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ABSTRACT: The electrical contact resistance at metal�graphene interfaces can signi�cantly degrade the properties of
graphene devices and is currently hindering the full exploitation of graphene’s potential. Therefore, the in�uence of
environmental factors, such as humidity, on the metal�graphene contact resistance is of interest for all graphene devices that
operate without hermetic packaging. We experimentally studied the in�uence of humidity on bottom-contacted chemical-vapor-
deposited (CVD) graphene�gold contacts, by extracting the contact resistance from transmission line model (TLM) test
structures. Our results indicate that the contact resistance is not signi�cantly a�ected by changes in relative humidity (RH). This
behavior is in contrast to the measured humidity sensitivity –( )0.059 0.011 %

% RH
of graphene’s sheet resistance. In addition,

we employ density functional theory (DFT) simulations to support our experimental observations. Our DFT simulation results
demonstrate that the electronic structure of the graphene sheet on top of silica is much more sensitive to adsorbed water
molecules than the charge density at the interface between gold and graphene. Thus, we predict no degradation of device
performance by alterations in contact resistance when such contacts are exposed to humidity. This knowledge underlines that
bottom-contacting of graphene is a viable approach for a variety of graphene devices and the back end of the line integration on
top of conventional integrated circuits.
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� INTRODUCTION
Since its discovery,1 graphene has attracted much attention
because of its fascinating electronic properties. �-Bonds of
neighboring carbon atoms provide delocalized electrons, which
account for its high conductivity and charge carrier mobility.2

These properties lead to a wide range of potential applications
in electronics.3 Graphene’s electronic properties are eminently
sensitive to changes in its environment. Consequently,
graphene has been employed in sensors with outstanding

sensitivity.4�7 Gas and humidity sensing based on graphene
have been studied intensively, whereby graphene has
demonstrated fast response and recovery times.8�13 The
humidity sensitivity of graphene is caused by direct adsorption
of water molecules onto its surface and can therefore be
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inhibited by a covering passivation layer. This enables
simultaneous integration of graphene-based humidity sensors
with other graphene components.14 Similar e�ects and
preventative strategies were identi�ed for other atomically
thin materials such as molybdenum disul�de (MoS2).15

Electrical contacts to graphene are formed either by metal
deposition on top of graphene (top-contacting) or by
transferring graphene on top of existing metallization
(bottom-contacting). Top-contacting is the predominant
approach for experimental graphene devices. However,
bottom-contacting has potential advantages because it reduces
the number of process steps after the graphene transfer, which
reduces the risk of defect formation and potential sources of
residues on top of the graphene sheet. For the same reason,
bottom-contacts are advantageous for the realization of devices
with suspended graphene and enable the integration of
graphene at the back end of the line of conventional
semiconductor process �ows on top of integrated circuits
with metal interconnects.5,16,17 One limiting factor in
developing high-performance graphene devices is the contact
resistance at the metal�graphene interface�a high contact
resistance can signi�cantly degrade device properties.18�20

Therefore, a number of studies have investigated how to
characterize and reduce the resistance of metal�graphene
contacts.21�26 Cadore et al. found that the naturally created
heterojunction at metal�graphene contacts is modulated in an
asymmetric and reversible manner by hydrogen molecules at
the metal�graphene interface.27 However, to our knowledge,
no experimental investigation of the in�uence of humidity on
contact resistance has been reported. For top-contacts, the
covering metallization impedes direct adsorption of water
molecules onto the graphene surface, although it is plausible
that molecules di�use between the layers to the metal�
graphene interface.11,27 In contrast, bottom-contacted gra-
phene is exposed to the ambient gas atmosphere and water
molecules certainly adsorb on its surface. The potential

in�uence of humidity on the metal�graphene contact
resistance is of interest for all graphene devices that operate
without hermetic packaging in a potentially humid environ-
ment because their performance might be subject to variations.
Examples of such applications include electronic and spintronic
devices, photodetectors and modulators in optical systems,
nanoelectromechanical sensors, �exible and transparent
electronics, as well as graphene-based components for energy
storage.5,13,17,28�30 In general, experimental work on graphene
devices in laboratory environments is likely to be in�uenced by
variations in humidity because prototype devices are typically
neither packaged nor hermetically sealed.

In this work, we study the in�uence of humidity on contact
resistance in bottom-contacted chemical-vapor-deposited
(CVD) graphene devices, by experimentally extracting the
contact resistance from transmission line model (TLM) test
structures at various humidity levels. To this end, we compare
the sensitivity of graphene’s sheet resistance and contact
resistance to variations in humidity. In addition, we employ
density functional theory (DFT) simulations to investigate the
e�ect of adsorbate water molecules on the electronic structure
at the gold�graphene interface.

� RESULTS AND DISCUSSION
A TLM device consists of a graphene patch placed on an
electrically insulating substrate with multiple metal electrodes
of various spacings (Figure 1c). The measured resistances
between neighboring electrode pairs are used for a TLM
evaluation which determines the contact resistance between
the graphene sheet and the metal electrodes. Furthermore, the
TLM evaluation yields the sheet resistance of the graphene
patch.

Schematics of the device fabrication and a colorized SEM
picture are shown in Figure 1a�c, while additional details are
provided in the Methods section. A layer of 300 nm SiO2
(silica) was formed by thermal oxidation of a p-type doped

Figure 1. (a�c) Schematic process �ow of TLM device fabrication: (a) Thermal oxide (300 nm thick) was grown on a silicon substrate. (b) Metal
electrodes were deposited by evaporation and structured using a lift-o� process. (c) Graphene was transferred to the substrate and etched into a
rectangular patch using O2 plasma. Bottom right: Colorized scanning electron microscopy (SEM) picture of a TLM device with gold contacts
(yellow) and a 60 �m wide graphene area (blue). (d) Manual probe station for device characterization. The inset shows a device contacted by
probe needles and the reference humidity sensor at the bottom-right. (e) Schematic illustration of water molecules adsorbing on the graphene
surface. (f) Measured resistance change of a graphene device (60 �m by 24 �m) as the relative humidity (RH) is decreased.
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