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This paper demonstrates high frequency performance of graphene transistors grown by chemical vapor deposition on copper foils. Using Ti/Pd/

Au-based ohmic contacts and a hybrid gate dielectric stack of 5 nm SiO2 and 15 nm Al2O3 grown by atomic layer deposition, graphene transistors

with an extrinsic current-gain cut-off frequency (fT) of 2GHz and power-gain cut-off frequency, fmax, of 5.6GHz were obtained for a gate length of

Lg ¼ 1:6 �m. By applying a bias to the Si substrate the access resistances are reduced, which improved the fT and fmax in the devices to 3.5 and

6.5GHz, respectively. Finally we demonstrate these devices in a real-application circuit for binary-phase shift keying.

# 2011 The Japan Society of Applied Physics

1. Introduction

Graphene is a two-dimensional material of sp2-bonded
carbon atoms. Due to its structure and the high symmetry of
the hexagonal arrangement of its atoms, graphene yields
many unique and interesting electronic properties including
carrier mobilities in excess of 100,000 cm2 V�1 s�1 and
excellent carrier confinement.1) In addition, its unique
ambipolar transport enables several novel circuit applica-
tions for frequency multiplication, logic inverters, and
binary phase shift keying.2–5)

Currently, graphene can be obtained from at least three
different sources: Highly oriented pyrolytic graphene
(HOPG), SiC sublimation, and chemical vapor deposition
(CVD) on metal catalysts.6–9) Only the later two are
viable for large scale integration and only epitaxial SiC
has demonstrated RF performance on Si-face.10,11) In this
material, an intrinsic current-gain cut-off frequency, fT, of
100GHz has been reported on graphene transistors with a
gate length (Lg) of 240 nm. Unfortunately, the high cost of
SiC substrates seriously limits the use and scalability of
these devices. CVD Graphene, on the other hand, is grown
on relatively inexpensive nickel or copper foil. The graphene
is then released by etching the catalyst metal, which creates
a free standing graphene film that can be transferred to any
arbitrary substrate, including plastics, Si and textiles. 30-in.
roll-to-roll processing has already been demonstrated with
CVD graphene;12) however unique problems related to metal
catalyst etching and transfer have limited copper CVD for
RF electronic devices.

In this work we demonstrate RF measurements of
graphene devices fabricated on CVD-grown graphene.
Transistors with a gate length of 1.6 �m showed a maximum
extrinsic fT of 2GHz. The application of a substrate bias
reduces the access resistances and increases the fT to
3.5GHz. The effect of scaling the drain-to-source distance
(Lds) and gate length (Lg) have also been analyzed. These
devices are then used in graphene circuits to demonstrate
binary phase shift keying (BPSK).

2. Graphene Synthesis and Transistor Fabrication

The graphene films used in this work were grown by CVD
on copper substrates as described in ref. 9. Copper foils are
first annealed at 1000 �C in H2 to remove native oxides and
improve surface morphology and then CH4 is added under
low-pressure conditions (300–500mTorr) to initiate gra-

phene growth. After growth, a protective poly(methyl
methacrylate) (PMMA) coating layer is applied on top of
the graphene film. The Cu foil is etched first in commercially
available copper etchant, then in diluted HCl, and finally
washed in deionized water (DIW):H2O to reduce doping and
tearing caused by the metal etchants. Films are then
transferred onto polished Si wafers with a 300 nm ther-
mally-grown SiO2 on top. Prior to the graphene deposition,
the wafers undergo RCA clean and 450 �C forming gas
anneal to clean the substrate and make it hydrophobic.

The fabrication of graphene transistors starts with the
patterning and deposition of the source and drain ohmic
contacts. A 2.5 nm Ti/45 nm Pd/15 nm Au metal stack is
then deposited by e-beam evaporation and the ohmic
contacts are patterned by lift-off. Device isolation is
achieved by etching the graphene between devices with an
O2 plasma at 10mtorr and 100W RF Power for 30 s. The
gate dielectric is formed by depositing 5 nm of SiO2 by
e-beam evaporation and 15 nm of Al2O3 deposited using
atomic layer deposition (ALD). A 30 nm Ni/200 nm
Au/50 nm Ni metal stack is used as the gate metal.

The intrinsic carrier mobility before gate dielectric
deposition was measured through Hall measurements on
van der Pauw (VdP) structures for a current level of 0.1
mA and a magnetic field of �0:3T. These measurements
revealed a residual hole carrier concentration of ð5� 3Þ �
1012 cm�2 with an average mobility of 2000� 500

cm2 V�1 s�1. The residual doping is mainly from the metal
catalyst and etching/transfer residues. The variation in
mobility is largely due to delaminations and tears seen
during fabrication and transfer for larger Hall structures.
Using back-gated Hall measurements, we extract a mobility
dependence on carrier density following � � ns

�0:57. This
dependence is characteristic of short range scatters such as
point defects, which suggests that reducing intrinsic defects
and grain boundaries can lead to even higher mobilities on
CVD graphene.13)

3. Transistor Characterization

3.1 DC characterization

The DC performance and structure of a typical graphene
transistor with a channel width (W) of 25 �m is shown in
Fig. 1. The maximum extrinsic DC transconductance, gm, is
84.3mS/mm, which corresponds to an extrinsic mobility
(�FET ¼ gmLds=CoxVds) of 146 cm2 V�1 s�1 given a meas-
ured gate capacitance (Cox) of 2.1 fF/�m2. Hall measure-
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ments after gate dielectric deposition estimate the
mobility closer to 500 cm2 V�1 s�1. The discrepancy be-
tween these extraction methods is due to the contact
resistance which lowers the current and consequently also
the extrinsic DC gm. Circular TLM measurements estimate
contact resistances around 2–5 k� �m for the ohmic
contacts.

3.2 RF characterization

The small signal S-parameters of graphene field-effect
transistors (GFETs) were measured at room temperature
using a vector network analyzer (Agilent N5230) with line-
reflect-match calibration. Figure 2 shows the performance of
a typical graphene FET under a bias conditions of Vds ¼ 3V
and Vgs ¼ 1:5V, the device is in the non-saturated regime.
The gate length of the device is 1.6 �m and the gate width is
25 �m. As expected, the jh21j2 plot shows a frequency slope
of �20 dB/dec. An extrinsic cutoff frequency ( fT) of
3.5GHz is extracted after de-embedding the pad capaci-

tances,14) which yields an extrinsic fT � Lg of 5.6GHz �m.
The extrinsic gm calculated from S-parameters was 120
mS/mm. A maximum oscillation frequency ( fmax) of
6.5GHz is extracted from Mason’s unilateral gain (U), with
a slope of �20 dB/dec. These results were obtained with a
bias of �50V applied to the substrate. The substrate bias is
important for significantly improving the RF characteristics
of the GFETs. Without substrate bias, the fT and fmax are
2 and 5.6GHz, respectively, at Vds ¼ 3V and Vgs ¼ 1:5V.
The effect of the substrate bias is attributed to the improved
conductivity in the access region due to the substrate
modulation as shown in Table I. The negative substrate bias
dopes the graphene p-type thereby reducing the access
resistance.

Table II lists the key elements of the small signal
equivalent circuit of the graphene transistor analyzed in
Fig. 2. The device parameters are extracted after de-
embedding the coplanar-waveguide (CPW) pad capaci-
tances.14) The total gate capacitance, Cgs þ Cgd, of the
device varies from 6.1 to 6.7 pF/mm as VDS changes from 2
to 5V. This is higher than the geometric capacitance of
3.4 pF/mm, estimated using the measured gate capacitance
per unit of area (2.1 fF/�m2). The discrepancy in the
capacitance value may be due to the effect of fringing field
and the close proximity of the source and drain contacts.
Using the extracted RF gm of 120mS/mm at Vds ¼ 3V, the
extrinsic fT ¼ gm,ext=½2� � ðCgs þ CgdÞ� is estimated to be
3.0GHz, in good agreement with the measured value of
3.5GHz. We note that the RF gm is larger than the DC gm,
which might be attributed to charge trapping in graphene
or gate dielectric defects. The traps cannot respond to the
small signal applied to the gate electrode, leading to high
gm.

15) Taking into account the source access resistance,
the intrinsic gm is estimated to be gm,int ¼ gm,ext=
ð1� gm,extRsÞ ¼ 165mS/mm. Hence, the intrinsic fT of the
device is 4GHz with an intrinsic fT � Lg of 6.4 GHz �m.

Figure 3 shows the scaling of extrinsic fT and fmax as a
function of gate length without substrate bias. Before de-
embedding the contact pads, fT and fmax increases from 1 to
1.5GHz, and from 1.5 to 4.6GHz, respectively, as the gate
length shrinks from 5 to 1.4 �m. After de-embedding the
contact pads, fT and fmax increases from 1.1 to 2.2 GHz, and
from 1.5 to 6GHz. The scaling does not follow the 1=LG
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Fig. 1. (Color online) DC characteristics and diagram of a typical

graphene device used in this work. The device dimensions are

Lds ¼ 1:7�m, Lg ¼ 1:6�m, and W ¼ 25�m. The transistor was measured

in vacuum at room temperature.

Fig. 2. (Color online) RF characteristics for a GFET with Lg ¼ 1:6�m
and Lds ¼ 1:7 �m with substrate biased at �50V. The effect of the pad

capacitances has been de-embedded. Bias conditions are Vds ¼ 3V and

Vgs ¼ 1:5V.

Table I. Effect of substrate bias on small signal access resistances.

Vds ¼ 3V, Vgs ¼ 1:5V.

VSUB ¼ 0V VSUB ¼ �50V

fT (GHz) 2 3.5

Rs (�mm) 5.6 2.2

Rd (�mm) 6.6 2.3

Table II. Main elements of the small signal equivalent circuit of two

graphene transistor with Lg ¼ 1:6 �m and a channel width of 2� 25 �m2.

Device
Vds

(V)

Vgs

(V)

Cgs

(pF/mm)

Cgd

(pF/mm)

gm,ext

(mS/mm)

Rs

(�mm)
fT,ext

1 3 1.5 3.3 2.5 120 2.2 3.0

2 3 1.5 3.6 2.6 115 2.2 2.8
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relation due to the relatively high source access resistance.
Besides, scaling the gate length, the frequency performance
of the devices can be improved by using thinner and higher
quality gate dielectrics.

Demonstration of CVD Graphene devices operating up to
6.5GHz is important for future flexible electronics and
communication circuits. One of these applications is radio
frequency identification (RFID) tags which utilize binary
phase shift keying (BPSK) for coding and decoding
information. Low cost and large area RFID tags are an
area that could benefit greatly from large area CVD
graphene.

4. Binary Phase Shift Keying

In this section, the graphene transistors described in x3 are
used to demonstrate a BPSK circuit for modulating digital
signals onto an analog carrier signal. Figure 4 shows the
demonstration circuit. For this application, a digital square
wave (data signal) and a high frequency sinusoid (carrier
wave) are simultaneously applied to the gate of a graphene
transistor, which is biased at the minimum conduction point
by a DC source. The digital signal switches the channel of
the GFET between electron and hole conduction. Due to the
negative gain on the hole branch and the positive gain on the
electron branch of the device transfer characteristics, the
output signal is then equal to the carrier wave modulated by
the data signal with 180� phase shift between ‘‘1’’ and ‘‘0’’
(Fig. 4).

To demonstrate this experimentally, a carrier signal
with fcarrier ¼ 500Hz [Fig. 5(a)] and a digital data signal
fdata ¼ 50Hz [Fig. 5(b)] are supplied to the gate of the
graphene transistor, which is biased to the minimum
conduction point. The output signal measured by an Agilent
54642A oscilloscope is shown in Fig. 5(c). The 180� phase
shift is clearly visible. Although, this demonstration is done
at low frequency, the operating frequency is only limited by
the speed of the GFET. In addition, this application, as for
all analog signal processing applications, does not require a
bandgap in graphene.2–5)

In conclusion, we have demonstrated and studied high
frequency graphene field effect transistors fabricated on

Cu-CVD graphene. These devices have an intrinsic fT up
to 3.5 GHz and an fmax of 6.5GHz, and the use of substrate
bias improves fT by 75%. Through further optimization of
gate dielectric, contact resistance, and scaling, RF device
performance on CVD graphene may surpass that of
traditional silicon electronics. Graphene circuits have also
been demonstrated showing potential application areas in
data transmission for BPSK.
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Fig. 3. (Color online) Scaling of extrinsic fT and fmax with gate length.

The drain and gate bias conditions were optimized in each device for

maximum fT. No substrate bias was applied to reduce the access resistance

in these devices.

Fig. 4. (Color online) Diagram of a GFET-based binary phase shift

keying circuit.

(a)

(b)

(c)

Fig. 5. (Color online) Operation of the graphene-based binary shift

keying circuit. (a) Carrier signal with a frequency fcarrier ¼ 500Hz. (b) Data

input signal with a frequency fdata ¼ 50Hz. (c) Output signal showing a

clear 180� phase shift each time the data input signal changes for ‘‘0’’ and

‘‘1’’.
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