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ABSTRACT: The high mobility exhibited by both supported
and suspended graphene, as well as its large in-plane thermal
conductivity, has generated much excitement across a variety of
applications. As exciting as these properties are, one of the
principal issues inhibiting the development of graphene
technologies pertains to diﬃculties in engineering high-quality
metal contacts on graphene. As device dimensions decrease, the
thermal and electrical resistance at the metal/graphene interface
plays a dominant role in degrading overall performance. Here
we demonstrate the use of a low energy, electron-beam plasma
to functionalize graphene with oxygen, ﬂuorine, and nitrogen
groups, as a method to tune the thermal and electrical transport
properties across gold-single layer graphene (Au/SLG)
interfaces. We ﬁnd that while oxygen and nitrogen groups improve the thermal boundary conductance (hK) at the interface,
their presence impairs electrical transport leading to increased contact resistance (ρC). Conversely, functionalization with ﬂuorine
has no impact on hK, yet ρC decreases with increasing coverage densities. These ﬁndings indicate exciting possibilities using
plasma-based chemical functionalization to tailor the thermal and electrical transport properties of metal/2D material contacts.
KEYWORDS: Graphene, contacts, functionalization, thermal boundary conductance, contact resistivity
out in refs 8−16 to reduce ρC via the choice of metal and
processing conditions (i.e., resist removal and thermal
annealing postpatterning), it is estimated that ρC must decrease
by at least another order of magnitude before graphene FETs
with channel lengths ⩽1 μm can achieve the required
performance characteristics.7,8
Additionally, there are a multitude of device applications
related to high-power radio frequency (RF) and microwave
(MW) electronics where larger device geometries (length scales
of 1−10 μm) dictate that larger values of ρC may be acceptable.
Several groups17−20 have demonstrated graphene transistors
with cutoﬀ frequencies greater than 10 GHz, indicating their
potential as a possible alternative to GaAs, InP, and GaN in
MW ampliﬁers, mixers, detectors, etc. While these results are
promising, it has also been shown that Joule heating can have a
profound eﬀect on the saturation current and transient
performance of graphene devices, potentially limiting their
applicability for high-power applications.21−24 Because of this,

T

he remarkable electrical1−3 and thermal4−6 properties of
single-layer graphene (SLG) have had a staggering impact
on the research landscape over the past decade. Groups across
the world in engineering, basic sciences, and medicine have
characterized and attempted to exploit these enhanced
properties with the goal of revolutionizing their respective
ﬁelds. One example is the ﬁeld of graphene electronics where
an incredible amount of research has focused on transistors,
sensors, and optoelectronics based on this material. While great
progress has been made toward integrating graphene into many
of these applications, there remain several practical issues that
have hindered the large-scale development of graphene
technologies and led to a migration away from this material
to other two-dimensional (2D) structures such as MoS2.
One such issue relates to diﬃculties associated with
engineering high-quality metal contacts on graphene.7−9 For
ﬁeld eﬀect transistors (FETs), there is a critical channel length
below which the metal/graphene interface is the dominant
resistance in the device, thereby limiting the on-current of the
transistor.7,9 In order to scale-down graphene FETs for high
device-densities, further minimization of the contact resistivity
(ρC) is required. While a great deal of work has been carried
© 2015 American Chemical Society
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Figure 1. Images (a−d) outline the patterning process used to fabricate functionalized contacts. (a) CVD-grown graphene previously transferred
onto 300 nm of SiO2 on p-type silicon is covered with a shadow mask (b) consisting of 16 identical TLM patterns, chemically etched into 25 μm
thick molybdenum stock (Towne Engineering, Inc.). The mask is aﬃxed to the sample with kapton tape and loaded into the chamber for plasma
functionalization (c) with a variety of adsorbates in the areas (red) that remain exposed. Following functionalization, the sample is loaded into a
metal evaporator where metals are deposited (d) onto the same areas that were functionalized previously. (e) Optical plan-view image of the TLM
geometry used in this study after fabrication, including the measured distances between pads. (f) Schematic of the plan-view image in (e) providing
an in-plane illustration of the ﬁnal structure showing the functional groups underneath the gold pads.

Figure 2. (a) X-ray photoelectron spectra of the core level C1s of (from bottom to top) as-transferred, nitrogen, ﬂuorine, and oxygen functionalized
graphene ﬁlms at comparable surface coverages. The envelope line (red) is dashed and the raw data (black) is solid. (b) Raman spectra of (from
bottom to top) as-transferred, nitrogen, ﬂuorine, and oxygen functionalized graphene ﬁlms at comparable surface coverages.

electron spectroscopy (K-Alpha XPS) and micro-Raman
spectroscopy were performed to conﬁrm minimal residual
and structural quality. Physical masks were aﬃxed to the
samples to deﬁne localized processing regions. These masks
were made via chemical etching of 25 μm thick molybdenum
stock by Towne Engineering, Inc. and consisted of 16 TLM
patterns per mask (see Figure 1 for pattern dimensions). The
samples were then individually exposed to electron beam
generated plasmas to introduce chemical moieties to the
exposed areas.27−29 While various plasma sources have been
used in the synthesis and modiﬁcation of graphene,30,31
electron beam generated plasmas are well-suited for chemical
functionalization as they are capable of delivering a ﬂux of
reactive species while limiting the ion kinetic energies to a few
electronvolts.32 Thus, they provide the ability to chemically
modify the graphene without etching or introducing unwanted
physical changes, which is an attribute that makes these plasma
systems particularly attractive for the large scale processing of
very thin or 2D materials. In particular, they have been used to
chemically functionalize CVD-derived graphene on copper,28
CVD-derived graphene that has been transferred to Si/SiO2
substrates,27−29 and epitaxial graphene.33 Fine control over
coverage is achieved by increasing the operating pressure,

the thermal transport between graphene and adjacent layers
(i.e., substrate, gate dielectric, contacts, and so forth) are critical
parameters that must be well understood to ensure reliable and
repeatable performance of future devices.
Without addressing these issues through development of
novel, useful methods to tune thermal and electrical transport
at these interfaces, the immense potential of graphene and
other 2D materials may never be fully realized. This work
reports measurements of the thermal and electrical transport
properties of chemically functionalized gold-single layer
graphene (Au/SLG) interfaces. The cross-plane thermal
transport is measured via time domain thermoreﬂectance
(TDTR) and the in-plane electrical transport is measured for
two-terminal devices using a Keithley source-measure unit
(SMU). Both properties are found to vary as a function of the
percent coverage of functional groups on the graphene,
providing an opportunity to tune the interfacial transport
properties and subsequently oﬀer increased ﬂexibility for future
device design.
Single layer graphene was grown via low-pressure chemical
vapor deposition (CVD) on copper foil and transferred to 300
nm SiO2/Si substrates as outlined in refs 25−27 and detailed in
the Supporting Information. Following transfer, X-ray photo4877
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which serves to increase the ﬂux of reactive species delivered to
the graphene surface.33,34 Patterning via physical masks rather
than by lithographic processes was chosen to avoid the
introduction of unwanted edge defects and minimize the aﬀect
of any residual photoresist on the measurements made in the
study.10
Witness samples of pristine graphene from the same batch of
CVD grown material were functionalized along with the
masked samples to enable representative characterization of the
graphene postfunctionalization. Figure 2 depicts the X-ray
photoelectron spectroscopy (XPS) and Raman signatures
acquired from graphene ﬁlms that were functionalized with a
variety of chemical functional groups at similar coverages.
Figure 2a depicts the XPS spectra of as grown and chemically
functionalized graphene ﬁlms with diﬀerent functional groups
at similar surface coverages. The high-resolution C1s spectra
conﬁrms the introduction of oxygen, nitrogen, and ﬂuorine
functionalities. Deconvolution of the C1s attributes the
subcomponents of pristine graphene to be sp2 C−C (284.4
eV) bonding with a slight asymmetry, sp3 C−C (285.3 eV), and
a small degree of oxygen at 286.3 eV associated with the
presence of native oxygen functionalities likely present on small
artifacts or native surface defects. After functionalization, the
XPS spectra show a variety of diﬀerent chemical moieties for
each functional group type. The nitrogen functionalized
graphene ﬁlm contained 13.2 at % total nitrogen, mostly in
the form of N−sp2−C and N−sp3−C bonds, located at 285.5
and 287.6 eV respectively. An additional peak is observed at
288.8 eV, which can be a combined contribution of CN and
CO functionalities. Tracking of the C1s oxygen functionalities is challenging since C−O and CO have overlapping
binding energy assignments to those of nitrogen functionalities.
Because of the overwhelming oxygen contribution from the
silicon oxide layer on the O1s spectrum, the exact contribution
of oxygen functionalities is diﬃcult to determine. However, it
should be noted that complementary to the C1s, the N1s was
also used to cross check peak identiﬁcations. The N1s spectrum
shows “pyridinic” (N with two carbon bonds) component at
399.5 eV and “pyrrolic” bonding conﬁguration (N incorporated
in ﬁve-membered heterocyclic ring) at 400.4 eV. Taken
together, we can deduce that the bonding structures of the
C−N bonds most likely correspond to N−sp2−C and N−sp3−
C bonds, respectively.29 The ﬂuorinated sample contained a
total of 16.9 at % total ﬂuorine, which is present in the form of
C−CF (286.1 eV), C−F (288.6 eV), C−F2 (290.8 eV), and C−
F3 (292.82 eV). Finally the oxygenated graphene sample
contained 14.6 at % oxygen in the forms of C−O (285.8 eV),
CO (287.3 eV), and O−CO (288.7 eV) species.
Figure 2b depicts the characteristic Raman spectra of the asgrown graphene (black line) with the G (1570 cm−1) and 2D
(2700 cm−1) graphene signature peaks. Conjugation of the six
member ring structure of graphene can become disrupted when
functional groups are introduced to the carbon structure due to
electron sharing or sp 3 -bond formation leading to sp 3
hybridization evident by the presence of a D (1350 cm−1)
peak while reducing the G and 2D peak intensities. Although
the Raman spectra is for samples with comparable surface
coverages, there are clear diﬀerences in the Raman signatures
attributed to the diﬀerences in bonding types and their
inﬂuence over the resulting structural conﬁguration of
graphene. Oxygen, for example, forms a covalent double
bond at a faster rate and more readily than all the other
functional groups at the same surface coverage. A covalent

double bond of such sort would severely impact the structural
integrity of the graphene lattice changing the C−C−C angle
from 120° to close to 115°. The changes of the structural
integrity of the graphene lattice to accommodate the new
covalent double bond to an oxygen causes a “puckering” eﬀect
of the neighboring carbons, making that geometrical structure
sp3 in nature. These structural changes can be tracked by
Raman, and their essence captured by the peak intensities of
the Raman signatures.35,36 Fluorine functionalities, however,
can maintain sp2 hybridization at low F coverage, while sp3
conﬁguration is expected at larger F coverages. Raman
spectroscopy is very sensitive to structural changes, therefore
at comparable surface coverage, oxygen functionalities will
show more pronounced D peaks because they perturb the sp2
hybridization more drastically than nitrogen or ﬂuorine
functionalities.36 The domain size La can be estimated by the
D/G ratio as described by Tuinstra and Koenig37 that shows
that initial pristine graphene domain size was 100 nm and after
funtionalization with ≈6 atom % adatoms the domain sizes
decreased to 1.95, 2.3, and 7.2 nm for oxygen, nitrogen, and
ﬂuorine functionalities, respectively. At even higher surface
coverage ≈10 atom % adatoms, the calculated domain sized
dipped further to 1.9, 2.2, and 2.9 nm for oxygen, nitrogen, and
ﬂuorine, respectively. Combined, the Raman and XPS spectra
of functionalized graphenes demonstrate that even at
comparable surface coverages, the resultant atomically thin
functionalized surface diﬀers dramatically both structurally and
chemically from each other, demonstrating the impact of a few
adsorbates on the surface of graphene.
Two separate sets of samples were fabricated due to certain
requirements regarding the thickness of the Au layer for the
thermal and electrical parts of the study. These sets of samples
were functionalized at diﬀerent times and the deposition
conditions were replicated as closely as possible. For the
thermal studies, 90 nm of Au was deposited on the
functionalized SLG samples for measurement via TDTR. For
the electrical studies, 500 nm of Au was deposited on the
functionalized samples to facilitate probing of the contact pads
with Kelvin (dual-tip) probes. Such a thick Au layer was
required because of diﬃculties encountered while trying to
probe the 90 nm pads in the thermal study. Because the weak
adhesion between the Au/SLG and SLG/SiO2 interfaces, it is
diﬃcult to make electrical contact with the pads without deeply
penetrating the Au ﬁlm and perturbing the interface. While it
was nearly impossible to consistently probe the 90 nm pads, we
were able to make contact to the 500 nm Au pads much more
eﬀectively.
The samples fabricated for the thermal part of the study were
measured using time-domain thermoreﬂectance (TDTR).38
TDTR is a noncontact, optical pump−probe technique utilizing
ultrafast subpicosecond laser pulses to characterize the thermal
transport properties of nanostructured materials and systems.
The details of our measurement system and the analysis used to
extract the thermal properties of interest from the data are
provided in the Supporting Information. Figure 3 shows the
thermal boundary conductance, hK, across the metal/SLG
interface as a function of surface coverage of the various
functional groups on graphene (see Table 1 for exact values). In
addition, hK was measured across the Au/SLG and Au/Ti/SLG
interfaces with no added functional groups between the metal
and graphene. The measured value of 23 ± 0.7 MW m−2 K−1
for the Au/SLG and Au/Ti/SLG interfaces agrees well with
previous work,39 and these results indicate that the inclusion of
4878
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from a phononic point of view on a local scale, the adhesion
between the ﬂuorine-functionalized SLG and the Au layer
above remains weak, resulting in no net enhancement of hK
across the interface. By comparison, plasma functionalization
with oxygen27 and nitrogen29 have both been shown to increase
the surface energy, thereby making the functionalized SLG
sheet more reactive. This is further corroborated by work
showing that the surface energy of graphene oxide is larger than
that of graphene alone,43,44 resulting in increased reactivity.
Here, the addition of oxygen or nitrogen functional groups
increases the surface reactivity and thus improves adhesion of
the metal contact to the functionalized graphene, resulting in an
increased hK.
We oﬀered a similar explanation in our previous work42 to
describe the diﬀerence between oxygen and hydrogen
functionalization at an aluminum/SLG interface, where we
argued that oxygen provides a stronger coupling between
graphene and Al via the formation of Al−O bonds, while
hydrogen leaves the graphene surface inert. In that work, a
100% increase in hK over the value for Al/SLG was observed at
an Al/O/SLG interface with 25 atom % coverage, while an Al/
H/SLG interface of similar coverage exhibited a slight decrease
in hK. While the increase associated with oxygen in the present
work is more modest, the enhancement in hK suggests that the
transport across the metal/graphene interface can be heavily
inﬂuenced by the reactivity of the graphene surface, particularly
in the case of contacts made with less reactive metals such as
Au. This suggests that when designing a metal/graphene
interface for optimal thermal transport, it is important to
consider the surface reactivity of the graphene along with the
choice of metal.
To complement the thermal measurements, the widthnormalized electrical contact resistance (ρC) at these functionalized metal/graphene interfaces were measured via the transfer
length method (TLM). TLM is a widely used technique for
measuring ρC at a metal/semiconductor interface and details
regarding our measurement equipment and the analysis of the
data are provided in the Supporting Information. It should be
noted that 10 TLM structures like that depicted in Figure 1e
were measured for each sample in the study and our reported
values of ρC are determined from the average resistance over all
10 structures. Figure 4 plots ρC across the metal/SLG interface
as a function of surface coverage for a similar set of samples to
those investigated in the thermal part of the study. The value of
ρC for both Au/SLG and Au/Ti/SLG interfaces is essentially
the same (see Table 2 for exact values). This is consistent with
other measurements8,13 of the contact resistance between
graphene and these metals, and highlights an auxiliary
conclusion from this work; the inclusion of a titanium wetting
layer between Au and SLG improves neither the electrical, nor
the thermal transport across the metal/SLG interface. In the
case of oxygenated graphene, ρC increases by more than an
order of magnitude with increasing coverage. For ﬂuorinated
samples, following an initial increase over the nonfunctionalized
case at the lowest coverage, ρC actually decreases with
increasing coverage and approaches the values observed in
the nonfunctionalized contact case (Au/SLG and Au/Ti/SLG).
The diﬀering trends in ρC between functionalization with
oxygen and ﬂuorine are indicative of the potential to engineer
electrical contacts on graphene via the introduction of these
chemical moieties at the interfaces. Central works, both
computational45−47 and experimental,9,11,48,49 on metal/graphene contacts have shown that the choice of metal used for

Figure 3. Metal/SLG thermal boundary conductance (hK) versus
atomic percent coverage of various adsorbates on single layer
graphene. Coverages of approximately 13−15 atom % oxygen or
nitrogen result in a 25−40% enhancement in hK, while functionalization with ﬂuorine at coverages ranging from 11.4−22.1% yields no
enhancement of hK compared to the Au/SLG baseline case.

Table 1. Atomic Percent Coverage of Functional Groups (if
Applicable) and the Resulting Thermal Boundary
Conductance (hK) for the Samples Investigated in the
Thermal Part of the Study
interfacial layer
none (Au/SLG)
titanium (Au/Ti/SLG)
oxygen (Au/O/SLG)
ﬂuorine (Au/F/SLG)

nitrogen (Au/N/SLG)

coverage (atom %)

hk (MW m−2 K−1)

100.00
4.40
14.60
11.40
16.90
22.10
1.00
13.20

22.91
23.29
24.33
32.41
23.61
22.10
24.33
21.41
28.98

the Ti layer appears to have little to no eﬀect on the thermal
boundary conductance. Typically, Ti is used as an adhesion
layer as it is more reactive than Au with a wide array of
materials. Therefore, following other experimental works on the
eﬀect of interfacial bonding on thermal boundary conductance,40−42 one would expect a larger thermal boundary
conductance with an increase in bond strength. The results
here likely indicate that the graphene surface reactivity is
dominating the bonding environment and not the reactivity of
the metal ﬁlm, which we further assert below.
The type of functional group present at the Au/SLG
interface clearly impacts the measured thermal boundary
conductance in diﬀerent ways, and the observed diﬀerences
between the chemical moieties can be explained by considering
the individual eﬀects of the adsorbates on the surface energy of
the SLG. In the case of ﬂuorinated graphene, the formation of
ionic C−F bonds with the out-of-plane π-orbital of the
graphene have been shown to decrease the surface energy of
the functionalized-SLG sheet.27 This decrease in surface energy
will negatively impact the adhesion between the metal and
graphene. While the strong C−F bond should be beneﬁcial
4879
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However, in the oxygen case the Fermi level remains positioned
within the center of the band gap, and the resulting graphene is
best characterized as being in a semiconducting state. An
increase in the sheet resistance (RS) is observed in the
oxygenated samples, which is likely due to the doping of the
graphene adjacent to the metal contacts that occurred while
functionalizing the graphene via physical masks (see inset of
Figure 4 and the discussion in the Supporting Information).
The positioning of the Fermi Level and reduction in
mobility52−54 due to adsorbates are two of the factors that
can explain the 1−2 order of magnitude increase in RS.
Functionalization with ﬂuorine is a bit diﬀerent in that as
coverage increases and the band gap widens, the Fermi Level
moves into the valence band and the graphene remains
semimetallic.36 This downshift in the Fermi Level is attributed
to the interaction of the π-orbitals of the carbon atoms with the
p-orbitals of the ﬂuorine adsorbates and the electron localization that occurs in the C−F bond. While the ﬂuorine
adsorbates do lead to increased scattering and a corresponding
reduction in mobility,36 the increase in RS for ﬂuorinated
graphene is not as dramatic as the oxygenated case due to the
position of the Fermi level in the valence band.
The impact of these adsorbates on the transport properties of
functionalized Au/SLG contacts is two-fold. First, the
distortion of the electronic structure and the shift in position
of the Fermi level of the functionalized graphene will have a
signiﬁcant impact on the nature of the metal/graphene
interaction outlined in refs 45 and 46, as well as the
transmission probability across the dipole created at the
interface.9 The resulting work function of a functionalized
metal/graphene contact will be diﬀerent from that of a
nonfunctionalized contact comprised of the same metal with
a diﬀerence of up to ≈1 eV possible, depending upon the
degree to which the adsorbates screen the chemical interaction
between the metal and graphene.45,46 Second, the diﬀerence in
work function between the metal-covered graphene and the
graphene channel adjacent to the contact will aﬀect the in-plane
transport of carriers between the contact and channel regions.
Some of the factors that contribute to such aﬀects include
charge density proﬁles that exhibit pn junctions within the
transport path47 and screening potentials that can extend for
hundreds of nanometers into the channel.11,47,49
On the basis of these two eﬀects, it would be reasonable to
assume that the inclusion of adsorbates would serve to further
increase ρC as we observe with oxygenated contacts. On the
other hand, the ﬂuorinated contacts exhibit a decreasing trend
in ρC with increasing surface coverage, possibly due to the
aforementioned doping of the graphene adjacent to the metal
contacts. Reference 11 makes an important point that ρC can
change by a factor of 10 depending on the carrier type and
concentration present in the region adjacent to the metal
contact. In that work, they state that such an eﬀect is normally
observed for high-quality contacts and is attributed to the
strong in-plane doping that extends well into the adjacent
graphene. In our ﬂuorinated contacts, the adsorbates at the
edges of the contacts that were not covered in the metallization
step have strongly p-doped the graphene adjacent to the
contacts, eﬀectively increasing the number of conduction
modes available to carriers between the contact and the
channel. Therefore, if the decrease that we observe in ρC with
increasing ﬂuorine coverage can be attributed to an aﬀect
similar to that presented in ref 11 it would suggest that it may
be possible to further decrease ρC at a ﬂuorinated Au/SLG

Figure 4. Width-normalized contact resistivity (ρC) versus atomic
percent coverage of various adsorbates on single layer graphene. The
introduction of oxygen or nitrogen at coverages greater than 5 atom %
causes ρC to increase dramatically. Conversely, while low coverages of
≈5 atom % ﬂuorine causes an increase in ρC, coverages greater than 5
atom % cause ρC to decrease with increasing coverage. The dashed
lines represent contact resistivity values reported for Au/Ti/SLG8 and
palladium/SLG,9 respectively. Inset: Sheet resistance (RS) of the
graphene between the TLM pads due to doping of the graphene
adjacent to the metal contacts that occurred while functionalizing the
graphene via physical masks.

Table 2. Atomic Percent Coverage of Functional Groups (if
Applicable), Sheet Resistance (RS) of the Graphene between
the Contacts, and Contact Resistivity (ρC) for the Samples
Investigated in the Electrical Part of the Study
interfacial layer
none (Au/SLG)
titanium (Au/Ti/SLG)
oxygen (Au/O/SLG)

ﬂuorine (Au/F/SLG)

nitrogen (Au/N/SLG)

coverage (atom %)

RS (Ω/sq)

ρC (kΩ μm)

100.00
4.40
14.60
19.00
5.50
10.91
12.26
9.60

110.75
117.15
148.35
7945.50
21926.50
422.65
200.55
454.55
256.60

7.04
6.11
5.44
166.00
235.00
24.40
12.50
8.15
20.74

the contact has a signiﬁcant impact on their transport
characteristics. The doping of graphene directly underneath
the metal,45,46 as well as in regions adjacent to the contacts47−49
due to 2D conﬁnement can impede charge ﬂow and result in
undesirable behavior, such as contact resistance that can vary as
a function of applied gate bias.7,9,16 Reference 9 suggests that
the intentional doping of the graphene underneath the metal
contacts through nonmetal adsorbates may lead to an increased
number of conduction modes, thereby enhancing both the
cross-plane and in-plane conduction pathways and lowering the
contact resistance. To this point, it is instructive to further
explore the eﬀects of adsorbates on the electronic structure of
graphene to gain insight into their potential impact on ρC.
Calculations of the density of states (DOS) for oxygenated50,51 and ﬂuorinated36 graphene highlight an important
diﬀerence between the use of these two adsorbates.
Functionalization with either adsorbate induces a band gap in
the electronic structure that widens with increasing coverage.
4880
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in part at the Center for Atomic, Molecular, and Optical
Science (CAMOS) at the University of Virginia.

contact to values below that of the Au/SLG control case.
Clearly, additional experiments are necessary to validate these
assertions, but the observed results have signiﬁcant implications
in the engineering of graphene and other two-dimensional
material-based devices.
The presence of chemical moieties between graphene and
gold contacts is shown to aﬀect the thermal and electrical
transport properties compared to unfunctionalized Au/
graphene contacts. Concerning thermal transport across an
Au/SLG interface, we have shown that functionalization with
oxygen and nitrogen enhances the conductance by as much as
40% at coverages close to 15 atom %, which we attribute to the
increased surface energy and subsequently enhanced reactivity
of graphene functionalized with these adsorbates. Conversely,
we ﬁnd that functionalization with ﬂuorine results in little to no
change in the thermal conductance, potentially due to a
decrease in surface energy following functionalization. Regarding electrical transport at similar interfaces, we have shown that
functionalization with oxygen leads to a signiﬁcant increase in
ρC, while functionalization with ﬂuorine can actually decrease
ρC with increasing percent coverage. While the exact
mechanism behind this observation is quite complex, the
experimental results here suggest that it is due in large part to
the presence of ﬂuorinated graphene adjacent to the functionalized contacts that aids the injection and extraction of carriers
between the contact and channel regions. This work
demonstrates the ability to tune both the thermal and electrical
transport properties in graphene/metal contacts, an important
aspect in the development of graphene devices.
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