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Abstract— Graphene is expected to bring substantial
benefits for high-frequency applications, however, most of
the studies in this area are based on theory. Here, the
properties of epitaxial graphene grown on intrinsic silicon
carbide on silicon substrates are investigated for potential
radio frequency (RF) applications. Metal coplanar
waveguides (CPWs) are fabricated that employ graphene as
a shunt between the signal and ground planes. The CPWs
are used for characterizing the frequency-dependent
behavior of the sheet resistance of the graphene shunt from
10 MHz to 10 GHz. The process involves evaluating the
CPW's RLCG transmission line parameters and comparing
them to a reference un-shunted CPW to extract the sheet
resistance. We find that the quality of the metal contact with
graphene is one key parameter to observe adequate current
injection in the 2D material in the RF spectrum. A mild argon
plasma treatment was applied to reach an adequate contact
quality. Furthermore, we observe a monotonic decrease of
the sheet resistance of the epitaxial graphene for
frequencies roughly above 100 MHz. We attribute this
behavior to the progressively smaller influence of small-
scale discontinuities, such as grain sizes, at those higher
frequencies.

Index Terms— Coplanar waveguides, contact resistance,
graphene, radio frequency, sheet resistance

|. Introduction

VER since graphene's exceptional transport properties

were fully described by Novoselov et al. [1], the fabrication
of graphene-based electronic devices has also been extensively
investigated to utilize its remarkable properties in electronic
devices [2]. Interactions between graphene and the substrate, on
which it resides or other surrounding materials [2], as well as
achieving an adequate electrical contact due to the high contact
resistance at graphene-metal interfaces [3, 4], are some of the

most prominent issues encountered when integrating graphene.
While a high contact resistance, although not ideal, would
normally not impede the operation of a device at direct current
(DC) operation, the impact of a high contact resistance in radio
frequency (RF) applications has been shown to be quite
significant [3, 4]. Graphene is expected to bring major benefits
for RF to terahertz applications due to its high electrical
conductivity, support of surface-plasmon-polaritons, and
dynamic tunability [S]. While several publications have focused
on the contact resistance of graphene, its effect has rarely been
studied experimentally at RF frequencies. Furthermore,
simulation models often assume an ideal contact resistance [5].
Epitaxial graphene (EG) grown on silicon carbide-on-silicon
(SiC/Si) wafers using a catalytic alloy-mediated graphitization
approach [6, 7] was employed for this study. DC electrical
characterization of EG grown on intrinsic 3C-(111) SiC/Si has
indicated sheet resistance in the range of 2.5 to 9 kQ o™!, p-type
sheet carrier concentrations of 3.3 to 7 x 10'2 cm? with a
mobility of 144 to 330 cm? V''s™!, and consists of 3 to 7 layers
with grain sizes of <100 nm [8]. The Drude model for graphene
predicts a constant conductivity up to the THz range. However,
RF measurements have shown deviations from their
corresponding DC conductivity measurements [9, 10].
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Fig. 1. (a) lllustration of a graphene un-shunted CPW on SiC/Si
substrate. The inset shows that graphene is only underneath the metal
CPW, not between the signal and ground (GND) planes. (b) RLCG
model of the un-shunted CPW in (a). (c) lllustration of a graphene-
shunted CPW. The dashed line visualizes the plane for the fabrication
description in Fig. 2. The inset shows that the graphene lies in the gaps
of and underneath the signal and GND planes and, hence, acts as a
shunt. (d) RLCG model of the graphene shunted CPW in (c).

[I. DEVICE STRUCTURE AND FABRICATION

Coplanar waveguides (CPWs) were used to characterize the
sheet resistance of the graphene shunt. The main structure of
the CPWs consisted of metal as it can be deposited as a
relatively thick layer in comparison to the graphene. This
improves the transmission properties of the CPW [11, 12]. The
graphene is placed between the signal and GND planes of a
metal CPW [13], as shown in Fig. 1

The individual fabrication steps are illustrated in Fig. 2 and
outlined in Table I. EG was grown on intrinsic 3C-(111) SiC/Si
substrates using a catalytic alloy-mediated graphitization
process [6, 7]. It was patterned by pre-structuring the metal
catalyst using UV-lithography patterned photoresist (PR) and a
lift-off technique.
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Fig. 2. Schematic illustration of the fabrication steps required to
manufacture metal CPWs employing EG on SiC/Si substrates. EG is
structured via the pre-structuring of the catalyst metals before
graphitization. A description of individual steps is given in Table I.

TABLE |
Description of fabrication steps for the schematics in Fig 2.
Step Description
a Bare SiC/Si intrinsic substrate

b Patterning of PR via UV lithography for lift-off of
metal catalysts

c Deposition of Ni (10 nm) and Cu (20 nm) for

graphitization

Lift-off using sonication in acetone

Graphitization via annealing at 1100°C for one hour

Freckle etch to remove metal catalysts and silicides

Patterning of PR via UV lithography for lift-off of

metal CPW as well as O, de-scum and Ar treatment

via ICP-RIE

h Deposition of Ni (5§ nm) and Cu (100 nm) to form the
CPW structure

g —h 0o o

—

Lift-off using sonication in acetone

Patterning of PR via UV lithography for lift-off of Al
contact pads

k Deposition of Al contacts

1 Lift-off using sonication in acetone

—.

Two samples were fabricated using two separate substrates.
Each contains three sets of un-shunted and shunted CPWs. The
CPWs have the following dimensions: their total length and
width are 350 um and 250 pm, respectively; the width of the
center trace is 25 pm; the gap width is 5 pm; and the pad
dimensions are 25 um x 50 um. The final fabricated structures
can be seen in Fig. 3. The magnified view of the gap between
the signal and the GND planes of a shunted CPW shows the
graphene area. Raman large area mapping (30 pm x 30 um)
spectroscopy was used to identify the graphene shunt and
confirm that it is only located in the gap.

unshunea

Fig. 3. (a) Structures of (left) regular CPW and (right) graphene-shunted
CPW. (b) Microscope image of the Raman mapping area (green square)
showing the bare SiC substrate on the left, the Al pad on the top-right,
and the Cu CPW on the bottom-right, with the graphene shunt in
between (blue square). (c-d) Raman intensity maps of (c) graphene's 2D
(~2700 cm™") and (d) the SiC LO (~970 cm™') peaks.

During the fabrication process, we experienced significant
difficulties with the adhesion of the metal CPW to the graphene.
Lifting off the contact pads would invariably result in a
complete or partial delamination of the CPW structures. A brief
oxygen (O;) plasma de-scum treatment (5 s, Picp=10 W,
Prie=30 W, 10 mT, O: 12 sccm) using inductively coupled
plasma reactive ion etching (ICP-RIE) was introduced to
mitigate the poor adhesion, attributed to photoresist residues.

Furthermore, a mild Ar plasma treatment of the graphene-
metal contact area using ICP-RIE was introduced (60 s, Picp=50
W, Prie=30W, 20 mT, Ar: 20 sccm) to create defects in the
graphene for an increased extent of edge contact with the metal,
hence reducing the contact resistance [14].

[ll. DISCUSSION

Large-area Raman maps (four per sample, 30 um x 30 pm,
30 x 30 points) were used to characterize the graphene of the
two samples before any treatment was performed. The In/Ig and
Ip/Ig ratios were In/Ig=0.34 (£0.01) and I,p/I=1.17 (£0.08), as
well as In/Ig=0.35 (£0.02) and I,p/Ig=1.16 (£0.08). They are in
line with previously reported values [8].
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A comparison of the S-parameters of the shunted and un-
shunted CPW structures on the samples where the graphene-
metal contact areas were either exposed or not exposed to the
Ar treatment is shown in Fig. 4. While the untreated CPWs
show no difference between the shunted and un-shunted CPWs,
with |S11, 16u2| and |S21, 161/ remaining constant at about -27.4
dB and -0.8 dB, respectively, the treated ones show a significant
difference. |Si1, igH,| increases from -25.18 (+0.14) dB to -21.79
(+0.51) dB and [Sai, 161, decreases from -1.01 (£0.04) dB to -
1.41 (£0.07) dB. These characteristics arise from the improved
contact to the underlying graphene, resulting in the graphene
shunt shorting the signal and GND planes of the CPWs. Indeed,
placing the graphene shunt in the CPW structure results in
higher reflections due to a mismatch of the characteristic
impedance of the CPW to the RF probe and a consequent
increase in [Syi| and a decrease in |Szi|.

In contrast, there is a minor difference in the |Sii, 16u,| and
|S21, 1617 of the un-shunted CPWs of the two samples (~1.8 dB
and ~0.2 dB, respectively) as illustrated in Fig. 4. (a) and (c),
that we attribute to sample-to-sample dimensions variability of
the CPWs, due to the individual UV lithography processing on
each sample.
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Fig. 4. Comparison of the S-parameters of CPWs where (a,b) the
graphene at the metal contacts were Ar-treated (ICP-RIE) before metal
deposition and (c,d) the graphene was not exposed to Ar plasma.
(Legend in (d) applies to all graphs.)

The graphene shunt's frequency-dependent sheet resistance
is evaluated by extracting the RLCG parameters [15] of the
shunted and reference un-shunted CPWs that otherwise have
the same dimensions. It can be assumed that the insertion of a
graphene shunt, as illustrated in Fig. 1, will only influence the
G parameter of the shunted CPW, as graphene's Drude
conductivity model predicts a purely real conductivity in this
frequency band. The sheet resistance simply becomes:

GGr,shunt = Gshunted - Gun—shunted (1)

2lGG‘r,shunt (2)
Wwith Gshunted and Gun-shunted being the extracted G parameters of
the CPWs and w and / being their gap width and length,
respectively.

The epitaxial graphene employed in this study has a
relatively high charge carrier concentration of 3.3 to 7 x 102
cm? [8], which typically tends to deliver a lower contact

Rs,G‘r =

resistance [3]. However, surface roughness has a detrimental
effect on the contact resistance [16, 17], and this EG on 3C-
(111) SiC/Si has an inherent root mean square roughness of ~9
nm [7]. Using transfer length method (TLM) structures, we
have evaluated an initial contact resistance of ~2.9 MQ pm.
Nevertheless, the mild Ar treatment, bringing the contact
resistance down to a value of <2.7 MQ pum, was necessary to
ensure optimal coupling.

Fig. 5 plots the extracted sheet resistance of three shunted
CPWs. Between 10 MHz and 80 MHz, the measurement data is
very noisy and does not allow for reliable data extraction. This
could potentially be mitigated using longer CPW structures.
Between 80 MHz and 1 GHz, the extraction of the sheet
resistance is relatively steady and shows a monotonic decline of
the sheet resistance starting above/around ~100 MHz from 1.5
kQ (value in line with the DC measurements [8]) down to 0.9
kQ for CPW 1 and CPW 2 and from 0.9 kQ down to 0.5 kQ for
CPW 3. We attribute this effect to the decrease of the influence
of grain-boundary scattering on the sheet resistance of the
graphene. We recall that the EG has grain sizes of <100 nm in
size [8] in comparison to an EM field wavelength of about 3 m
at 100 MHz. Therefore, the small-scale defects within the
graphene layer that play a significant role in DC measurements
tend to show less influence in the RF measurements [10, 18].

Further, CPW 3, which has the lowest sheet resistance, has
the highest [Sii], see Fig. 4 (b), which is attributed to the
increased reflection due to the low resistance shunt.
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Fig. 5. Extracted sheet resistance of the EG shunts of three shunted
CPWs on the Ar-treated sample.

V. CONCLUSION

This work shows the RF characteristics of epitaxial graphene
grown on SiC/Si substrates using a catalytic alloy-mediated
graphitization process. We affirm the importance of achieving a
sufficiently low graphene-metal contact resistance for adequate
current injection in the 2D material at high frequencies. We also
observe a strong frequency dependence of graphene's sheet
resistance. This is attributed to the increasingly lower influence
of small-scale scattering defects in the graphene at high
frequencies, such as the <100 nm grain sizes.
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