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A one-port surface acoustic wave (SAW) resonator mass sensor composed of multilayer graphene (MLG) electrodes was investigated by the finite
element method (FEM) and analyses were carried out to study the enhancement of sensitivity and the secondary effects caused by MLG
electrodes on the performance of the resonator. Unlike metal electrodes, MLG electrode offers elastic loading to the contact surface, as evidenced
by the increase in the surface velocity of the SAW device. In terms of the sensitivity of the mass sensor, MLG electrode showed the largest center
frequency shift in response to a change in mass loading, as well as when used as a gas sensor to detect volatile organic compounds (VOCs). Also,
MLG electrodes offered the least triple transit signal (TTS) and bulk acoustic wave (BAW) generations compared with Al and Au–Cr electrodes.
Thus, the one-port SAW resonator with graphene electrodes not only possesses excellent performance characteristics but also gives rise to new
opportunities in the development of highly sensitive mass sensors. © 2017 The Japan Society of Applied Physics

1. Introduction

Surface acoustic wave (SAW) resonators are microelectro-
mechanical systems (MEMS) with high operational frequen-
cies and large quality factor (Q-factor).1) These characteristics
make them suitable for a number of applications, especially
as filters, oscillators, and modulators in telecommunication
devices.2) Also, SAW-based resonators have been widely
used for sensor applications, for example, to detect variations
in gas composition, relative humidity, pressure, and temper-
ature.3–5) Among the many SAW device configurations, one-
port SAW resonators are well adapted for sensor applica-
tions. For example, Thomas et al. presented a high-frequency
oscillator based on a one-port SAW resonator coated with a
thin polymer layer for chemical sensing.6) A frequency shift
was observed with an increase in mass loading introduced by
the chemical species absorbed by the sensitive polymer film.
In general, these one-port SAW resonators comprise a central
interdigital transducer (IDT) and two identical peripheral
reflectors located on the surface of a piezoelectric sub-
strate, as shown in Fig. 1. Aluminium (Al), gold–chromium
(Au–Cr), and nickel (Ni) are the common materials used to
fabricate metallic IDT electrodes to generate and receive
SAWs through piezoelectricity. These conventional materials
subject the one-port resonator to secondary effects such
as triple transit signals (TTS) generation (also referred to as
electrode reflection) and bulk acoustic wave (BAW) genera-
tion.7,8) These secondary effects affect the frequency response
of the resonator and hence the performance of the device.
Several methods have been established to minimize these
secondary effects. For instance, SAW resonators with a
double-electrode IDT design are used to minimize TTS
generation.1) In another work, embedding the electrodes into
the substrate was shown to minimize BAW generation.9)

Graphene, being light and conductive, is expected to
reduce the secondary effects caused by the mass loading
of electrodes when used as transducers.10) At the same time,
graphene is ripe for numerous sensing applications as there
are established methods of producing single or multilayer
graphene (MLG) and methods of patterning MLG into
desired shapes.11) Hence, researchers have attempted to

employ graphene as the active material in SAW and other
acoustic devices to function as electrodes as well as sensing
mediums. Recently, Roshchupkin et al. used graphene as the
electrode material in the SAW devices.12) Mayorov et al. ex-
perimented with a SAW delay line consisting of a graphene
IDT that responded to temperature fluctuations and chemical
doping.13) This proved that the graphene IDT can function as
both an electrode and a sensing medium. In another study,
graphene was fabricated as a sensing medium on a quartz
crystal microbalance (QCM, a kind of acoustic device),
and gases of volatile organic compounds (VOCs) such as
isoproponal and ethanol vapors were detected. The QCM
manifested a resonance frequency shift on the order of 30Hz
in the presence of VOCs.14)

A one-port SAW resonator, being a high-frequency device,
is expected to exhibit a higher sensitivity than low-frequency-
range acoustic devices. Recently, researchers have conducted
the finite element modelling of the devices with graphene
nanostructure.15,16) However, there are no reports so far on
the investigation of graphene used for the electrode of a
one-port SAW resonator, where the sensitivity and other
advantages of employing graphene as the electrode material
for resonator applications were explored. Accordingly, in this
work, we performed a finite element model (FEM) simula-
tion of a one-port SAW resonator with MLG electrodes to
investigate the expected elastic perturbation mechanism,
sensitivity to mass loading, and secondary effects caused

Fig. 1. (Color online) One-port SAW resonator on LiNbO3 substrate,
where p is the pitch of the IDT, d is the separation length, w is the aperture,
and a is the IDT width.
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by the electrodes. For comparison, Al and Au–Cr electrodes
were used as reference electrodes. Furthermore, by utilizing
MLG electrodes as the sensing medium, a simulation of VOC
gas sensing was demonstrated. The mass sensitivity was
compared with that of a reported QCM gas sensor and the
enhancement in sensitivity was estimated.

2. Simulation

A typical one-port SAW resonator with an operating
frequency of 130MHz was simulated using COMSOL
Multiphysics. In the setup wizard, the three-dimensional
(3D) space was selected for eigenfrequency and frequency
domain studies, while the two-dimensional (2D) space was
selected for time-dependent studies. In all cases, the study of
piezoelectric devices under the structural mechanics module
of COMSOL Multiphysics was selected.
2.1 Simulation settings
The SAW resonator is based on a 128° YX lithium niobate
(LiNbO3) substrate with MLG electrodes. The space between
the two adjacent electrodes is filled with a thin film of
poly(methyl methacrylate) (PMMA), as shown in Fig. 2(a).
A PMMA film is chosen here as an arbitrary material to
simulate the additional mass on the acoustic path of the
SAW device while investigating the mass loading sensitivity,
similarly to earlier studies reported by Ajay et al.17) To
simulate the anisotropic nature of LiNbO3, a 3D model was
rotated at a Euler angle (β) of 38° from the Z-axis (with α = 0
and γ = 0), as illustrated in Fig. 2(b). By considering the
periodic nature of the IDT electrodes and the equal separation
distance (d) between the center of IDT and the edges of
reflectors (refer to Fig. 1), the 3D model was constructed as
a segment of one pitch length ( p, half-SAW wavelength)
consisting of a single MLG electrode. The dimensions of the
3D model are as follows: electrode width (a) of 7.5 µm, pitch
( p) of 15 µm, substrate height of 300 µm, and Z-axis length
indicating the aperture (w) of 250 nm. The 2D model used
three pairs of electrodes (six pitches) on a substrate with
dimensions of 500 × 210 µm2. Both a and p remained un-
changed. Part of the wide substrate was used as an absorber
in order to observe the resulting waves accurately by
reducing the formation of standing waves.

In order to determine the free surface velocity of LiNbO3,
a massless electrode, represented by a Bezier polygon, was
placed on top of the substrate. The material properties of
Al, Cr, Au, and PMMA were obtained from the COMSOL
material library.18) For 128° YX LiNbO3, the 3D rotated
system and an XZ plane system were applied to its basic

mechanical and electrical properties from the library for the
3D and 2D models, respectively. As MLG is a relatively
new material, its material properties are unavailable in the
COMSOL library and were extracted from Refs. 19 to 21.
Tables I and II show the material properties assigned to the
MLG electrode and PMMA film, respectively. The bounda-
ries parallel to the YZ plane were set to be periodic with
antisymmetric and continuity periodicities for the 3D and 2D
models, respectively. Antisymmetric indicates that all com-
ponents of the displacement amplitude and voltage at the
right periodic boundary (ΓR) are the negative of those at the
left periodic boundary (ΓL). Continuity means that the com-
ponents are symmetric. In the 3D simulations of Rayleigh
waves, a plane-strain condition was applied and the wave
displacement was constrained to the X–Y plane with the
displacement along the Z-axis set to zero for all boundaries
except the bottom boundary, which was fixed. The entire 3D
model was edged, mapped, and swept for a triangular mesh.
The mesh elements were set to increasing order such that the
electrodes at the upper part of the substrate, where most of
the acoustic energy is confined, had the largest number of
elements. The overall 3D model had more than 2 million
degrees of freedom to solve. The 2D model was divided into
small quadrilateral elements with 68 elements along the
X-axis and 28 elements along the Y-axis, which were edged
and mapped. The overall 2D model had more than 300,000
degrees of freedom to solve. For graphene simulation, four
mesh elements were applied for each 1 nm increase in
electrode height, as shown in Fig. 3.
2.2 Simulation methods
The multifrontal massively parallel sparse (MUMPS) solver
available in COMSOL Multiphysics was selected to solve the
eigenvalue, time-dependent, and frequency domain problems
in the present simulation.18) For all problems, resonators with
MLG, Al, and Au–Cr electrodes were each simulated at
heights of 5, 100, and 120–20 nm, and a sinusoidal voltage
with an amplitude of 10V was applied to the electrodes. The
device resonant frequency and SAW velocity were deter-
mined by eigenfrequency analysis. A PMMA film of 125 to
160 nm height was added between the MLG IDT fingers to
study the sensitivity of MLG electrodes to the added mass
loading. The PMMA film was simulated at a step size of 5 nm
by a parameter sweep. The Y-component of the stress tensor
was observed to confirm the existence of elastic loading for
the MLG electrode.

(a) (b)

Fig. 2. (Color online) (a) Segment of SAW resonator geometry.
(b) Illustration of the 3D rotated system axes.

Table I. MLG material properties used in simulations.

Young’s modulus E (TPa) 1.0

Poisson’s ratio ν 0.17

Relative permittivity εr 3.3

Density ρ (kg=m3) 1800

Table II. PMMA material properties extracted from COMSOL library.

Young’s modulus E (GPa) 3.0

Poisson’s ratio ν 0.40

Relative permittivity εr 3.0

Density ρ (kg=m3) 1190
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The time domain analysis of the one-port SAW resonator
was performed for time durations of 3 and 50 wavelengths for
the TTS and BAW generation simulations, respectively. In the
case of TTS analysis, only one electrode at the center was
excited and the electrode next to it was grounded while the
remaining electrodes were set at the floating potential having
zero charge, as illustrated in Fig. 4. For the BAW generation
simulation, three electrodes separated by one SAW wave-
length each were excited while others were grounded, as
shown in Fig. 5. The Y-component displacement and total
displacement were observed for TTS and BAW generations,
respectively.

3. Results and discussion

3.1 Mass loading sensitivity
In SAW perturbation mechanisms, there are two phenomena
that can arise because of mass loading: (i) inertial loading
and (ii) elastic loading. The former is attributed to the areal
density (Δρs), while the latter is related to Young’s modulus
(ΔE) of the material, as indicated by

�v

v0
¼ �Cm f0��s þ Ce f0�E

4�ð4� � 5Þ
v20ð5�2 þ � � 4Þ

� �
; ð1Þ

where Cm and Ce are sensitivity coefficients of mass and
elasticity, and f0 and v0 are the unperturbed frequency and SAW
velocity, respectively. Moreover, Δv is the change in SAW
velocity owing to loading, ν is Poisson’s ratio, and μ is the shear
elastic modulus of the material.22) Graphene’s extraordinary
Young’s modulus and relatively low density are expected to

give rise to elastic loading.22,23) It was observed from the results
of the eigenfrequency analysis that the free surface velocity
of LiNbO3 (v0) is 3958.63ms−1, which is in agreement with
the value for commercially available wafers produced by Tera
Xtal Technology, and the center frequency ( f0) is 131.95MHz.
Placing a graphene electrode on the surface of LiNbO3

effectively forms a layered structure. Given that the bulk shear
velocity of graphene (v̂t) is higher than the bulk shear velocity
of LiNbO3 (vt) i.e., v̂t > vt, this satisfies the condition for
stiffening and gives rise to elastic loading.24–26) This is evident
from Fig. 6 where the SAW velocity through the graphene
electrode increases as the electrode height increases and is
always larger than v0. Table III shows the center frequency shift
(Δ fc) and sensitivity (S) obtained for different types of electrode
materials when attached in the form of an IDT to the free
surface of LiNbO3. S is calculated for various PMMA heights
(hPMMA) using Eq. (2), where fc is the center frequency.

S ¼ fc � f0
fcjhPMMA

¼ � fc
fcjhPMMA

ð2Þ
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Fig. 3. Number of mesh elements with increasing hgraphene.
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Fig. 4. (Color online) Electrode configuration for TTS generation analysis.
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Fig. 5. (Color online) Electrode configuration for BAW generation analysis.
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Fig. 6. Graphene velocity with increasing hgraphene.

Table III. Frequency shifts of various electrode materials.

Electrode
Center frequency shift, Δ fc

(MHz)
Sensitivity
(10−6)

MLG 0.093 711

Al −0.104 −791
Au–Cr −2.088 −15800
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In the case of hPMMA = 0, the positive sensitivity due to
the MLG electrode indicates that there is a positive shift
(Δ fc > 0), whereas the negative sensitivity of Al and Au–Cr
electrodes indicates a negative shift (Δ fc < 0). In terms of
sensitivity towards the PMMA layer, Fig. 7 shows the plot
of S vs hPMMA for MLG, Al, and Au–Cr electrodes. It can be
seen that as hPMMA increases, the Au–Cr electrode has the
lowest sensitivity, while the Al and MLG electrodes have
similar sensitivities. However, a closer inspection of Fig. 7
reveals that the MLG electrode has a slightly higher
sensitivity than the Al electrode. The competition between
inertial and elastic loadings can contribute to the relatively
low graphene sensitivity. Both perturbation mechanisms
offset each other as they compete for dominance and thus
reduce the net change in resonant frequency in accordance
with Eq. (1).

The resonant and antiresonant Y-components of the stress
tensor (σy) are plotted to observe the occurrence of elastic
loading. The average values of the last five data points in
Figs. 8(a) and 8(b) are calculated for each material. The mean
values for Al, Au–Cr, and MLG electrodes are 0.43, 2.45,
and −0.96, respectively, for the antiresonant condition
and −0.70, −1.84, and 1.23, respectively, for the resonant

condition. It is clearly shown in Figs. 8(a) and 8(b) that the
MLG electrode has an inverted curve for both antiresonant
and resonant conditions compared with the Al and Au–Cr
electrodes, and its mean values under both conditions have
the opposite sign of those of the other materials. Hence, this
observation indicates that elastic loading occurred under
MLG electrode, whereas inertial loading occurred in the
cases of Al and Au–Cr electrodes.23)

To further explore the observed enhanced mass loading
sensitivity in the form of the possible application as sensors,
the simulation was extended to investigate the MLG-based
SAW resonator as a gas sensor. Accordingly, the sensitivity
of the graphene electrode to various types of VOCs was
studied. An experiment on the mass loading effect of various
VOCs on a sensitive graphene film on a QCM has been
reported recently.14) It was reported that the presence of
VOCs caused a change in the mass density of graphene,
and that the QCM exhibited resonance frequency shifts of
13.6 and 19.4Hz in the presence of 120 ppm isopropanol
and 90 ppm ethanol, respectively. In the present simulation,
the changes in the mass density of the graphene film for the
above-mentioned VOC concentrations were estimated and
assumed to be added masses to the graphene electrodes to
simulate the presence of VOCs. Furthermore, frequency
response analysis was carried out in the cases with and
without VOCs. The resonance frequency of the one-port
SAW resonator in the absence of VOCs was found to be
131.313MHz. Figure 9(a) shows the plots of the susceptance
versus frequency for various VOCs adsorbed on the graphene
electrode. The frequency at which the susceptance is zero
is the resonant frequency of the SAW resonator. Resonant
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frequencies of 131.310 and 131.309MHz were observed in
the presence of 120 ppm isopropanol and 90 ppm ethanol,
respectively. The estimated shifts in the center frequency of
the resonator were 2.6 and 3.7 kHz for 120 ppm isopropanol
and 90 ppm ethanol, respectively, and were two orders larger
than the shifts observed in QCM. Also, it was estimated that
the SAW resonator exhibited a sensitivity that was one order
higher than that of the QCM, as shown in Fig. 9(b). Further
increase in the operating frequency of the SAW resonator
can greatly enhance the sensitivity to mass loading. Thus,
the MLG-based one-port SAW resonator paves the way to
designing novel gas sensors with high sensitivity.
3.2 Secondary effects
3.2.1 Triple transit signal. The Y-component of displace-
ment was recorded to study the TTS at each 100th of a SAW
period (tp). The arrival times of the waves observed at the
source (ts) and edge (te) electrodes were subtracted to calcu-
late the time delay (Δt). The phase shift (Δφ) was then
calculated by taking the ratio as

�’ ¼ �t

tp
� 360°: ð3Þ

As seen in Table IV, MLG electrode had the smallest
Δφ, while Au–Cr electrode had the largest Δφ, where
ΔφMLG < ΔφAl < ΔφAu–Cr. Moreover, the SAW reached the
edge from the source in the shortest time for MLG electrode,
and Au–Cr electrodes introduced the largest delay with
ΔtMLG < ΔtAl < ΔtAu–Cr. This shows that MLG has the least

mass loading effect compared with Al and Au–Cr. This
corroborates the experimental observation made Mayorov
et al. that graphene electrode had negligible mass loading.13)

3.2.2 BAW generation. BAW displacement amplitudes
were estimated from the total displacement calculated during
the time domain analysis at every 1=10 of tp using

Total displacement ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ju1j2 þ ju2j2

p
; ð4Þ

where u1 and u2 are the particle displacements in the X- and
Y-directions, respectively. Figures 10(a)–10(c), 10(d)–10(f),
and 10(g)–10(i) are XY surface plots of the SAW devices
employing MLG, Al, and Au–Cr electrodes measured at the
end of 5, 16, and 40 cycles of the SAW periods, respectively.
For all electrodes, it can be observed from the figures that the
BAW propagated at different angles into the interior of the
substrate with time. BAW radiation after internal reflection
from the substrate boundaries generated secondary waves
that interfere with the SAW at the substrate surface. It was
estimated, from the surface plots shown in Figs. 10(a)–10(c),
that the total displacement amplitudes observed at a point
on the substrate surface with the coordinates (X = 33.75 µm,
Y = 0) for the MLG electrode, recorded at the end of 5-, 16-,
and 40-wavelength times were 1.20 × 10−10, 1.04 × 10−10,
and 9.15 × 10−11m, respectively. Similarly, for the Al and
Au–Cr electrodes, the displacement amplitudes observed at
the same point at the above-mentioned wavelength times
were 1.22 × 10−10, 4.42 × 10−10, and 4.62 × 10−10, and
1.36 × 10−10, 2.06 × 10−10, and 4.51 × 10−10m, respectively
[refer to Figs. 10(d)–10(i)]. It should be noted that, at the
five-wavelength time, the values represented purely the SAW
displacement amplitudes as they were observed before the
BAW was reflected towards the electrode. The 16-wave-
length time was the point in time when the BAW radiation
reflected back to the surface from the bottom boundary. As
time proceeded, there was a significant addition of the BAW
to the SAW. This was evident from the extracted values of
the total displacements at the 40-wavelength time where the

Table IV. Phase shift of various electrode materials.

Electrode
Time delay

(ns)
Phase shift

(deg)

MLG 9.09 216.0

Al 9.33 221.4

Au–Cr 14.40 336.6
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Fig. 10. (Color online) Surface plots of the one-port SAW resonator with 5 nm MLG electrode observed at (a) 37.86 ns, (b) 121.17 ns, and (c) 302.92 ns;
with 100 nm Al electrode showing propagation of BAW into the substrate interior observed at (d) 37.92 ns, (e) 121.35 ns, and (f) 303.38 ns; and with
120–20 nm Au–Cr electrode observed at (g) 38.50 ns, (h) 123.20 ns, and (i) 308.01 ns.
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secondary waves had already reached the substrate surface
and interfered with the SAW. The values of the total
displacements at the 40-wavelength time were larger for the
Al and Au–Cr electrodes, while the value was smaller for
MLG electrode compared to 5- and 16-wavelength times.
This indicates that MLG had the least BAW generation. To
further examine the intensity of the BAWs generated by the
electrodes, the total displacements of waves at the end of
the 20-wavelength time were estimated for a point in the
bulk of the substrate with the coordinates (375 µm, −400 µm)
using the simulated surface plots, and they were found to be
5.43 × 10−12, 6.74 × 10−12, and 1.38 × 10−11m for the MLG,
Al, and Ar–Cu electrodes, respectively. These values were
smaller than the values observed at the earlier point of
observation which indicated that the amplitude of the BAWs
attenuated as the BAWs travelled into the substrate. At the
same time, it confirmed that the BAW displacements for
both the Al and Au–Cr electrodes were larger than the value
observed in the case of the MLG electrode. Similar trends
were observed at the 40-wavelength time for the same bulk
point, when the maximum total displacement for the MLG
electrode was the smallest. The total displacement values
acquired from the simulation were reasonable as they were
comparable to those obtained by a similar simulation with
Al electrodes.27)

4. Conclusions

In the present study, we investigated the mass loading effects
and sensitivity of MLG electrodes in comparison with those
of traditional Al and Au–Cr electrodes in SAW resonators
through FEM simulation. Furthermore, the secondary effects,
including TTS and BAW generations, caused by the elec-
trodes were also studied. The simulation results suggested
that MLG electrodes had the highest sensitivity with the
largest center frequency shift. It was also shown that MLG
electrodes had the least mass loading effect on the propa-
gating SAW compared with Al and Au–Cr electrodes. This
indicates that MLG is a promising candidate electrode mate-
rial in high-sensitivity SAW sensor applications. In addition
to the function of electrodes, graphene has the capability to
act as a sensing medium to detect chemicals such as VOCs.
Accordingly, the change in the mass loading of graphene in
the presence of VOCs was directly detected as a shift in the
resonance frequency of the SAW resonator. It was observed
that a one-port SAW resonator employing a graphene elec-
trode exhibited a sensitivity that was 1 order higher than that
of the QCM coated with graphene in detecting VOCs such as
isoproponal and ethanol. Thus, highly sensitive mass sensors
with minimum secondary SAW effects can be achieved by
designing a one-port SAW resonator comprising graphene
electrodes. An appropriate SAW design methodology can be

developed for fabricating MLG-based SAW devices. This is
important since a suitable SAW design structure is required
to minimize the IDT reflections in order to ensure that most
of the acoustic energy is concentrated in the IDT region.
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