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ABSTRACT: Designing “ideal electrodes” that simultane-
ously guarantee low mechanical damping and electrical loss as
well as high electromechanical coupling in ultralow-volume
piezoelectric nanomechanical structures can be considered to
be a key challenge in the NEMS field. We show that
mechanically transferred graphene, floating at van der Waals
proximity, closely mimics “ideal electrodes” for ultrahigh
frequency (0.2 GHz < f 0 < 2.6 GHz) piezoelectric nano-
electromechanical resonators with negligible mechanical mass
and interfacial strain and perfect radio frequency electric field confinement. These unique attributes enable graphene-electrode-
based piezoelectric nanoelectromechanical resonators to operate at their theoretically “unloaded” frequency-limits with
significantly improved electromechanical performance compared to metal-electrode counterparts, despite their reduced volumes.
This represents a spectacular trend inversion in the scaling of piezoelectric electromechanical resonators, opening up new
possibilities for the implementation of nanoelectromechanical systems with unprecedented performance.
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Micro and nanoelectromechanical systems (MEMS and
NEMS)1 are key drivers behind a number of advanced

applications such as radio frequency (RF) wireless communi-
cations,2,3 single-molecule detection,4 switches,5 and new
generations of metamaterial-based devices.6−8 Ultrahigh
frequency (UHF) NEMS and MEMS devices are also attractive
for quantum computations,9 memory devices,10 bolometry/
infrared-imaging,11 magnetometers,12 and chemical sensors.13

Many of these applications are driven by on-chip piezoelectric
actuation and sensing of high frequency vibration (0.1−10
GHz) in miniaturized free-standing micro- and nanomechanical
structures. The simultaneous achievement of high electro-
mechanical coupling and low loss-mechanisms in nano-
mechanical resonant structures with reduced volume and
increased vibration frequency is a bottleneck issue that affects
the performance of such systems (such as speed, efficiency,
bandwidth, and sensitivity, depending on the specific
applications).
The key challenges in high-efficiency ultrafast piezoelectric

actuation are the isolation of energy-dissipating mechanisms
and scaling of device volume in the nanoscale size-range. In
conventional piezoelectric MEMS/NEMS resonators, especially
for UHF applications, most of the energy loss is attributed to
bulky metal-electrodes attached to the resonant body, which
induce damping and interfacial strain that limit the resonant
frequency f 0 and the quality factor Q.14,15 Moreover, the
physical and electrical properties of the metal electrodes
fundamentally limit the volume and frequency scaling since,
with current nanofabrication techniques, the thickness of metal

layers cannot be arbitrarily reduced. The most promising
approach for overcoming the deleterious effects of metal
electrodes beyond optimizing the type of metal16 is eliminating
the mechanical contact between metal electrodes and piezo-
electric layer by artificially creating a nanoscale air gap.15

Although this floating-electrode approach is effective in
increasing Q (∼5× improvement demonstrated), it also reduces
(by a similar factor) the effective electromechanical coupling
coefficient, kt

2 of the resonant system (due to the physical
separation between the electrode and the vibrating body of the
structure), resulting in a deteriorated conversion efficiency
between electrical and mechanical energy. Given these
constraints, designing electrodes that simultaneously guarantee
low mechanical damping and electric loss as well as high
electromechanical coupling in ultralow-volume piezoelectric
nanomechanical resonant structures can be considered to be
the “holy grail” in the NEMS field.
Graphene, an atomically thin sheet of carbon, has been

utilized as an electrode in a number of applications17−23

including optoelectronics, nanoelectronics, and energy devices,
that utilize its unique electronic, optical, mechanical, and
chemical properties. Being virtually massless (specific mass ≈
3.74 × 10−16 g/μm2) and chemically inert, mechanically
transferred graphene has minimal chemical interaction with
its underlying substrate, and virtually “floats” over any substrate
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Figure 1. Graphene electrode for piezoelectric NEMS resonators. (a) Schematic illustration in layers view and (b) a pseudocolored tilted-SEM image
of a contour-extensional mode AlN NEMS resonator, where the top electrode is fabricated using mechanically transferred, CVD-synthesized
graphene (Supporting Information section 1). The top electrode, which is critical in confining the electric displacement field within the active
volume of the AlN nanoplate membrane, is fabricated in conventional devices with 50−100 nm thick Au layers. For comparison, all data presented in
this work were measured from over 150 graphene-electrode based and conventional metal-electrode based (reference) devices that were fabricated
on a single 4 inch wafer, the digital photographic image of which is shown in (c). (d) Frequency response of admittance in graphene and reference
devices with 100 and 50 nm thick Au top-electrode with bottom electrode pitch-size of 4 μm. A significant enhancement of resonant frequency is
obtained ( f 0 ∼ 1.27 GHz) in the graphene-electrode devices compared to the reference devices ( f 0 ∼ 0.87 and 1.05 GHz), without any loss of
resonance amplitude which immediately outlines the superiority of graphene as an electrode in piezoelectrically driven MEMS/NEMS devices. Also
shown are the modified Butterworth−Van Dyke (MBVD) model fittings for each curve, the analysis of which have been detailed in Supporting
Information section 2 and discussed in Figure 3. The inset shows from left to right micrographs of a reference device with 100 nm thick Au top-
electrode, a reference device with 50 nm thick Au top-electrode, and a graphene-electrode device.

Figure 2. Graphene as a massless and strainless “ideal” electrode: comparison between simulations and experiments. The 2D FEM simulation of (a)
the electric displacement field and (b) the mechanical displacement in a piezoelectric AlN membrane being excited by an RF field applied on the
bottom interdigitated Pt-electrodes (100 nm thick, W0 =15 μm). Panel 1 (top row) demonstrates the remarkable absence of any electric
displacement field variation and insignificant mechanical displacement in devices without any top-electrode, emphasizing the critical role of the top-
electrode in enabling the actuation process in these nanoplate resonators. Clear modulation of the electric and mechanical fields is seen in devices
with a 100 nm thick Au top-electrode (panel 2, middle row). Panel 3 (bottom row) shows theoretically “ideal” devices with the top-surface of the
AlN membrane defined to be a completely conductive equipotential plane that does not add any mass or mechanical strain. The electric
displacement fields and the mechanical displacements in these devices are nearly identical to the ones with a metal top-electrode but with markedly
higher f 0 values, as seen in (c). (c) Experimental and simulation data showing variation of f 0 as a function of 1/W0, clearly establishing how
graphene-electrode devices have higher f 0 compared to reference devices (31−66% and 14−31% enhancement compared to 100 and 50 nm thick Au
top-electrode reference devices, respectively) over a large range of frequencies (0.2−2.6 GHz). More importantly, over the entire range of
frequencies graphene-electrode devices resonate at frequencies that are almost completely identical (within 3%) to values predicted for devices
employing a massless, strain-free ideal top-electrode. The “spread” in experimental data from average nine devices for each pitch-size and electrode-
type, is smaller than the size of the symbols shown. Simulation data for devices in which both top and bottom electrodes are ideal has also been
included, although the fabrication of equivalent graphene-AlN devices has not been attempted yet. Despite the use of a conventional Pt bottom IDE,
the introduction of the graphene top-electrode is sufficient to achieve operating frequencies approaching the metal-free limit. Micrographs of some of
the fabricated graphene-electrode devices are shown as insets.
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at van der Waals distances.24 The integration of a graphene
electrode in the design of a 245 MHz piezoelectric NEMS
resonator has been recently reported by our group.25,26 Here
we show the remarkable manner in which this atomically thin
conductor is able to mimic an ideal massless electrode, enabling
piezoelectric NEMS devices to operate at theoretically
“unloaded” frequency-limits with improved electromechanical
performance and reduced volume over an unprecedented range
of operating frequencies, 0.2 GHz < f 0 < 2.6 GHz.
The core piezoelectric NEMS resonator chosen in our

experiments is composed of a freestanding aluminum nitride
(AlN) nanoplate (thickness, t = 460 nm) supported
mechanically at two ends, as shown in Figure 1a,b. A bottom
interdigitated electrode (IDE), connected to the two electrical
terminals of the device, and a top electrically floating plate
electrode are employed for the piezoelectric actuation and
sensing of a higher-order contour-extensional mode of vibration
in the nanoplate. When a radio frequency (RF) electric signal is
applied to the bottom IDE of the device, the top electrically
floating electrode acts to confine the electric field across the
device thickness, and a higher-order contour-extensional
vibration mode is excited through the equivalent d31 piezo-
electric coefficient of AlN27 when the frequency of the RF
signal coincides with the natural mechanical resonance
frequency, f 0, of the structure (see Supporting Information
for details). The center frequency, f 0, of this laterally vibrating
mechanical structure, is set by the pitch, W0, of the
interdigitated bottom electrode and the sound velocity, v0 =
(Eeq/ρeq)

1/2 (where ρeq is the equivalent mass density and Eeq is
the equivalent Young’s modulus) of the material stack (AlN
and electrodes) forming the resonator: f 0 = [1/(2W0)](Eeq/
ρeq)

1/2. It is worth noting that the excitation RF electric field
induced by the bottom IDE can be effectively confined across
the ultrathin (t/W0 < 1) piezoelectric nanoplate (actuating
mechanical vibration through the piezoelectric effect) only if a

conductor (i.e., top electrode) is present on the opposite side of
the structure.28 Over 150 AlN resonators with platinum (Pt)
bottom IDE (2 μm < W0 < 20 μm) were fabricated on a single
wafer, shown in Figure 1c. For each pitch-size, several devices
were constructed with a graphene top-electrode, and reference
devices with a 100 or 50 nm thick gold (Au) top-electrode.
Compared to reference devices there was a significant increase
in f 0 in every single graphene-electrode device, as seen from a
typical frequency-response of admittance curve (Figure 1d),
thanks to the elimination of the mass loading associated with
the top metal electrode that maximizes the sound velocity, v0, of
the material stack forming the nanoplate. We next investigate
how close the graphene-electrode devices resonate to the “ideal
top-electrode” limit.
Figure 2a and b show the 2D cross-sectional spatial

distribution of finite element method (FEM) simulated electric
displacement field and mechanical displacement (actuation),
respectively, in three types of AlN resonators (Supporting
Information section 3). In each case, the bottom interdigitated
Pt-electrode was kept fixed. Without any top electrode (panel 1,
Figure 2a,b), the electric field completely penetrates through
the thin piezoelectric membrane, resulting in a negligible
piezoelectric actuation. This highlights the crucial role of the
top electrode in confining the electric field within the ultrathin
piezoelectric membrane. Strong piezoelectric actuation is
indeed obtained when a 100 nm thick Au top-electrode is
employed (panel 2, Figure 2a,b), which closely mimics the
experimental reference devices. Figure 2a,b in panel 3 simulate
“ideal top-electrode” resonators, where the entire top surface of
the AlN membrane is treated as a perfectly conducting
equipotential sheet that provides the necessary electronic
confinement of the RF field within the AlN membrane without
adding any mechanical mass or strain that is associated with
conventionally deposited metal-electrodes. Effective confine-
ment of the RF field and strong actuation are seen in these

Figure 3. Performance comparison between graphene-electrode devices and conventional 100 nm thick and 50 nm thick metal-electrode devices
(references). (a) Variation of the mean Q factor in graphene-electrode devices compared to reference devices, demonstrating the significantly better
performance in the former type over nearly the entire range of resonance frequencies tested. (b) Variation of the mean value of kt

2 in both graphene-
electrode and reference devices as a function of f 0, showing approximately similar trends. Resonance frequency dependence of the figures of merit,
(c) Qkt

2 and (d) Qf 0/ρt, showing enhanced performance (see text) over nearly the entire range, in graphene-electrode devices. The “spread” shown
represents variation in data for each f 0 value. These metrics have been obtained from the MBVD fittings (shown in Figure 1d) of 62 graphene-
electrode devices, 65 100 nm thick metal-electrode devices, and 21 50 nm thick metal-electrode devices.
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“ideal top-electrode” devices that vibrate at much higher
frequencies, as seen in Figure 2c. A comparison between the
simulated values of f 0 with those measured in reference and
graphene-electrode devices is also shown in Figure 2c. In
addition, simulated f 0 of metal-free devices (ultimate scaling
limit) where both top and bottom electrodes were “ideal” are
also shown, although equivalent structures have not been
fabricated. Remarkably, over an extensive range of frequencies
tested (0.2−2.6 GHz), graphene-electrode resonators consis-
tently demonstrate higher-frequency transduction almost
exactly at values predicted for massless, strainless, ideal top-
electrode resonators and approaching the limit of ideal top and
bottom electrodes devices. We note that the graphene used
here is CVD-grown (implying scalability) and mechanically
transferred without any special surface-treatment, and the
experiments were performed at room temperature and in
ambient air. AtW0 = 2 μm (our optical photolithography limit),
the highest frequency device showed a f 0 ∼ 2.56 GHz,
significantly higher than the 1.5−2 GHz range reachable by
reference electrodes and suitable for on-chip, radio frequency
wireless communication applications (such as Bluetooth and
Wi-Fi).29,30 At the same pitch-size, FEM simulations predict
that metal-free, all-graphene-electrode devices (representing the
ultimate scaling limit) would operate at f 0 ∼ 2.72 GHz.
Figure 3a compares the quality factor Q that quantifies how

acoustic energy is confined inside the resonant body of these
devices. No substantial difference in Q factor is observed
between the 100 nm thick and 50 nm thick metal-electrode
devices, suggesting that thinning-down of conventional metal
electrodes that are strongly attached to the AlN nanoplate does
not significantly improve the energy dissipation. In contrast, on
average, the Q values of graphene-electrode devices at UHF
(>0.3 GHz) remain >50% higher than that of reference devices,
suggesting that far less energy dissipation could be achieved by
using an electrode that is virtually “floating” over the AlN
nanoplate with minimal mechanical interactions, consistent
with the near masslessness and weak van der Waals interactions
of graphene with the underlying AlN surface. Despite this
effective mechanical “isolation” of the graphene electrode, the
electromechanical coupling coefficient, kt

2, of graphene-
electrode devices remain similar (1−2%, Figure 3b) to that of

reference devices, highlighting the extraordinary result that a
single atom sheet of carbon is as effective in confining the RF
field within the AlN membrane as a 100 nm thick Au film,
throughout the tested frequency range. Figure 3c,d shows the
f 0-dependence of Qkt

2 and Qf 0/tρeq, two important figures of
merit (FoM) for RF communication and sensing applications,
respectively. The former is inversely proportional to the
insertion loss of RF filters based on electrically coupled
resonators,27 and the latter is inversely proportional to the limit
of detection of NEMS gravimetric sensors.31 Graphene-
electrode devices demonstrate superior performance for both
these FoMs with over 5× enhancement of Qf 0/tρeq, for f 0 > 0.8
GHz. Furthermore, the measured data indicate that the
electrical loss introduced by the limited electrical conductivity
of the graphene top-electrode (the sheet resistance of a single
atomic layer graphene sheet is approximately 3 orders of
magnitude higher than that of a sputtered 100 nm Au
electrode) is negligible in this frequency range (see Supporting
Information section 4). We conclude that massless graphene
electrodes not only significantly boost the f 0 of the AlN NEMS
resonators but also enhance their Q factors without loss of
electromechanical coupling, enabling superior FoMs in
structures with reduced volume and higher vibration frequency.
This represents a spectacular trend inversion in the common
knowledge regarding the scaling of piezoelectric electro-
mechanical resonators.
Finally we highlight the intrinsic chemical tunability of these

NEMS devices and their potential for molecular sensing
applications by progressively fluorinating the graphene
electrode, which converts it to an insulator32 (see Supporting
Information section 5). Figure 4a shows the Raman spectra of
the graphene top-electrode after various fluorination cycles.
With progressive fluorination cycles, the G and G′ peaks
eventually disappear/degenerate as a growing number of −sp2
carbon atoms transform to −sp3 attached with an F atom. As
the graphene sheet becomes increasingly insulating, the
resonance amplitude of admittance of the device (Figure 4b)
systematically decreases, and in the high-fluorination limit
disappears completely, establishing that not only is the
conductive nature of graphene critical in the actuation process
of such ultrathin piezoelectric membranes, but also its absence

Figure 4. Chemical tunability and potential for molecular sensing enabled by the graphene electrode. (a) Representative Raman spectra of a typical
graphene top-electrode obtained from the same spot but at various stages of fluorination cycles. The fluorination process transforms the −sp2
bonding of carbon to −sp3 eventually converting graphene to an insulator. With increasing fluorination cycles, the pristine graphene electrode
gradually loses the sharpness and intensity of the well-known G and G′ peaks, consistent with it gradually losing its −sp2 nature. The corresponding
decrease in conductivity due to this fluorination process has a clear and dramatic impact on the mechanical transduction of the resonator, whose
resonance amplitude falls sharply, and eventually disappears completely, as seen in (b).

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b01208
Nano Lett. 2015, 15, 4599−4604

4602

http://dx.doi.org/10.1021/acs.nanolett.5b01208


would result in a complete switching OFF of the actuation,
which is in agreement with Figure 2a,b, panel 1. Interestingly,
the partial coverage of graphene with F atoms causes a ∼100%
change in amplitude (due to the graphene electrode
conductivity change), indicating the great potential of these
devices for ultrasensitive molecular detection based on the
effective transduction of the analyte-induced variations in the
electrical conductivity of graphene.
Hence, by exploiting its negligible mechanical mass and

interfacial strain, and its ability to confine RF fields, we have
utilized graphene to demonstrate ultralow volume and mass
density piezoelectric NEMS resonators operating at their
predicted frequency limits with improved electromechanical
performance. The low damping and efficient transduction in
nanomechanical resonant structures with reduced volume and
increased vibration frequency addresses one of the most
fundamental scaling issues in the NEMS field opening exciting
new directions toward the implementation of ultraminiaturized
electromechanical devices with unprecedented performance.
We have also demonstrated that the vibration amplitude of
these NEMS resonant devices is highly sensitive to chemical
modification of the graphene electrode (mechanical resonance
can be completely quenched by graphene fluorination), which
has great potential for ultrasensitive molecular detection. We
obtained ∼90% functional device yield using CVD-grown and
mechanically transferred graphene with substantially lowered
f 0-variations compared to reference devices (Supporting
Information, Figure S6), making them immediately suitable
for mass production. Thanks to these unique features, we
expect this graphene-AlN technology to lead to a new paradigm
for high-performance, miniaturized, power efficient sensing, and
RF wireless communication systems.
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