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Abstract—In this work we present room-temperature measurements of graphene nanoelectromechanical resonators (GNERs) demonstrating quality factors (Qs) greater than 200 at
resonance. A nominal resonant frequency (fo ) of 200 MHz is
attained by applying strain to the suspended graphene using an
SU-8 polymer clamp. Additionally, the device fo can be tuned by
more than 5% by application of a DC gate bias on the order of 5V.
Chemical vapor deposited (CVD) graphene is used to demonstrate
the scalability of the process.

I.

I NTRODUCTION

Fig. 1.

Graphene has received much attention owing to its exceptional electrical and mechanical properties [1], [2]. For electronic applications, graphene has been considered as a potential
channel material for RF field-effect transistors (FETs) due to
its high carrier mobility, saturation velocity, and current carrying capacity [3], [4]. In nano-mechanics research, graphene has
been used to construct RF mechanical resonators [5], [6], [7],
which take advantage of its high tensile strength,high stiffness,
and low mass.
It was recently demonstrated that a graphene nanoelectromechanical resonators (GNER) can be operated as a mechanically resonant FETs to improve transduction [6], [7].
In this configuration, shown in Fig. 1, a sheet of graphene
is suspended over a local metal gate electrode, and a drainsource bias (Vds ) is applied across the graphene. By applying
both a DC voltage and an RF signal to the gate, mechanical
vibrations are actuated in the graphene. Motion of the graphene
relative to the gate induces a capacitive displacement current
in the device (similar to that seen passive MEMS devices),
as well as a current due to the field-effect modulation of
channel charge. By means of this second current component,
the mechanical resonance signal is sensed and amplified by
the transconductance (gm ) of the graphene FET structure.
This active sensing technique creates the possibility of
using graphene NEMS resonators in RF circuits such as filters
and oscillators [8]. Active sensing may be especially beneficial in filtering applications since it may be used to reduce
insertion loss (IL), a parameter that is especially important for
maintaining an acceptable receiver noise figure.
Nonetheless, there are still obstacles to implementing
GNERs in these applications, including process scalability
concerns, low quality factors (Q) at room temperature, and
low resonance frequencies (fo ). In this work we present
measurements on GNERs that address these problems by
employing a stress-enhanced design to boost fo , and chemical

978-1-4799-0342-9/13/$31.00 ©2013 IEEE

543

Diagram showing operation of GNER.

vapor deposited (CVD) graphene to demonstrate the potential
for wafer-level fabrication.
II.

E XPERIMENT

The process used to fabricate GNERs is described in detail
elsewhere [9], but will be briefly outlined here. To begin,
metal gates are patterned on fused silica substrates using
deep-UV lithography. A layer of silicon dioxide (SiO2 ) is
deposited on top of the gates using plasma-enhanced chemical
vapor deposition (PECVD). To improve adhesion and reduce
potential wrinkling of the graphene, the oxide is chemicalmechanical polished (CMP) to reduce its roughness below 0.5
nm. CVD grown graphene is then transferred to the substrate
using the technique outlined in [9].
Device channels are patterned in the graphene using electron beam lithography (EBL) and an oxygen plasma etch.
Source and drain electrodes (1/15/50 nm of Ti/Pd/Au) are then
patterned using EBL, and an SU-8 polymer clamp is patterned
on top of the graphene in order to clamp the graphene in
the shape of a drum. The sample is then hardbaked at 170C,
causing the SU-8 clamp to contract and apply strain to the
graphene. The devices in this work employ clamps with a
circular geometry rather than a doubly-clamped structure. We
find that this improves the uniformity of the strain applied to
the graphene, and also serves to suppress higher-order modes
that often arise in doubly clamped structures, which may
adversely affect Q.
In the final fabrication step, the device is immersed in
buffered oxide etchant and dried in a critical point dryer to
remove the sacrificial oxide under the graphene channel and
suspend the device. A scanning electron microscope (SEM)
image of a finished device is shown in Fig. 2.
All measurements are conducted at room temperature in a
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Fig. 2.

SEM image of GNER.
Fig. 4.

Low-field transport measurement.

Fig. 3. RF measurement setup: gate and drain DC biases are applied through
bias-T’s. The input and output ports art P1 and P2, respectively.

Desert Cryogenics probe station at pressures lower than 10−6
torr. DC measurements are performed using an Agilent 4155c
Semiconductor Parameter Analyzer. RF measurements were
performed with the setup shown in Fig. 3, using an Agilent
N5230A Network Analyzer.
III.

R ESULTS AND D ISCUSSION

Fig. 4 shows a measurement of drain current (Ids ) as a
function of the DC gate-to-source bias (Vgs ) for a GNER
measured with a constant Vds . The clamp geometry for this
device is a 1.5-µm-diameter circular drum, and the graphene
channel width and length underneath the clamp are 3-µm
and 1.5-µm, respectively. The gate-to-channel spacing for
this device is approximately 70 nm. A field-effect mobility
(µf e ) of 300 cm2 /V-s is calculated from these current-voltage
measurements, which while lower than other data on CVD
graphene samples which show mobilities as high as 40,000
cm2 /V-s [10], is sufficient to achieve gm in excess of 15
µS. The lower mobility achieved here is most likely due to
contamination of the graphene channel material during the
more involved fabrication process to achieve these structures.
Fig. 5(a) shows a plot of the S21 magnitude for the
same GNER as a function Vgs and frequency. Increasing Vgs
increases the electrostatic force on the graphene, which induces
additional strain in the membrane, causing fo of the device to
shift from approximately 201 MHz at 0 V to 198 MHz at 4 V.
The reduction in fo at higher Vgs is due to a spring softening
effect that has been observed in many nanomechanical devices
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Fig. 5. (a) S21 magnitude as a function of frequency and Vgs . (b) Fitting
of the resonant frequency tuning characteristic, used to extract resonator mass
and strain.

[11]. Using the mechanical model for a circular membrane
resonator given in [12], the tuning characteristic of f o can be
modelled, as shown in Fig. 5(b), and the mass and built-in
strain of the graphene can be determined. These models yield
a mass of approximately 40 times that of intrinsic graphene,
and a strain of 2.2%. This mass enhancement is attributed
to the same contamination to which we ascribe the mobility
reduction.
The small signal electrical model for the device is shown
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Fig. 8.

S21 with model fit for a single bias point.

Fig. 6. S21 magnitude as a function of frequency and Vgs , which demonstrates a greater tuning range due to lower built-in stress from the SU-8 clamp.

Fig. 7.

µ = 300, zo = 72 nm
µ = 10,000, zo = 72 nm
µ = 10,000, zo = 50 nm
µ = 20,000, zo = 50 nm

Small signal electrical model for a GNER.

Fig. 9. Projected improvement of GNERs. The bottom trace is identical to the
fit in Fig. 8. The other traces are for devices with identical lateral dimensions,
but with improved mobility and lower z0 .

in Fig. 7. The small signal output current is given by
z̃
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where Ctot is the total capacitance of the device, Ṽgs is
the RF voltage amplitude, z̃ is the resonator displacement
amplitude, z˜0 is the average gate to channel distance, Cg is
the gate capacitance, m is the resonator mass, and G is the
graphene conductance.
The first two terms in this equation are the feedthrough
current and the mechanical displacement current seen in traditional passive MEMS devices [7]. The third term is identical
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to the output current of a typical FET. The fourth term is due
to the mechanical motion of the membrane being amplified by
the device gm . Using the extracted mass of the device from
Fig 5, and the output current terms given in (4), the S21 of
the device can be modelled as shown in Fig. 8. This device
has a Q of 250 at anfo of 197.8 MHz. The discrepancy in the
model is probably due to capacitive parasitics not accounted
for in the model, and spatial nonuniformity in the strain being
applied to the graphene.
Fig. 9 shows projections for improved GNER transduction
with decreasing z0 , and higher material quality which is
reflected in increased µf e . The bottom trace in the figure is
the same fit from Fig. 8. The additional traces are model
simulations showing that as mobility is increased to 20,000
cm2 /V-s and z0 is decreased to 50 nm, the same device may
exhibit an IL approaching 0 dB. This IL would make GNERs
competitive with existing resonator technologies such as film
bulk acoustic resonators (FBARs).
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IV.

C ONCLUSION

[11]

In this work we have shown that the room-temperature Q
and fo of GNERs can be improved by applying additional
strain to the graphene membrane using an SU-8 clamp. A
small-signal model is presented based on both the electrical
and mechanical parameters of the device which shows good
agreement with measured data. Although the electrical transport of the graphene used in this study is reduced due to contamination in the fabrication process, projections of resonator
performance with improved material quality for a device with
similar geometry indicate that GNERs may have IL values that
are very comparable with other resonator technologies such as
FBARs.
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