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Abstract— The contact resistance Rc of “edge-contacted” metal-
graphene interfaces is systematically studied. Our experiments
demonstrate a reduction of contact resistance by intentional
patterning of graphene to create “edge contacts”. The parameter
space for different hole patterns in graphene is explored. The
contact resistance is reduced from 1518 Qum for structures
without holes to 456 Qum in structures with holes of 500 nm
diameter everywhere under the contact. These values were
achieved at the Dirac point, i.e. at the point of minimum carrier
density in graphene and they correspond to a reduction of 70%.
These results provide a clear path towards higher performance in
graphene based electronic devices, which are often limited by
unreliable and high Rc.

Keywords— contact resistance; edge contact; graphene; TLM

I. INTRODUCTION

Graphene has been heralded to lead the nanoelectronics
revolution of two-dimensional materials due to its exceptional
intrinsic properties [1]. A range of potential applications has
been proposed and experimentally demonstrated, such as radio
frequency (RF) analog transistors with cut-off frequencies in
the hundreds-of-gigahertz range [2] [3] [4], photodetectors [5],
[6] [7], nanoelectromechanical systems [8], [9] or terahertz
modulators [10]. Large scale graphene synthesis is available
today through chemical wvapor deposition (CVD) [11].
However, the grown graphene must still be transferred to the
desired substrates [12], [13], which introduces defects and
contamination and restricts industrial uptake at the moment.
Another major road block towards high performance
nanoelectronics graphene devices is the high metal - graphene
contact resistance (Rc) [14]-[17]. The contact resistivity
requirement for state-of-the-art silicon metal oxide field effect
transistors (MOSFETs) is 80 Qum per contact according to the
International Technology Roadmap for Semiconductors
(ITRS, [18]). Reported Rc¢ values for metal graphene contacts
vary greatly from ITRS compatible values of 69 Qum [19] to
unacceptable 10° Qum [14]. This large variation is attributed
to fabrication procedures, measurement conditions and
graphene carrier density variations. We recently demonstrated
that Rc can be tuned by changing the carrier density in
graphene from several kQum at the Dirac voltage (Vp) down
to 90 Qum far away from Vp [20].

Current injection at the metal-graphene interface takes place at
the edge of the contact, and thus can be classified as a line
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contact instead of an areal contact. This limits current
injection [21] and ultimately the performance of graphene
devices. Various studies have been conducted to reduce Rc at
the metal - graphene interface, including work function
engineering [14], [22], reduction of the contamination at the
lithography defined source/drain contact regions prior to
metallization [23]-[25], double contact formation [26]-[28],
contact area patterning [29], carbide formation [30], graphitic
contact formation [31] and edge contact formation [31]-[33].
Theoretical studies further suggest that graphene contacted at
its edges with the metal electrode results in reduced Rc [35].

In this work, transmission line method (TLM) structures were
fabricated with conventional and lithographically defined
“edge” contacts. The edge contacts consist of well-defined
holes of various dimensions in graphene in the contact region
in an effort to enhance the bonding with the contact metal.
Electrical characterization was carried out on TLM devices to
evaluate the effectiveness and repeatability of this approach in
reducing Re.

II. EXPERIMENTAL

Boron doped silicon wafers (1-20 Qum) were used as starting
substrates. The silicon wafers were thermally oxidized to
achieve a thickness of 85 nm and further diced into samples of
2 cm x 2 cm. Large area graphene was grown on copper (Cu)
foil in a NanoCVD (Moorfield ,UK) rapid thermal processing
tool by the CVD method [12]. Graphene growth was
performed in a three-step process. Copper foil is annealed at
950°C in argon (80%) and hydrogen (20%) atmosphere, then
argon (80%), methane (5%) and hydrogen (15%) gas is passed
into the heated chamber at a temperature around 950°C where
the methane dissociates leading to graphene growth, and
finally the copper foil is cooled to room temperature before
removing the sample from the chamber. Graphene films were
transferred onto the SiO,/Si  substrates using an
electrochemical delamination technique with PMMA as
supporting material [12], [36].

After graphene transfer a negative tone electron beam resist
(HSQ) was spin coated onto the sample. Rectangular graphene
structures were first exposed in HSQ based on electron beam
lithography using a RAITH EPBG-5000 plus system at
100 keV. The unexposed resist was developed with a suitable
developer and the unprotected graphene was etched by oxygen
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plasma, thereby resulting in the formation of channels. Finally,
contact areas were structured with a bilayer poly-meta-
methacrylate (PMMA) resist, and 250 nm of gold was
deposited by evaporation. Gold was chosen as the contact
material due to the fact that gold contacted to graphene
provides low Rc due to the attractive interaction of 4-d orbitals
of gold atoms to the m-orbitals of the sp? hybridized carbon
[22]. Excessive metal was then removed by lift-off in acetone.
Silicon-oxide at the wafer back side was removed by a
buffered-oxide etch step followed by metal deposition (while
the front was protected). This backside metal acted as a back-
gate in all the measurements. A 3D schematic of the device
and the fabrication steps are shown in
Figure 1.
Graphene on SiO,/Si substrate

(a) HSQ (b)

HSQ spincoat

E-beam exposure & development
Graphene etch

Bilayer PMMA spincoat

E-beam exposure & development

Metal deposition and lift-off

Figure 1: (a) 3D schematic of device showing various layers and holes
everywhere under the contact, (b) Process steps of fabrication.

TLM structures without holes (hereafter termed as
conventional contacts) and with holes (hereafter termed as
edge contacts) of different diameter under the contact region
were patterned.

Figure 2 shows the scanning electron micrograph of an entire
device. The image shown in the inset was taken before the
metal deposition step and illustrates the graphene channel
(dark in color). TLM structures with channel width of 12 pm
and length of 1 pm, 2 pm, 4 um, 6 pm, 8 um were fabricated.

EHT = 0.70kV
Mag= 200X

= 4

Signal A = InLens WD .1 mm
StagestT= 0 SIECEN

WVacuum Made = High Vacuum

Figure 2: TLM device structure after fabrication. The inset shows the
graphene region below the contact. The image shown in the inset was taken
before the deposition of the metal.

III. RESULTS & DISCUSSION

The graphene under the contact metal was intentionally etched
to create holes with varying diameters of 50 nm, 100 nm,
500 nm and 1000 nm. Two arrays of holes were fabricated, i.e.
holes arranged only under the edge of the contact and holes
spread all under the contact area as shown in

Figure 3.

ET= 100K SgwiA= niens wor s (R
Mog® 000KX  Vacwmiode - Hohvacwm  Sgeut - 00+ WYY

Figure 3: Scanning electron micrograph of patterned graphene (a) holes
arranged only under the edge of the contact (b) holes arranged all under the
contact area.

Electrical characterization commenced by measuring back-
gated FETs with either conventional or edge contacts. All
measurements were carried out in ambient air using a Keithley
SCS4200 parameter analyzer. Fehler! Verweisquelle konnte
nicht gefunden werden.a-d show the transfer characteristics
(Isp-Vg) of TLM structures with conventional contacts and
with edge contacts consisting of devices with holes arranged
only under the edge of the contact. The source drain currents
(Isp) increase for structures with edge-contacts as compared to
conventional contacts. The current level for 1 pm channel
length is 0.4 mA, 0.6 mA, 0.48 mA, 0.54 mA for conventional
contacts and edge contacts with holes of 50 nm, 100 nm and
500 nm diameter, at -40 Vg back-gate bias, respectively.
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Figure 4: Transfer characteristics Isp —Vg for (a) conventionally contacted
graphene and edge contacted graphene with holes arranged only under the edge
of the contact with hole dimensions of (b) 500 nm (b) 100 nm (c) 50 nm,
respectively.
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Figure 5 summarizes the total device resistances with different
contact configurations for varying gate lengths. All these
measurements were taken close to the Dirac point
(Vb =38.2 V). The Dirac voltage for all the measured devices
varied between 37.6V to 389 V. These data include
conventional and edge contacts with holes arranged only
under the edge of the contact. Linear fit with high fidelity was
applied to extrapolate to the Y-axis, which corresponds to the
value of 2Rc. For graphene patterned with 50 nm holes, an Rc
of 620 Qum was extracted at the Dirac point, compared to
conventional contacts of approximately 1500 Qum, a
substantial decrease of 59%. This can be attributed to an
increased number of carbon sp? orbitals available for o
bonding (covalent bonds) [35], which increases carrier
injection.
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Figure 5: Extrapolation of the contact resistance at the Dirac point (38.2 V) for
the surface contact and edge contact with holes arranged only under the edge
of the contact.

Figure 6 shows the trend of the extracted Rc values at the
Dirac voltage (38.2 V) as a function of the hole diameter in the
graphene with holes arranged only under the edge of the
contact. Low Rc is obtained as the dimensions of the holes are
reduced, which increases effectively the edge perimeter and
thus carrier injection. The increase in contact perimeter of the
structure with holes of 50nm is four times that of
conventional contacted structure.

_.2000 ¢

g. E ’,)Conventional 1572
9.1500 1?151 contact B
[} E [ |

c : 1314

£1000 E

A E

3 Fu™ 732

~ 500 Fe20

5] E

3 £

g E|||||||||||||||||||
S 0

0 200 400 600 800 1000
Diameter of holes (nm)

Figure 6: Contact resistance at the Dirac voltage for edge-contacted structure
with holes of various dimensions (50 nm, 100 nm, 500 nm and 1000 nm);
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holes arranged only under the edge of the contact.

When the dimension of holes is increased to 1000 nm, Rc
saturates and approaches the value of conventional contacts. In
addition, the effective area of graphene under the contact is
reduced, compared to edge-contacted graphene with 50 nm
hole dimensions. The clear trend observed in Figure 6
suggests that smaller holes of higher density would further
reduce Rc. Nevertheless, there would be an optimum hole to
graphene ratio that needs to be established in the future to
obtain ideal contacts.

We further compared two different TLM structures; holes
arranged only under the edge of the contact with holes all
under the contact area. Figure 7 shows Isp — Vg characteristics
for contacts with 500 nm holes for both cases. The drain
current is clearly increased when the graphene is patterned all
under the contact area (Figure 7b). This supports the proposed
mechanism of enhanced metal-graphene covalent bonding and
increase in the perimeter of edge-contacted graphene.
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Figure 7: Transfer characteristics Isp—Vpg for patterned graphene with hole
dimensions of 500 nm (a) holes arranged only under the edge of the
contact (b) all under the contact.

Figure 8 compares the TLM plots for both types of contacts
with identical hole diameters of 500nm. Again, the
extrapolation of the high fidelity linear fits allowed the
extraction of Rc (again at the Dirac point of Vp =38.2 V). An
Rc value of 456 Qum was achieved for holes under the entire
contact area [red diamond] compared to Rc=1314 Qum
[black squares] for holes arranged only under the edge of the
contact.
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Figure 8: Extrapolation of the R¢ at the Dirac point for the edge
contacted configuration for patterned graphene only under the edge of
the contact (black) and under the entire contact area (red).
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IV. CONCLUSIONS

We investigated systematically the influence of graphene
edges on the current injection at the metal-graphene interface.
We compared contact resistances of conventional and edge
contact configurations with patterned holes in graphene with
diameters of 50 nm, 100 nm, 500 nm and 1000 nm. Low R¢ of
620 Qum at the Dirac point (Vp=38.2 V) is obtained with
patterned graphene with holes of 50 nm diameter arranged
only under the edge of the contact. Very low Rc of 456 Qum is
obtained for patterned graphene with holes of 500 nm
diameters when the holes are evenly distributed under the
entire contact area (taken at the Dirac point as well). This is
attributed to the high covalent bonding between the metal and
the graphene at the perimeter of the holes [35]. The results
demonstrate that an edge contact configuration is superior to
conventional contacts. The systematic study further showed a
clear dependence on hole diameter, i.e. graphene edge
perimeter. The results point out a clear path towards achieving
low Rc in a systematic manner, which is urgently required for
potential future high performance graphene device
applications.
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