory.25 Support for the relevance of this
effect in the annealed RGO devices derives from the finding
of an increasingly suppressed slope of the hole branch with
the magnitude of the photocurrent signal detected close to
one of the contacts, as is apparent from the plots in Fig. 3�b�
belonging to three different RGO devices that reflect the
sample-to-sample variation despite their identical treatments.
Such trend would be expected on the basis that the photocur-
rent signal is proportional to the local electric potential gra-
dient. It is interesting to note that for the RGO devices at
Vg=0 V, the resistance increase due to the suppression of
Klein tunneling is roughly compensated by the resistance

FIG. 1. �Color online� �a� AFM tapping mode image of an RGO layer
contacted with 4 probes of Ti�1 nm�/Au�30 nm�. �b� Reflection image mea-
sured during the acquisition of the photocurrent images for spatial correla-
tion. ��c� and �d�� Photocurrent images taken at Vds=Vgs=0 V of the as-
fabricated and annealed device �at �300 °C�, respectively.

FIG. 2. �Color online� �a� Transfer characteristics �Ids-Vg curves� of an RGO
device measured at 100 mV bias under helium atmosphere at 240 K before
and after annealing at 300 °C. �b� Comparison of the transfer characteristics
�acquired at Vbias=1 mV� of a micromechanically exfoliated graphene de-
vice before and after annealing under the same conditions as in panel �a�.

FIG. 3. �Color online� �a� Schematic representation of the potential barriers
formed within an annealed RGO device at zero back gate voltage. Upon
application of a back gate voltage, the Fermi level of the p-doped regions
close to the gold contacts would remain pinned, while it would be shifted
within the central graphene channel. �b� Transfer characteristics of three
different RGO devices �after annealing at 300 °C� exhibiting different mag-
nitudes of the photocurrent signals detected close to one of the electrodes.
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decrease due to gold-induced p-type doping, whereas the lat-
ter effect is predominant in the exfoliated graphene device
which accordingly displays a resistance decrease at Vg
=0 V �Fig. 2�.

In summary, our data provide evidence for the inherent
defective nature of chemically derived graphene prepared by
the GO route due to which the direct evaporation of gold
results in noninvasive contacts characterized by the absence
of potential steps. This behavior is in contrast to exfoliated
graphene, wherein metal contacts principally generate mac-
roscopic charge inhomogeneities which interfere with four-
probe measurements. At only moderately high temperatures,
both types of graphene are prone to diffusion of gold atoms
from the contacts, a property that should be considered in the
future fabrication of graphene-based devices.

The authors acknowledge Dr. Yan Yu Liang and Dr. Xin-
liang Feng from Max Planck Institute for Polymer Research,
Mainz for providing high quality GO suspensions.
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