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a b s t r a c t
The unique characteristics of graphene have generated much excitement due to its utility across a variety of applications. One of the principal issues inhibiting the development of graphene technologies pertains to difﬁculties
in engineering high-quality metal contacts on graphene. In this regard, the thermal transport at the metal/
graphene interface plays a signiﬁcant role in the overall performance of devices. Here, we demonstrate the use
of electron beam produced plasmas to chemically modify graphene and how these modiﬁcations can be used
to tune the thermal transport across metal-graphene interfaces. We show that the operating conditions of the
plasma can be adjusted to control the character and quantity of chemical moieties at the interface. Typically,
when changes in the surface chemistry favor an increase in adhesion between the graphene and metal, the thermal boundary conductance can be notably improved. Interestingly, the conventional approach of adding a titanium “wetting layer” to improve metal adhesion did not improve the thermal boundary conductance at gold
contacts.
Published by Elsevier B.V.

1. Introduction
As research continues to highlight the unique features of graphene
and related materials, there remains a demand to develop industrially-scalable, processing approaches and device architectures that can
bring them to market. Graphene-based electronics is an application
space that is notably rich in challenges [1]. One of those, which has
been considered for quite some time, is associated with metal contacts
on graphene. In particular, improving the electrical contact resistance
at [2] and heat transfer across [3] the metal-graphene interface is critical
for device development. The latter motivates this work.
Heat ﬂows through material as energy carried by electrons and/or
phonons [4] and so, the thermal conductance across an interface depends on their transport across the boundary. In other words, the thermal conductance (or resistance) across an interface depends on how
easily free carriers pass through and/or vibrational modes couple across
the interface of two materials. Not surprisingly then, the heat ﬂow
across graphene-metal interfaces is dependent upon the type of metal
[5,6] and will be strongly affected by the interfacial roughness, [3,7]
the presence of chemical defects [8,9], the number of graphene layers
[10], and the substrate on which graphene resides [11,12]. While both
electrons and phonons participate in thermal transport broadly, in the
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case of graphene-metal interfaces, it is generally accepted that the thermal conductance is largely determined by phonons rather than electrons [3,7,13,14]. Thus, like other systems, [15,16] improving the
bonding or adhesion between the graphene and metal contact should
improve thermal transport.
In our previous works [8,9], we showed that chemical moieties located between the metal and graphene inﬂuence the thermal transport
across metal-graphene interfaces. The chemical moieties were introduced via plasma functionalization using electron beam generated
plasmas. Plasma-based processes are readily scalable to meet the
demands of wafer-scale fabrication and thus, when paired with largearea graphene growth techniques [17,18], provide a path toward
industrial-level production of graphene-based electronics. While many
different plasma sources have been used to functionalize or process
graphene [19,20], electron beam generated plasmas are well-suited
for graphene processing as they are capable of providing large ﬂuxes
of very low energy ions [21], which is an important factor in avoiding
the damage to delicate structures often associated with conventional
discharge plasmas [22]. Thus, with the appropriate choice of operating
conditions, the type and amount of functional groups can be introduced
at the metal-graphene interface and used to regulate the cross-plane
thermal conductance.
In this work, we demonstrate the connection between the plasma
operating parameters and graphene functionalization using plasma/
system diagnostics. Speciﬁcally, we show how increasing the pressure
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leads to an increase in species production and thus functional group
density. Then, using new and previously published results, we examine
the relationship between adhesion and thermal boundary conductance
at metal-graphene interfaces. In particular, we explore the relationship
between chemical modiﬁcation, surface wettability, and thermal
boundary conductance. The results indicate that, with the exception of
hydrogen-functionalized graphene, thermal boundary conductance increases when the functionalization leads to a more hydrophilic
graphene surface. We also show that interfacial titanium layers do not
signiﬁcantly enhance thermal boundary conductance.
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The details of sample preparation can be found in refs [8,9]. Succinctly,
single layer graphene was grown via low-pressure chemical vapor
deposition (CVD) on copper foil [31] and transferred to 300 nm SiO2/Si
substrates via a standard wet chemical transfer technique [32]. Following
transfer, the samples are assessed for quality and cleanliness and only
those deemed sufﬁcient were used for further study. For plasma processing, multiple samples were processed at each condition, where at least
one is used for surface characterizations and the other was then metalized
using e-beam evaporation. For this work, we examine both aluminum
and gold contacts but in each case the thickness is 90 nm. For comparison,
sets of sample that were not plasma functionalized as well as those prepared with a thin (2 nm) titanium (Ti) wetting layer were also metalized.

2. Processing system and experimental approach
2.1. Plasma processing system
The large area plasma processing system (LAPPS) is NRL-developed
technology that employs magnetically-collimated, sheet-like electron
beams to generate similarly sized plasma sheets for use in materials
processing [23,24]. A schematic of the processing system is shown in
Fig. 1. The base conﬁguration is relatively simple, consisting of an electron beam source, slotted anode, termination anode, sample holder,
and magnetic ﬁeld coils. While these components are considered critical, there is signiﬁcant ﬂexibility in their design and operation. Typically,
1–3 keV electron beams with current densities of 1–5 mA/cm2 are used.
Co-axial magnetic ﬁelds of 100–300 G are used to collimate the electron
beam and thus improve uniformity along its length [25]. These parameters are sufﬁcient to produce uniform plasma sheets compatible with
typical wafer-scale systems (diameter ≤ 300 mm) operating at low pressures (b100 mTorr).
For the results described here, the plasma processing system [26]
and its operation for the processing of graphene [27,28,29,30] has
been previously described in detail. Brieﬂy, the system vacuum was
maintained by a 250 l/s turbo pump, with a base pressure ~10−6 Torr.
The operating pressure was achieved by introducing Ar (purity N
99.9999%) and reactive gas of choice (purity N99.999%) through the
mass ﬂow controllers and throttling the pumping speed using a manual
gate valve. The reactive gas ﬂow was always 5% of the total ﬂow.
The electron beam was produced by applying a −2 kV pulse to a linear hollow cathode for a duration of 2 ms at a frequency of 50 Hz. The
emergent beam passed through a slot in a grounded anode, traversed
the gas, and was then terminated at a second grounded anode located
further downstream. The electron beam volume between the two anodes deﬁnes the ionization source volume, with the dimensions set by
the slot size (1 × 25 cm2) and the anode-to-anode length (40 cm). A
magnetic ﬁeld of 150 G was produced by a set of external coils. The samples were placed on a 10.2 cm diameter stage located 3.0 cm from the
electron beam axis. The stage was ground and held at room
temperature.

2.2. Plasma diagnostics
The plasma characterization experiments utilized a separate reactor
dedicated for such efforts. The details of that system can be found in previous work [33,34]. It is worth noting however, that the diagnostic reactor utilizes a cylindrical electron beam that runs continuously, rather
than a sheet electron beam that is pulsed. Although there will be some
differences between the two systems, the important physics will be
similar. All other conditions were nominally the same so that the general trends can be compared. Of interest are the bulk plasma characteristics as a function of operating conditions and to accomplish this,
Langmuir probe measurements were performed using previously described data acquisition [33,34] and analysis [35] techniques,
2.3. Surface characterizations
Ex-situ surface diagnostics were performed using an X-ray photoelectron spectroscopy (K-Alpha XPS) system to identify the presence
or absence of chemical elements. Surface composition was determined
by ﬁtting the high resolution elemental spectra of the C1s, F1s, N1s,
O1s, etc. peaks using commercially available Uniﬁt software. In the
case of hydrogen functionalization, coverage was estimate by comparing the sp2/sp3 ratio in the C1s peak. The concentration of primary
amines was determined using chemical tagging with a ﬂuorine-containing molecule, which is readily quantiﬁed by XPS [27].
Static contact angle measurements were performed using an automated digital goniometer (AST Products, Inc.) equipped with a dispersing needle holder. Liquids with known surface properties (water,
ethylene glycol, and diiodomethane) were placed on the graphene
with a micro-syringe dedicated for each liquid. Once the micro-syringe
is inserted in the needle holder, a 1 μl droplet is extruded while the
graphene is raised perpendicular to the needle holder. Contact angles
of both sides of three independent drops were averaged for each sample. As a reference, the water contact angle on uniform, as-transferred
graphene is found to be ≈ 90°–100°. Contact angles typically vary by

Fig. 1. The large area plasma processing system (LAPPS), which employs an electron beam generated plasma. (Left) An image of the plasma, and (Right) a schematic diagram of the
processing reactor used in this work.
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no more than ±2.0°. The surface energy was estimated using the Van
Oss-Chaudhury-Good model [36].

2.4. Thermal boundary conductance
The thermal boundary conductance across the metal/graphene interfaces was measured with time domain thermoreﬂectance (TDTR)
[4,37,38,39,40]. Much of the speciﬁc procedures and results reported
here are detailed in our previous works [8,9]. TDTR is a pump-probe
technique that relies on the principle of thermoreﬂectance of materials
[41,42,43,44,45] to relate the measured change in reﬂectivity at the surface of a material to the transient change in temperature as a function of
time after an ultrafast pump heating event. By utilizing ultrafast laser
sources (sub-picosecond) and mechanical delay stages during a TDTR
measurement, the thermoreﬂectance signal can be monitored with
temporal resolution from b 1 ps to several nanoseconds. This temporal
“cooling curve” can then be related to a multilayer heat equation to determine the various thermal properties of the sample of interest. Given
the ultrafast temporal resolution in a typical TDTR experiment, the sensitivity to heat transport on the nanoscale is high enough to measure the
thermal conductivity of materials with length scales less than one-micron and the thermal boundary conductance across material interfaces.
For example, it takes ≈100 ps for heat to diffusive across a 100 nm ﬁlm
with relatively high thermal conductivity (such as Al or Si), and ~1 ns
for heat to effuse from one nanomaterial to another across an interface
[46,47]. This is well within the capabilities of a typical TDTR experiment
utilizing sub-picosecond pulses.
To provide more quantitative detail, Fig. 2a shows a schematic of the
major components of a typical TDTR layout. Our speciﬁc TDTR set-up is
utilizes a Ti:Sapph oscillator with ≈ 90 fs pulses centered around
800 nm emanating at an 80 MHz repetition rate. The pulse energy
emerging from the laser cavity is split with a variable beam splitter
into a pump path and a probe path. The pump beam is modulated by
an electro-optic modulator (E.O. Modulator) driven by a linearly-ampliﬁed 11.39 MHz sinusoid, and then converted to 400 nm wavelength
light using a BiB3O6 (BiBO) crystal, [48,13] while the probe beam is
sent down a mechanical delay stage to delay the arrival of the probe relative to the pump at the sample surface. A photodiode and lock-in ampliﬁer (SRS 844) are used to monitor the ratio of the in-phase (Vin) and
out-of-phase (Vout) signals from the reﬂected probe beam at the modulation frequency of the pump. This ratio is monitored as a function of
delay time to construct the “cooling curve” shown in Fig. 2b. This data
set (TDTR ratio as a function of pump-probe delay time) is then related
to a multi-layer thermal model accounting for modulated heating from
a pulsed laser source and accumulation of thermal energy from the
pulses, as described in detail in several references [4,37,38,39,40].

The thermoreﬂectance signals acquired using TDTR were ﬁt to a two
layer model (90 nm metals on semi-inﬁnite SiO2) to extract the thermal
boundary conductance between the metal and SiO2. The decision to
treat the SiO2 layer as semi-inﬁnite is valid due to the extremely shallow
thermal penetration depth of the thermal wave in this case. Due to the
low thermal conductivity of the SiO2 (ΚSiO2 = 1.28 W m− 1 K− 1 at
room temperature) [49] and the 11.39 MHz modulation frequency of
the pump beam, the thermal penetration depth (δ) in this particular instance is approximately 150 nm. As a result, the thermal wave induced
by the modulated pump beam will only propagate about half way into
the 300 nm layer of SiO2 and the modulated TDTR response will not
be sensitive to the Si substrate, nor to the interface conductance between the SiO2 and Si. Three TDTR scans were performed on each sample in the study to account for measurement uncertainty, and an
additional uncertainly of ±3 nm in the thickness of the 90 nm metal
transducer layer was included when ﬁtting the TDTR data to the multilayer thermal model.
When ﬁtting the data to the model, the SiO2 was ﬁxed at its literature
value and the only free parameter was the metal/SiO2 thermal boundary
conductance, which includes the graphene monolayer. However, any
contribution from the atomically-thin graphene sheet is assumed negligible, which has been conﬁrmed in previous works [50,9]. The value extracted from the ﬁt is actually an effective conductance which is a sum of
the contributions from the interfaces on either side of the graphene,
given by,

−1
−1
−1
hK;metal=SLG=SiO2 ¼ hK;metal=SLG þ hK;SLG=SiO2

ð1Þ

where hK is the thermal boundary conductance, or Kapitza conductance,
at each interface [51,52,53]. From the measured total conductance and
the literature value for the thermal boundary conductance at an SLG/
SiO2 interface (≈85 MW m−2 K−1) [11], Eq. (1) can be used to determine the conductance across the functionalized metal/SLG interfaces.
3. Results and discussion
3.1. Plasma characterization and processing
In plasmas formed by injecting high-energy electron beams into a
gas background, the basic inelastic processes leading to species production – ionization, dissociation, and excitation – are the same as those in
discharge plasmas commonly used for processing. However, the
resulting species densities and energies can be signiﬁcantly different
[21] due to the large difference in energies of the electrons that drive
production. In typical discharges, species are produced by a low energy
distribution of plasma electrons (Te ≈ few eV) that have been heated

Fig. 2. (a) Major components in the TDTR experiments as described in the text along with (b) example TDTR data.
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via an applied electric ﬁeld to overcome the elastic and inelastic electron
collisions that reduce their energy, such that some fraction of the
resulting electron population is energetic enough to sustain the plasma
through ionization. In contrast, species production in electron beam
generated plasmas is largely due to high-energy beam electrons
(Ebeam ~ keV) and, in the absence of externally applied electric ﬁelds,
plasma electrons rapidly cool to very low energies (Te ≤ 1 eV). As a result, one ﬁnds very different species production rates and relative species densities which leads to a unique ﬂux of photons, chemically
active species, and ions at adjacent surfaces.
The production of species via energetic electron beams can be
written as,
Si ¼ k Jb Ni σ i

ð2Þ

where Jb is the beam current density, Ni is the number density of the
parent molecule or atom, σi is the cross section for species production
(for a given beam energy), and k is a proportionality coefﬁcient [21].
There are several important implications derived from Eq. (2) that distinguish electron beam produced plasmas from their discharge counterparts. Relevant to this work, however, is the fact that a given species
production will be proportional to the relative density of its parent molecule or atom and beam current. The results of Fig. 3 illustrate this point.
The cathode current, show in Fig. 3a, depends on both the type of reactive gas used and the operating pressure. The differences between
gases is assumed to be related to differences in ion-induced secondary
emission [54] and the rich gas-phase kinetics associated with the different reactive gas backgrounds. Importantly, the cathode current increases as function operating pressure, regardless of the gas type. If
we assume the beam current scales with cathode current [26], then
one would expect the production of species to increase more than linearly with pressure.

Fig. 3. Characteristics of electron beam generated plasmas produced in a variety of gas
mixtures as a function of operating pressure. The indicated reactive gas is 5% by ﬂow.
Shown are (a) the cathode current along with corresponding (b) charged particle
density and (c) plasma potential. The increase in plasma density and minimal change in
plasma potential with pressure suggest and increase in ion and reactive neutral ﬂux at
the surface but no change in ion energy as pressure increases.
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The plasma density, shown in Fig. 3b, evolves according to the continuity equation, which for a steady state plasma is given by,
−Di ∇2 ni ¼ Si −Li

ð3Þ

where Di is the diffusion coefﬁcient, ni is the density, Si is the source
term, and Li is the loss term. While diffusion to the walls determines
the evolution of noble gas plasmas, gas-phase reactions dominate the
evolution of plasmas produced in backgrounds containing even small
amounts of molecular gases [55]. Thus, ones ﬁnds that charge exchange,
electron-ion recombination, electron attachment, etc., included in the
production and loss terms on the RHS of Eq. (3) are responsible for
the spatio-temporal proﬁles of the charged particles. And so, while the
plasma density generally increases with increasing pressure, it does
not do so in a linear manner. Also note that the production of reactive
radicals is expected to increase with increasing pressure since they too
are created via the high energy electron beam [56,57]. While a full accounting of all the species and a detailed understanding of their evolution are important, the point of the results are that the production of
charged and neutral plasma species increase as the pressure increases.
Lastly, the results of Fig. 3c show that, the plasma potential is low
and independent of the operating conditions for all mixtures except
Ar/SF6. Although it does vary by a factor of two in that mixture, it remains below 4.5 V. Thus, while the ﬂux of plasma species at a surface
will increase with increasing pressure, the energy of the ions at the surface will not exceed 5 eV [21]. Ions with energies of this magnitude are
well below that required to disrupt graphite [27] but sufﬁcient to stimulate surface reactions [20].
Taken together, the above results suggest that an appropriate “knob”
to control the processing of material in this system is pressure, where elevating the pressure increases the dose of reactive species and energetic
ions at the surface. Importantly, the dose can be controlled independent
of ion energy. These concepts are reﬂected in the results shown in Fig. 4,
where the relative concentration of functional groups on the surface of
graphene increase with increasing operating pressure [8,27,29]. Here,
the concentration of the particular functional group (as indicated in parenthesis) is derived from the XPS spectra. As expected, the structure of
the graphene changes with the addition of chemical moieties, leading

Fig. 4. The concentration of functional groups incorporated into the surface of graphene
versus the operating pressure during plasma processing. The legend indicates the
operating background gas (e.g. Ar/N2) and associated functional group (e.g. N). Each
functional group concentration was derived from XPS spectra. Like the plasma density in
Fig. 3, the functional group concentration in each operating background is found to
increase with increasing operating pressure. The results indicate functional group
concentration on the surface is related to ﬂux at the surface.
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to, for example, a transition from sp2 to sp3 hybridization. While the degree of perturbation increases with increasing coverage [28,30], no erosion or etching of the carbon backbone has been observed for the
conditions used here. A detailed analysis of the C1s high-resolution
spectra as well as Raman spectra for O-, N-, and F-functionalized
graphene for select process conditions can be found in [8,28,29] while
XPS survey spectra and Raman spectra for NH2-functionalized graphene
can be found in [27].
Although it is tempting to draw a detailed connection between the
density measurements (Fig. 3b) and the ﬁnal surface concentration in
Fig. 4, the density measurement does not account for the rich variety
of reactive neutrals and ions within the plasma, their transport to the
surface and how each interacts with the surface. A detailed chemical
and structural analysis of the surfaces indicate that the bonding characteristics evolve as the coverage increases [30], suggesting a set of surface
reactions that are coverage dependent. As a speciﬁc example, consider
the results for graphene exposed to Ar/NH3 plasmas [27]. The amount
of N-containing functional groups increases in a linear manner with
pressure while the primary amine concentration does not, which cannot be simply understood in terms of increasing plasma density or
ﬂux to the surface. Nonetheless, the results clearly show that by using
the appropriate reactive gas and operating pressure, it is possible to control the type and concentration of chemical moieties on the surface of
graphene, which can be used to control the characteristics of the
surface.
Graphene is inert and so increasing its reactivity toward other materials has been of interest. In the context of the work here, chemical
functionalization can be used to modify the surface energy in an effort
control the interaction with deposited thin ﬁlms. Changes in measured
contact angle and surface energy after functionalization are shown in
Table 1. In previous work [28], the connection between contact angle,
surface energy and adhesion in oxygen- and ﬂuorine-functionalize
graphene was investigated. The presence of oxygen yielded a more hydrophilic surface that was characterized by a higher surface energy and
adhesive forces. The addition of ﬂuorine provided the opposite results; a
hydrophobic surface with lower surface energy and adhesive forces.
The results of Table 1 show ﬂuorination to be unique in the ability to
create a more hydrophobic surface. Indeed, water contact angles are
lower and surface energy higher when O, N, H, and NH2 moieties are
present. The values depend on the functional group type and, while
the hydrogen coverage is not well known, the trends agree with previous work [27] showing an increase in hydrophilicity with coverage.
Thus, with the exception of ﬂuorine, chemical modiﬁcation is expected
to promote the adhesion of metal ﬁlms.
3.2. TDTR and the management of thermal conductance
In our previous works, we have studied the inﬂuence of functional
groups, introduced via plasma processing, on the thermal boundary
conductance across graphene-aluminum [9] and graphene-gold [8] interfaces. Those results are summarized in Fig. 5 for samples at room
Table 1
Change in water contact angle and surface energy for chemically modiﬁed graphene. With
the exception of ﬂuorinated graphene, the chemical modiﬁcation of graphene produces a
surface that is more hydrophilic and has a higher surface energy.
Plasma
Operating
background pressure
(mTorr)

Functional Surface
group
coverage
(%)

Δ H2O
contact
angle (%)

Δ surface
energy
(%)

Ref

Ar/SF6
Ar/O2
Ar/N2
Ar/N2
Ar/NH3
Ar/H2
Ar/H2
H2

F
O
N
N
NH2
H
H
H

2%
−70%
−54%
−40%
−40%
−18%
−30%
−27%

−39%
24%
16%
35%
32%
Unknown
Unknown
42%

[28]
[28]
[29]

50
50
50
90
90
50
90
Unknown

12
11
8
20
9
≈10
N20
b5

[58]

Fig. 5. The change in thermal boundary conductance at aluminum-graphene (Al/Gr) and
gold-graphene (Au/Gr) interfaces as a function of the type and concentration of
functional groups at the interface prepared using operating backgrounds indicated in
the legend (e.g. Ar/O2). The functional groups incorporated will be the same as in Fig. 4,
with the ammonia treatments introducing some mixture of N and NHx groups. Also
shown (dashed line) is the result for an interface prepared using a Ti thin ﬁlm (i.e. Au/
Ti/Gr). The presence of H- and F-functional groups as well as the Ti layer has little or
negative impact on the thermal boundary conductance. The presence of O- and Nfunctional groups, however, tends to increase the thermal boundary conductance in
proportion to the concentration of those groups (the dotted line).

temperature. Both Al and Au are expected to be physisorbed on the surface of graphene, which is theorized to results in a lower thermal
boundary conductance compared to chemisorbed systems, such as Niand Ti-graphene [5,6,10]. From this, one can reasonably assume that
the addition of functional groups that lead to a more hydrophilic surface, a typical indicator of improved adhesion between the metal ﬁlm
and graphene, should increase the thermal boundary conductance.
The results of Fig. 5 generally support this concept where the addition
of oxygen and nitrogen moieties increase the thermal boundary conductance and that increase depends on the amount of those groups. In
fact the, increase in conductance appears to be less dependent on functional group type and more on surface concentration. The presence of
ﬂuorine-containing groups, which make the surface slightly more hydrophobic, have no effect on the thermal boundary conductance.
The presence of hydrogen and its inﬂuence on thermal boundary
conductance is interesting. When H is introduced via Ar/H2 plasmas,
the graphene is more hydrophilic and yet the thermal boundary conductance decreases. To understand this, subsequent studies using ammonia-containing plasmas to introduce H moieties were performed. In
one case, an Ar/NH3 plasma was used and in the second, a two-step
Ar/N2 plasma followed by an Ar/NH3 was used. The results indicated
that when hydrogen exists in the form of NH2, both the hydrophilicity
and thermal boundary conductance increase. The magnitude of which
depends on the amount of nitrogen exposure.
The results for pure hydrogen functionalization are not well understood since hydrogen, like nitrogen and oxygen is found to make the
surface more hydrophilic. In line with our contact angle measurements,
numerical studies of graphane – fully hydrated graphene – have found it
to be more hydrophilic than graphene [59,60]. As such, an increase,
rather than decrease, in the measured thermal boundary conductance
is expected. On the other hand, Monachon et al. [15] showed a decrease
in thermal boundary conductance across the interface of Cu, Al, and Ni
thin ﬁlms and diamond substrates when the diamond is hydrogen terminated. In this case however, hydrogen termination was also found
to lower the surface energy, as well as the work of adhesion between
the metal and substrates. In other words, their results show a correlation between decreasing thermal boundary conductance and reduced
adhesion in diamond.
It might well be that water contact angle and/or adhesion is not sufﬁcient to predict the thermal boundary conductance in all cases. Given
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graphene's atomic thinness, the inﬂuence of the underlying substrate on
wetting [61,62] and adhesive interactions [63] cannot be ignored. As
such, the interfacial properties that most affect thermal boundary conductance, such as chemical bond formation (or lack of), might not be appropriately accounted for in the measurement. Even so, the character of
the bonding between the metal and graphene is not always a good predictor of thermal boundary conductance. For example, Mao et al. [64]
showed there might be exceptions to the aforementioned notion that
thermal conductance is higher for chemisorbed metals.
Also shown in Fig. 5 is the change in conductance when a titanium
wetting layer (2 nm) is used as an interfacial layer between graphene
and Au. As noted above, Ti chemisorbs to graphene and based on theoretical works [10], should have a higher thermal boundary conductance
than Au. And yet, when added to the interface, no signiﬁcant change is
observed. A possible explanation is that the thermal conductance measured across these structures could be dominated by the resistance of
the thin Ti layer, the thermal conductivity of which could be quite reduced due to its thickness and any change in stoichiometry due to interactions during deposition on the graphene surface. Thus, similar to the
example of hydrogen above, the use of Ti might improve the adhesion
of metal ﬁlms to graphene but does not appear to improve the overall
thermal conduction between them.
4. Summary
In this work, we demonstrated a plasma-based method to engineer
the thermal conductance across metal/graphene interfaces by manipulating the interface chemistry. Using simple changes in operating background and pressure, the character and quantity of chemical moieties at
the interface can be varied to provide notable changes in the thermal
boundary conductance. We ﬁnd the introduction of nitrogen and oxygen functionalities, which are also shown to increase the hydrophilicity
of the graphene, produce a signiﬁcant increase in thermal boundary
conductance. However, the introduction of hydrogen, which also increases the hydrophilicity, lowers the conductance. The addition of ﬂuorine, which makes the graphene more hydrophobic, has little impact on
the thermal boundary conductance. Interestingly, the conventional approach of adding a titanium “wetting layer” to improve metal adhesion
did not improve the thermal boundary conductance. While the results
for nitrogen and oxygen suggest a correlation between increased wettability or improved adhesion and higher thermal boundary conductance
across metal/graphene interfaces, the broader results indicate a more
detailed understanding of the interface chemistry and/or transport phenomena is needed before generalizing the relationship for metal/
graphene systems. Nonetheless, the results suggest chemical
functionalization via electron beam generated plasmas is an attractive
route toward managing the thermal transport across metal/graphene
interfaces.
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