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Graphene,1�3 a monolayer of carbon atoms forming the basal
planes of graphite, is currently investigated as a candidate

material for high-frequency electronics.4�6 Its extremely high
charge carrier mobilities,7 supported current densities,8 and
thermal stability9�14 along with the recent advances in graphene
synthesis15�17 indicate that its use in technology will soon become
reality. Metal contacts are essential for interfacing graphene but
the surface interaction may modify graphene’s electronic struc-
ture and doping level18�20 and impair the performance of future
graphene electronics.21,22 Experimental information of how
metal deposition affects fundamental properties like the electric
field effect and the electron�phonon coupling in graphene is
however lacking. Importantly, the charge carrier transfer length
across a graphene�metal interface,23�25 a measure that deter-
mines the ultimate scaling limit (pitch) for integrated electronics,
has not yet been directly measured.

In this Letter, we report how gold deposition affects the
physical properties of graphene. By applying inverted oil-immer-
sion microscopy to functioning graphene electronic devices built
on optically transparent substrates, we are able to monitor in situ
the electronic structure, the electron�phonon coupling, and the
charge carrier transfer length in gold-plated graphene as a
function of charge carrier density. Furthermore, we investigate
how the interfacial coupling of graphene and gold affects the local
temperature in operating electronic devices.

For sample fabrication, we grew graphene on copper by
chemical vapor deposition,15 transferred it onto glass substrates
and processed it by using standard lithography and etching
techniques (for details see the Supporting Information). We
deposited gold films with a thickness of 20 nm directly on the
graphene sheet to form the contact electrodes (see Figure 1a). A
solid polymer electrolyte layer26 served as a (top) gate and acted
as a protective coating. Figure 1b shows the electrical transfer
characteristic of such a graphene device. By fitting the experi-
mental data to the model reported in ref 27 (see also the
Supporting Information) we extract the following device param-
eters: the carrier mobility μ = 1400 cm2 V�1 s�1, the residual
carrier density n0 = 2.6 � 1012 cm�2, the electrical-resistance
ratio Rmax/Rmin = 7, and a relatively low contact resistance RC =
340Ω 3 μm, attesting to the quality of the graphene�gold
interface. Further analysis accounts for the fact that the charge
carrier density in the graphene is not a purely linear function of
the polymer gate voltage,26 as shown in the inset of Figure 1b.
Details regarding the extraction of charge carrier densities, n, and
Fermi energies, EF, as functions of the top gate voltage are
outlined in the Supporting Information.
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ABSTRACT: We combine optical microspectroscopy and electronic
measurements to study how gold deposition affects the physical properties
of graphene. We find that the electronic structure, the electron�phonon
coupling, and the doping level in gold-plated graphene are largely preserved.
The transfer lengths for electrons and holes at the graphene�gold contact
have values as high as 1.6 μm. However, the interfacial coupling of graphene
and gold causes local temperature drops of up to 500 K in operating
electronic devices.
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We use scanning laser oil-immersion optical microspectros-
copy in combination with electrical transport measurements to
study the graphene�gold interface in functioning electronic
devices (for details see the Supporting Information). As shown
in Figure 1a, the optically transparent glass substrate of the device
allows for noninvasive and highly sensitive optical measurements
of graphene by means of a tightly focused laser beam impinging
from the underside of the device. With a suitable scanning unit,
we spatially address graphene segments in the device channel and
graphene segments under the gold contacts while the charge
carrier density in the device is controlled by applying external
voltages to gate and gold (source, drain) electrodes.

According to theoretical considerations, the adsorption of
gold on graphene is mainly due to the attractive interaction
between the d-orbitals of gold atoms and the π-orbitals of the
sp2-hybridized carbon. Calculations based on density functional
theory predict a weak chemical bond strength of 0.03 eV per
carbon atom,18 resulting in the idealized packing geometry
sketched in Figure 2a. The chemical interaction at the graphene�
gold interface could modify the Fermi level, the electronic
structure, and the electron�phonon coupling in graphene.

To investigate these changes, wemonitor the energy renorma-
lization and the changes in the coupling strength of the longitu-
dinal optical Γ-point phonon in graphene (Raman-active carbon�
carbon E2g-symmetry vibration, see Figure 2a) through the
Raman G-band28 at 1585 cm�1. Since the energy (Raman shift)
of the G-band phonon depends on charge carrier density,29,30 the
micro-Raman measurement allows us to probe locally both the
electric field effect and the electron�phonon coupling in gra-
phene as we tune the gate voltage in the device. This way, we

spatially differentiate between the gate response of two segments
of the same graphene layer, one segment contacted by gold and
the other one in the center of the device channel, without gold
layer on top.

In Figure 2b, we plot the respective shifts of the Raman
G-band as functions of the Fermi-energy EF. The corresponding
charge carrier density n is plotted as function of EF in the inset. As
we tune EF in the graphene device by sweeping the top gate
voltage across the charge neutrality point, we find that the shift of
the G-band in both graphene segments (i.e., with and without
gold on top) changes at about the same rate. The best fits to the
data in the gold-plated graphene segment deliver (52.1 ( 0.9)
cm�1 eV�1 for EF > 0 and (79 ( 7) cm�1 eV�1 for EF < 0,
respectively. This demonstrates that the electronic structure of
graphene, including the charge neutrality (Dirac) point, is
preserved in the gold-plated graphene segment. Electron and
hole densities in the gold-plated graphene segment (under the
contact; even 2 μm away from the contact edge) reach the same

Figure 1. (a) Schematic of a graphene device with a solid-state elec-
trolyte gate built on an optically transparent glass substrate for studying
the graphene�gold contact from the underneath with a scanning optical
microscope. (b) Electrical transfer characteristics of the electrolyte-
gated, optically transparent graphene transistor. The channel length is
L = 1 μm and the channel width isW = 2 μm. (Inset) Dependence of the
charge carrier density n on gate voltage VTG � VDirac. Figure 2. (a) Ideal configuration of graphene on a (111) gold surface

derived from calculations based on density functional theory. The
Raman-active E2g-symmetry vibration of the carbon atoms (indicated
by arrows) gives rise to the G-band. (b) Energy renormalization of the
longitudinal optical G-band phonon (symbols, experimental data; solid
lines, fit) as function of Fermi energy for graphene (red) and gold-plated
graphene (blue), measured on the same graphene sheet. (Inset)
Dependence of the charge carrier density n on Fermi energy. (c)
Dependence of the G-band line width on Fermi energy. The blockade
of the G-band phonon decay for energies EF e |(pΩG/2|, where ΩG

is the frequency of the G-band phonon, leads to the step-functional
behavior around EF = 0. The calculated step function (dotted line)
displays a width of σmax = 20 cm�1 for EF e | (pΩG/2| and σmin =
8.5 cm�1 for EF > |(pΩG/2|.
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high values as in the polymer-gated graphene segment (in the
device channel). Further data analysis (for details see the
Supporting Information and ref 29) reveals that the electron�
phonon couplings MΓ of the longitudinal optical Γ-point
phonon in both graphene segments (i.e., with and without
gold on top) are identical within experimental error, evidencing
the weakness of the perturbation induced by the gold deposi-
tion. The best fit to the data obtained in the gold-plated gra-
phene segment delivers MΓ = (14 ( 2) eV 3 Å

�1 for EF > 0
while we obtainMΓ = (17( 5) eV 3 Å

�1 for EF < 0, which is in
agreement with results obtained for mechanically exfoliated,
high-quality graphene.29,30

The absence of a horizontal displacement of the two curves in
Figure 2b, or the fact that the minima of the two curves coincide
at zero Fermi energy, attests to the absence of significant Fermi-
level shifts (doping) associated with gold deposition. On the
basis of the model reported in ref 18 and our experimental data,
we estimate an average distance of 3.2 Å between the gold and
graphene layers, close to the theoretical equilibrium separation of
3.3 Å. We attribute the frequency offset of 2 cm�1 between the
two curves in Figure 2b to a residual, charge-density independent
damping of the in-plane, E2g carbon�carbon vibration caused by
the gold adsorption (see Figure 2a).

The similar Raman G band widths (around 20 cm�1) ob-
served at the charge neutrality point in the two graphene
segments (see Figure 2c) as well as their similar gate depen-
dence demonstrate that the decay pathways of optical phonons
in graphene31 are only weakly affected by the deposition of
gold. Landau-damping of the G phonon decay into electrons
and holes29,30 becomes manifest in a step-like functional form
of the G-bandwidth around EF = |(pΩG/2|, where ΩG is the
frequency of the G-band phonon and is even more pronounced
in the gold-plated graphene segment. This indicates that the
gold layer might screen potential heterogeneities, for example,
due to trapped charges, in the dielectric substrate that could
lead to local perturbations of the electron�phonon coupling in
graphene.

An important figure of merit is the charge carrier transfer
length along a semiconductor�metal interface, LT, a measure
that determines the electrical contact resistance Rc.

32 Scaling the
contact width below LTwill reduce the efficiency of charge carrier
injection at the graphene�gold interface and increase Rc. Accor-
ding to theory, the electrostatic potential along the graphene�
metal interface decays exponentially, Φ(x) = Φ0 exp{�x/LT},
and its 1/e-value defines LT (for details, see ref 24 and the
Supporting Information). We use photocurrent microscopy to
measure the transfer length LT at the graphene�gold contact. In
photocurrent microscopy of graphene,33,34 the closed-circuit
photocurrent is proportional to the local potential gradient,
IPC(x) � Φ0(x), that separates optically excited charge carriers.
An exponential tail fit to the measured photocurrent signal
IPC(x) � Φ0(x) = Φ0

0 exp{�x/LT} provides the desired LT-
values.

In Figure 3a, we plot cross sections taken from photocurrent
scan images at the graphene�gold contact in two different carrier
regimes. We find that, despite variations in the vicinity of |x| <
500 nm near the contact edges and residuals away from the
contact edges, the photocurrent amplitude decays exponentially
within the gold contact. In Figure 3b, we plot the experimental
LT-values obtained as a function of charge carrier density
adjusted by the gate. The LT-values for electrons and holes are
symmetrically distributed with respect to the charge neutrality

point with values as high as 1.6 μm. Since the contact resistance is
proportional to LT, the results imply the occurrence of a contact
resistance maximum at the charge neutrality (Dirac) point, in
qualitative agreement with the reported gate dependence of the
contact resistance in chromium-graphene,21 titanium-graphene35

and palladium-graphene24 junctions.
While we find that the electronic structure and the optical

phonons in graphene are only weakly affected by gold deposition,
the thermal coupling mediated primarily by acoustic phonon
interactions across the graphene�gold interface may cause
considerable temperature effects. These effects could strongly
affect electronic device performance and stability. In Figure 4a,
we sketch the experimental arrangement for a current-carrying
graphene device. The scattering of hot charge carriers in the
graphene layer provides a major energy dissipation channel and
heats up the device, leading to thermoelectric effects,25 perfor-
mance reduction and even device failure.

We use optical microthermometry based on the shift of
the Raman 2D band in order to measure the temperature of
graphene in the operating device9 and details can be found in the
Supporting Information In Figure 4b, we compare the tempera-
tures obtained in the channel center of the graphene device with
the temperatures at the graphene�gold contact as function of the
injected electrical dc power Pel = Ids 3 Vds. We find that both
graphene segments heat up linearly as function of Pel, however, at
largely different rates, ΔChannel = (7.4 ( 0.6) K 3 cm

2/kW and
ΔContact = (2.2 ( 0.3) K 3 cm

2/kW. The resulting temperature
difference ΔT between device channel and contact increases at a
rate δ(ΔT) = (5.2 ( 0.8) K 3 cm

2/kW, giving rise to values
as high asΔT = 500 K (see Figure 4c). Such extreme temperature
drops, 25 times larger than values reported for a chromium/
palladium�graphene contact,25 increase the risk of device
breakdown.

Figure 3. (a) Closed-circuit photocurrent amplitudes measured along
the gold�graphene contact for two representative charge carrier den-
sities: n = �5.3 � 1012 cm�2 (hole doping, rings) and n = 4.8 � 1012

cm�2 (electron doping, circles). The characteristic gold�graphene
charge carrier transfer length LT derived from exponential tail fits
(solid lines) is also indicated; the position of the contact edge is at x =
0. (b) Dependence of the gold�graphene charge carrier transfer length
LT on charge carrier density n.
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In conclusion, electronic structure, charge neutrality point,
and electron�phonon coupling of graphene remain nearly intact
upon gold deposition. The charge carrier density at a graphene�
gold contact is not pinned and can be tuned by an electrostatic
gate. The graphene�gold carrier transfer lengths above 1 μm
present severe limitations in the scaling of the gold contact while
the thermal coupling at the graphene�gold interface plays an
important role in the thermal management during electronic
device operation.
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