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T
he contact resistance for metals to
graphene continues to be a key lim-
itation in device applications. The

low-field electrical transport behavior of
graphene, characterized by the conductiv-
ity (σ) as a function of gate voltage (Vg),
shows a characteristic “V shape” with the
conductivity minimum indicating the posi-
tion of the Dirac point of the graphene
channel.1 Metal electrodes (e.g., Pt or Au)
that weakly interact with graphene, without
chemical bond formation or substantial
interface hybridization, preserve the gra-
phene linear π-band dispersion2�5 and
dope graphene in the contact regions, lead-
ing to n-i-n or p-i-p junction formation
throughout the device.6,7 The conductivities
of such junctions are expected to have
“W shape” with two minima as a function
ofVg at theDiracpointsof thedopedand intrin-
sic graphene.6,7 This type of contact geo-
metry is termed “side-contact”,8�10 often
assumed to be metal slabs on the pristine
graphene. The junction model, albeit suc-
cessful for understanding the electronic
transport through the graphene side-
contacted by weakly interacting metals,
fails to interpret more realistic interfaces
with widely used “wetting” electrodes (viz.,
Pd,11,12 Ti,13,14 Cr,15 Ni,16 and Co15). In fact,
the weakly interacting metal�graphene in-
terfaces pose a practical adhesion problem

causing electronic devices to fail through
delamination. This is a primary reason that
wetting metals with strong interfacial
interaction are favored in graphene nano-
electronics.
Nearly all the analysis of the electrical

data from the wetting metal�graphene
contact has been performed based on the
side-contact model,12,17,18 which deserves
careful scrutiny. Essentially, the wetting
electrodes may affect not only the elec-
tronic (i.e., disturbing the π-electron linear
dispersion by metal d- and carbon π-orbital
hybridization) but also the structural prop-
erties of graphene (e.g., forming a carbide,19

probably initiated by transition metal ada-
toms reacting with defect regions20). With-
out careful structural characterization, it is
therefore risky to assume that graphene
remains intact while in contact with such
reactivemetals. For example, early in carbon
nanotube (CNT) research, the Ti-CNT end-
contact geometry was proven to be prefer-
able at T> 800 �Cby Zhang et al.21 as a result
of the formation of a carbide layer at the
contact, followed by the theoretical investi-
gationby Léonard andTersoff.22 Particularly, it
is important to note that the electron-beam
deposition process, under carefully controlled
ambient conditions, contains a number of
reactive metal atoms and nanoclusters that
readily disrupt the planar sp2-bonded network
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ABSTRACT The contact resistance of metal�graphene junctions has been actively explored

and exhibited inconsistencies in reported values. The interpretation of these electrical data has

been based exclusively on a side-contact model, that is, metal slabs sitting on a pristine graphene

sheet. Using in situ X-ray photoelectron spectroscopy to study the wetting of metals on as-

synthesized graphene on copper foil, we show that side-contact is sometimes a misleading

picture. For instance, metals like Pd and Ti readily react with graphitic carbons, resulting in

Pd- and Ti-carbides. Carbide formation is associated with C�C bond breaking in graphene, leading

to an end-contact geometry between the metals and the periphery of the remaining graphene patches. This work validates the spontaneous formation of the

metal�graphene end-contact during the metal deposition process as a result of the metal�graphene reaction instead of a simple carbon diffusion process.
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of graphene.23 Lahiri et al. experimentally demon-
strated the easy formation of nickel carbide at 100 �C
when Ni is deposited on the as-synthesized graphene,
in sharp contrast to graphene on Ni substrate that can
be stable up to 650 �C.19 Lahiri et al.'s work highlighted
the notable difference between graphene interfacing
with metal substrate and with deposited metals. How-
ever, intensive efforts have been mostly focused on
characterizing the epitaxial graphene on metal tem-
plates rather than the graphene covered by deposited
metal layers, even though they can formquite different
interface structures. At the former interface, graphene
is formed on ametal surface with more commensurate
morphology, but the latter interface formation process
ismore reactive due to the chemically aggressivemetal
atoms and clusters deposited on graphene. Electrical
characterization, although being widely performed in
numerous devices,11�18,24 cannot provide interfacial
chemical bonding information. Therefore, it is impor-
tant to determine the interfacial chemistry between
graphene and deposited wetting metals in order to
elucidate contact issues.
Titanium and palladium are the two representative

wetting metals studied in this work. First, Pd differs
from other more reactive metals (i.e., Ti, Ni, Cr, and Co)
which favor oxidization or carbidization.25,26 Remark-
ably, experimental observations reveal that Pd electro-
des have a lower contact resistance than Ti electrodes
when contacting graphene.27 In contrast, most trans-
port simulations conclude that Ti is a superior contact
over Pd.28�30 Palladium in contact with metallic CNTs
(m-CNTs) was claimed to achieve more reliable perfor-
mance (i.e., reproducibility) than Ti, which was ascribed
to the possible oxidation of Ti in the vacuum environ-
ment employed.31 Second, although Pd has a similar
electronic configuration to Pt, these metals behave
differently in both graphene and CNT electronics.32

Palladium, with a lower work function, was shown to
form a p-type Ohmic contact where Pt, with a higher
work function, otherwise formed a non-Ohmic contact
with m-CNTs.31,33 Javey et al. attributed this unexpected
result to the more favorable interaction between Pd
(than Pt) and the CNT sidewall.33 The mechanism of how
the favorable metal interaction promotes the electrical
performance of graphene electronics remains elusive. Xia
et al.'s work12 highlighted the important contribution of
the charge transport through the graphene underneath
Pd contact, whereas Mann et al.31 emphasized that the
charge injectionmainly occurs at theedgeofPdcontact to
the CNT. To provide insights for a better understanding of
these issues, we chose Pd and Ti for this study.

RESULTS AND DISCUSSION

We deposited Pd and Ti separately on as-grown
graphene on copper foil at room temperature under
ultrahigh vacuum (UHV) conditions, followed by an
in situ X-ray photoelectron spectroscopy (XPS) study of

the interfacial bonding chemistry. In order to probe the
real interaction between deposited metals and gra-
phene, three precautionswere taken. (i) The deposition
chamber ambient condition must be under very low
pressures (∼10�9mbar) to avoid spurious oxidation and/
or catalyzed carbidization with residual water typically
present in elastomer-sealed evaporators, particularly for
Ti deposition;34,35 (ii) the graphene samples must be
clean, free of carbon or oxygen contamination;36,37 (iii)
the metal deposition and XPS characterization processes
must be done without vacuum interruption to avoid or
minimize spurious oxidation/contamination. The concur-
rent fulfillment of all three precautions rules out the
impact of oxygen- and carbon-bearing contaminants,
from either the deposition chamber26 or the graphene
surface.38 Therefore, in the series of experiments reported
here, a clustered UHV system39 is utilized to provide
the following conditions: (i) e10�9 mbar is maintained
in the UHV cluster, including the deposition chamber
(∼1� 10�9mbar), XPS chamber (∼3� 10�10mbar), and
the transfer tube (∼2� 10�11 mbar) connecting the two
chambers; and (ii) as-grown graphene on a copper foil27

is used instead of the polymer-aided transferred gra-
phene on SiO2 where residues are evident.36,40 Only
through the careful control of these conditions can XPS
data be reliably translated into an understanding of the
metal�graphene interaction.

Possible Metal�Graphene Interface Configurations. Before
the detailed discussion of the experimental results,
four types of metal�graphene interface bonding con-
figurations are first illustrated in Figure 1b�e. Note that
themorphology of metal adsorptions41 on graphene is
not the focus of this study, while the chemical reaction
and the corresponding metal�carbide alloy formation
are emphasized. Angle-resolved XPS (ARXPS, see
Figure 1a) data are employed to identify which config-
uration represents the actual interface.

Titanium�Carbide Formation. Figure 2a,b shows the
progression of both the Ti 2p and the C 1s core levels
with the deposition of titanium on graphene synthe-
sized on a copper foil. The raw Ti 2p spectra show the
increase in the titanium surface concentration with
each deposition stage. The C 1s spectra have been
normalized so that the changes in the bonding envir-
onments can be tracked more clearly. The initial spec-
trum consists of a single asymmetric feature with a
peak maximum at 284.6 eV (typical of graphite42 and
consistent with graphene36,37). After the first deposi-
tion of titanium, there is the appearance of a new
asymmetric feature at 281.8 eV, which is close to the
reported value of 281.7 eV for titanium carbide.42 The
appearance of the carbide feature is concurrent with
the decrease in the graphene C 1s feature, suggesting
that titanium is reacting with the graphene to form
carbide. As the deposition continues, the intensity ratio
of carbide to graphene continually increases. Mean-
while, a 0.3 eV upward shift of the C 1s binding energy
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after 105 min deposition is caused by the n-type
doping of graphene by the low work function Ti
contacts.24 The conversion from graphene to carbidic
bonding with the deposition of titanium suggests that
the underlying graphene reacts with the deposited Ti,
forming a Ti�C alloy.

This carbide formation indicates an end-contact
between titanium and the remaining nonreacted gra-
phene (illustrated in Figure 2f). Carbide formation, as a
carbon�metal alloy, is an unambiguous indication of
the fact that carbon atoms belonging to the graphene
lattice are partially or completely dissolved into the
bulk metal. Upon the destruction of the graphene
lattice, the metal spontaneously bonds to the edge of
the remaining nonreacted graphene sheet, resulting in
an end-contact. It is important to note that the ob-
served carbide peak corresponds to the alloy but is not
a direct sample of the relatively small population of
metal�carbon bonding at the graphene edges, which
is expected to be below the limit of detection.

Palladium�Carbide Formation. Compared to the high
chemical reactivity of Ti, the Pd reaction with graphene
is subtle and requires more careful examination. The
signatures of Pd�carbide bonding are found in the C
1s and Pd 3d5/2 core level shifts in the XPS spectra of
both Pd�graphene/Cu and Pd�HOPG contacts.

Figure 2c shows the Pd�carbide formation upon a
deposition of ∼0.6 nm Pd on as-grown graphene on a
copper foil. The Pd 3d peak is deconvoluted into two
peaks: one is the metallic Pd reference peak, and the
other is located at a 0.6 eV higher binding energy.

Pd�carbide has been observed to be typically 0.6 eV
higher than the metallic Pd 3d core level.43�45 Con-
sidering the minimal detection of remnant oxygen at
the Cu�graphene interface by XPS and to ensure that
the 0.6 eV higher Pd 3d component (shaded zone in
Figure 2c) is not causedbyPd�Obonding, a comparative
experiment is doneon anoxygen-freeHOPG sample (see
Figure S1 and the related text in the Supporting
Information). In Figure 2c, the same 0.6 eV higher com-
ponent in the Pd 3d peak is observed in a Pd�HOPG
contact, substantiating the assignment of this peak to
Pd�carbide. According to the ratio between Pd�carbide
and themetallic Pd peak intensity, the Pd�C atomic ratio
in the alloy is estimated to be∼5.5:1, which is close to the
other reported value of 6:1,43 far exceeding the room
temperature carbon solubility (<0.1%) in Pd.46

Now we turn our attention to the Pd�carbide C 1s
peak. Due to the large population of carbon in gra-
phene, the newly formed carbide signal is difficult to
resolve. Furthermore, the literature shows that the
Pd�carbide feature for C 1s (284.3 eV47 and 284.1 eV48)
is slightly below the normal binding energy of sp2-C in
graphene. Both reasons make the recognition of the
Pd�carbide feature within the C 1s envelope challen-
ging. In order to establish the carbide chemical shift, we
deposit Pd in a gradual manner on graphene instead of
HOPG: a total of eight deposition stepswere employed to
get to an overall Pd thickness of ∼2.5 nm. ARXPS data
were collected after each deposition.

Figure 3a shows the progressive appearance of the
Pd�carbide C peak at 284.0 eV. One may question the

Figure 1. (a) Illustration of the ARXPS measurement of the metal�Gr/Cu sample. (b�e) Illustration of the four possible
metal�graphene interface scenarios. Due to the photoelectron escape depth, a 45� takeoff angle measurement is more
surface sensitive, whereas the 75� measurement probes more of the bulk. For the interface scenario (b), graphene remains
highly pristine upon metal deposition on top and is analogous to the side-contact scenario. For the interface scenario (c),
graphenemaintains its structural integrity, but the flatness is somewhat distorted. For interface scenario (d), a tiny amount of
carbon atoms are extracted and diffuse through the metal layers and onto the metal surfaces, due to the very limited carbon
solubility in themetal. For interface scenario (e), strong chemical reaction occurs between the depositedmetal and graphene, and
the graphene is thereby consumed, resulting in carbide formation and a metal�graphene end-contact. Figures are not to scale.
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assignment of the 284.0 and 335.7 eV peaks to be the C
peak and Pd peak in Pd�carbide; that is, can the
graphene film covered by palladium without Pd�C
alloy formation (as represented by Figure 1b,c) lead to
the detected peaks? In other words, is it possible to
observe a chemical shift 0.6 eV higher for the Pd peak
and a 0.6 eV lower C peak by simply stacking Pd on the
graphene sheet without any chemical reaction? We
attribute these two peaks to the Pd�C alloy (i.e.,
Pd�carbide). Angle-resolvedXPSprovides the convincing

evidence that (i) the detected C peak is not from the
interface but from the surface, and (ii) the detected Pd
peak is not from the interfacebut fromauniformalloy also
on the surface. For convenience, the peak corresponding
to the carbon in graphene at∼284.6 eV is labeled “C�C”';
the peak corresponding to the carbon in the Pd�carbide
at∼284.0 eV is labeled “C�Pd”; thepeakcorresponding to
the Pd in the Pd�carbide at∼335.7 eV is labeled “Pd�C”,
and the peak corresponding to the metallic Pd reference
at 335.1 eV is labeled “Pd�Pd”. Themetallic Pd reference is

Figure 2. (a) Ti 2p and (b) C 1s XPS spectra for the 30min (∼0.6 nm), 60min (∼1.5 nm), and 105min (∼3.0 nm) deposition of Ti
on as-grownGr/Cu. (c) Pd 3d5/2 XPS spectra for the Pddepositiononas-grownGr/Cu (∼0.6 nmPd) andHOPG (∼0.8 nmPd) and
(d) C 1s XPS spectra for∼0.1 and∼0.4 nmPd deposition on as-grownGr/Cu. The schematic illustration ofmetal�graphene (e)
side-contact and (f) end-contact structures. The white dots in (f) represent the carbon atoms in the metal�carbide alloy.
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obtained by depositing a suitable thickness (tens of
nanometers) of Pd on a pure Cu surface.

First, as shown in Figure 3d, as the amount of Pd
increases with thickness, the larger C�Pd/C�C ratio at
a takeoff angle of θ = 45� compared to θ = 75� (see
Figure 1a for themeaning of “θ”) indicates that “C�Pd”
is present at the surface instead of the buried interface.
(In ARXPS, the θ = 45� spectra are surface-sensitive, in
comparison with the θ = 75� spectra that are interface-
sensitive.) In Figure 3d, the initial cycles of deposition
(e30 min) result in approximately three atomic layers
of Pd. Considering island nucleation without a full
metal coverage of the graphene, it is thus still mean-
ingless to discuss the difference between “surface” and
“interface” for such thin, discontinuous layers. How-
ever, with the thicker Pd deposition, the surface struc-
tures can be distinguished from the buried interface by
ARXPS due to the photoelectron escape depth. There-
fore, after a 2.5 nm Pd deposition (90 min in Figure 3c),
ARXPS at θ = 45� shows a higher C�Pd/C�C ratio than
for θ = 75�. This suggests that the detected C�Pd
bonding stems from the surface structure; that is, these
carbon atoms are within the deposited Pd layers.

Second, two behaviors in the spectra shown in
Figure 3d suggest a Pd�C alloy of a uniform phase.
(i) There is no clear difference between θ = 45 and 75�
measurements within the error for all the depositions,

and (ii) unlike the drastic increase of C�Pd/C�C ratio in
Figure 3c, the Pd�C/Pd�Pd ratio remains almost un-
changed (∼0.2�0.3) for all depositions. Bothphenomena
are consistent with a uniform phase of the Pd�C alloy on
copper (see Figure 1e), instead of at the interface (see
Figure 1b,c) or at the top surface (see Figure 1d).

The XPS results show that the predominant
Ti�carbide C peak with respect to the sp2 C 1s peak
indicates the reaction between the deposited Ti and
the graphene, resulting in the consumption of the
underlying graphene. Considering patterned gra-
phene from a device perspective, the resulting contact
geometry between Ti and graphene will therefore be
primarily an end-contact, as illustrated in Figure 2f. In a
relatively weaker chemical interaction with Pd, gra-
phene can still be severely damaged by the Pd deposi-
tion. Based on the estimated high C/Pd atomic ratio in
the carbide (1:5.5), graphene can also be consumed
with ease under the deposition kinetics. However,
normally during the device fabrication process inmany
laboratories, whatever types of graphene are used
(e.g., exfoliated graphene, epitaxial graphene on SiC,
or transferred graphene frommetal templates), there is
always electron-beam resist residues or photoresist
residues on graphene. These contaminants inevitably
weaken the direct interaction between deposited me-
tals and graphene.49 Moreover, reactive metals favor

Figure 3. The 45� acquisitionof (a) C 1s and (b) Pd 3d5/2 XPS spectra of theGr/Cu samplewith increasing timeof Pddeposition.
(c) Ratio of the C 1s peak intensity of C�Pd bonding to that of sp2 C�C bonding, with increased Pd deposition time, from
θ = 45 and 75� acquisitions. (d) Ratio of the Pd peak intensity of Pd�C bonding to that of metallic Pd, with increased Pd
deposition time, from θ = 45 and 75� acquisitions.
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oxidization and carbidization in non-UHV deposition
conditions.34,35 Therefore, the metal�graphene con-
tact in many as-prepared devices may be a compli-
cated combination of both end-contact and side-
contact interactions. One may expect a varying per-
centage of end-contact configuration from device to
device, depending on themetals (e.g., purity, reactivity,
etc.), the deposition conditions (e.g., vacuum levels,
deposition temperatures, etc.), the sample qualities
(e.g., graphene cleanness), and the post-annealing.

Palladium�Graphene Reaction. The formation of Pd�
carbide originates from a strong interface chemical
reaction, instead of a simple process of carbon diffu-
sion into metals, considering that the room tempera-
ture carbon solubility in Pd is even lower than 0.1%.46

The chemical interaction between hydrocarbons and
Pd surfaces has been reported with the formation of
surface Pd�carbide.44,45 The other evidence in support
of the reaction mechanism rather than the diffusion
mechanism is the observation that the ratio of Pd�
carbide XPS signal to the metallic Pd XPS signal is
increased by depositing Pd on a defective graphene. It
is known that the reactivity of graphene is effectively
enhanced by making it defective. Through predeposi-
tion helium ion bombardment on a separate sample,
we show that there is an increased carbon concentra-
tion in the resulting Pd�carbide.

An ion gun (model FIG-SCE 5 kV Physical Electronics,
Inc.) was used to perform sputtering using helium as the
source. The sputtering lasted for 2 min at a beam voltage
of 1 kV, with a spot size of 4 � 4 mm. The X-ray photo-
electron spectrometer and the ion gun are located in the
same chamber. XPS was taken before and after He
sputtering in the same region. After Pd was deposited
on the sample in the metal deposition chamber and
transferred to the XPS analysis chamber, the position

was monitored and precisely controlled so that XPS was
taken in the same sputtered spot.

After He ion sputtering the as-synthesized CVD
graphene on copper foil,∼0.9 nm thick Pd was depos-
ited. In this UHV environment, a number of defects in
the graphene sheet are produced after He ion sputter-
ing, promoting the reactivity of graphene. Therefore, in
situ Pd deposition on the sputtered graphene sheet
involves a stronger chemical reaction between Pd and
graphene. The XPS data in Figure 4 show an increased
Pd�C/Pd�Pd ratio (∼1.5), compared with the Pd
deposition on as-synthesized graphene (∼0.25, as
shown in Figure 2c and 3b,d). This result is strong
evidence that the Pd�graphene chemical reaction is
dependent on the reactivity of the graphene.

CONCLUSION

In summary, in situ XPS characterization of electron-
beam-deposited Pd and Ti on as-synthesized graphene
on copper in a UHV environment provides unambiguous
evidence that the sp2-bonded planar structure of gra-
phene is disrupted by the wetting metal�graphene
chemical interaction. The end-contact configuration is
formed between metals and the nonreacted graphene.
To generalize the impact of this work, we suspect that the
broadly adopted metal�graphene side-contact model
conveys physically misleading information. When wetting
metals such as Pd and Ti are intended to be deposited on
graphene, two likely results would be gained. The first
possible outcome is the strong chemical interaction and
the resulting metal�carbide; that is, graphene is con-
sumed. The second possible outcome is the oxidization
andcarbidizationof thedepositedmetal by theoxygen-or
carbon-bearing contaminants in the chamber or on the
graphene, resulting inmetal�oxide� ormetal�carbide�
graphene contact. Basically, the pure wetting metal�gra-
phene interface in side-contact geometry is not expected
to occur as a result of the reactive metal deposition
process. Efforts on the fabrication of metal�graphene
end-contact29,50 have been devotedwith reduced contact
resistances demonstrated.13,51 Recently, a study ofmetal�
graphene end-contact has been reported.52 In contrast to
these reports, this work provides experimental validation
of the spontaneous formation of end-contacts when
wetting metals are deposited on clean graphene films
under well-controlled vacuum conditions.

EXPERIMENTAL METHODOLOGIES

Graphene Synthesis, Metal Deposition, and XPS Characterization. The
CVD graphene samples employed in this work were grown on
25 μm thick Cu foils (Alfa Aesar, 99.8% purity) in a halogen lamp-
based quartz tube furnace at a growth temperature of 1035 �C
with 5 sccm of H2 and 7 sccm of CH4 flowing during growth
with a total pressure of 400 Torr.36,53 Graphene grown by this
method has a grain size of 10�20 μm as determined by
scanning electron microscope imaging. The samples were then

loaded into the cluster XPS analysis chamber, where analysis
was carried out using a monochromatic Al KR X-ray source.39

An analyzer acceptance angle of 8�, a takeoff angle of 45�
(by default) or 75� (angle between the detector and the sample
surface in ARXPS study), and pass energy of 15 eV were
employed in this study. Pd and Ti were deposited on the as-
synthesized graphene with an electron-beam evaporation
source in a UHV chamber connected to the analysis chamber
and were outgassed for 2 h prior to deposition to avoid any
metal oxide remnants at the surface. The metal Pd and Ti were

Figure 4. XPS spectrum of Pd 3d5/2 core level shift after
∼0.9 nm Pd deposition on He-sputtered (reactive) CVD
graphene.
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deposited at ∼1 � 10�8 mbar (base pressure ∼1 � 10�9 mbar)
with the sample at nominally room temperature. XPS analysis
was carried out after each deposition.
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