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Electrical transport studies on graphene have been focused
mainly on the linear dispersion region around the Fermi
level? and, in particular, on the effects associated with the
quasiparticles in graphene behaving as relativistic particles
known as Dirac fermions>~. However, some theoretical work
has suggested that several features of electron transport in
graphene are better described by conventional semiconductor
physics®’. Here we use scanning photocurrent microscopy to
explore the impact of electrical contacts and sheet edges on
charge transport through graphene devices. The photocurrent
distribution reveals the presence of potential steps that act as
transport barriers at the metal contacts. Modulations in the
electrical potential within the graphene sheets are also
observed. Moreover, we find that the transition from the p- to
n-type regime induced by electrostatic gating does not occur
homogeneously within the sheets. Instead, at low carrier
densities we observe the formation of p-type conducting edges
surrounding a central n-type channel.

Graphene is a zero-gap semiconductor and has a novel
electronic structure, with its conduction and valence bands
meeting at the Dirac point?. This characteristic enables the
electrical transport to be tuned between hole or electron
conduction by shifting the Fermi level with an applied electric
field!. Graphene devices thus exhibit ambipolar behaviour,
although with an unexpectedly high conductivity minimum?.
This observation was recently explained by the formation of
electron—hole puddles at the Dirac point, which arise from
charged impurity centres®®!!. However, in contrast to typical
semiconductor devices in which the contacts are optimized in
order to avoid scattering or reflection'?, the detailed
properties of metal contacts with graphene (which might have
significant implications for charge transport in such devices'*%)
have not yet been explored. Another important aspect
requiring further study is the influence of the boundaries of
the sheets, which are expected to significantly influence charge
transport, analogous to the formation of surface states in bulk
semiconductors'?.  Here we wuse scanning photocurrent
microscopy (SPCM) to explore these issues in graphene
monolayers under different device operation conditions.
SPCM has a spatial resolution on the order of 400 nm, which
has previously proved sufficient to map the local electrostatic

For the SPCM measurements, graphene monolayers prepared
by mechanical exfoliation! were contacted by Ti (0.3 nm)/Au
(20 nm) electrodes on Si/SiO, substrates. The Si substrate is used
as a backgate, with a 300-nm thermally grown oxide layer serving
as the gate dielectric. Figure la shows an atomic force
microscopy (AFM) image of a typical device used in this study.
The height of the graphene sheet was determined to be
approximately 1.1 nm, in good agreement with values reported
for measurements performed in air!. Raman spectroscopy was
also used to confirm that the samples comprised a single layer?!.
Four-probe measurements, although not ideal due to the invasive
character of the contacts, indicated that the contacts significantly
contribute to the total resistance of the devices (see
Supplementary Information, Fig. S1). The two-probe drain
current (I;) measured at a constant drain-source bias (V3 = 1 mV)
as a function of gate voltage (V,,) is displayed in Fig. 1b, where
the typical ambipolar behaviour is visible.

SPCM was performed under ambient conditions by scanning
the device through a diffraction-limited laser spot (A = 514.5 nm,
spot size ~0.4 pm, power ~100 kW cm™2), and the reflected
light and the photocurrent recorded simultaneously (see
Supplementary Information, Fig. S2). The optical and
photocurrent images were then processed by the WSxM
package??. The reflection image (Fig. 1c) enabled the local origin
of the photocurrent response within the device to be correlated.
Figure 1d presents a photocurrent image taken at zero source—
drain and zero gate bias, under which condition the device is
close to the Dirac point. The image displays several photocurrent
spots along the sheet, which indicate the presence of local built-
in electric fields that induce a separation of photogenerated
charge carriers analogous to observations on carbon nanotubes
(CNTs)'*°, The existence of such local electric fields is in
agreement with experimentally observed spatial potential
fluctuations associated with the formation of electron—hole
puddles®®. Moreover, the possibility to generate photo-excited
carriers in graphene is corroborated by recent Raman and
visibility studies revealing the optical absorption of graphene at
visible wavelengths?!23-25,

In addition to the relatively weak photocurrent signals along
the sheet, strong responses occur at the two metal contacts
(Fig. 1d). Complete I;— Vg, curves (shown in Fig. le) taken at the

potential of devices containing carbon nanotubes and contacts under illumination provide evidence of the generation
semiconductor nanowires!-20, of an offset photovoltage of around 2 mV, with only a negligible
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Figure 1 Photocurrent response of a graphene device. a, AFM image of a graphene monolayer contacted by four gold electrodes. b, Gate dependence of the drain
current (/,) measured at V,; = 1 mV. ¢, Optical reflection image acquired simultaneously with the photocurrent image. The drain and source electrodes used in the
measurements are indicated. d, Photocurrent image taken at Vg = Vo5 = 0 V. Further measurements were performed by fixing the laser spot at the positions marked by the

black and blue diamonds. e, /;—V,, characteristics recorded in the dark, and with the laser positioned as marked in d. f, Photocurrent detected at the position marked by
the blue diamond as a function of the laser power.
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Figure 2 Spatially resolved photocurrent maps at various transport regimes of a graphene device. The sequence of images display the n- to p-type transition,
as the gate voltage is swept from 30 to —30 V. The dashed lines in the top left image indicate the position of the drain (D) and source (S) electrodes.

resistance change of the device. Furthermore, the photocurrent at  attributed to the presence of electrostatic potential steps at the
the contacts exhibits a linear dependence on the incident laser  contacts'®™'®. According to recent theoretical work, a difference in
intensity, as depicted in Fig. 1f. These two findings can be the work functions of the metal and graphene leads to charge
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Figure 3 Quantitative determination of the potential steps at the metal—graphene interface. a,b, Gate dependence of the dark current measured with Vg = 1 mV
inaand V= 2mVin b (/g black lines) and the photocurrent at the metal—contact interface for Au-contacted devices (a, green) and for Ti-contacted devices

(b, blue). ¢, Plot of the potential step at the metal—graphene interface, as described by equation (1), as a function of the gate voltage. The green and blue lines
correspond to the cases of the Au- and Ti-contacted devices, respectively, where ®,, = 4.7 eV and ®; = 4.3 eV, and AE; was obtained by fitting equation (1) to our
experimental data. The black curve corresponds to the gate dependence of the charge carrier density. The inset schematically illustrates the energy level alignment
at the metal-graphene interface, and the resulting Fermi level in graphene with respect to the Dirac point. The interfacial potential step is denoted as AV, AE;
corresponds to the Fermi level shift due to charge transfer from the contact, and @, and @, are the work functions of graphene and the metal contact, respectively.

transfer at the contact interface'>. Owing to the low density of states
in the vicinity of the Dirac point, this results in the formation of
pronounced interface dipole layers. Such metal-induced doping
has been reproducibly observed in the corresponding SPCM
images of a wide range of samples.

Other interesting observations in Fig. 1d are the strong positive
photoresponse at the centre of the source contact and strong
negative photoresponse at the centre of the drain contact, and
weaker negative and positive photocurrent lobes occurring at the
electrode edges. In order to unravel the origin of this
distribution, SPCM images were acquired in different transport
regimes by varying the backgate voltage. Figure 2 displays such a
sequence of zero bias photocurrent images covering the n- to
p-type transition of a second device. The top left image, which
belongs to the n-type regime, discloses that the photoresponse is
dominated by the contacts, involving a positive photocurrent
throughout the entire source—graphene interface and negative
photocurrent throughout the drain—graphene interface. The
corresponding photocurrent image taken in the p-type regime
(right bottom image) is very similar, except for its opposite
polarity, that is, positive photocurrent at the drain contact and
negative at the source contact. The inverted photocurrent
polarities in the two regimes demonstrate that the magnitude of
the interfacial potential step changes with the gate potential. This
dependence is highlighted in Fig. 3a, where the photocurrent

detected at the centre of the source contact is plotted as a function
of the gate voltage. The sign of the detected photocurrent is
observed to reverse at ~V,, =28V, on the right side of the Dirac
point (corresponding to minimum conductance). For comparison,
we also studied devices with contacts made of a metal with lower
work function (10-nm Ti covered by 5-nm Au). In contrast to the
gold contact case, the latter devices exhibit the zero-current
crossing on the left side of the Dirac point (Fig. 3b). In order to
analyse this difference, we follow the approach of ref. 13 to express
the potential step at zero gate voltage in terms of the work
functions of the metal (®,,) and of graphene (®) and the Fermi
level shift imparted by the metal doping on the graphene flake
(AEp), according to the scheme in Fig. 3c. When the gating-
induced shift of the Fermi level is included, the potential step is
given by

AV = ®,, — D, — AE;

+ sgn(Vg — Vgirﬂc)h vpv/may [V, — Vi (1)

where a=7.2 x 101°%m™2V~! and hv,=5.52 eVA (refs1, 2,
26). By assuming a work function of @, = 4.3 eV for titanium,

®,,=4.7¢eV (accounting for oxygen adsorption from the
ambient?’) for gold, and @, = 4.5 eV for graphene, the potential
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step magnitude can be plotted as a function of the gate voltage and
AE. (see Supplementary Information, Fig. S3). Best agreement
between the measured gate voltage differences between the zero-
photocurrent crossing and the Dirac point is obtained with
AE; = -0.23eV and 0.25eV for the Ti- and Au-contacted
devices, respectively. Consistent with recent theoretical
calculations'®, these values confirm that Ti contacts result in
n-type doping of graphene and Au contacts in p-type doping, with
carrier densities of 5.5 X 10'2 electrons ¢m™2 and 6.5 x 102
holes cm™2, respectively. Furthermore, equation (1) yields
values of —50 meV and 30 meV for the potential step at the
gold/graphene and titanium/graphene interfacial potential steps
at the Dirac point, respectively.

In addition to the contact regions, a gate-dependent
modulation of photoresponse can also be observed along the
graphene flake. Specifically, at higher carrier densities, a weak
photocurrent compared to the contact regions occurs within the
sheet, which is predominantly positive or negative with a few
weak oscillations in the n- and p-type regimes, respectively. By
contrast, closer to the Dirac point the relative photocurrent
intensity within the sheet increases, and randomly distributed
regions of positive and negative photocurrent emerge (see
Fig. 1d). This characteristic indicates that at higher carrier
densities, the local electric fields associated with the barriers at
the contacts become substantially larger than the potential
landscape within the graphene sheet. By contrast, at lower carrier
densities, potential fluctuations associated with charged
impurities gain importance, because the screening promoted by
charge carriers in the graphene flake is reduced.

Furthermore, the course of the n- to p-type transition displays a
nucleation of photocurrent signals of opposite sign (with respect to
the signal detected at the centre of the electrodes) at the metal—
graphene edge interfaces when the gate voltage is decreased
starting from the n-type regime (see Fig. 2). The intensity of
these edge signals rises as V,, is further decreased, and
approaches that at the centre of the electrodes when the Dirac
point is reached. Hence, it can be concluded that in this gate
voltage range, p-type transport prevails at the edges of the
graphene sheet, but in the central region electron conduction is
dominating. Homogeneous p-type conduction across the entire
device, as reflected by coalescing of the edge lobes, requires
decreasing V,, past the Dirac point. The fact that the n- to p-type
transition occurs at different values of V,, for the edges and the
central region of the sheet suggests an altered electronic
structure at the edges, as expected from the symmetry breaking
of the honeycomb lattice. Signatures of pronounced disorder
and the existence of local electronic states have previously been
detected at graphene edges by spatially resolved Raman and
scanning tunnelling spectroscopy?*?®. The overall device
behaviour and the formation of transversal p-n-p profiles close
to the Dirac point can be further visualized through
electrostatic potential maps, obtained to a first approximation
by integrating the photocurrent response (see Supplementary
Information, Fig. S4).

The metal-induced doping of graphene evidenced by SPCM
investigation raises the question as to the impact of electrodes
that are kept at floating potential. As demonstrated in Fig. 4a for
the same device as in Fig. 1, photocurrent signals of opposite
polarity can be observed around the floating electrode located
between the drain and source contacts. This observation is
consistent with the introduction of a local potential dip
displaying gradients of opposite signs at the two faces of the
floating electrode. Upon switching the device from the p- to the
n-type regime (Fig. 4b), the sign of the photoresponses is
inverted, which can be explained by the carrier density being

Figure 4 Invasive nature of metal contacts to graphene. a,b, Zero bias
photocurrent images of the graphene device shown in Fig. 1, with the middle
electrode kept at floating potential (F) at V,, = —50 V and +50 V respectively.
The inset shows a schematic of the electrostatic potential distribution around the
floating electrode. ¢, Optical reflection image of a graphene multi-terminal
device showing the source (S), drain (D) and floating (F) electrodes; the
electrode without a label is not contacted to the graphene sheet. d, Photocurrent
image of the device shown in ¢. The inset displays the photocurrent at the
marked region, with a normalized colour scale to enhance contrast.

pinned below the floating electrode, while within the graphene it
can be effectively modulated through the gate voltage. Similar
signs of the invasiveness of metal contacts on graphene were
observed on multi-terminal devices with floating electrodes at the
periphery of the graphene flake, as depicted in Fig. 4c,d. In this
case, although much stronger photoresponses appear at the drain
and source electrodes, pairs of positive/negative photocurrent
lobes can be discerned around all the floating electrodes.

In summary, the electrostatic potential landscape of graphene
devices has been probed in different operation regimes. To this
end, SPCM proved ideally suited to unravelling local changes in
the electronic structure of the graphene sheets introduced by
their interaction with deposited metal contacts and by local
symmetry breaking/disorder at the sheet edges. These findings
highlight the relevance of both material boundaries and contact
interfaces in the operation of devices comprising two-
dimensional nanostructures. For the future, spatially resolved
photocurrent measurements are expected to provide valuable
information regarding the effect of chemical doping and the
development of multi-terminal graphene devices.

Received 23 April 2008; accepted 29 May 2008; published 29 June 2008.
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