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The possibility of realizing an electrostatically induced phononic crystal is numerically investigated in
an acoustic waveguide based on a graphene sheet that is suspended over periodically arrayed electrodes.
The application of dc voltage to these electrodes exerts an electrostatic force on the graphene and this
results in the periodic formation of stress in the waveguide structure in a noninvasive way, unlike the
cases with mass loading and air holes. This noninvasive scheme enables a band gap, namely a phononic
crystal, to be created in the waveguide that can be used to dynamically tune the acoustic transparency in
the medium. Our approach will allow the dispersion relation to be locally modified, thus modulating the
response of traveling acoustic phonon waves. This alternate phonon architecture is promising in terms of
realizing advanced control of phonon dynamics such as waveform engineering.
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I. INTRODUCTION

A phononic crystal (PnC) is a promising platform
for tailoring the dispersion relation of acoustic phonon
waves and engineering the transmission properties [1–3].
Hence, the advent of this artificial phonon architecture
has attracted considerable interest in phononics [4–9]. The
goal in the field is to develop highly functional phononic
devices such as signal processors [10] and ultrahigh Q
mechanical oscillators [11], and to open up possible appli-
cations in topological physics [12–14], thermal manage-
ment [15–17], and electro- and optomechanics [18–20].

To further increase the functionality of these devices,
intensive effort has been devoted to developing dynamic
PnCs that allow the temporal control of acoustic
waves with an external stimulus. Most of these PnCs
have been based on macroscale solid-fluid [21,22] or
sonic crystals [23]. In contrast, a chip-based PnC plat-
form has recently been demonstrated that consists of
a membrane resonator array with a GaAs/(Al, Ga)As
heterostructure [24,25] and a SiNx film [26]. The abil-
ity to dynamically control acoustic waves by using the
mechanical nonlinearity and electrostatic effect in the
devices has made it possible to realize functional acous-
tic devices [27,28]. However, these devices suffer from
low breakdown in the GaAs-piezoelectric transduction and
the narrow operation bandwidth. Additionally, the forma-
tion of the band gap still relies on their passive geometric
structure, such as air holes and electrode array, which
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also determines the fundamental limitation of the dynamic
control.

One of the keys to overcoming these difficulties is to use
an electromechanical resonator based on graphene [29–33]
and other two-dimensional (2D) materials [34]. This is
because these layered materials host a low mass and a
large Young’s modulus (meff ∼ 10−17 kg and E = 1 TPa
in graphene, respectively [30,35]), that enhance the mode-
coupling nonlinearity of the resonator (∝ E/meff) [36].
Additionally, they have extremely low rigidity that enables
them to be stretched significantly by employing mod-
est electrostatic force. This deformation induces stress
without any invasive physical contact and realizes large
mechanical tunability. As a result, the electrically active
phonon systems using graphene and other 2D materials
have demonstrated a range of dynamic control over acous-
tic resonant vibrations including coherent manipulation
between different modes [32,33] and the possibility to tune
the operating frequency by a large amount [29–33].

We propose an electrostatically induced PnC based on
graphene-electromechanical systems, and we investigate
the properties using the finite element method (FEM).
The application of a dc voltage to a gate electrode array
underneath a suspended graphene waveguide (WG) exerts
electrostatic force on the graphene, which induces bending
toward the electrodes [29–34]. This electrostatic stretch-
ing forms a periodic elastic potential in the WG and
modulates the dispersion relation of traveling acoustic
waves, enabling band gaps to be noninvasively created.
Consequently, this noninvasive approach can realize a
dynamic transition in the acoustic conduction property
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from transparency to opacity, that is, from WG to PnC.
This will also enable the temporal control of group veloc-
ity and the trapping of the acoustic waves in an arbitrary
position. Thus, the graphene-based phonon architecture
will open up possible applications in the fields of signal
processing and electromechanics.

II. DEVICE DESIGN

The device consists of a graphene multilayer with a
thickness t = 25 × tg = 8.5 nm (tg is the thickness of
a graphene monolayer, 0.34 nm) and density ρ = η ×
2235 kg/m3 (η is a correction factor for contamination
on a graphene surface, η = 4.5 is used in this study [30]).
The graphene sheet is suspended over a rectangular trench
of length L and width w = 3.2 μm (L � w) fabricated
from an insulating material such as SiO2 as shown in
Fig. 1(a). A gate electrode with the dimensions (wgx,
wgy) = (1.60 μm, 2.88 μm) is periodically arrayed with
a pitch of a = 3.2 μm at the bottom of the trench and
the electrodes are spatially separated in vacuum from
the suspended graphene by a distance of approximately
d = 85–180 nm. The geometric parameters used in this

(a)

(b)

FIG. 1. (a) A schematic of a graphene-based acoustic WG
where the graphene film is suspended over a trench with a gate
electrode array at its bottom. Electrodes with the dimensions
wgx × wgy are periodically arrayed with a distance of a between
them. Graphene with a thickness t is suspended by a trench with
a width w and is spatially separated from the gate electrodes by a
distance d. (b) A unit structure having a length p that is a periodic
distance between voltage-biased electrodes. The Floquet bound-
ary condition (BC) is used to calculate the dispersion relation.
Perfect matched layers (PMLs) are introduced to avoid undesired
reflection.

study are typical values taken from previous experimental
studies on individual mechanical resonators [30,31].

An electrostatic pressure Pes can be induced by apply-
ing a dc electric voltage to the gate electrodes and it is
calculated by

Pes = 1
2

dCu

dz
V2

g = 1
2

ε0

(d − zs)2 V2
g , (1)

where Cu, ε0, and zs are the capacitance per unit area
formed between the graphene and the gate electrode, the
vacuum permittivity, and the static displacement of the
graphene induced by the electrostatic force, respectively.
The electromechanical properties and dispersion relation
are simulated in the unit structure of the WG with COM-
SOL MULTIPHYSICS 5.3 as shown in Fig. 1(b). Note that in
the simulation, the graphene unit structure is given a fixed
boundary at the bottom of the SiO2 mesa substrate and
Floquet periodic conditions at (x, y) = (±p/2, y), respec-
tively. Here, p is the separation between the electrodes to
which we apply the gate voltage. The graphene structure
has sixfold rotation symmetry and the graphene multilayer
is described as an isotropic continuum elastic medium with
Young’s modulus E = 1 TPa [35] and Poisson ratio ν =
0.16 [37]. To avoid undesired reflection, a perfect matched
layer (PML) is introduced into the outer domain of both
mesa structures.

III. SIMULATION RESULTS

A. Electromechanical property

To understand the static electromechanical property of
the device, we consider a unit structure with two electrodes
of unit length p = 2a and investigate the mechanical defor-
mation of the graphene when we apply a gate voltage Vg to
one of the two electrodes as shown in Fig. 2(a). The appli-
cation of the gate voltage concentrates the electric field
between the graphene and the electrode, which exerts an
electrostatic force on the graphene, thus bending it toward
the electrode as shown by the solid gray line in Fig. 2(b).
The static deformation zs increases when decreasing the
gate separation d as shown in Fig. 2(c). The largest dis-
placement zmax

s of the graphene along the trench axis is
between 19.2 and 7.2 nm for a distance d between 85
and 180 nm. Such large deformations cannot be achieved
with conventional mechanical devices. This deformation
induces large stress in the suspended graphene WG, which
increases to 395 MPa at the edges when d = 85 nm and
Vg = 5 V, as shown in Fig. 2(e). These deformation and
stress can also be adjusted by changing the gate voltage
Vg as shown in Figs. 2(d) and 2(f). The results reveal that
the electrostatic graphene WG devices enable the genera-
tion of periodic stress and elastic potential variations in a
noninvasive way, in contrast to previous works where such
an elastic inhomogeneity was induced by loading mass and
making air holes [3].

024024-2



ELECTROSTATICALLY INDUCED PHONONIC CRYSTAL... PHYS. REV. APPLIED 11, 024024 (2019)

(a) (b)
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FIG. 2. (a) A schematic showing the cross section of the unit structure of the graphene WG used for FEM calculations. The unit
length along the x axis is p = 2a = 6.4 μm. Here, the dc gate voltage is applied between one electrode and the graphene. (b) Electric
field distribution and static displacement of the graphene sheet along the x axis. The electric field in the z direction Ez is represented
on the x-z plane at y = 0 when applying Vg = 5 V. The field Ez is strongly confined in a vacuum gap with d = 85 nm between the
electrode and graphene. This exerts electrostatic force on the graphene and bends it toward the electrode (gray line). (c),(d) The gate-
graphene separation d and the gate voltage Vg dependence of the maximum static displacement zmax

s [see (b)], respectively. (e),(f) The
gate-graphene separation d and the gate voltage Vg dependence of the stress at clamping edges (x, y) = (0, ±w/2), respectively. They
are electrostatically induced by Vg = 5 V [(c) and (e)] and create the separation d = 85 nm [(d),(f)].

B. Formation of band gap

The emergence of the phononic band gap results from
the Bragg reflection of acoustic waves traveling in the
periodic elastic potential. Here, we investigate the electro-
static effect on the band dispersion in the WG. Figure 3
shows the dispersion relation in the device at various gate
voltages. It exhibits parabolic dispersion curves at the gate
voltage Vg = 0 V as shown in the first panel from the left

in Fig. 3, which is a trivial property of a normal WG struc-
ture. However, an increase in the gate voltage to Vg = 2
and 4 V results in a sizeable effect of the electrostatically
induced periodic stress on the dispersion curve with the
formation of band gaps as shown in the second and third
panels in Fig. 3. By further increasing the gate voltage to
Vg = 6 and 8 V, the spectral width of the band gaps is
broadened and the dispersion curves become flattened as
shown in the fourth and fifth panels in Fig. 3, respectively.

FIG. 3. The dispersion relation of the graphene-based WG with d = 130 nm at various gate voltages Vgs. The dispersion is simulated
by applying the Floquet periodic condition to the unit structure shown in Fig. 2(a). An increase in Vg creates the band gaps (yellow)
and the reduction in the dispersion slopes (pink circles).
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Our approach can be used to dynamically manipulate
the band structure and thus the acoustic wave during
propagation.

Perhaps the most important advantage of this scheme
is to modify the periodic pitch of the elastic potential by

simply changing the configuration of the applied gate volt-
age. Here, we modify the periodic pitch p between a, 2a,
and 3a [Figs. 4(a)–4(c)]. This engineering of the gate-
voltage configuration alters the periodic elastic potential
and thus enables the dispersion relation to be reconfigured.

(a)

(b)

(c)

(d)

(e)

FIG. 4. (a)–(c) The simulated
profile of the static displacement
zs (left panel) and stress (right
panel) in the unit structure of
the graphene WG with d = 130
nm and p = a, 2a, and 3a when
applying Vg = 8 V. The static
displacement zs in the x-z plane
at y = 0 as shown in the bot-
tom panel. The inset in the bot-
tom panel is a schematic of the
top view and the x-y-z coordi-
nates. The black dotted frame
denotes the unit structure with
length p . (d) The eigenfrequen-
cies as a function of the gate
voltage Vg with p = a, 2a, and
3a as shown in the top, middle,
and bottom panels, respectively.
The band gaps are highlighted in
yellow. (e) The periodic pitch a
dependence of the eigenfrequen-
cies in the device at Vg = 6 V. The
band gap is highlighted in yellow.
The black dashed lines denote a =
3.2, 6.4, and 9.6 μm, where the
same configurations are realized
as in (a)–(c), respectively.
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With p = a, the gate electrode separation is short and this
causes quasiuniform deformation of the graphene sheet
along the x axis so that the entire WG is stretched toward
the electrodes. Thus the induced stress is not strongly
localized, but is distributed throughout the entire device
as shown in Fig. 4(a). Therefore, few band gaps emerge.
On the other hand, the cut-off frequency greatly increases
when increasing the gate voltage due to the uniform stress
as shown in the top panel of Fig. 4(d). By changing the
periodic pitch to p = 2a and 3a, the gate-induced deforma-
tion and stress are localized as shown in Figs. 4(b) and 4(c),
respectively. As a result, multiple band gaps occur and the
cut-off frequencies are less dependent on the gate voltage,
as shown in the middle and bottom panels of Fig. 4(d),
respectively.

Changing the gate electrode pitch a also modifies the
band gaps as shown in Fig. 4(e), where we use p = a and
Vg = 6 V. This clearly indicates that the spectral position
of the band gaps varies and the number of sizeable band
gaps increases when increasing pitch a. In particular, when
a = 3.2, 6.4, and 9.6 μm (dashed lines), the same gate con-
figurations as in Figs. 4(a)–4(c) are realized, respectively.
In this way, the electrostatic force induced by the gate elec-
trode array allows the band dispersion in the WG to be
designed with the gate voltage configuration.

C. Spectral response

In order to ensure the validity of the band-gap effect,
the spectral response of the graphene WG is investigated
under the excitation of various Vg . Here, the simulated sys-
tem is designed to have a length L = Np = 2Na, where
N = 32 and a = 3.2 μm as shown in Fig. 5(a). Mechan-
ical vibration is locally excited by applying ac and dc
driving voltages, Vac

d cos(2π ft), where f is frequency and
Vdc

d , respectively, to the leftmost electrode. Using Eq. (1),
harmonic driving pressure Pd exerted on the suspended
graphene is given as

Pd = ε0

(d − zs)2 Vac
d Vdc

d cos(2π ft), (2)

thus, both ac and dc voltages are required for vibration
activation. The excited vibrations are flexural modes due
to the extremely small thickness-to-width aspect ratio of
the device (t/w � 1). To reduce computational cost, only
part of a suspended graphene WG is prepared in the model
where a fixed constraint is the outer edges (see the dotted
lines in Fig. 5(a)), and the electrostatic forces Pes and Pd
in zs = 0 are directly applied to the graphene sheet along
the z axis. It is confirmed that the approximation does not
produce a critical difference from the previous approaches
shown in Figs. 2–4, and it is described in detail in the
Supplemental Material [39].

The transmission spectrum through the device is quan-
tified by driving the left side and probing the displacement

(a)

(b)

FIG. 5. (a) A schematic showing the top view of the graphene
WG. The suspended membrane part is used for calculation where
a fixed BC is applied to the edges of the graphene, denoted as
the dotted lines. Harmonic vibrations are locally driven from the
left side of the WG through the gate electrode with Vac

d and Vdc
d ,

and the resulting vibration is calculated at the graphene above
the center of the rightmost electrode. To investigate the electro-
static effect on the transmission property, the gate voltage Vg is
uniformly applied to every two gate electrodes, p = 2a. An inter-
nal loss factor 1/Q ∼ 0.01 is used in the simulations as typically
measured in graphene resonators at room temperature [29,33,38].
(b) The frequency response of the graphene WG at the right edge
when exciting the left one with Vac

d = 0.4 V and Vdc
d = 4 V for

different Vg values. The vibration amplitudes are suppressed in
some frequency ranges (highlighted in gray) due to the band gap
created by applying Vg .

amplitude on the right side [Fig. 5(a)]. Mechanical vibra-
tions up to nanometer-scale displacements are confirmed
in continuous bands beyond 8.7 MHz, as shown in the
top two panels of Fig. 5(b), and can be detected by using
conventional optical interferometer techniques [33,40]. By
applying Vg ≥ 1.8 V, a band gap appears around 9.4
MHz as shown in the third panel from the top. Further
increases in Vg to 2.0, 2.2, and 2.4 V enable the band
gap to shift to higher frequencies and to feature a trans-
mission that is further suppressed, as shown in the bottom
three panels. Moreover, a second band gap is created in
the 11.6–12.1 MHz range due to Bragg reflection caused
by a second Brillouin zone edge. Thus, the results indicate
that the transmission property of the graphene WG can be
dynamically adjusted by electrostatic activation.

For experimental realization of the PnC, it would be
reasonable to fabricate a WG with N > 30. This nearly
corresponds to L between 0.1 and 0.3 mm in our model.
Such a submillimeter-scale graphene can be obtained by
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chemical vapor deposition. The large graphene sample
can be suspended by the usual dry-transfer method [41]
and the recently developed vacuum stack process [42].
Although the stress that is built in during fabrication might
be nonuniform along the WG, this can be compensated
for by applying the appropriate Vg to each gate electrode.
Thus, we expect that graphene-based PnCs can be realized
with existing fabrication techniques.

IV. PROSPECT

This PnC layout offers several advantageous features
when compared to conventional PnC devices. First, the
PnC band structure is created by the electrostatic force
induced by the spatially isolated electrodes. Therefore, this
noninvasive approach enables on-demand tuning of the
acoustic transparency of the device. Second, the gate volt-
age configuration determines the band structure. This not
only modulates the spectral positions of the band gaps, it
can also create a defect cavity at any desired location via
local voltage modification. For instance, this can allow the
strain distribution at the clamping points to be tailored in
the cavity by optimizing the gate voltages, which might
be used to realize a Q tunable mechanical resonator [11].
Finally, the electrostatic force can also modify the mechan-
ical nonlinearity of the device, which tunes and enhances
the nonlinear parametric effect [36]. The ability to adjust
both the nonlinearity and the dispersion of the device can
be useful for investigating nonlinear phenomena such as
phononic solitons. This is possible because the soliton is
generated as a result of the balance between the effects of
nonlinear phase modulation and group velocity dispersion
on a traveling wave [43]. The control of both effects holds
promise for the demonstration of the dynamic manipula-
tion of the temporal and spectral waveforms of an acoustic
wave.

V. CONCLUSION

In conclusion, we propose a PnC structure where the
periodic stress profile can be noninvasively induced in a
suspended graphene WG by applying a dc voltage to a
gate electrode array. As a result, the dispersion relation
is modulated and band gaps are generated. Moreover, the
spectral position and width of the band gaps can be con-
trolled by varying the periodic arrangement of the gate
voltage application. The ability to dynamically engineer
the band structures opens up the possibility of developing
various acoustic devices for signal processing applications.
This approach can be also used to study different nonlinear
phononic phenomena and to construct highly functional
electromechanical circuits.
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