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We confirm graphene oxide, a two-dimensional carbon structure at the nanoscale level can be a
strong candidate for high-efficient interconnector in radio-frequency range. In this paper, we
investigate high frequency characteristics of graphene oxide in range of 0.5-40 GHz.
Radio-frequency transmission properties were extracted as S-parameters to determine the intrinsic
ac transmission of graphene sheets, such as the impedance variation dependence on frequency. The
impedance and resistance of graphene sheets drastically decrease as frequency increases. This result
confirms graphene oxide has high potential for transmitting signals at gigahertz ranges. © 2010

American Institute of Physics. [doi:10.1063/1.3506468]

Graphene, a single sheet of carbon, is composed of a
hexagonal two-dimensional network of carbon atoms, which
presents exotic electronic properties. Graphene is quite stable
and inert and, as such, can be used over large areas With low
defect densities,' low electron phonon scattering rates,” and
very high carrier mobilities.? Graphene can also be gated for
use as a channel in transistors or as an interconnect.®

Graphene is generally obtained from highly oriented
pyrolytic graphite by mechanical cleavage.s’6 Even though
uniform graphene can be extracted, there exist many disad-
vantages, such as laborious effort to find suitable samples,
and difficulty to locate graphene at particular positions. To
overcome these problems, graphene oxide (GO), consisting
of hydrophilic oxygenated graphene sheets could be an
alternate method for carbon or nanoscale electronics and
substitute for complementary metal-oxide semiconductor
circuits. Recent researches include the electrical properties
dependent on gate Voltage temperature- dependent electrical
conductlvrty and molecular sensor apphcatlons This is
high-yield production method and positioning at desired lo-
cations for graphene-based circuits compared with microme-
chanical cleavage method. We report electronic transport
studies of individual multiple-layer GO in radio-frequency
range, and confirm the superiority of carbon’s signal propa-
gation among nano-micro electronic materials.

GO sheets, synthesized from SP-1 graphite powder by a
modified Hummers method,'"" were dispersed in dimethyl-
formamide (Aldrich, anhydrous, 99.8%) at a mass ratio of
0.0001 by sonicating at 135 W for 10 min. In the next step, a
few layers of GO sheets were dielectrophoretically deposited
on the electrodes.'"'? A drop of the suspension (0.5 ul) was
placed onto the electrodes, and an alternating current electric
field (Agilent, 33220 A, 10 V,,, 100 kHz) was applied for 1
min. The droplet was blown off using nitrogen gas (99.8%
purity), and the electric field was switched off. Finally, the
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deposited GO sheets were thermally reduced in argon (800
mm Hg) to restore electrical conductrvrty " The temperature
was ramped to 400 °C (1 °C/min), maintained for 2 h, and
then allowed to cool to room temperature.
Frequency-dependent microwave transmission could be
observed from 0.5 to 40 GHz via two-port measurement.
From the measured S-parameters, ac transmission parameters
that depend on frequency were extracted. The thickness of
SiO, film was 500 nm in order to reduce the substrate loss,
which is one of the main signal losses in high-frequency
nanoelectric device measurements. In order to observe the ac
transmission properties of graphene sheets, we fabricated de-
vices compatible with ground-signal-ground (GSG) probing.
Figure 1(a) shows a schematic view of our devices. The elec-
trodes were patterned by photolithography. The electrodes
made of Cr/Au (10/400 nm) are deposited on the SiO, sub-
strate using e-beam evaporation. Identical pad structures

Graphene
Oxide @G

FIG. 1. (Color online) Devices for radio-frequency measurements. (a) A
structure for GSG measurements. (b) The equivalent circuit model of GO
interconnect. (c) SEM images of GO sheets between the electrodes which
have the gap sizes of 3 um. (d) The AFM image of GO sheets used in the
experiment.

© 2010 American Institute of Physics
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FIG. 2. (Color online) Measured S-parameter data. (a) Reflected
S-parameter, S11 magnitude: open, GO sheets, and short sample, in the
order of decreasing magnitude. The inset is S11 phase data of measured
samples. (b) Transmitted S-parameter, S21 magnitude: short, GO sheets, and
open sample, in the order of decreasing magnitude. The inset is S21 phase
data of measured samples. (c) S21 magnitude of the samples from 30 to 40
GHz decreases as the order of sample 3—4-5-2—-6-1. (d) The width and (e)
thickness of graphene sheets within samples. Ten points (black) are mea-
sured at regular intervals in each sample. The error bar shows the standard
deviation of measured data.

without graphene sheets (“open”), and with a rectangular Au
wire of 3 wm in width (“short”), respectively, were also
measured. High frequency properties of GO as well as the
substrate effects were extracted by the equivalent circuit
model as shown in Fig. 1(b). The transmission line is decom-
posed into distributed elements, such as R, L, G, and C
which are series resistance, inductance, shunt conductance,
and shunt capacitance per unit length. Figure 1(c) shows a
close-up view of the scanning electron microscope (SEM)
image of our device sample, and the thickness of graphene
sheets used in the experiment was measured using an atomic
force microscope (AFM) in Fig. 1(d). The high frequency
transmission of GO is majorly dominated by geometry ef-
fects, chemical treatment, and annealing.

In our study, six samples, extracted from a number of
samples with different gap sizes, were analyzed. The effec-
tive graphene sheet lengths (i.e., the gap between the IN and
OUT electrodes) are 8.5 um for sample 1,3 wm for sample
2,2.8 um for sample 3, 2.2 um for sample 4, and 2.4 um
for sample 5, and 4.3 um for sample 6. S-parameters for six
samples were measured using the Agilent E§364A network
analyzer at —20 dBm. Figures 2(a) and 2(b) show the mea-
sured S-parameter data. S;; magnitude plots of GO decrease
as shown in Fig. 2(a), and reversely S,; plots increase in Fig.
2(b) as the frequency increases. It can be seen that all of the
samples with graphene sheets transmit higher current than
the open sample. In the plots of graphene sheets, magnitudes
at 30—40 GHz decrease in the following sample order: 3, 4,
5, 2, 6, and 1. These results indicate that the parasitic capaci-
tive effect influences the S,; magnitudes of samples 3, 4, 5,
and 2 more strongly because their gap sizes are smaller than
those of samples 6 and 1. Figure 2(b) shows that the differ-
ences in S,; magnitude between graphene sheets and the
open sample are 11-12 dB at 3 GHz and approximately 4.5
dB at 40 GHz, which indicates that the parasitic capacitive

Appl. Phys. Lett. 97, 193103 (2010)

effect dominates with increasing frequency. The averaged
S,; magnitude of graphene sheet samples at 40 GHz (—19.9
dB) is nearly 4 dB higher than the multiwalled nanotubes
bundles (—23.6 dB at 40 GHz)"® and 7 dB higher than the
single wall carbon nanotubes (—27 dB at 40 GHz)" reported
previously.

Figure 2(c) shows transmission capabilities of the mea-
sured samples from 30 to 40 GHz. We considered the geom-
etries of graphene sheets to effectively analyze electrical
properties within samples; the widths and thicknesses of GO
sheets were presented, as shown in Figs. 2(d) and 2(e). Root
mean square roughness values measured by AFM are
3.7x0.5 nm for sample 2, 6.8*0.3 nm for sample 3,
3.4*=0.4 nm for sample 4, and 2.4 =0.2 nm for sample 5 in
the area of 8 wm?. Although graphene sheets have an erratic
shape, since thickness and width were measured at the regu-
lar intervals to utilize the average values and the standard
deviation, the relative resistance dependent on the geom-
etries of the samples was briefly determined. The resistance
of the transmission line with width w and thickness ¢ is
shown as R=pL/wt, where p and L are the resistivity and the
effective length of GO sheets, respectively.15 The resistivity
of GO is 3.5% 107 Q m." The average widths of samples
2, 3, 4, and 5 are 541 um, 4.11 pum, 6.42 wm, and
4.03 um, respectively. The average thicknesses of those are
2.33 um, 5.27 pm, 2.65 wm, and 4.38 um, respectively.
The resistances of transmission lines accordingly increase in
the following sample order—3 (45.25 (), 4 (46.42 Q), 5
(47.59 Q), 2 (83.30 Q)—which roughly corresponds to the
measured S,; magnitudes of Fig. 2(c). Sample 3 has the
smallest resistance, even though it shows the largest rough-
ness value. Therefore, transmission properties of GO are
dominated by average values of geometries than roughness
of it.

A Y-parameter de-embedding technique was used in or-
der to eliminate the parasitic capacitive effect of electrodes
from the measured data.'® The de-embedding procedure is
carried out using [Yin]=[Ymeas]=[Yopen)» Where [Yy,] are
the Y-parameters of the intrinsic interconnect, [Y e, and
[Yopen] are the measured Y-parameters obtained by
S-parameters of the samples with GO sheets and open
sample.

Figure 3(a) shows the real and imaginary parts of the
characteristic impedance of the graphene sheets, Au wire
which has 3 wm in width and 10 nm in thickness, and
open structure. The impedance within pad structures de-
creases as the following order: open, Au wire, and GO.
The averaged real parts of the impedance monotonically
decrease from 450 Q at 0.5 GHz to 19 ) at 40 GHz. (Au
wire: 1445 Q at 0.5 GHz to 154 Q at 40 GHz, open:
1984 ) at 0.5 GHz to 158 ) at 40 GHz) The interconnect
characteristic impedance, Z, can be separated into real
and imaginary parts by squaring it; Z>={(RG+ w’LC)/[G>
+(wC)?}+j{(wLC-wRC)/[G*+(wC)?]}. The imaginary
part of the impedance is always negative over the entire fre-
quency range, which means that the interconnect reactance
of graphene sheets is capacitive.

With the two-port S-parameter data, relative power lost
from traveling microwaves is given by Loss=1-(|S,|?
+]55,|%). The loss represents the difference between the nor-
malized input power and the reflected or transmitted output
power. In Fig. 3(b), all of the samples measured show rapidly
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FIG. 3. (Color online) (a) Real and imaginary parts of the characteristic
impedance of GO sheets, open, and Au wire (inset). (b) The signal loss with
respect to frequency: GO sheets, and open sample, in the order of decreasing
magnitude.

increasing loss up to about 1.5 GHz, after certain point the
loss remains almost constant until 20 GHz, and then the
power loss of the graphene sheets increases again. The loss
significantly increases above 20 GHz due to the large cou-
pling generated by electric fields surrounding the transmis-
sion line and electrodes.’

To obtain transmission line parameters, such as R, L,
G, and C,'S the relationships between the propagation
constant, y and the characteristic impedances, Z, R, L, G,
and C, were utilized via y= \/(R+ JjoL)(G+jwC), Z
=J(R+jwL)/(G+jwC).

Figures 4(a)-4(d) show R, L, G, and C, which were ex-
tracted by combining these equations. As seen in Fig. 4(a),
the averaged resistance of the samples drastically decreases
from 550 Q/um at 0.5 GHz to 77 Q/um at 15 GHz and
then gradually decreases to 11 )/ um at 40 GHz. (Au wire:
1647 to 60 Q/um, open: 4278 to 407 /um) Figure 4(b)
shows that the average series inductance decreases from
0.27 pwH/um at 0.5 GHz to 0.4 nH/um at 40 GHz. (Au
wire: 1.06 to 0.9 nH/um, open: 0.32 to 0.7 nH/um) In
Fig. 4(c), the shunt conductance that represents dielectric
loss increases from 0.55 to 2.5 mS/um. (Au wire: 0.39 to

@ o (b) ' : '
: —open ——open
0.6 4 — Au wire| 0.3 08 — Au wire|
S04 5 5 i &
: 202 0.3 1
I
g QL = 0.0
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FIG. 4. (Color online) Extracted transmission line parameters of graphene
sheets, open, and Au wire (inset). (a) R: resistance, (b) L: inductance, (c) G:
the shunt conductance, (d) C: the shunt capacitance.
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0.97 mS/um, open: 0.14 to 0.92 mS/um) The induced
eddy current in the graphene sheet interconnector and
eddy currents in the silicon substrate cause the series induc-
tance to decrease.”” In addition, the shunt conductance that
increases roughly proportionally to frequency is affected by
the eddy currents at high frequency. Figure 4(d) shows that
the shunt capacitance drastically decreases from 0.21 to
0.036 pF/um, whereas it remains almost constant from 10
GHz to 40 GHz. (Au wire: 55 to 5.4 fF/um, open: 136 to
7.66 fF/pum)

This paper discusses high-frequency properties of
graphene sheets originating from GO. Although signal loss
slightly increase with increasing frequency, the impedance
and series resistance extracted from the S-parameter of GO
sheets may sharply decrease as the frequency increases. GO
can be easily fabricated at the desired position and has very
efficient microwave transmission capability. Therefore, we
expect that GO could be used for transmission lines in next-
stage electronics and could be very strong candidate for
nanocarbon electronics. There remain many issues such as
theoretical approaches for transmission mechanism of
graphene, contact effects for transmission, and defects in
graphene surface for future study of GO sheets.
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