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1. Introduction

Biosensors are analytical devices that combine a biologically
sensitive element with a physical transducer to selectively
and quantitatively discern specific compounds in a given
biological environment [1]. Biosensors play a crucial role in
safeguarding public health and protecting the environment.
Due to the ever-increasing concerns over public health
and environmental safety, improving the performance of
biosensors becomes not just a technological issue but rather
issues of life and death and quality of life. High performance
biosensors are required to detect, specifically and sensitively,
biological species that can cause harm to humans at a
concentration range well below the harmful threshold level.
Ideally, such biosensors should be built upon a wireless
platform with which detections can be made through remote
and wireless operations.

Surface acoustic wave (SAW) based biosensors have the
potential to meet these requirements because their excitation
and data communication can be achieved via a wireless
means [2]. SAW-based sensors are microelectromechanical
systems in which high frequency acoustic waves travel close
to the surface of a piezoelectric substrate. Because of the

confinement of the acoustic energy near the surface within
the range of one acoustic wavelength, SAW devices are
highly sensitive for discerning any surface perturbation
such as molecular absorption or adsorption and change of
viscoelastic properties.

To use a SAW device as a sensor, very often a two-
port delay-line configuration is used. In such a two-port
delay-line SAW sensor, two sets of interdigitated transducers
(IDTs) placed atop of a piezoelectric substrate are necessary
for generating and receiving acoustic waves. The first set of
IDTs is called the transmitter and the second set the receiver.
The transmitter converts an alternating electrical signal into
an acoustic wave which travels along the surface of the
piezoelectric substrate, and the receiver converts the acoustic
wave back to an electrical signal for detection and analysis.
The area between the generator and receiver is often coated
with a chemically sensitive surface for molecular absorption
or adsorption. SAW sensors can be used to detect molecular
absorption and adsorption events or changes in the viscoelas-
tic properties of the sensitive surface by measuring the wave
characteristics such as frequency shift and insertion loss.

SAW devices have been widely used as sensors for
gaseous, chemical, and biological species detection [3–10].
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Figure 1: Schematic representations of a two-port delay-line SAW
sensor (a) and a Love-mode SAW sensor (b).

The underlying principles for their operations and applica-
tions have been widely discussed and these discussions can be
found in several books [2, 11–13]. Recently, the applications
of SAW devices as biosensors were summarized by Länge
et al. [14] and their applications as gas and vapor sensors
were summarized by Ippolito et al. [15]. In light of this, the
focus of this review will be on the use of nanostructures
to enhance the detection performances of SAW sensors.
We will begin by briefly laying out the basic operating
principles of a SAW device and a Love-mode SAW sensor to
present the need for surface enhancement in a Love-mode
SAW sensor. We will then summarize some recent efforts
in incorporating nanostructures into SAW biosensors. After
that, we will discuss a computational approach to elucidate
the underlying mechanism of Love-mode SAW biosensors
incorporated with nanostructures. Finally, we will present
a modeling example of a Love-mode SAW sensor incorpo-
rated with skyscraper nanopillars along with some selective
results.

2. The Need for Enhancing the Active Area of
a Love-Mode SAW Sensor

Acoustic waves are mechanical waves generated by the
displacements of atoms in a solid piezoelectric material such
as quartz, lithium niobate and lithium tantalite. When an
alternating mechanical strain is applied to a piezoelectric
substrate, the atoms of the piezoelectric material will be dis-
placed from their original locations against the elastic forces
that tend to restore them. This action results in a mechanical
wave propagating close to the surface of the material
[16].

In a common two-port delay-line configuration, a SAW
sensor consists of two transducers placed on the surface
of the piezoelectric substrate as illustrated in Figure 1(a).
The left transducer (the transmitter) is for generating a
mechanical wave and the right transducer (the receiver) is
for picking up the wave. The transmitter is used to convert
an alternating electrical excitation into acoustic wave in the

solid piezoelectric material. The generated acoustic wave
travels along the surface of the piezoelectric material where
the biological detection occurs. By a reverse process, the
receiver converts the acoustic wave back to electrical signals.
In such a two-port delay-line biosensor the dimensions of
the IDTs determine the wavelength of the acoustic wave:
λ = 2(Wel + Wsp) where Wel is the width of each individual
electrode in the IDEs and Wsp the spacing between two
adjacent individual electrodes. The frequency of operation
is governed by f0 = v0/λ, where λ is the wavelength of the
acoustic wave and v0 is the travel velocity of the acoustic wave
in the piezoelectric material [2, 11–13].

In order to achieve high sensitivity in SAW sensors,
it is essential to confine a maximum amount of acoustic
energy near the surface of the substrate and minimize wave
scattering into the bulk of the substrate. To achieve this,
Love-mode acoustic wave devices have been developed based
on the physical effect discovered by Love [17]. In Love-
mode SAW devices, a waveguide layer (see Figure 1(b)) made
of a dielectric material is used to confine acoustic energy
close to the surface of the devices. For high waveguide
efficiency the coated material should have a wave velocity less
than that of the base piezoelectric substrate material [13].
Dielectric materials such as silicon dioxide, parylene, poly-
methylmethacrylate, photoresists, novolac resin are good
waveguide materials.

Aside from trapping a maximal amount of acoustic
energy close to the active surface of a SAW sensor, increasing
the area of the active surface can lead to an increased amount
of molecular absorption or adsorption. To provide a large
detection range and high detection sensitivity, it would be
ideal to have a sufficiently large surface area for the active
region such that a larger amount of molecular absorption
or adsorption at the active region can be achieved. Based
on a brief survey of the state of SAW sensor development
and application, we proposed some strategies for enhancing
the performances of SAW sensors by taking advantage of
nanotechnology, especially adding nanostructures to the
active area of SAW sensors in 2006 [18] based on the
belief that nanostructures would increase the specific surface
area due to their high surface to volume ratio. Indeed,
nanostructures such as nanoparticles, nanotubes, nanofibers,
nanorods, and nanopillars have been successfully employed
for this purpose in the past several years.

3. Efforts in Applying Nanostructures to
the Active Area of SAW Sensors

The nanostructures added to the active surface of SAW
sensors can be categorized mainly into four groups: (1)
dispersed nanoparticles and nanoparticle conjugates, (2)
random nanofibers, nanobelts, and nanotubes, (3) standing
nanostructures, and (4) porous nanostructures. In the
following sections, we will discuss these efforts according to
these categories.

3.1. Nanoparticles and Nanoparticle Conjugates. Levit et al.
[19] used a SAW sensor to detect toluene vapors after
coating the sensor with fluoroalkyl acrylate (FAA) polymeric
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Table 1: Material constants for a XY-lithium-niobate piezoelectric
substrate.

XY lithium niobate

C11 20.3× 1010 N ·m−2

C12 5.3× 1010 N ·m−2

C13 7.5× 1010 N ·m−2

C14 0.9× 1010 N ·m−2

C33 24.5× 1010 N ·m−2

C44 6.0× 1010 N ·m−2

e15 3.7 C ·m−2

e22 2.5 C ·m−2

e31 0.2 C ·m−2

e33 1.3 C ·m−2

ε11 44

ε33 29

ρ 4600 kg ·m−3

nanoparticles (∼100 nm diameter). The obtained sensitivity
results were compared with those obtained with SAW sensors
coated with the same polymer without nanoparticles. They
found that a single layer coating consisting of packed
polymer nanoparticles provided a surface area approximately
three times greater than that of a film without nanoparticles.
When exposed to toluene at a concentration of 3100 ppm,
the SAW sensors coated with FAA containing nanoparticles
exhibited three times greater frequency shift than SAW
sensors coated with FAA without nanoparticles. Chiu and
Gwo [20] showed a linear dependence of frequency shift
upon surface mass density of colloidal Au nanoparticles (∼
10 nm diameter) using a dual delay-line Rayleigh SAW sensor
(built on a LiNbO3 128◦ YX substrate) in a dry environment.
The linear relationships reveal that the higher the mass
density of Au nanoparticles the higher the frequency shift is.
Moreover, they also performed detection of oligonucleotides
by conjugating the oligonucleotides with Au nanoparticles in
reference with a control device having just Au nanoparticles
using a Love-mode SAW device (built on a LiTaO3 36◦

YX substrate) in an aqueous environment. They showed
that frequency shift depends on the concentration of Au
nanoparticles used to bind the oligonucleotides. Based on
their results, they estimated an “atto gram mass standard” for
the sensitivity of their nanoparticles enhanced SAW sensors.
In another study, the same group applied a similar approach
using Rayleigh SAW devices built on AlN substrates [21] to
detect oligonucleotides conjugated with Au nanoparticles.
They showed a clear change in insertion loss as well as
in resonant frequency as the experimental procedure pro-
gresses from surface functionalization, noncomplimentary
reactions, to after hybridization. Au colloidal nanoparticles
have also been mixed with sol gel containing titania and
spin-coated onto the active surface of SAW sensors fabricated
on LiNbO3 64◦ YX substrates [22] for hydrogen gas detec-
tion. Higher-frequency shifts were observed at 1% H2 in a
temperature range from 150 to 300◦C for the SAW sensors
coated with titania containing Au nanoparticles than their
counterparts coated with only titania.

3.2. Random Nanofibers, Nanobelts, and Nanotubes. Of the
techniques using random nanofibers to enhance the active
surface of SAW sensors, conductive polymers such as
polyaniline and polypyrrole are popular choices for the mate-
rials because they can be polymerized by an electrochemical
means. Wu et al. [23] coated a layer of polyaniline nanofibers
as the selective layer for relative humidity detection using
a dual delay-line SAW system built on a LiNbO3 128◦ YX
substrate. The use of polyaniline nanofibers renders the
SAW sensor responsive to humidity change in a close-to-
linear relationship. Sadek et al. [24] used a polyaniline/In2O3

nanofiber composite to improve the sensing performance
of SAW sensors for H2, NO2, and CO detection. Good
repeatability was obtained for H2 and CO gases. For NO2,
the repeatability was not as good due possibly to the
poisoning of the sensitive composite by the NO2 gas at high
concentrations. In a recent study, Sadek et al. [25] used a
polyaniline/WO3 nanofiber composite-based SAW devices
built on a LiNbO3 64◦ YX substrate with a ZnO waveguide
layer for hydrogen gas detection at room temperature. The
developed sensors showed good repeatability and a close-
to-linear relationship (especially at high H2 concentrations)
between hydrogen concentration and frequency shift. In a
similar approach, Atashbar et al. [26] applied polyaniline
nanofibers on top of an AlN waveguide layer of a SAW
sensor fabricated on a LiNbO3 64◦ YX substrate for hydrogen
detection at room temperature.

Polypyrrole is another conducting polymer often used.
IL-Mashat et al. [27] developed a SAW gas sensor with
polypyrrole nanofibers as the active sensing layer. They
demonstrated sensitive responses of the sensors to H2 and
NO2. Aside from these conducting polymer nanifibers, ZnO
nanobelts have also been used as the active layer in a SAW
sensor [28]. In this study, Sadek et al. deposited a layer of
ZnO nanobelts on the active surface of a SAW sensor and
demonstrated sensitive responses of the sensor to gases at a
high temperature: H2 at 185◦C and NO2 at 160◦C. Interesting
enough, the dose-response calibration curve for H2 exhibited
almost a linear relationship while the curve for NO2 was
nonlinear.

Of all the nanofiber cases discussed earlier, the main
purpose for using these nanostructures, including polyani-
line nanofibers, polyaniline/oxide composites, polypyrrole
nanofibers, and ZnO nanobelts, is to make the SAW sensors
responsive to their intended targets such as humidity or
various gases. However, the benefit of using these nanofibers
or nanobelts is clearly visible from one common feature of
these SAW sensors: they all showed rapid responses to their
intended targets owing possibly to the high specific areas of
these nanostructures. One critical issue associated with mul-
titarget sensors, though, is their specificity: It is imperative
that they be able to differentiate various different targets.

Penza et al. explored the coating of a layer of single-
walled carbon nanotubes (SWCNTs) and multiwalled car-
bon nanotubes (MWCNTs) onto commercially available
433.92 MHz two-port SAW resonators for vapor detection
[29–31]. In general, SWCNT produced more shift in wave
frequency than did MWCNT. For SAW sensors coated with
SWCNT, large frequency shifts for low concentrations of
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Figure 2: An illustration for the increase in surface area due
to the cylindrical walls of the nanopillars (a), and a schematic
representation of a two-port delay-line Love-mode SAW sensor
with standing nanopillars added to the active area.

ethanol (720 KHz for 86 ppm) and ethylacetate (655 KHz
for 178 ppm) were noted, and for sensors coated with
MWCNT frequency shifts of 150 KHz, 160 KHz, 110 KHz for
86 ppm ethanol, 178 ppm ethylacetate and 93 ppm toluene
in nitrogen, respectively, were observed. Recently, Penza et
al. [32] applied a thin layer of SWCNT to the active area of
a Love-mode SAW sensor built on LiTaO3 36◦ YX substrate
with a ZnO waveguide layer for various gases detection.
They showed good linear relationship between the gas
concentration and SAW phase change for the SAW sensors in
response to NO2, NH3, and H2 with detection sensitivity of
3.3×10−2, 4.7×10−2, and 1.8×10−2 o/ppm respectively. One
unique aspect of this work is that the authors also measured
the change in electrical conductance of the SWCNT layer in
response to gas exposure and matched the changes in electri-
cal conductance and in SAW frequency shift nicely together
in time. Such a correlated approach to multiple species
detection may provide a unique capability to differentiate
among various target species, a much-needed feature for a
sensor that is responsive to multiple molecular species.

3.3. Standing Nanostructures. In addition to these random
nanofibers, nanobelts, and nanotubes, vertical standing
nanostructures such as nanowires, nanorods, and nanopil-
lars have also been incorporated into the active surface of
SAW sensors. For example, Arsat et al. [33] incorporated
standing polyaniline nanowires on top of a LiTaO3 SAW
device for hydrogen detection. By varying the thickness
of the polyaniline naniwire film they found that a thicker
film led to a faster detection response. Sadek et al. [34]
deposited standing ZnO nanorods onto the active surface

of a SAW sensor fabricated on a LiNbO3 64◦ YX substrate
using a RF sputtering technique and used the SAW sensor
for hydrogen detection. They demonstrated an optimum
operating temperature range for the SAW sensor from 260 to
270◦C with fairly good detection repeatability. Lately, more
efforts were made to add ZnO nanorods to the active surface
of SAW sensors. Wang et al. [35] fabricated a two-port SAW
sensor incorporated with ZnO nanorods for UV detection.
Huang et al. [36] from the same group pushed their effort
one step further by adding Pt coated ZnO nanorods to a
SAW sensor and used it for hydrogen detection.

Again as in those nanofiber and nanotube cases, the
standing nanorods incorporated into the SAW sensors were
mainly for rendering the SAW sensors responsive to their
intended targets rather than for enhancing the sensing
performances of the SAW sensors. A recent report shed
some new light on this regard. Water and Chen [37] used
a hydrothermal technique to add standing ZnO nanorods
onto the active area of a Love-mode SAW sensor fabricated
on a ST-cut Quartz substrate with an RF-sputtered ZnO
waveguide layer. They reported an interesting finding that the
detection sensitivity increases as the height of the nanorods
increases when the ratio of nanorod height to wavelength
is less or equal to 0.014; beyond this ratio the sensitivity
decreases as the nanorod height increases until reaching zero
when the ratio reaches 0.027.

3.4. Porous Nanostructures. Sato et al. [38] reported the
use of a SAW device coated with nanoporous anodized
alumina as a humidity sensor. They found that a SAW
device coated with a 1.0 μm thick nanoporous alumina film
yielded a much higher sensitivity when compared with a
polymide film coated SAW device. The transient response of
the SAW device with nanoporous film was one order faster
than that of the polymide-coated SAW device. Hohkawa
et al. [39] observed that SAW sensors incorporated with
porous anodized alumina coated with platinum or cobalt
were sensitive to ammonia. Varghese et al. [40] reported
the detection of ammonia using nanoporous alumina with
pore size of approximately 43 nm using a SAW sensor at
room temperature. At a resonant frequency of 98.5 MHz a
linear relationship was established between ammonia con-
centration and frequency shift. Moreover, these nanoporous
alumina enhanced SAW sensors were capable of measuring
both low and high concentrations of ammonia. This is a
remarkable improvement when compared with ammonia
SAW sensors based on L-glutamic acid hydrochloride [41]
where the sensors saturated quickly.

Siegal et al. [42, 43] used nanoporous carbon (NPC)
film coated SAW sensors to detect a range of gases such
as carbon tetrachloride, benzene, and trichloroethylene
and achieved sensitivity values of 1070, 698, and 662 ppm,
respectively. These sensitivity values are significantly higher
when compared with the responses of dendrimer polymer
coated SAW devices. In the studies, they also compared the
response of siloxane coated SAW devices against NPC film
coated SAW devices in detecting toluene, methanol and
acetone. The NPC coated SAW devices showed much higher
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Table 2: Material constants for gold and PMMA.

Gold PMMA

E 79 GPa 3 GPa

ν 0.42 0.40

ρ 19300 kg ·m−3 1100 kg ·m−3

responses than their counterparts. The extrapolation of their
reported data suggests that with NPC films of appropriate
density (<1.0 g · cm−3), acetone concentration of less than
1 ppb could be achieved.

4. A Computation Approach to Elucidating
the Effect of Adding Skyscraper Nanopillars

Most of the nanostructures used in the approaches discussed
earlier are generally coated or deposited onto the active
surface. Because of the limited size of the active area,
these approaches have their limitation in terms of how
much the active surface area can be enhanced. As discussed
previously [18], we believe that the use of vertically standing
nanostructures holds great promise to providing a highly
enhanced active surface area. This is because by building
up in a “skyscraper” metaphor a much larger surface area
increase can be achieved within a limited footprint area.
As illustrated in Figure 2(a), in which a hexagonal array
of vertically aligned nanopillars is constructed on a planar
substrate, for a case with r = 150 nm, h = 6μm and
p = 75% for the nanopillars (note, p ≤ 91%), a surface
area increase (S/S0, where S is the enhanced area and S0 is
the footprint area) of 61-fold is achieved. Therefore, adding
3D skyscraper nanopillars onto the active surface of a SAW
sensor (see Figure 2(b)) will offer a significant increase in its
overall active surface area. However, adding nanostructures
to the active surface of a SAW sensor will change the
surface morphology, which in turn would add scattering
loss and affect profoundly the behavior of wave propagation.
To elucidate this impact it is imperative that the effect of
adding standing nanostructures on the wave propagation
and detection sensitivity be investigated analytically.

Over the years, various analytical methods have been
used to study the underlying mechanism for SAW propaga-
tion. Among these methods, the delta function model [44],
equivalent network model [45], Green’s function model [46,
47], and coupling-of-mode method [48] are most notable.
For instance, the Green’s function method was applied to
determine material parameters such as elastic constants
and density in a nanoscale TiN thin film [49]. Generally,
these methods are able to address certain design issues
associated with SAW devices, but they cannot predict the
full-scale behavior of these SAW devices. In these models, the
second-order effects such as backscattering, diffraction and
mechanical loading have either been ignored or simplified,
thus making it highly difficult to predict the behavior of
the SAW devices for high-frequency applications where the
second-order effects are significant.

Finite-element analysis (FEA) has been proven advanta-
geous for both component level and systems level analyses
of SAW devices. The frequency response characterization of
SAW filters [50, 51], the electrical parameter characterization
of SAW devices [52, 53], and the simulation of a SAW
hydrogen sensor [54] have all been analyzed using FEA. We
thus believe that FEA is well suited for investigating the
effect of changing morphology of the sensitive surface on the
propagation of SAW and the detection performance of a SAW
sensor.

5. The Underlying Governing Equations
for SAW Operation

The propagation of acoustic waves in a piezoelectric material
is governed by the following coupled electromechanical
constitutive equations:

T = CE•S− et•E,

d = e•S + ε•E,
(1)

where T is the stress tensor, CE the stiffness matrix, S
the strain tensor, e the piezoelectric coupling tensor, E
the electric field vector, d the electrical displacement, ε
the dielectric matrix, and the superscript t represents the
transpose of a matrix. These constitutive equations can be
related to the applied electrical potential and the induced
mechanical displacements by applying Newton’s law for
mechanical movements and Gauss’s law for electrostatic
movements. According to Newton’s second law of motion,
the stress can be expressed as ∇•T = ρü − F, where ρ
is the density of the substrate material, ü is the particle
acceleration, and F is the mechanical force. Since there is
no internal or external force acting on the substrate, this
equation reduces to ∇•T = ρü. Based on Gauss’s law, the
electrical displacement can be expressed as ∇•d = 0 when
the electrical charge density is zero. Moreover, in a linear
material, the electrical displacement is directly proportional
to the electric field d = εE. This equation can be further
written as d = −ε∇ϕ after applying E = −∇ϕ, where
ϕ is the electric potential. Moreover, the linear strain-
displacement relationship can be written as S = (∇u +
∇ũ)/2 = ∇su.

With these relationships, the constitutive equation (1)
can be expressed in terms of the applied potential (ϕ) and the
induced mechanical displacement and acceleration (u and ü)
along with the material properties (CE, et, and ε) as

∇•[et•∇ϕ] +∇•[CE•∇su]− ρü = 0

∇•[et•∇su
] = ∇•[ε•(∇ϕ)]

(2)

For an anisotropic piezoelectric material like the XY-lithium-
niobate substrate, the stiffness matrix (CE), the piezoelectric
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Figure 3: A computer model of a two-port delay-line SAW sensor
with the active area incorporated with 12 evenly spaced standing
nanopillars.

coupling matrix (e), and the dielectric matrix (ε) can be
expressed as

CE =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

C11 C12 C13 C14 0 0

C12 C11 C13 −C14 0 0

C13 C13 C33 0 0 0

C14 −C14 0 C44 0 0

0 0 0 0 C44 C14

0 0 0 0 C14
(C11 − C12)

2

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

,

e =

⎛

⎜

⎜

⎝

0 0 0 0 e15 −e22

−e22 e22 0 e15 0 0

e31 e31 e33 0 0 0

⎞

⎟

⎟

⎠

,

ε =

⎛

⎜

⎜

⎝

ε11 0 0

0 ε22 0

0 0 ε33

⎞

⎟

⎟

⎠

.

(3)

For an isotropic material such as gold and polymethyl-
methacrylate (PMMA), the stiffness matrix can be calculated
from its Young’s modulus E and Poisson ratio ν as
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The piezoelectric coupling matrix of an isotropic material is
zero and its dielectric matrix has a common constant value
for the three elements along the principal diagonal line: ε11 =
ε22 = ε33 = ε, ε = 2.6 for PMMA and ε = 6.9 for gold.

6. A Modeling Example and
Some Selected Results

Recently, we developed a finite element based computational
method to investigate the SAW propagation behavior in
nanostructure enhanced SAW biosensors [55, 56]. A brief
summary of the technical details of the modeling consider-
ation is discussed here. A two-port delay-line SAW sensor
having a flat sensitive surface with 12 nanopillars incorpo-
rated onto it is illustrated in Figure 3. Due to symmetry,
only a half-structure model needs to be considered. For the
SAW device, two sets of IDTs are placed 40 μm apart: the
one on the left is for generating the SAW and the one on
the right is for receiving the SAW. Each of the two IDTs
has four electrode fingers arranged in two alternating pairs,
with the width and the spacing of the electrodes both set at
10 μm. The SAW sensor has a flat gold film with dimensions
of 20μm × 20μm × 1μm placed in between the two IDTs.
To enhance the sensing performance using nanostructures,
square gold nanopillars having a width of 100 nm and a
height varying from 100 nm up to 1 μm are added to the flat
gold film. For examining the detection performance of these
SAW sensors, a thin film (100 nm) of PMMA is placed on top
of the sensitive surface to simulate molecular adsorption.

For SAW generation, an impulse electrical signal (5) is
applied to the electrode fingers of the generator IDTs. The
generated wave travels to the right along the Y direction (note
that the wave will actually travel in both directions and the
left-traveling wave will be reflected back to the right after it
reaches the left edge). After being interrogated by the PMMA
film adsorbed on the sensitive surface, the acoustic wave is
converted back to an electrical signal at the receiver IDTs.
In the models, the following electrical boundary conditions
are applied: zero charge/symmetry is applied to the top
boundary surrounding the IDTs and to the symmetric plane,
and ground condition is applied to all other boundaries.
The impulse potential to the electrodes is applied in an
alternating manner (i.e., Vi+ at the first and third electrodes,
and Vi− at the second and fourth electrodes):

Vi+ =
⎧

⎨

⎩

+0.5V , t ≤ 1ns,

0V , t ≥ 1ns,
Vi− =

⎧

⎨

⎩

−0.5V , t ≤ 1ns,

0V , t ≥ 1ns.
(5)

The output voltage at the receiver IDTs is obtained in a
similar alternating manner by measuring the differential
potential between the first-third pair and the second-fourth
pair of electrodes.

COMSOL Multiphysics (Burlington, MA) is used to find
numerical solutions to the problem defined by the governing
equation (2). The material constants listed in Tables 1 and
2 [50, 51] are used in the numerical analyses. In each case,
signal attenuation due to PMMA adsorption at the sensitive
surface is examined by quantifying the insertion loss (IL)
characteristics using the following formula:

IL = −20× log10

∣

∣

∣

∣

∣

Voutput

Vinput

∣

∣

∣

∣

∣

(6)
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Figure 4: Snapshots of wave propagation from the SAW model
captured at 10 ns (a) and at 20 ns (b) after the application of an
impulse excitation.

Figure 4 shows two snap-shot images of wave prop-
agation in the SAW sensor captured at 10 ns and 20 ns,
respectively, after the impulse potential is applied. These
images reveal that the generated wave has traveled a distance
of approximately 39 μm away from the leading edge of the
generator IDT in 10 ns, and after 20 ns the wave reached the
other side of the substrate. Based on the travel distance, the
velocity of the acoustic wave is estimated to be 3900 m/s,
which is close to the reported value (ranging from 3700 to
3750 m/s) for an acoustic wave traveling in a XY-lithium-
niobate piezoelectric material [57]. Figure 5(a) shows the
obtained IL spectra for a flat control case (i.e., a SAW
sensor with a flat gold sensitive surface) before and after the
adsorption of a 100 nm thick PMMA film, and Figures 5(b)
and 5(c) show the IL spectra for the SAW sensors with 9 and
12 nanopillars, respectively, before and after the adsorption
of a PMMA film of the same thickness. From these IL spectra,
the resonant frequency for the flat control case is calculated
to be 98.5 MHz. Based on the design, this SAW sensor is
expected to have a resonant frequency of f = 97.5 MHz
which is reasonably close to the observed value. The slight
difference observed here can be attributed to the interference
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Figure 5: Insertion loss spectra for the flat control case (a), a
nanocase with 9 nanopillars (b), and a nanocase with 12 nanopillars
(c) with each insert showing a zoom-in view of the peak frequency.
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Figure 6: Insertion loss spectra for a SAW sensor with 9 nanopillars having a height of 100 nm (a), 150 nm (b), and 250 nm (c) before and
after the adsorption of a 100 nm thick PMMA film with each insert showing a zoom-in view of the peak frequency. (d) Variation of the
differential IL with the height of nanopillars.

of the reflected wave and the fact that only four individual
electrodes are considered for the IDTs in the model whereas
the theoretical value is predicted based on a much larger
number of individual electrodes.

Higher IL is observed from simulation for a sensor with
nanopillars than one without nanopillars. For instance, the
peak IL f for the SAW sensor with a flat sensitive surface
is 21.802 dB, but the peak IL for the SAW sensors with
9 nanopillars and 12 nanopillars is 22.103 dB and 22.123 dB,
respectively, before the adsorption of the PMMA film. After
the adsorption of the PMMA film, the peak IL increases
to 21.820 dB (flat), 22.206 dB (9-nanopillar), 22.421 dB (12-
nanopillar) for the respective SAW sensors. By taking the
ratio of the differential IL measurement to the actual mass
of the adsorbed PMMA, the detection sensitivity of a SAW
sensor is quantified. The actual mass of the adsorbed PMMA
is calculated by multiplying the volume of the adsorbed

PMMA in each case by the density ρ=1000 kg·m−3 of PMMA
material. The detection sensitivity for the flat control case is
calculated as 0.345 dB/ng while the detection sensitivity for
the SAW sensors with 9 and 12 nanopillars are 1.94 dB/ng
(5.62 times higher than the flat control case) and 5.85 dB/ng
(16.96 times higher than the flat control case), respectively.
Thus, the addition of vertically standing nanopillars to the
flat sensitive surface is responsible for the increase in the
total surface area for molecular adsorption, thus leading to
increased detection sensitivity.

Figures 6(a)–6(c) show the IL spectra for a SAW sensor
with 9 nanopillars having different pillar heights before
and after the adsorption of the 100 nm thick PMMA film.
The obtained peak IL measures 22.125 dB, 22.128 dB and
22.105 dB, respectively, when the nanopillars are 100 nm,
150 nm and 250 nm tall before the adsorption of the PMMA
film. After the adsorption of the PMMA film, the peak
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IL values increases to 22.200 dB, 22.243 dB, and 22.211 dB,
respectively. Figure 6(d) shows the variation of the differen-
tial peak IL (due to the adsorption of the PMMA film) with
the nanopillar height. With nanopillar heights being 100 nm,
150 nm, 250 nm, and 1 μm, a differential peak IL of 0.075 dB,
0.115 dB, 0.106 dB, and 0.103 dB is measured, respectively.
The differential peak IL increases significantly when the
height of nanopillars increases from zero to 150 nm, and
beyond this height the differential peak IL decreases slightly
as the height of nanopillars increases. This fact suggests that it
may not be beneficial to have nanopillars taller than 150 nm.
Moreover, this result is consistent with the observation made
by Water and Chen [37] from their experimental work.

7. Summary

Love-mode SAW biosensors hold great promise to deliver
high sensitivity and wireless and remote operational capabil-
ities that are ideal for many biological applications. Although
many parameters such as waveguide thickness, substrate
material, and waveguide material have been explored in
efforts to improve the performance of SAW-based biosen-
sors, there is a technological disjunction that hinders the
application of SAW sensors for highly demanding biolog-
ical detection needs. To address this issue, one solution
is to incorporate vertically aligned, optimally spaced and
mechanically robust nanostuctures into the active area of
the SAW biosensors. Based on a computational modeling
analysis, it is clear that adding standing nanopillars to the
sensitive surface does provide the desired benefits: it provides
increased surface area for increased molecular adsorption,
thus leading to increased attenuation per unit thickness of
molecular adsorption. In general, increasing the number
and the height of nanopillars will increase the detection
sensitivity of the SAW sensors, but such an increase due to
nanopillar height will reach a limit.
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