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Abstract. The experimental results for the high-frequency transport character-
istics (from 0.5 to 110 GHz) of graphene sheets are presented. Samples with
graphene sheets of a different number of layers, as well as samples with-
out graphene, were fabricated and compared by their room-temperature radio-
frequency (RF) transmission properties. From RF two-port network experiments,
the circuit parameters of resistance, inductance and capacitance were extracted
using a lumped circuit model that consists of graphene, metal electrodes and con-
tacts. Self-inductance was suppressed with decreasing number of layers, possibly
due to minimized interlayer conduction or scattering. The graphene–electrode
contact property shows dependence on the number of graphene layers. Our
investigation may promote an understanding of the intrinsic graphene character-
istics and graphene–electrode contact configuration in passive graphene devices
for RF applications.
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1. Introduction

Graphene, the thinnest sheet of carbon-to-carbon networks, has great possibilities in future
technologies for electronic and optical devices. The electronic structure of graphene allows
excellent electrical transport that can be easily modified by doping or an external electric
field [1, 2]. Graphene is quite stable and inert; hence it is possible to prepare large areas that
have low defect densities and low electronic scattering rates [3, 4]. Therefore, graphene may
serve as an energy-efficient electrode for large-area display and photonic applications. With an
appropriate choice of gate dielectrics, it makes a good carrier channel material in transistors for
ac current amplification [5].

Single-layer graphene shows minimum conductivity, σ ≈ 4e2/πh, for aspect ratios
W/L > 4, which corresponds to Fano factor F ≈ 1/3 [6]. The conductivity of graphene
approaches 2–12e2/h in the low charge carrier density limit as Fermi energy tends to
zero [7]. Mobilities as high as 2×105 cm2 (V s)−1 have been reported in suspended graphene
devices [8, 9]. However, recent interest in the electrical properties of graphene has shifted to its
ac mode operation because of graphene’s extremely low scattering rates and high mobility. Lin
et al [10] recently demonstrated a field effect transistor operating up to a few tens of gigahertzs
with an embedded graphene channel. However, until now, more than 50 GHz operation has not
been reported, especially for high-frequency radio-frequency (RF) applications.

In this work, we report the high-frequency (from 0.5 to 110 GHz) characteristics of single-,
double- and five-layer graphene sheets fabricated by mechanical exfoliation and patterned metal
electrodes. Our findings suggest that the impedance of graphene decreases as the layer number
increases in the dimension considered here. Self-inductance in the ac mode decreases with
decreasing number of layers, possibly due to the lack of inter-layer conduction and scattering
centers from π -bonding. The importance of this research lies in understanding the ac mode
characteristics of graphene by a comparative study on the effect of the number of graphene
layers and their transport characteristics up to 110 GHz.

2. Experiments

Graphene samples were obtained by mechanically exfoliating from HOPG (highly oriented
pyrolytic graphite) bulk graphite crystals [11] and deposited onto SiO2/Si substrate. The
thickness of SiO2 film was 500 nm. The device was designed in order to minimize loss through
the substrate typically expected in high-frequency operation. A Renishaw Ramascope 3000
was used for measuring Raman spectra, as shown in figure 3. To avoid irregularities along the
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Figure 1. Samples prepared for two-port S-parameter measurements. (a)
Schematic drawing of the electrode pattern compatible with GSG probing and
graphene sheet. (b) Zoom-in views of the circled region in (a) of each device with
monolayer, bilayer and five-layer graphene (left to right), where the electrodes
are connected by graphene.

Monolayer Bilayer 5 layers

10µm

Figure 2. Optical images of graphene samples after the etch process from left to
right, monolayer, bilayer and five layers.

edges of graphene and variations in dimensions, we used oxygen plasma etching for generating
identical shapes of graphene. Oxygen plasma etching was performed with NEXTRAL NE100
under a condition of 100 sccm oxide and 400 W radio-frequency (RF) power for 2 min.

In order to observe the RF transmission properties of graphene, we fabricated devices
compatible with ground–signal–ground (GSG) probing. The devices consist of two contact
pads for ground, and IN/OUT electrodes connected by graphene, shown in figure 1(a). The
electrodes were patterned by standard photolithography with AZ5214 solution and AZ 300 K
for photoresist and developer, respectively. The electrode materials made of Cr/Au bilayer were
deposited on SiO2/Si substrate using e-beam evaporation, and then lifted off in 55 ◦C acetone
solution. The two ground electrodes were 250 × 250 µm2 squares and the IN/OUT electrodes
are designed as a tapered shape, their width decreasing from 90 to 31 µm. Identical structures
without graphene (called open) and with a rectangular Cr/Au wire of 31 µm width (called thru),
respectively, were also fabricated. Figure 1(b) shows the close-up views of the circled region of
figure 1(a), where the IN and OUT electrodes are connected by graphene. The effective graphene
length (i.e. the gap between the IN and OUT electrodes) is 10 µm.

3. Results and discussion

Graphene sheets are located on top of 500-nm-thick SiO2 on Si substrate by the standard
exfoliation technique [11]. Figure 2 shows the optical images of our graphene samples after the
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Figure 3. Raman spectroscopy of graphene sheets.

etching process. The graphene sheets are 11 µm wide and 31 µm long. The number of layers
of graphene was identified by optical contrast and Raman spectroscopy. It was reported that the
second-order Raman 2D band is sensitive to the number of graphene layers [12, 13]. The 2D
band of monolayer graphene is very sharp and symmetric, and for bi- and multilayers it becomes
much broader and edgeless because of the change in the electronic structure of graphene. The
difference in the 2D band is not obvious for two to four layers. The G band, however, almost
linearly increases with the number of layers [13]. Figure 3, the 514 nm Raman spectra of our
graphene samples, suggests that samples are monolayer, bilayer and five layers and the ratio of
the intensities of the G and 2D peak (G/2D) was 0.39, 0.70 and 1.37, respectively.

With deposited graphene samples, we fabricated devices compatible with GSG probing.
S-parameters for the samples were measured using a network analyzer (manufactured by
Agilent PNA E8361A, at −15 dBm). A standard full two-port calibration using short, open,
load, thru configuration was used to de-embed the parasitic effects of the measurement setup.
Recent applications and details of the S-parameter technique to analyze RF behavior can be
found in studies of single-wall carbon nanotubes [14] and multiwall nanotubes (MWNT) [15].

The reflected electromagnetic wave amplitude (S11) and the transmitted wave amplitude
(S21) are plotted in figure 4. As expected, the open configuration shows the largest value of
S11, and the thru configuration the smallest. Between them lie the curves for samples A, B and
C in order of decreasing magnitude. The order of the S21 magnitude is in the reverse order of
open–monolayer–bilayer–five layers–thru. Even though the thickness of bilayer graphene is of
the order of 1 nm [16], the S21 magnitude of the bilayer sample is only 15 dB lower than the
sample with 400-nm-thick Au of thru configuration. Note that the width of Au is three times
greater than that of samples with graphene. Similar behavior is seen in samples with more layers
of graphene. The insertion loss, which is defined as

IL = −10 log
|S21|

2

1 − |S11|
2

dB,

is calculated from S-parameter data for each sample, as shown in figure 5. The insertion loss of
open configuration shows the greatest value and that of the graphene sample decreases with the
number of layers.
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Figure 4. S-parameter data of samples with graphene, and open (without
graphene) and thru (10/400-nm-thick Cr/Au wire, 31 µm in width)
configurations. (a) S11 magnitude (dB) and phase (degree). (b) S21 magnitude
(dB) and phase (degree).

Figure 5. Computed insertion loss with respect to frequency. The insertion losses
for samples with graphene are greater than for the thru configuration and increase
with decreasing number of layers.

Figure 6 shows a one-dimensional lumped circuit model for samples with graphene sheets.
This model successfully explained the RF transport phenomena of the carbon nanotube circuit in
previous work [17] and can extract intrinsic parameters of graphene by fitting the experimentally
obtained S-parameter data, including the effects of graphene, contact and electrodes separately.
Rp and Cp denote the resistance and capacitance of the probing pads and Cps denotes the parasitic
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Figure 6. Equivalent lumped circuit model for our graphene device [17]. The
dotted circle represents the graphene part. Cp and Rp model the probing pads, Cps

denotes the parasitic capacitance of the gap, and Rc and Cc denote the contact
resistance and capacitance between graphene and the electrodes. The elements
R, L and C represent the graphene sheets.

capacitance of the gap. Rc and Cc denote the contact resistance and capacitance due to the
electron transport barriers between the graphene sheet and Cr/Au electrodes. R, L and C are
the resistance, inductance and capacitance of the graphene sheet itself, respectively.

By applying the current and voltage law to the circuit model in figure 6, the relationship
between the current and the voltage drop between points 1 and 2 can be computed. The
frequency-dependent matrix from those points V1, V2 to currents I1, I2 (the so-called Y -matrix,
or admittance matrix) can be obtained as follows [17]:[

I1

I2

]
=

[
Ŷ11 Ŷ12

Ŷ21 Ŷ22

] [
V1

V2

]
,

Ŷ12(jω) = Ŷ21(jω) = −

(
1

Z(jω)
+ jωCps

)
, (1)

Ŷ11(jω) = Ŷ22(jω) =

(
−Ŷ21(jω) +

jωCp

1 + jωRpCp

)
,

where

Z(jω) =
2Rc

1 + jωRcCc
+

R + jωL

(jω)2LC + jωRC + 1
(2)

represents the impedance of the graphene sheet, corresponding to the dotted circle in figure 6.
The Y -matrix data [Y11, Y12, Y21, Y22] can be obtained from the measured S-parameter data

[S11, S12, S21, S22] using the standard two-port network parameter relationships [18]. By using
equations (1) and (2), we fitted the plot of Y21 from the data with Ŷ21, i.e. we numerically
obtained the set of R, L , C, Rc, Cc and Cps values that minimize the error between the data and
the circuit model over the frequency range. The error was set to

∑
ω |Y21(jω) − Ŷ21(jω)| for each

data set. After the process, the magnitude of difference between Y21 and Ŷ21 was fitted within
3% of |Y21| for each data point. We also fitted the plot of Y11 + Y21 with Ŷ11 + Ŷ21 to extract Rp

and Cp values in the same way. If the fitted results of R, L , C, Rc, Cc and Cps are physically
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Figure 7. Extracted values of Rp and Cp, which represent the contribution of
the metal electrodes. Since all the samples have identical electrode patterns, they
show almost identical values regardless of the number of layers.

Figure 8. Characteristic impedance Z from the measurement (dotted) and the
fitted model (solid): magnitude and phase (inset). The magnitude of Z(jω)
decreases with increasing frequency, and samples with more layers have smaller
impedance.

unreasonable, the resultant fitted values of Rp and Cp for each sample are expected to show
uncorrelated behavior. However, as shown in figure 7, Rp and Cp for all three samples show
exactly identical features over a wide range of the spectrum, which ensures the quality of the
previous fit for R, L , C , Rc, Cc and Cps.

Figure 8 shows the magnitude and phase of the characteristic impedance Z(jω) of the
graphene samples. The dotted and solid curves are from the raw experimental data and from
the fitted model, respectively. The characteristic impedance of graphene itself is in the range
of hundreds of ohms. Even though the amplitude of the impedance is reduced from MWNT
impedance, the phase of the impedance is still mostly negative, showing capacitive nature
similar to MWNT samples [15]. For the single-layer sample, the magnitude decreases drastically
from 1000 to 250 � with increasing frequency.
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Figure 9. (a) Current–voltage curves (dotted) for each sample with linear fitting
(solid). dc resistance values are 1.26 k� (monolayer), 0.46 k� (bilayer) and
0.19 k� (five layers), respectively. (b) Extracted resistance R versus frequency
of each graphene. Samples with more layers have smaller resistance R.

The values of R, which are the intrinsic resistances of graphene sheets, are shown in dc
I –V characteristics (figure 9(a)) and in ac spectra (figure 9(b)), respectively. The resistances for
graphene sheets are of the order of several hundreds of ohms, but notable results can be obtained
by comparing the resistances between the samples. For example, at 10 GHz, the R value of
monolayer sample is 1.7 and 3.8 times that of bilayer and of five layers, respectively, which
are not exactly proportional to the number of layers as reported for dc conductivity [19]. For
the complete frequency range, conductivity increases with the number of layers in a sublinear
manner. If each layer is assumed to provide the same number of charge carriers, the sublinear
increase in conductance implies that the mobility of monolayer graphene is superior to that of
any multilayer graphene.

The obtained inductance L generally increases with driving frequency, but the order of
magnitudes is very different among the samples, as shown in figure 10(a). Also, the inductive
nature of graphene sheets becomes important with increasing number of layers. This inductance
enhancement implies that interlayer conduction may become active in the high-frequency
region. Therefore, multilayer graphene can be regarded as serially connected conductors with
weak scattering centers potentially due to π bondings or crystal lattice misalignments between
the layers [20].

The capacitance C of monolayer graphene is of the order of hundreds of attofarads and
decreases with more layers, as shown in figure 10(b). The capacitances of both the monolayer
sample and the bilayer sample show similar values within experimental error. If only the effect
of graphene film thickness is considered, the capacitance of graphene sheets is expected to
increase with increasing number of layers. However, as shown in the fitted values, the effect of
media such as air or substrate seems more important than the film thickness effect.

For contact between graphene and electrodes, both Rc and Cc increase with respect to
number of layers and increasing frequency. As shown in figure 11, in the low-frequency region,
Rc is of the order of tens of kiloohms and increases up to four times at 100 GHz. Cc is of the
order of nanofarads and increases steeply to tens of microfarads at 100 GHz. The enhancements
of Rcs are within four times from dc to 110 GHz, while those of Ccs are within four orders of
magnitude in the same spectral region. This implies that capacitive coupling between graphene
samples and the electrode becomes extremely important in the high-frequency region.
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Figure 10. Extracted self-inductance spectra (a) and capacitance spectra (b).
Capacitance is of the same order of magnitude for each sample while self-
inductance increases dramatically with increasing number of layers as shown
in (c). Note that self-inductance is drawn in log scale in (a) and (c). Squares
represent the capacitance C and triangles represent the self-inductance L in (c).

Figure 11. Extracted contact resistance (a) and capacitance (b) from fit. Contact
resistances are tens of kiloohms and increase up to 200 k�. However, contact
capacitance increases by four orders of magnitude from 0.5 to 110 GHz,
which implies that contact between graphene and electrode becomes extremely
important in high-frequency operation. Squares represent the contact resistance
Rc and triangles represents the contact capacitance Cc in (c).

Rc decreases with decreasing number of layers, which implies better contact for monolayer
graphene. Since the metal electrodes are deposited later on the substrate where the graphene
layers have been placed, it is likely that the metal electrodes will contact only with the top layer.
Therefore, the increase of Cc with increasing number of layers can result from the bad contact
with each graphene layer beneath the top sheet.

Parasitic capacitances Cps show negligible spectral dependence for monolayer and bilayer
samples. For five layers, it has characteristic 1/

√
f behavior, which resembles the normal skin-

depth effect. Because Cps has generally ten times larger values of intrinsic graphene than C ,
energy transport through air (by electromagnetic radiation or displacement current) or substrate
(by direct current transport) seems more significant in ac mode.

4. Conclusions

In summary, our study supports the structural advantages of single- or double-layer graphene
sheet as a channel material for high-frequency RF passive devices operated at room
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temperature. Implementing fewer layers of graphene helps reduce the self-inductance possibly
originating from interlayer conduction. In order to utilize multiple layers of graphene sheets,
further study on the graphene–electrode configuration is required for better contact. In
particular, investigations of various edge structures would be necessary because high-frequency
transmission characteristics are significantly affected by the graphene edge where atomic
structures are broken down.
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