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Abstract: Recently, piezoelectric thin films including zinc oxide (ZnO) and aluminium nitride
(AlN) have found a broad range of lab-on-chip applications such as biosensing, particle/cell
concentrating, sorting/patterning, pumping, mixing, nebulisation and jetting. Integrated acoustic
wave sensing/microfluidic devices have been fabricated by depositing these piezoelectric films onto
a number of substrates such as silicon, ceramics, diamond, quartz, glass, and more recently also
polymer, metallic foils and bendable glass/silicon for making flexible devices. Such thin film
acoustic wave devices have great potential for implementing integrated, disposable, or
bendable/flexible lab-on-a-chip devices into various sensing and actuating applications. This paper
discusses the recent development in engineering high performance piezoelectric thin films, and
highlights the critical issues such as film deposition, MEMS processing techniques, control of
deposition/processing parameters, film texture, doping, dispersion effects, film stress, multilayer
design, electrode materials/designs and substrate selections. Finally, advances in using thin film
devices for lab-on-chip applications are summarised and future development trends are identified.
Key Words: Piezoelectric, thin film, acoustic wave; biosensor; microfluidics; acoustofluidics;
lab-on-chip; ZnO; AlN.
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Abbreviation of key words
AC: Alternating current
AE: Acoustoelastic
AIDT: Annular interdigitated transducer
ALD: Atomic layer deposition
APM: Acoustic-plate-mode
APTUDT: Active passive track unidirectional transducer
ASAW: Apodised surface acoustic wave
AW: Acoustic wave
AZO: Aluminium doped ZnO
BAW: Bulk acoustic wave
BCC: Body centred cubic
BDT: Bi-directional transducer
BSA: Bovine serum albumin
BST: Ba0.8Sr0.2TiO3
CEA: Carcinoembryonic antigen
C-FBAR: Contour mode film bulk acoustic resonator
CMOS: Complementary metal oxide semiconductor
CMR: Contour mode resonator
CNT: Carbon nanotubes
CVD: Chemical vapour deposition
DART: Distributed acoustic reflection transducers
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DC: Direct current
DDL: Dispersive delay line
DFT: Density functional theory
DRIE: Deep reactive ion etch
DEP: Dielectrophoresis
DIDT: Dispersive interdigitated transducer
DLC: Diamond like carbon
DNA: Deoxyribonucleic acid
DNP: Dinitrophenyyl aminohexanoic acid
DRIE: Deep reactive ion etch
ECR: Electron cyclotron resonance
EO: Electro-osmotic
EP: Electrophoresis
EWC-SPUDT: Electrode width controlled single phase unidirectional transducers
EWOD: Electro-wetting-on-dielectric
FBAR: Film bulk acoustic resonator
FCC: Face centred cubic
FCVA: Filtered cathode vacuum arc
FEA: Finite element analysis
FET: Field effect transistor
FEUDT: Floating electrode unidirectional transducer
FIB: Focused ion beam
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F-IDT: Focused interdigitated transducer
FPW: Flexural plate waves
FSAW: Focused surface acoustic wave
GLAD: Glancing angle deposition
HCP: Hexagonal close packed
HiPIMS: High power impulse magnetron sputtering
HiTUS: High target utilisation sputtering
IC: Integrated circuit
IDT: Interdigitated transducer
Ig-E: Immunoglobulin-E
Ig-G: Immunoglobulin-G
IL: Interleukin
IR: Infrared
ITO: Indium tin oxide
LBW: Leaky bulk waves
LFE: Lateral field excitation
LOC: Lab-on-chip
LOD: Limit of detection
LSAW: Leaky surface acoustic wave
LSM: Lanthanum strontium manganite

LWR: Lamb wave resonators
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MBE: Molecular beam epitaxy
MEMS: Microelectromechanical system
MOCVD: Metalorganic chemical vapour deposition
MPECVD: Microwave plasma enhanced vapour deposition
MSAW: Magneto surface acoustic wave
MW: Microwave
OAD: Oblique angle deposition
ODS: Octadecylesilane
ODT: Octadecyle thiol
OTS: Octadecyltrichlorosilane
PBAW: Pseudo bulk acoustic wave
PCR: Polymerase chain reaction
PDMS: Polydimethylsiloxane
PECVD: Plasma enhanced chemical vapour deposition
PET: Polyethylene terephthalate
PI: Polyimide
PLD: Pulsed laser deposition
PMMA: Poly(methyl methacrylate)
PMUDT: Proximity multi-track unidirectional transducer
PSA: Prostate specific antigen
PSAW: Pseudo surface acoustic wave
PTFE: Polytetrafluoroethylene
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PVD: Physical vapour deposition
PVDF: Polyvinylidene fluoride
PZT: Lead Zirconate Titanate
QCM: Quartz crystal microbalance
RAC: Reflective array compressor
RF: Radio frequency
RFID: Radio frequency identification
SAM: Self-assembled monolayer
SAW: Surface acoustic wave
SBAW: Shear bulk acoustic wave
SGAW: Surface generated acoustic wave
SH-SAW: Shear horizontal surface acoustic wave
SMR: Solidly mounted resonator
SNR: Signal-to-noise ratio
SPR: Surface Plasmon resonance
SPUDT: Single phase unidirectional transducers
SSBW: Surface skimming bulk wave
STW: Surface transverse wave
TCD: Temperature coefficient of delay
TCE: Temperature coefficient of expansion
TCF: Temperature coefficient of frequency
TCV: Temperature coefficient of velocity
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TEM: Thickness extensional mode
TFBAR: Thin film bulk acoustic resonator
TFE: Thickness field excitation
TMAH: Tetramethyl ammonium hydroxide
TSM: Thickness shear mode
TSW: Thickness shear wave
TTE: Triple transit echo
UDT: Unidirectional transducer
UV: Ultraviolet
µTAS: Micro-total analysis system
VOC: Volatile organic compound
XRD: X-ray diffraction
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1. Introduction
Lab-on-a-chip (LOC) devices integrate several laboratory functions in a single chip to enable
automation and high-throughput analysis. The key functions of a LOC system are [1,2]:
(i) Transportation of liquid samples containing bio-particles such as DNA, proteins and cells into an
area with pre-deposited probe molecules;
(ii) Mixing and binding reactions of the extracted bio-particles with the probe, and remove
non-specific and lossy binding;
(iii) Detection of an associated change in physical, chemical, mechanical, magnetic or electrical
signals.

In the following, we first provide a brief introduction of acoustic waves as tools for sensing and
actuation in LOC devices.

A typical LOC device consists of microfluidic components for sample preparations such as cell
separation and concentration, filtering, cell lyses, and optical and electronic components for
detection, control and signal processing [1,3]. Except for the electronics that can be borrowed
directly from conventional technologies such as microelectronics and microelectromechanical
systems (MEMS), all the other components are currently under extensive study and development.

Sample preparation is an important step for LOC-based analysis, and it includes multiple steps such
as sample-intake, cell separation/sorting and cell lyses to extract DNA or proteins for subsequent
detection. Before the sensing step, DNA has to be amplified through processes such as polymerase
13

chain reaction (PCR). Various techniques have been developed for sample preparation. However,
most of them are based on stand-alone devices, and the integration of all sample preparation steps
into a single LOC is still a challenging task.

The key technology behind LOC devices is microfluidics, the science and technology of handling
tiny volumes of liquids typically from a few picolitres (pL) to a few tens of microlitres (μL) in a
single chip. Liquid samples are manipulated through processes such as pumping (or transportation),
mixing, droplet generation, jetting and nebulisation (or atomisation) [4,5]. On the micro- and
nanoscale, surface related phenomena such as capillary forces, surface tension, roughness and
chemical interactions are dominant, making the fabrication of these systems complex and
challenging. Typical microfluidic manipulation schemes are [ 6 ]: electro-osmosis (EO) [ 7 ],
electrophoresis (EP) [8], dielectrophoresis (DEP) [9,10], electrowetting-on-dielectric (EWOD)
[11,12], and electrostatic actuation [13]. Acoustofluidics is one of the sub-fields of microfluidics
that utilises acoustic waves as the main tool, and has recently attracted significant attention from the
research community owing to its simple implementation of multiple microfluidic functions such as
micromixing, pumping, droplet generation and particle manipulations [14].

One of the major challenges in developing LOC devices is that sensing and actuating functions are
realised through different mechanisms and are often fabricated using different processes and diverse
materials. Acoustic waves have unique advantages for LOC devices because they can be used for
both sensing and actuation. Acoustic wave sensors provide a high level of sensitivity.
Acoustofluidics can handle liquid volumes from picolitres to a few tens of microlitres for mixing,
14

pumping, jetting and nebulisation. Acoustic waves can also be utilized for sample preparations such
as cell sorting/separation, cell lyses, heating and PCR [15,16]. Therefore, major sample preparation
tasks can be completed solely based on acoustic waves [17,18,19,20], significantly reducing the
complexity of the system and operation cost.

Acoustic waves have been commercially exploited for more than 60 years in industrial applications
ranging from communications to automotive and environmental sensing [21,20]. Applying an
alternating current (AC) or radio frequency (RF) excitation to electrodes patterned on a
piezoelectric material generates an acoustic wave that propagates in the direction perpendicular to
the surface of the material into the bulk medium (bulk acoustic wave, BAW) or along the surface of
the material (surface acoustic wave, SAW). Fig. 1 shows the different modes of BAWs and SAWs
[22,23,24,25,26,27,28,29,30], such as thickness shear wave (TSW), leaky bulk waves (LBW),
pseudo-bulk acoustic waves (PBAW), shear bulk acoustic waves (SBAW) often called surface
skimming bulk wave (SSBW), Rayleigh SAWs (R-SAWs), shear-horizontal SAWs (SH-SAWs),
Love mode waves, Lamb waves, and higher mode waves such as Sezawa or harmonic modes of the
fundamental waves. A generic term of surface generated acoustic wave (SGAW) has also been
proposed to include most of the acoustic waves generated and propagated on or near the device
surface, including R-SAWs, SH-SAWs, Love mode SAWs, Lamb waves, flexural plate wave (FPW)
and acoustic plate wave (APM) [31]. These SGAWs have been widely explored for sensing and
acoustofluidic applications. Table 1 summarizes the working principles, advantages and
shortcomings of the key acoustic wave types.
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Fig. 1. Classification of different wave modes in two categories: bulk acoustic wave (BAW) and
surface generated acoustic waves (SGAW). The key types of BAWs include: longitudinal BAW
(L-BAW); shear BAW (S-BAW), thickness shear mode (TSM)-Quartz crystal microbalance (QCM),
film bulk acoustic wave (FBAR); thickness extensional mode (TEM); lateral field excitation (LFE)
mode; Lamb waves, acoustic plate wave (APW). The key types of SGAW include: Rayleigh SAW
(R-SAW), Sezawa mode waves; shear-horizontal SAWs (SH-SAWs); Love mode wave;
pseudo-surface acoustic waves (PSAW) or Leaky SAWs (LSAW), Lamb wave mode; flexural plate
wave (FPW).

As this paper is focused on recent development of piezoelectric thin film technologies for
acoustic-wave-based LOC applications, the following sections briefly introduce the fundamentals of
different modes of acoustic waves and their applications for sensing and actuation.
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Table 1. Key parameters for different acoustic wave modes
Wave mode
QCM
(Thickness
shear mode)

Illustration

Resonant frequency
kHz to a few MHz

f0 

v
2h0

Sensitivity
Relative sensitivity to mass loading:

Sr 

 2. f 0
1

 p .v
 p .h0

Advantages

Problems

Components

 Capable of detection in
humid and liquid
environment.

 Low detection resolution due
to low operating frequency;
 A thick substrate (0.5~1 mm)
and large surface area (>1 cm2)
which are difficult to scale down.

 Quartz plates
 Au electrodes

 High attenuation in humid
conditions,
 Significant wave damping in a
liquid environment.

 41oYX cut LiNbO3,
 ST-cut Quartz,
 128o Y-cut LiNbO3
etc.
 ZnO, AlN and PZT
thin film devices.

 Radiation loss could occur in
liquid
 Fragile structure as the
thickness of film is thin
 Temperature sensitivity

 ZnO, AlN and PZT
multilayer membranes

 Relatively easy to use
 Equipment is inexpensive

h0, quartz crystal thickness;

p, the piezoelectric material

and cost is low

v, the sound velocity

density.

 High Q factor

Sensitivity to liquid viscosity f

 Mature technology

[32]:

c and c are the stiffness and
density of the crystal, and l and l
are the density and viscosity of the
liquid.

Rayleigh

A few MHz-GHz

Mass sensitivity [33]

SAW
(Rayleigh
mode)

Lamb waves

is the wavelength; d is the

m is the mass loading; A is the area.

 kHz to lower MHz

Mass sensitivity of FPW devices

wave modes can be a few

Low power consumption,
Relatively low cost
Wireless control
Easy processing

k is a constant of the sensing system;

width of finger for IDT.

(thin film based higher Lamb






[35]
Sm 1/(2d)

hundreds MHz to 1 GHz)
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 Can support two different
propagation modes, one
symmetric and one
antisymmetric,
 Wireless control
 Able to operate in liquid

condition

Velocities of A0 and S0
modes are [34]:

;

;

SH-SAW

A few to hundreds of MHz

Mass sensitivity

 Low power consumption,
 Low cost,
 Wireless control
 Able to operate in liquid
environment.

 Often not a pure shear wave
when excited
 Part of the energy is lost to a
bulk acoustic wave
 Depending on crystal
orientations

 Quartz
 36° YX-cut LiNbO3
 64o YX-cut
LiNbO3.

 Highest sensitivity among
SAW sensors due to the
wave guiding effect
 Able to propagate in liquid
environment

 With increasing thickness of
film, insertion loss decreases
quickly.
 Guiding layer effect is
significant.

 Substrates: 36°
YX-cut LiTaO3,
Quartz, 64o YX-cut
LiNbO3,
 Guiding layer: SiO2,
ZnO, TiO2, PMMA,
SU-8, Photoresist

d is the width of IDT finger.

Love mode

 A few to hundreds of MHz

wave
d is the width of finger.
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Back trench
FBAR

Sub- or a few GHz;

fn 

Mass sensitivity [36]:

 (n  1)V
2d

where n corresponds to

The subscript “μ” indicates the

different resonant modes.

unperturbed field condition, the

For multilayer FBAR

subscript “f” is related to the films,

 Small dimensions
 Small base mass,
 Very high sensitivity,
 Ability to fabricate using
standard CMOS processing,
materials and circuitry,
 Significantly reduced size
and volume.

 Large noise/signal ratio;
 Difficulty in signal control and
measurement;
 Sensitive to many different
parameters;
 Fragile membrane.

 Si, Si3N4, or SiO2
membrane
 ZnO and AlN
membrane etc.

 Small dimensions
 Small base mass,
 More robust structure,
 Glass and plastic can be
used.
 Very high sensitivity,
 Ability to fabricate using
standard CMOS processing,
materials and circuitry,
 Significantly reduced size
and volume.

 Large noise/signal ratio,
 Difficulty in signal control and
measurement
 Sensitive to many different
parameters.
 More film deposition
processes, thus time consuming.

 Pair of high
impedance and low
impedance layers as
acoustic mirror;
 Reflectors:
LiNbO3/SiO2, W/SiO2,
Ta2O3/SiO2, and all
metal reflectors of
Mo/Ti and W/Ti,
AlN/Mo, [37] Pt, W,
TiN, AlN, HfO2,
Al/Ti, SiO2/Ir. SiOC,
Al, Au/Al.

 Small dimensions
 Small base mass,
 Very high sensitivity,
 Ability to fabricate using
standard CMOS processing,
materials and circuitry,
 Significantly reduced size
and volume.

 Large noise/signal ratio,
 Difficulty in signal control and
measurement,
 Sensitive to many different
parameters,
 Sacrifical process is required.

 ZnO and AlN
membrane with a gap
to substrate.

vs is the velocity of the shear
acoustic wave, and hf is the height
of the immobilized film.
Z acoustic impedance; l:
thickness; sb: substrates,
Solidly
mounted
reflector
(SMR)

Air-bag
FBAR

Sub- or a few GHz;

fn 

 (n  1)V
2d

Sub- or a few GHz;

fn 

Mass sensitivity:

Mass sensitivity:

 (n  1)V
2d
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1.1. Acoustic wave modes
1.1.1. Bulk acoustic waves
Quartz crystal microbalances (QCM) are the most-commonly used BAW devices, and are made of a
bulk piezoelectric material, mostly using a quartz crystal, sandwiched between two metallic
electrodes, typically gold. The wave mode in a QCM is a bulk thickness shear mode (TSM), which
is suitable for both dry and liquid conditions. The QCM devices generally have a good temperature
stability and low spurious bulk wave generation.

Shear BAWs (SBAWs) or more commonly called surface skimming bulk waves (SSBWs) are shear
horizontal BAWs propagating just beneath the substrate surface such as in the rotated Y-cut quartz.
Leaky surface acoustic wave or pseudo-surface acoustic waves (PSAWs) with high phase velocities
of more than 10,000 m/s are fast leaky wave modes with a predominantly longitudinal wave that
leaks energy into the substrate as the wave propagates. Although the LSAWs have a larger coupling
coefficient and a better temperature stability or higher frequency than those of standard SAWs, they
are less sensitive to the surface perturbations due to the wave propagation in the bulk and beneath
the surface.

Film bulk acoustic resonators (FBARs)
FBARs have recently been extensively studied for sensing applications, and have a structure similar
to that of QCM devices but with the advantage of being several orders of magnitude smaller as
detailed in Table 1 [38,39]. As the thickness of the piezoelectric thin film determines the
wavelength of the bulk resonators, the operating frequency of the FBARs ranges from sub-GHz to
tens of GHz. There are three types of FBAR structures: a back trench type, a Bragg acoustic mirror
type, and an air-bag type as identified in Table 1.
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The back-trench FBAR is the most common FBAR device, which has a thin film membrane formed
by etching away the bulk substrate underneath. The air bag type of FBAR is similar to the back
trench ones, where the large back trench is replaced by small gaps formed through a surface
micromachining process which removes the supporting/sacrificial materials underneath the FBAR
structure. This type of device has two typical structures produced by: (i) removing a thin film
sacrificial layer above the substrate surface to form a trench; (ii) laterally removing the bulk
material beneath the top structure layer to form a trench (see Table 1).

The Bragg acoustic mirror type FBARs are generally called solidly mounted resonators (SMRs),
where the Bragg reflector or the acoustic mirror is composed of multiple quarter-wavelength layers
with alternating low and high acoustic impedances. An excellent resonance with a limited acoustic
damping into the substrate can be achieved because the acoustic energy is reflected and confined
inside the top piezoelectric layer, due to the high acoustic impedance ratio of the acoustic mirror.
The SMR design has a good mechanical robustness and a simpler fabrication process compared to
the membrane-based structures. Hence, inexpensive substrates such as glass or plastics could be
used for SMR fabrication. The disadvantage of the SMRs is that the multiple deposition processes
for the acoustic mirrors need to be precisely controlled, and thus the fabrication of SMRs can be
time-consuming and costly.

FBARs also have disadvantages including high fabrication cost, the requirement for complex
read-out circuitry/electronics, increased noises, reduced Q factors, and the absence of good
microfluidic functions.

1.1.2. Lamb waves
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Lamb waves are generated when the substrate thickness is smaller than or comparable to the
wavelength of the wave. They can either be (i) passive Lamb waves without the use of a
piezoelectric substrate which are normally generated from a remote acoustic wave source; (ii)
positive Lamb waves generated by a thin piezoelectric layer itself.

This paper will focus only on

the latter case.

Typically, Lamb waves propagating in thin plates or membranes have two modes at low frequencies
[40]. The first ones are the zero-order antisymmetric mode, A0, which are highly dispersive in the
low frequency regime, often called flexural plate waves (FPWs) [ 41,42]. At higher frequencies, the
wave velocity converges towards the Rayleigh wave velocity. With increasing layer thickness, the
A0 wave gradually changes into the Rayleigh wave or a higher order A-mode wave. The phase
velocity of the A0 mode is generally smaller in a liquid medium for microfluidic applications.
Therefore, acoustic energy can be confined in the plate, rather than dissipating significantly into the
liquid in contact. Thus this wave mode can be used for sensing in a liquid environment. In the liquid
medium, the FPW mode or A0 mode can also form a tightly coupled interface wave, called a
Scholte mode wave [24,25,29]. Once the thickness of the FPW device increases or the acoustic
wave power increases, the A0 mode can radiate wave energy into the surrounding medium, causing
acoustic streaming parallel to the device surface [ 43]. Therefore, the FPW modes have been
proposed for mixing and pumping applications [44].

For the zero-order symmetrical Lamb wave mode or extensional mode, S0, the thin plate expands in
the direction of wave propagation and contracts in the thickness direction. When the layer thickness
approaches zero, the S0 mode becomes a longitudinal wave. At higher frequencies, the extensional
mode converges towards the Rayleigh mode. The dissipation of the S0 wave energy into the liquid
is generally small, and thus the S0 mode is often used for sensing in the liquid environment.
23

There are a number of higher Lamb wave modes which are significantly influenced by the substrate
plate/membrane thickness (this will be discussed in details in Section 4.3). These modes converge
to the shear-mode BAWs of the plate or membrane with increasing frequency or plate thickness.

1.1.3. Surface acoustic waves
Many SAW devices are based on the Rayleigh mode, which has both longitudinal and vertical shear
components, resulting in an elliptical trajectory of surface particles and a rapid decay of particle
oscillation with depth into the substrate. The higher modes of Rayleigh waves in the layered SAWs
are generally called Sezawa modes. In principle, the Sezawa mode is a guided wave, in which the
acoustic velocity of the top piezoelectric layer is lower than that of the substrate or sub-layer
beneath. Thus, the wave can propagate through the interface or interlayers with a higher velocity
than that of the top layer [45].

For sensing applications in liquid, the Rayleigh mode SAW device has a substantial surface-normal
displacement and rapidly dissipates its energy into the liquid on the surface, leading to excessive
damping. Therefore, Rayleigh mode based SAW devices are not well suited for sensing in liquid or
humid conditions. Waves in a thickness shear horizontal SAW (SH-SAW) device or surface
transverse wave (STW) device propagate along the surface, and do not significantly couple acoustic
energy into the liquid [46,47]. These modes maintain a high sensitivity in liquids and are suitable
for “real-time” sensing/detection in a liquid medium.

Love mode SAWs occur in a SH-SAW device, whose surface is covered with a thin wave-guide
layer (such as SiO2, ZnO or polymers), typically with microns or sub-micron thickness. The
acoustic velocity of the wave-guide layer in a Love wave is much lower. Therefore, the acoustic
24

waves generated are mostly trapped within this thin wave-guide leading to a high sensitivity [48].
The Love-mode devices are well suited for performing precision biosensing in liquid conditions
[49,50,51,52,53,54]. Both SH-SAW and Love modes are mainly used for biosensing, but are rarely
used for microfluidic applications due to their inefficiency [55,56].

1.2. Acoustic waves for sensing

Sensors are transducers that convert physical or chemical stimulations such as temperature, pressure
or biochemical concentrations into electronic, optical, magnetic or acoustic signals for quantitative
measurement and analysis. In particular, biosensors convert biological information into measurable
signals (typically optical or electronic ones) with the assistance of biomarkers or biochemical
reactions [57]. Most acoustic wave devices (especially QCM, SAW and FBAR) can be used as
sensors because they are sensitive to mechanical, chemical, optical or electrical perturbations on
their surfaces [58,59,60]. Acoustic wave sensors are reliable, sensitive and versatile, and able to
monitor not only mass/density changes, but also changes in elastic modulus, viscosity, dielectric
and conductivity properties [61,62], wirelessly and in real-time. Therefore, acoustic waves have
been used for sensing temperature, moisture, strain, pressure, shock, acceleration, flow, viscosity,
ionic contaminants, pH levels, electric, magnetic and radiation fields, gas and explosives [63].
These sensors can be used to detect tiny traces of biomolecules through affinity binding with
biomarkers for the detection of pathogens, viruses and early stage diagnosis of diseases such as
cancers [64,65]. Compared to other common biosensing technologies, such as optical fibres, surface
Plasmon resonance (SPR), and sensors based on field effect transistors or micro-cantilevers,
acoustic wave based bio-sensing technologies have the combined advantages of high sensitivity,
small size and low cost, simple operation without the need of bulky optical detection systems [66].

25

The fundamental biosensing technique using acoustic waves is the measurement of changes in the
propagation velocity of the waves through the changes in the resonant frequency, phase angle or
occasionally amplitude of reflection or transmission signals. Variations in phase velocity of the
acoustic wave can be attributed to:
(i) Intrinsic factors such as material properties: density, elasticity, phase transformation, viscosity,
conductivity, permittivity, changes in carrier concentration and mobility;
(ii) Extrinsic factors such as mass loading, temperature, deformation, pressure, strain, stress,
humidity, pH values, ultraviolet (UV) and infra-red (IR) sources, externally applied
electric/magnetic fields and charge injection.

Acoustic phase velocity, v, is related to the resonant frequency by fr = v/ , where

is the

wavelength. A change in acoustic velocity leads to a change in resonant frequency. The following
relationship identifies the different sources that may contribute to the change of acoustic phase
velocity, v:
(1)

The above equation assumes that any external perturbations listed below are small; Δm is the
change in mass load, Δσ the change in conductivity, Δc the change in mechanical constant, Δε the
change in dielectric constant, ΔT the change in temperature, ΔP the change in pressure, Δ

the

change in viscosity and Δ the change in density. Calculation methods for the resonant frequencies
of a few key acoustic wave devices are summarised in Table 1.

The critical parameters of an acoustic wave sensor are sensitivity, response time, stability,
reproducibility, reversibility, reusability, dynamic testing range, sensing limit, reliability and
flexibility, as well as cost and environmental
issues such as temperature and humidity.
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The sensitivity of an acoustic wave sensor, Sr, to any external perturbation x is defined as:

Sr  lim x 0

1 f 1 df
;

f x f dx

(2)

where f is the frequency shift induced by x or the variation or perturbation of factors such as
temperature, pressure, mass, density, viscosity or conductivity. When a piezoelectric material is
used as a gravimetric or mass sensor, the frequency change can be expressed as [67]:
f 

2mf r2
A 

(3)

where µ is the mass/area ratio,  is the density of the materials, and A is the surface area. Most
acoustic wave devices show a mass sensitivity proportional to mass per unit area and square of the
operating frequency [68,69] as listed in Table 1. Equation (3) indicates that increasing the resonant
frequency and reducing the base mass and surface areas of the device will increase the sensitivity of
acoustic wave gravimetric sensors. The QCM as a gravimetric sensor has a limited sensitivity due to
the thickness of the substrate, its large footprint, and the low frequency of operation. In contrast,
SAW and FBARs have been developed for sensing as they exhibit a better sensitivity due to the
higher operating frequency and the much reduced base mass. Fig. 2 schematically illustrates the
performance in sensitivity of the different resonators versus their normal operational frequency
ranges [70,71].
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Fig. 2. Comparison of frequency range and sensitivity of common acoustic wave devices. The QCM has a

limited sensitivity due to the thickness of the substrate, its large footprint, and the low frequency of
operation; Lamb waves have improved sensitivity due to their increased frequency and surface
related vibrations; SAWs have a better sensitivity due to the higher operating frequency and the
much reduced base mass. Love mode SAWs show better sensitivity due to wave-guiding effects.
FBARs show the highest sensitivity due to higher frequency and reduced mass.

The electromechanical coupling coefficient (k2) is a function of the piezoelectric coefficient of an
acoustic wave device and is given by:
(4)
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2
where e31
is electric field, C11 is the elastic constant of the material, and 33 is the permittivity at a

constant strain. Theoretically, k2 is determined by:
(5)
where

are the free surface and metalised (or short-circuited) surface phase

velocities. The value of k2 depends on the piezoelectric material, wavelength, substrate, the guiding
layer materials and their thickness. The value of k2 can also be determined by:
(6)
where fs and fp are the series and parallel resonance frequencies (i.e., polarisation is either in phase
with the applied electric potential; or 180o out of phase with the applied potential, respectively).

Experimentally, k2 of a SAW device can be determined by:
k2 

 G

 
4 N  B  f  fo

(7)

where N is the number of SAW device finger pairs; G is the conductance (real part) and B is the
susceptance (imaginary part) of the electrical admittance Y=G+jB, at the central frequency,
respectively. The values of G and B can be obtained from the Smith Charts of the
reflection/transmission coefficients at the central resonant frequency of the acoustic wave signals
from a network analyser.

If the effects of electrodes and loss in the piezoelectric thin film are considered, the effective
electromechanical coupling coefficient of the acoustic device,

, is introduced to include

material properties and the structure and the geometry of the resonator. For the FBAR device, the
expression for the

is given by [72]:
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; or

(8)

where fs and fp are the series and parallel resonance frequencies as defined above.

The quality factor Q is frequently used to describe the performance of acoustic wave resonators,
especially for the QCM and FBARs. The quality factor is influenced by dielectric losses of the
piezoelectric materials/films, ohmic losses in contacts and electrodes, finite lateral size of the
resonator (which might generate lateral modes), acoustic leakage to the substrate, surface and
interface roughness, and internal friction in the piezoelectric thin film materials at defects and grain
boundaries, columnar structures, cracks and voids.

Theoretically, the Q factor of an acoustic wave device is defined as:
(9)
The Q factor can be obtained using the S parameter measurement [73]:
(10)
here S11 is the reflection signal, and S12 is transmission signal of the device.
Experimentally, the Q factor is often determined using the well-known -3 dB method where
(11)
and f-3dB is the bandwidth at -3 dB of the resonant peak of the admittance at fo.

The signal-to-noise ratio (SNR) is a measure of the ratio between wave outputs required from
acoustic waves and other background reflections or unwanted signals (i.e., "noise"). The SNR
depends on a number of elements: resonant frequency, bandwidth, efficiency, interface properties
such as surface curvature and roughness, as well as the inherent defects of the device microstructure.
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Temperature effects are critical in acoustic wave based sensing. Temperature dependency is
caused by various parameters such as temperature coefficient of frequency (TCF), temperature
coefficient of delay (TCD), temperature coefficient of velocity (TCV), which are related to the
temperature coefficient of expansion (

of device materials. These relationships can be

expressed as:
(12)
Values of the TCFs are determined by substrate materials, top layer material and wavelength of the
device. Values of the TCDs can be determined using:
(13)
where  and 0 are time delays at temperatures of T and To. The TCF values are normally measured
experimentally by recording changes of the frequency values as a function of temperature.

1.3. Acoustic waves for liquid actuation - acoustofluidics

Acoustofluidics is the research and application area at the interface of acoustics and microfluidics.
As explained in the previous section, acoustics is traditionally used in sensing applications, but
recent research work extends the application area of acoustics to fluidic actuation. Mixing, pumping,
jetting and nebulisation are the enabling processes of microscale acoustofluidics for applications
such as biochemical analysis, disease diagnosis, DNA sequencing and drug delivery. Mixing and
pumping are challenging for microfluidics and nanofluidics due to the inherent low Reynolds
number in small scales, the dimensionless ratio of inertial and friction forces [74,75]. The small
device size prevents flow velocities reaching a high Reynolds number. Acoustic waves can
overcome this limitation by inducing additional energy through high-frequency and higher-order
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nonlinear phenomena. Acoustic streaming is a non-linear effect of the absorption of high frequency
and high-amplitude acoustic oscillations in a fluid, and can be used for pumping and mixing in both
continuous-flow and digital microfluidics [76,77]. Acoustic streaming also facilitates internal
mixing and accelerates hybridization reactions in protein and DNA analysis, minimizes non-specific
affinity binding, speeds up biochemical reactions, and provides PCR functions [78,79,80,81].

1.3.1. Wave-liquid interaction

Acoustic waves utilized in microfluidics are mainly Rayleigh waves, bulk acoustic waves, and
occasionally Lamb waves. Here we will focus on Rayleigh waves as an example. Driven by a body
force, Fj, induced by acoustic waves, the fundamental hydrodynamics of a steady viscous fluid is
governed by the Navier-Stokes equation [41,82]:
(14)
where v is the acoustic streaming velocity (or the particle velocity), p the pressure, ρ and

are the

fluid density and shear viscosity coefficient, respectively. The subscripts i and j = 1, 2, 3 represent
the x, y and z coordinates, respectively. The nonlinear body force is correlated to the Reynolds’
stress induced by the acoustic wave in the fluid with spatial variations in all three coordinates. The
acoustic wave induces a surface displacement normal to or within the surface in the range of a few
angstroms to a few nanometres, depending on the applied powers and the frequency of the waves.
When acoustic energy and momentum are coupled into the fluid, a net pressure, p, forms in the
direction of propagation of the acoustic wave and efficiently drives the liquid [83]:
Δ

(15)

where 0 is the density of the liquid and vs is the wave propagation velocity. This acoustically
induced pressure causes the steady acoustic streaming that can be used for mixing and pumping.
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SAW-based pumps and mixers have recently been extensively investigated for microfluidic
applications [86,87,88]. The SAWs generated from the interdigitated transducer (IDT) electrodes
travel along the surface of the piezoelectric substrate with sub-nanometre surface displacements.
The SAW changes its vibration mode into a leaky SAW once it interacts with the liquid, and this
leaky longitudinal SAW continuously travels in the liquid based on a streaming angle determined
by the Rayleigh angle R [89,90], as shown in Fig. 3a:
(16)
where, vS is the Rayleigh SAW velocity on the piezoelectric substrate and vL is the acoustic velocity
in the liquid. SAW-induced acoustic streaming patterns in the liquid can be changed significantly
according to the size, shape and position of the confined liquid (e.g. droplet or liquid in a
microchannel), the wave incident position, and the operating frequency of the SAWs. The induced
streaming in the liquid droplet is governed by the incompressible Navier-Stokes equation (14). The
displacements (

,

) in the x and y directions are generally expressed as [91];
(17)
(18)

where kr=2π/ λ is a real number; the leaky SAW wave number (kL=kr+jki) is a complex number
with the imaginary part; jkL represents the SAW energy dissipation within the liquid fluid. The
symbol of

represents the attenuation constant;
,

(19)

where vS and vL are the SAW velocity and the wave velocity in the liquid, respectively. If the wave
displacements (

,

) are replaced by the wave velocities, the two components of streaming force

can be obtained for an incompressible fluid as follows [68,82];
(20)
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(21)
where,

=jϑ . The total SAW streaming force F can be calculated using F  Fx2  Fy2 , which is
1

given by;
(22)

The SAW force F acts on the liquid as a body force. The exponential decay of the leaky SAW limits
the influence of this force in the fluid volume, and leads to a completely diminished acoustic force
within tens or a few hundreds of microns from the interface between the SAW and the liquid.
Corresponding to the two basic microfluidic platforms, the use of acoustic actuation in
microfluidics leads to two major areas of acoustofluidics: the digital one (dealing with sessile
droplets) and the continuous-flow one (dealing with liquid in a microchannel).

1.3.2. Digital acoustofluidics

Generally, the attenuation length, LSAW, of the SAW into a liquid can be estimated from [92,93]:
LSAW 

1
ρυλ

αL
ρf υf



ρυ 2
ρf υf f

(23)

where ρ f and  are the densities of the liquid and substrate material, respectively, υ f is the
velocity of longitudinal wave in the fluid, υ is the SAW velocity in the substrate, and αL is the
attenuation coefficient per unit length scale of the Rayleigh wave. From equation (23), LSAW is
inversely proportional to the resonant frequency, or αL is proportional to the frequency, indicating
that the attenuation increases with SAW frequency.
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In the case of acoustic streaming inside a sessile droplet, the dimensionless ratio of droplet radius Rd
to the SAW attenuation length LSAW, i.e., Rd /LSAW, can be used to describe the efficiency of the
streaming. A mean value of Rd /LSAW ≈ 1 implies fast and efficient mixing. For a ratio of Rd /LSAW
much larger than unity, streaming velocity decreases significantly, resulting in a transition from
regular (strong) to irregular (weak) mixing [16]. Acoustically induced mixing in a droplet can
enhance biochemical reaction and antibody-antigen binding in droplet-based immunoassays
[94,95].

Exciting a liquid droplet with acoustic waves deforms the original shape following the Rayleigh
angle. The contact angle of the leading edge increases, whereas the contact angle of the trailing
edge decreases. The acoustic force confined in the droplet can be experimentally calculated from
the asymmetry in the contact angles and the droplet size using:

Fs  2 R LG sin(

t  l
2

)(cos  t  cos  l )

(24)

where R is the radius of the droplet and γLG is the liquid-gas surface energy; θt and θl correspond to
the contacting angles at trailing and leading edge of the droplet on the substrate, see Fig. 3(b).
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Fig. 3. Digital acoustofluidics: (a) Leaky longitudinal SAW continuously travels within the liquid
medium; left: the streaming angle determined by the Rayleigh angle R; (b) Exciting a liquid
droplet with acoustic waves deforms the original shape following the Rayleigh angle, resulting in
the different contacting angles at trailing and leading edged of the droplet; (c) Acoustic streaming
in a droplet with a single IDT from the left causes the ejection of small droplets on a hydrophilic
surface; (d) By increasing the SAW power, jetting on a hydrophobic surface can be obtained; (e)
Nebulisation on a hydrophilic surface at a higher RF power level; (f) and (g): Acoustic streaming
in a droplet with two opposite IDTs from both sides, resulting in quadruple streaming patterns, and
droplets being pushed up from two sides; (h) Jetting on a hydrophobic surface and (i) nebulisation
on a hydrophilic surface at higher powers induced by two opposite IDTs; (j) and(k) Acoustic
streaming in a droplet with offset IDTs from both sides; resulting in twisting and concentration
effects; (m) Jetting on a hydrophobic surface; and (n) Nebulisation on a hydrophilic surface
induced by offset IDTs from both sides.
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Increasing the RF power leads to a large SAW pressure that excites and stirs the droplet, causing it
to vibrate and move along with the SAW. The movement of the droplet is a combination of sliding
and rolling, and the ratio of these two is dependent upon the power applied, the droplet size and
hydrophobicity of the surface. The transient injection of RF power could cause jetting of small
satellite droplets as shown in Fig. 3(c), and a large enough RF power and a hydrophobic device
surface may lead to jetting of the whole droplet into a thin liquid beam. The ejected droplet induced
by the SAW follows the Rayleigh angle as shown in Fig. 3(d) [96].

Atomization or nebulisation of a liquid has been widely applied in drug delivery to transport drug
formulations directly in the form of inhaled particles. The most common atomization methods are
jet atomization and ultrasonic atomization. However, there are challenges in generating droplets
with diameters ranging from sub-microns to a few microns as required for drug delivery e.g., to the
targeted lung area. Nebulisation or atomization using the SAW devices (see Fig. 3(e)) is able to
produce aerosol droplets with a broad size distribution in the sub-micron range, which have been
widely reported in literature [97,98,99,100,101,102,103,104,105,106,107].

If a droplet is placed between a pair of IDTs, the SAW energy is dissipated into the liquid droplet,
forming a double butterfly-shaped streaming pattern as shown in Fig. 3(f). This is mainly due to the
two waves propagating into the droplets following the Rayleigh angles induced by the two SAWs
from both sides as shown in Fig. 3(g). If the device surface is hydrophobic, the waves from the two
opposite IDTs can induce vertical jetting of droplets (Fig. 3(h)) [108] similar to what inkjet
technology can achieve with thermal and piezoelectric actuators. The SAW ejector with two
opposite IDTs does not require a nozzle head and offers a potentially more cost-effective solution
than conventional inkjet technologies. If the device surface is hydrophilic, efficient nebulisation can
be achieved as shown in Fig. 3(i). To generate an efficient and continuous on-demand nebulisation,
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various methods have been applied [97-107], including (i) concentrated SAW devices, such as
curved or focused IDTs; (ii) super-hydrophilic surface treatment; (iii) using a trench structure to
retain the liquid; (iv) using a porous structure such as filter paper which is linked to a large liquid
reservoir. Of course, suitable designs of IDT positions can also be used to generate two opposite
waves for breaking-up a large droplet.

When the droplet is put on one side of the IDTs of a SAW device, the acoustic force causes a
circulation flow, resulting in the concentration of the particles inside the droplet. If the pair of IDTs
are placed with an offset, opposite acoustic streaming in the same droplet can be generated. The
twisting flow pattern allows particles to move from their high-shear area at the droplet periphery to
the low-shear area at the bottom of the droplet centre as shown in Figs. 3(j) and 3(k). This
phenomenon makes the implementation of particle concentration within a droplet possible. If the
power is large enough and the device surface is hydrophobic, vertical twisting jetting of droplets
can also be achieved with the offset arrangement of the two opposite IDTs as shown in Fig. 3(m). If
the device surface is hydrophilic, the applied high RF power will enable a broad volume of
nebulisation as shown in Fig. 3(n).

1.3.3. Continuous-flow acoustofluidics

SAW allows for the implementation of continuous-flow acoustofluidics. Common tasks such as
liquid mixing, pumping and droplet generation in microchannels can be controlled with the help of
SAWs. Launching a SAW across a microchannel induces secondary acoustic streaming and
enhances mass transport perpendicular to the flow direction. A conventional IDT electrode (Fig. 4a)
and a curved or focused IDT electrode (Fig. 4b) can be used to enhance mixing in a microchannel.
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Compared to the conventional IDT, the focusing IDT structure can achieve the same mixing
efficiency with a much lower SAW power.

Pumping of liquid in channel can be realized by appropriately arranging the IDT direction relative
to the microchannels. Fig. 4(c) shows an example of the possible arrangements. Attention has to be
paid to maintain the size of the induced vortex to be larger than the channel width, so that pumping
can occur. A smaller vortex only induces a recirculation due to the back flow of liquid within the
channel. A larger vortex restricts the back flow with the channel wall, leading to continuous
pumping of liquid forward in the microchannel.

SAW actuation is one of the several actuation methods for the control of droplet formation in
droplet-based microfluidics [2]. Conventionally, droplets are formed in a T-junction configuration
(Fig. 4(d)) or flow-focusing configuration (Fig. 4(e)). Droplets are formed during the competition of
the interfacial tension and the hydrodynamic pressure as well as the hydrodynamic shear between
two immiscible liquid phases. Positioning the IDT to launch the SAW in the same direction of the
flow of the dispersed phase would allow the control of the droplet size and the formation frequency,
as additional acoustic energy is induced to overcome the interfacial tension between the two phases.
Launching SAW perpendicular to the dispersed phase would also increase the shear at the interface,
allowing the breakup of droplets on demand (see Fig. 4(f)). These types of on-chip microfluidic
plug steering or on-demand droplet generation devices have been reported using SAWs
[109,110,111].
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Fig. 4. Continuous-flow acoustofluidics for multiple fluid phases: (a) In-channel mixing can be
realised from the streaming effect when the microchannel is positioned to be perpendicular to the
SAW propagation direction; (b) SAW mixing can be enhanced using curved IDT structures; (c)
Pumping of liquid in channel can be realized by appropriately arranging the IDT direction with the
microchannels; (d) Droplets generated within the microchannels through a T-junction; (e) Droplet
generated within the microchannels through a flow-focusing configuration; (f) Droplet generation
by using two IDTs to squeeze the dispersed phase from two sides of the microchannel.

Recently, continuous-flow acoustofluidics have been extensively explored for particle counting,
alignment, sorting and separation, as well as droplet generation. The standing acoustic waves can be
utilized for this purpose, based on the fact that the nodes and antinodes formed by the standing
SAW/ultrasound waves can be incorporated within a microchannel or chamber [112,113]. Figs. 5a
and 5b illustrate the schematic principle of a SAW-based particle sorting device. Standing waves
between two identical IDT electrodes can be quickly formed upon applying an RF signal. The
pressure node in the channel confines particles suspended in the flow, generating a focused particle
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stream. If the two IDTs are placed in parallel (Fig. 5c), the pressure nodes form lines in the
microchannels. Particles are focused to these lines similar to hydrodynamic or electrokinetic
focusing. Proper alignment of the focusing line with the outlet channels can achieve particle sorting.
If the two IDTs are placed perpendicularly, the pressure nodes form an array of trapped particles
(Fig. 5d). This array could present a platform for particle manipulation, patterning, sorting and
detection.

The shift between different resonant frequencies of the devices can be used to manipulate a
relatively large range displacement of particles, whereas controlling the phase shift of a given
frequency could further precisely control minor displacement of particles. Manipulation of particle
position x using SAW phase shifting is described as [114,115]
(25)
where x, , and k, are the displacement of particles, the phase shift and the wave number,
respectively.

Dispersive IDTs (or chirp transducers, i.e., a single multi-frequency IDT with varying electrode
widths, and more on IDT designs will be introduced in Section 5.2) and slanted IDTs have been
used to generate different frequencies in one device by locally changing the electrode periodicity.
This type of transducer can be used to control wave modes and reflectivity, and to linearly modulate
the wave pitch or frequency. The slanted IDTs are able to change the direction of movement of
particles by modifying the operating frequency continuously, as illustrated in Fig. 5e. By changing
positions/distance of a successive pairs of IDTs (see Fig 5f); or continuously changing IDT
patterns/directions (see Fig. 5g); or changing alignment direction of the microchannels vs. those of
the IDTs, or using a pair of dispersive IDTs to manipulate the particles (see Fig. 5h), the particle
alignment patterns can be modified or the particle can be effectively separated. More information
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about microfluidics using acoustic wave technologies, as well as particle manipulations has been
reported in many recent review papers [116,117,118,119].
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Fig. 5. Continuous-flow single-phase acoustofluidics: (a) Schematic illustration of different forces
applied onto the particle in the liquid, including gravity, buoyancy force, viscous force and acoustic
forces; (b) Schematic principle of a standing wave interacting with particles for alignment; (c)
Illustration of alignment of particles based on a standing wave in a microchannel; (d) Matrix
formation of trapped particles due to interaction of SAWs from two IDTs placed perpendicularly
forming standing waves; (e) Changing the flow direction of particles by modifying the operating
frequency of a slanted IDTs; (f) Separation of particles of different sizes using successive pairs of
IDTs; (g) Continuously changing IDT patterns/directions resulting in continuous movement of
particles; or (h) Particle manipulation by changing the alignment direction of the microchannels vs.
those of the IDTs, and using a dispersive IDT with varying frequencies to manipulate the particles.

2. Bulk or thin film acoustic wave technologies?

Piezoelectricity occurs in many anisotropic materials whose internal structures lack a centre of
symmetry. These materials include quartz (SiO2), lithium tantalite (LiTaO3), lithium niobate
(LiNbO3), sapphire (Al2O3), lead zirconate titanate (Pb(Zr,Ti)O3, PZT), barium strontium titanate
(BaxSr1−xTiO3, BST), AlN, ZnO, GaN, SiC and InN [120]. Table 2 lists the key properties of these
piezoelectric materials. Among them, AlN has the largest wave velocity and PZT has the largest
electro-mechanical coupling coefficient. Quartz is widely used because of its very low temperature
coefficient of frequency, leading to a good thermal stability for precision sensing applications.
Rayleigh SAWs can be generated on 128o Y-X-cut LiNbO3 and X-112o Y-cut LiTaO3 substrates.
SH-SAW can be generated on 36o Y-X-cut LiTaO3 and 64o Y-X-cut LiNbO3 substrates. Thus these
devices are generally used for sensing in liquid media or high humidity conditions as the
polarization of the acoustic wave is shear horizontal, limiting acoustic radiation into the liquid.
Together with the widely used ST-cut quartz, these substrate materials are popular substrates for
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making Love-mode SAW devices. Langasite, langanite and langatate have relatively large
electromechanical coupling coefficient, with operating temperatures up to 850 oC and thus are
promising for making high-temperature acoustic wave devices [121].

Most acoustic devices have been made from these bulk piezoelectric materials, but are often
expensive and cannot be easily integrated with electronics for control and signal processing. In
addition, they are also generally brittle and fragile when polished into very thin structures for
high-frequency applications.
Table 2. Comparison of common piezoelectric materials

Materials
Density
( 103 kg/m3)
Moulus
(GPa)
Poisson’s
ratio
refractive
index
Piezo-consta
nt
d33
(pC/N)
Effective
coupling
coefficient,
k2 (%)
Acoustic
velocity of
longitudinal
(transverse)
waves (m/s)
Dielectric
constant
TCF
(ppm/oC)
Coefficient
of thermal
expansion
(CTE, x10-6)

ZnO

5.61-5.72
110-140
0.36

AlN
3.25-3.
3
300-35
0
0.22-0.
29

PZT

ST-cut
Quartz

7.57

2.65

61

71.7

0.27-0.3

0.17-0.2

Sapphir
e

GaN

3.98

6.095-6
.15
320

350

1.9 to 2.0

1.96

2.40

1.46

12

4.5, 6.4

289-380,
117

2.3(d11)

0.23-0.
30
1.76

0.183
2.3-2.5

6.4

4.5

128o
cut
LiNb
O3

36o YX
cut
LiTaO3

PVD
F

4.64

7.45

1.78

205

2.5

0.17-0.2

0.330.4

2.29

2.18

1.42

12

12

-35

5-11.
3

5-6.6

3680-3980

4160-422
0

2600

85
(29)

54 (43)

6-8

75

-30

15

-16.5

130-1
70
0.240.28

0.13
1.5-1.7

3.1-8

20-35

0.1-0.2

6336
(2720)

1015011050
(5800)

4500
(3900)

5000-596
0
(3159)

8.66

8.5-10

380

4.3

-40 to
-60

-19 to
-25

11300(
5703)

28.3

0
5.8

4-6.5

5.2

1.75-2

8050
(4130)

1.5

2.1. Why thin film acoustic waves?
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2.9

3.17
42-75

Acoustic wave technologies based on piezoelectric thin film materials such as ZnO, AlN and PZT
[98,122] have been considered as one of the major technologies for future acoustofluidics and LOC
devices [123]. As these applications use thin films, rather than expensive and brittle bulk materials
or substrates, microelectronics, sensors and microfluidics can be conveniently integrated into a
single LOC device at a low cost.

The piezoelectric thin film also enables the integration of multiple functions onto different
substrates such as silicon, glass, metal, or polymer. Polymers are particularly important for
development of flexible and wearable sensing devices, tactile transducers and energy harvesting
devices based on these piezoelectric films [124,125,126,127].

Another key advantage of piezoelectric thin films is that the film can be deposited only onto the
areas where the acoustic wave is required [128]. The piezoelectric film does not need to be
deposited onto other areas, because once generated the wave can propagate along the substrate
without the need of the piezoelectric top layer. In this way, other components such as the
microchannels, chambers and sensors can be directly fabricated on the substrate without requiring
the existence of piezoelectric films. Selective deposition of the piezoelectric film significantly
simplifies SAW devices and microsystems, and can avoid direct contact between the active layer
and the liquid.

Table 3 details the general film characteristics required for the successful integration of
piezoelectric films for acoustic wave bio-sensing and microfluidic applications.

Table 3. Basic requirements for thin film structures for acoustic wave bio-sensing and microfluidic
applications
Microstructure
considerations

 Dense structure with low porosity
 High crystalline quality and low defect density
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Strong texture
Smooth surface and low roughness
Good stoichiometry (Zn/O or Al/N ratio)
Uniformity in film microstructure and thickness

Piezoelectric properties

 High electromechanical coupling coefficient, k2
 High frequency and large acoustic wave velocity
 Good thermal or temperature stability (low thermal coefficient of frequency
or velocity)
 High quality factor Q
 Low acoustic loss and low damping

Fabrication requirements









Low film stress / good adhesion to substrates
Easy deposition on different substrates and substrates with complex shapes
Cost effectiveness and mass production
Compatibility with MEMS or CMOS technology
High deposition rate
Easy etching/patterning/processing
Reproducibility / high yield

Biosensing:





















High sensitivity, resolution, and selectivity, with low noise level.
High thermal stability and low TCF value
High Q factor
Easy functionalization of surfaces for immobilization of antibodies etc
Biocompatibility
Chemically inert
Less environment dependent
Low power required
Robust or flexible
Remotely accessed.
Fast response and low hysteresis.
Chemically inert
Robust or flexible
Handling of high power without fracture
Easy surface modification
Mass fabrication
Optically accessible for observation
Control surface hydrophobicity
Compatible with sensing technology

Microfluidics

Among the piezoelectric film materials, PZT has the largest piezoelectric constant and
electromechanical coupling coefficient. However, PZT films have disadvantages for biosensing
applications such as high acoustic attenuation, low quality factor, high energy loss, low sound wave
velocity, poor biocompatibility (high toxicity of Pb). Worst of all, PZT films are difficult to
fabricate. This is especially important for films thicker than a few microns and generally much
thicker piezoelectric films (>20% of wavelength) are necessary for SAW generation. The
requirement for high temperature annealing and high electric field polarization also make PZT films
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unsuitable for integration with microelectronics, particularly the complementary metal-oxide
semiconductor (CMOS), as well as other MEMS devices. Therefore, the present review will not
cover the work on the PZT films for acoustic wave applications. The readers may refer to other
review papers for more information on these if required [129,130,131,132].

Currently, ZnO and AlN are the most popular thin film materials in SAW-based microfluidics and
LOC devices [133]. Gallium nitride (GaN), gallium arsenide (GaAs), and polyvinylidene fluoride
(PVDF) are also alternative materials being investigated for piezoelectric applications, though they
possess low electro-mechanical coupling coefficients. GaN films have frequently been applied for
fabricating SAW [134,135,136] and Lamb wave devices [137,138,139] due to its high acoustic
velocities (for both Rayleigh and Sezawa modes), high frequency (GHz range) and compatibility
with microelectronics and CMOS. Thin films of LiNbO3, LiTaO3, KNbO3, SrTiO3, BiFeO3 and
BaTiO3 have also been investigated for Lamb waves, SAW, BAW, or FBAR devices because of
their large electromechanical coupling coefficients, but often suffer from poor control of film
stoichiometry, orientation, texture and process parameters [140,141,142,143,144,145,146].

2.2. Why (and why not) ZnO?

ZnO is an attractive proposition for electronics, optoelectronics, photonics, piezoelectrics, acoustics
as well as sensing applications [147,148 ], especially with its higher piezoelectric coupling
coefficient compared to that of AlN. In addition, the film stoichiometry, texture and other film
properties are more easily controlled than those of AlN films. Furthermore, good film crystallinity
can be easily obtained without substrate heating during deposition [149]. Zinc oxide normally has a
low film stress and a relatively good adhesion with most substrates, including glass and polymers,
enabling films of tens of microns thick to be deposited. Hence, ZnO is suitable for thick film SAWs
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or ultrasonic devices operating in the lower frequency range as compared to AlN films [150]. This
material is considered as biosafe and therefore is suitable for biomedical applications.

Although the acoustic wave velocity of ZnO is not as high as that of AlN (see Table 2), SAW
devices with a higher operating frequency can be realised by depositing ZnO films onto AlN,
sapphire (Al2O3) and diamond layers which have much higher acoustic velocities [151]. Other
advantages for ZnO are that nanostructured ZnO and ZnO nanowires can be easily prepared on bulk
wave devices, thin film SAW devices or FBARs. These nanostructures and nanowire decorated
acoustic wave devices have been intensively explored for sensing applications [152,153,154,155].
The fabrication of ZnO nanowires/nanorods on top of the ZnO film can be easily prepared using a
one-step procedure [156].

However, the strong reactivity of ZnO films is a major concern for biomedical applications. This
material is unstable if it is exposed to moisture or water over a long period of time. Therefore,
stability and reliability of ZnO-based devices are potential problems, although these can be solved
by surface protection or packaging. In addition, ZnO has a high dielectric loss and is not stable at
temperatures above 500 oC, making it unsuitable for high temperature applications. Finally, it
should be noted that Zn is considered as a contaminant in the CMOS or integrated circuit (IC)
processes, and is also incompatible with process equipment such as cryo-pumps.

2.3. Why (and why not) AlN?

AlN has good mechanical properties and can withstand high temperatures. For example, AlN can
maintain good piezoelectric properties in air up to 700 oC or inert atmospheres up to 1000 °C
[157,158,159]. The material has a large propagating wave velocity, good dielectric properties, high
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thermal conductivity and high breakdown voltage [160,161,162]. Therefore, AlN potentially
enables the development of acoustic devices operated at higher frequencies and higher powers, with
improved sensitivity and performance at high temperatures and in harsh environments
[163,164,165]. AlN films are suitable for SAW devices with high frequencies above hundreds of
MHz or GHz and FBAR devices with better power handling capabilities than ZnO
[166,167,168,169,170,171]. In contrast to ZnO, AlN deposition and processing are fully compatible
with CMOS and MEMS processes [172,173].

However, the deposition of AlN films and their texture control are more difficult than in the case
with ZnO films [174]. AlN films are normally sputter-deposited at elevated temperatures (typically
200 to 400 oC) to achieve an optimal performance, although room temperature deposition is often
used. Also deposition conditions, especially oxygen or moisture in vacuum chambers, have
significant effects on AlN film growth and microstructure. Growing AlN films thicker than a few
microns is particularly challenging because of the large film stress and the tendency to form
microcracks. Therefore, it is generally agreed that AlN film is suitable for devices operating at high
frequency with much thinner thickness requirement, whereas ZnO film is suitable for acoustic wave
devices operating at a lower frequency range using much thicker films. Finally, AlN nanowires are
not as frequently reported as ZnO nanowires and to date have not been widely used in biosensing
applications [175].

2.4. Acoustic wave devices using ZnO and AlN films

Commonly used acoustic wave devices based on piezoelectric ZnO and AlN thin films include
Rayleigh, SH wave and Love wave SAWs, FBARs and Lamb wave/FPW devices. Thin film
ultrasonic transducers consisting of a top electrode, a piezoelectric film and a back electrode can be
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fabricated and operated over a large frequency range from 20 kHz to tens of MHz. They are
typically used for non-destructive testing, low frequency sensing, and biomedical imaging based on
the microcantilevers [176,177] and membranes [178,179,180]. The present review does not discuss
these applications.

Low frequency Lamb waves or FPW for liquid biosensing have been discussed in Section 1.
However, this wave type has not been extensively studied in the past decade due to the low
operation frequency and the fragile nature of the device structure. Recently, thin film devices,
which generate higher Lamb wave modes with high frequencies up to hundreds of MHz, have been
developed and used for both sensing applications and microfluidics. These applications are
discussed in detail in Sections 6 and 7.

SAWs based on ZnO and AlN films have been extensively studied for both biosensing and
microfluidic applications. A potential problem of thin film based SAWs is the inconsistency of
acoustic wave properties from devices produced using different deposition techniques and facilities.
The frequency and velocity of the acoustic waves, as well as the transmission properties, are
dependent not only on the piezoelectric film properties, but also on the ratio between the film
thickness and wavelength. Therefore, controlling device properties for thin film acoustic wave
devices is perhaps the most important and challenging task, especially for electronic applications
where devices with fixed frequencies are required. Similarly, multilayer structural designs
combining various thin film layers are often required to improve device performance, mechanical
strength, temperature stabilities and to increase resonant frequency [181].

FBARs are the latest development thin film acoustic wave devices. The mechanical resonance is
generated from the electric field applied to the piezoelectric films between the two electrodes. In
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order to enhance the resonant signals, the working piezoelectric unit of the FBARs is often isolated
acoustically from the supporting substrates, either using a multilayer Bragg mirror structure, or
FBAR-on-air cavity structures, or on a polymer support layer on a substrate with very different
acoustic impedances from that of the FBAR layer (as discussed in Section 1.1.1). The design of
FBARs has less freedom than that of SAW devices because the frequency is mostly determined by
the piezoelectric layer thickness and acoustic velocity rather than by lithographic patterning. FBAR
devices are also extremely sensitive to environmental changes or external vibrations, thus a good
isolation from the atmospheric environment is required. Applications of ZnO/AlN SAW and
FBARs for biosensing and microfluidics will be discussed in detail in Sections 6 and 7.

2.5. Multi-layer thin film acoustic wave structures

In this paper, thin film acoustic wave devices are defined such that the main piezoelectric
component is the thin film itself and the bulk substrates are non-piezoelectric materials. The
physical/chemical and piezoelectric properties of the piezoelectric films contribute significantly to
the device performance. A number of acoustic wave devices use thin piezoelectric layers on a bulk
piezoelectric substrate, but these belong to a class of layered acoustic wave devices [182,183,184].
Such layered devices generally show improved sensitivity and functionality compared with those
that

use

non-piezoelectric

layers

on

the

same

piezoelectric

substrates

[185,186,187,188,189,190,191].

Different layers have been used in thin film acoustic wave devices to improve temperature stability,
phase velocity and electromechanical coupling coefficient [ 192 ]. The performance of these
multilayer devices depends not only on acoustic velocities, the coupling coefficient, and the
mechanical/electrical/chemical/physical properties of the films, but also on the film thickness of
52

each single layer. Therefore, dispersion effects need to be considered, i.e., the phase velocity and
electro-mechanical coupling coefficient change significantly with the film thicknesses, which will
be discussed in Section 4.3.

Generally, there are two different design strategies to consider for the integration of two successive
layers into the acoustic wave devices [193]:
(1) Slow-on-fast structure (for example, ZnO on diamond, or ZnO on AlN, which is generally used
to generate guided Rayleigh modes, Love mode, or Sezawa modes);
(2) Fast-on-slow structure (for example, AlN on ZnO, or thin film on a polymer, which are
generally used to generate higher velocities of SAWs or bulk waves compared to that of the bottom
layer [194]).

Fig. 6 shows six types of two-layer designs on a substrate, which will be used as a simple example.
The substrate materials can be either piezoelectric or non-piezoelectric (such as Si, glass, polymers,
etc). The six designs include:
(i)

Type 1: the IDTs can be on top of substrate, and either the substrate or the intermediate
layer must be piezoelectric;

(ii)

Type 2: the IDTs can be on top of intermediate layer, and either the intermediate or the
top layer must be piezoelectric;

(iii)

Type 3: the IDTs can be on the top layer, and in this case the top layer must be
piezoelectric to excite the acoustic waves.

(iv)

Type 4: two same types of IDTs on both intermediate and top layers to enhance the
acoustic wave generation;

(v)

Type 5: the IDTs can be located on top of the piezoelectric film with a short-circuiting
plane underneath;
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(vi)

Type 6: the IDTs can be located under the piezoelectric layer with a short-circuiting
plane on top.

Top layer
Intermediate layer

Substrate

(a)

Top layer
Intermediate layer

Substrate

(d)

Top layer

Top layer

Intermediate layer

Intermediate layer

Substrate

Substrate

(b)

(c)

Top layer

Top layer
Intermediate layer

Intermediate layer

Substrate

Substrate

(e)

(f)

Fig. 6. Examples of two different designs of layered SAW structures: (i) Type 1: the IDTs can be on top of

substrate, and either the substrate or the intermediate layer must be piezoelectric to excite acoustic
waves; (ii) Type 2: the IDTs can be on top of intermediate layer, and either the intermediate or the
top layer must be piezoelectric; (iii) Type 3: the IDTs can be on the top layer, and in this case the
top layer must be piezoelectric; (iv) Type 4: two same type IDTs on both intermediate or top layers
to enhance the acoustic wave generations; (v) Type 5:the IDTs can be located on top of the
piezoelectric film with a short-circuiting plane underneath;

(vi) Type 6: the IDTs can be located

under the piezoelectric layer with a short-circuiting plane on top.

Based on Fig. 6, the functions of different layers in thin film acoustic wave devices can be
summarised as follow:
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A piezoelectric film can be deposited onto a non-piezoelectric substrate for wave generation
and propagation. This allows the SAW device to be fabricated on the same substrate as other
components in a MEMS or CMOS system, thus increasing the design flexibility. The IDTs can
be either on the piezoelectric layer or beneath the piezoelectric layer, in order to generate the
acoustic waves. In the latter case, the substrate (such as Si) below the piezoelectric layer should
have a high resistance or otherwise, an insulator layer is needed to separate them.



Adding a piezoelectric layer with a high permittivity above the IDTs increases the
electromechanical coupling, allowing fabrication of devices with reduced insertion loss or
smaller size [195].

•

By selecting a suitable material, the multi-layer structures can potentially increase the acoustic
wave velocity and electromechanical coupling coefficient of the device, resulting in a lower
insertion loss and allowing the device design to be physically smaller [196,197,198].

•

A layered structure can significantly increase the confinement of acoustic energy within the
surface layer, and improve the sensitivity and electro-mechanical coupling coefficient. This is
the key idea for the Love wave/layered guided wave designs [199].



Combining multilayers such as doped ZnO and GaN on a substrate with a high acoustic wave
velocity such as Al2O3 could result in excitation of higher order SAW modes with a higher
velocity, and enable the modulation of the SAW velocity, thus forming tuneable SAW
acoustoelectric devices [200].



Adding a piezoelectric or dielectric layer above the IDTs increases the electromechanical
coupling, thus allowing fabrication of devices with reduced insertion loss or smaller size.



Adding a dielectric film with a larger velocity than the substrate (for example, using an AlN
layer) can significantly reduce the attenuation of the longitudinal type leaky surface acoustic
waves.
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A sensitive layer or nanostructured layer is frequently used as the top layer for improving the
sensing performance, or modifying the device surface for microfluidic functions.



A combination of AlN/SiO2 or ZnO/SiO2 is commonly used to improve the temperature
stability [201,202,203,204,205,206,207,208,209,210] and to obtain a zero order TCF. Of course,
it is necessary to optimise the film thicknesses of different layers to achieve this zero order
TCF.



ZnO/SiO2/Si or AlN/SiO2/Si structures have also been proposed for use as Love-mode types of
SAW sensors [211,212,213], although the dominant shear-mode waves have not been clearly
identified in these devices.



Lattice mismatch and differences in TCFs between the top piezoelectric layer and substrates are
important issues which can be improved by using an intermediate layer or multi-layer structure,
for example, AlN/3C-SiC/Si [214]. Stresses in the sensing or piezoelectric layers could also be
reduced by adding intermediate layers.



A hard insulating top layer can be used to shield the electrode of the piezoelectric film or shield
ZnO or sub-layers and the substrate from harsh environments or liquids, thus enhancing the
long term stability of the devices [215].



Superlattice structures such as a periodic AlN/ZnO multilayer design can be formed with two
or more layers of materials of different properties. The layers are stacked periodically, thus
yielding an enhanced performance with a higher coupling coefficient or a better temperature
stability than that of a single layer [216].



Adding a metal buffer layer can significantly improve the electromechanical coupling
coefficient of the acoustic wave devices (see Fig. 4 (d) and (e)) [217].



The acoustic velocity of a piezoelectric film significantly depends on the sub-layer which has a
large acoustic velocity. Using a substrate or sub-layer with a higher acoustic velocity can
increase the wave velocity in the ZnO or AlN-based SAW devices. For example, the shear
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acoustic velocity of ZnO film is 2724 m/s, but it can be increased to 4522 m/s for ZnO/AlN
films, and then reach 12,200 m/s for a ZnO/AlN/diamond layer system. AlN, diamond like
carbon (DLC), nano-diamond films and diamond have been regarded as the best substrates to
provide a dramatic increase in acoustic wave velocities associated with ZnO films
[218,219,220,221].

However, multi-layered acoustic wave devices could have a number of issues such as increased film
stress, significant dispersion effects, increased surface roughness, decrease in wave amplitude and
large insertion losses. Theoretical analysis or finite element analysis (FEA) is needed for
optimisation of each layer thickness in the multilayer acoustic devices and identification of the
various generated wave modes and vibration patterns [ 222]. A common problem with the
multi-layer designs is linked with the generation of various wave modes or hybrid modes (i.e., a
combination of different types of bulk, leaky, Rayleigh or Sezawa wave modes) [223], as well as
spurious modes and pseudo-acoustic waves (bulk waves) with a large attenuation in the substrates
[224,225]. Spurious modes are unintentionally excited modes, which can interfere with the main
mode, causing ripples in the transmission spectra. These could be acoustic leakage waves into the
substrate, laterally escaping waves, scattered waves, and/or vibrations due to the electrodes.
Spurious modes can be reduced by using apodization (using modified IDT patterns, or non-parallel
resonator shapes as will be discussed in Section 5) or by changing electrode geometry (for example,
by adding extra mass loading to the edge of electrode), which can reduce the constructive
interference between the incident and reflected waves [226].

3. Deposition and MEMS processing of ZnO and AlN films

3.1. Thin film deposition techniques
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Many deposition methods have been developed to prepare ZnO [227] and AlN films including
physical vapour deposition (PVD) methods, such as sputtering [228,229,230,231], evaporation
[232], pulsed laser deposition (PLD) [233,234,235,236,237,238,239,240,241,242], filtered cathode
vacuum arc (FCVA) [243,244,245,246,247], sol-gel processing [248,249,250], ion beam deposition
[251], molecular beam epitaxy (MBE) [252,253,254,255,256], chemical vapour deposition (CVD)
[257,258,259,260], plasma enhanced CVD (PECVD) [261,262,263,264], metalorganic chemical
vapour deposition (MOCVD) [265,266,267,268], and atomic layer deposition (ALD) [269].

Table 4 summarises the main features of different deposition methods in relation to ZnO and AlN
thin films. The selection of a deposition approach depends on the desired crystalline quality of films,
deposition throughput, process temperatures and cost, as well as the availability of equipment.
Among these deposition methods, magnetron sputtering is preferred due to its simplicity, good
reproducibility, low cost, low operating temperature, and compatibility with microelectronics and
MEMS processing. Furthermore this technique is already in production for fabrication of SAW and
FBAR filters and frequency duplexers. Therefore, this section will focus on the sputtering
technique.

Table 4. Summary of different thin film deposition methods and features for ZnO and AlN films
Deposition
technique
Sputtering

MBE

Key features and technology variants

Compatibility with MEMS processing

 Most used method
 DC and RF magnetron sputtering, HiPIMS,
HiTUS, Microwave-sputtering, UV sputtering
 Best deposition temperature: ZnO film room
temperature to 300oC; AlN film 300 to 500oC
 Precise control over the deposition
parameters;
 Control of interface chemistry
 Extremely high purity and highly crystalline
thin films.
 Very slow deposition rate
 Very high deposition temperatures: 600 to
1000oC
 Small deposition area

 Compatible with MEMS process
 Reasonably high deposition rate
 Can be large scale
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 Atomic layer by layer growth
attributed to the crystallographic
relation between film and substrate.
 Not compatible with MEMS
processing

PLD method

CVD

Sol gel

FCVA

 Using high-power laser pulses to remove
target material
 Relatively good crystalline structure and
quality, able to create high-energy source
particles, high-quality film growth at
potentially low substrate temperatures;
 Not favourable for industrial application,
although widely used in research;
 Typically deposition temperatures are from
room temperature to 600 °C.
 High-quality films and applicable to
large-scale production.
 Including PECVD and MOCVD;
 Typically deposition temperatures from
300 to 800 °C.
 Simple, low cost, solution based method, no
vacuum
 Crystal quality of the thin films is typically
poor with random crystal orientations, small
grain sizes, rough surface etc.
 Easily prepared at low temperature, but need
high temperature annealing

 Expensive,
 Deposition only over small areas,






 Small scale
 Not compatible with MEMS
processing
 Deposition rate is not high

High ionisation ratio,
High ion drift energy,
Good adhesion and good coating quality
Deposition temperature can be from room
temperature to 500oC

 Good quality of films,
 Low deposition rate
 high temperature is a potential issue
 Suitable for porous nanostructure
growth.
 Deposition is compatible with MEMS
processing
 Poor film quality
 Less used for acoustic wave device
fabrications.

Films of ZnO and AlN can be deposited at room or elevated temperatures, either by DC/RF
sputtering from high-purity metallic Zn or Al targets [270], or by RF sputtering ceramic ZnO or
AlN targets, all in an Ar and O2 (or N2) gas mixture (with an illustration shown in Fig. 7a) [271]. At
the same target power, the sputtering rate of the RF process is lower than that of DC sputtering,
although RF deposition may produce films with a smoother surface.

During DC sputtering using a metallic target of Zn or Al, the process parameters need to be
optimised to prevent charge build-up on the metallic target. These phenomena are often called
target-poisoning and target arcing, which can significantly affect deposition rate, surface roughness
and crystal quality of the films. These problems can be solved to some extent by using plasma
emission monitoring control systems [272], or using a balanced magnetron with high strength

59

magnets (see Fig. 7b), or using a pulsed power source, or using extra ion beam/plasma sources to
enhance the reactive sputtering process.

Ultra-violet (UV) assisted sputtering deposition has also been proposed [273] to prepare AlN or
ZnO films. The UV radiation can directly raise the substrate temperature and increase the kinetic
energy of gas radicals/ions, which increase the sputtering rates, ionisation rate of species in the
plasma, and thus the energy of adatoms to the substrate.

Another key problem for a standard DC magnetron sputtering is the low ion energy of a few eV and
low ion flux. These problems can be solved by using a pulsed DC system. During pulsed sputtering,
the target potential is periodically switched between ground and a positive potential, at a frequency
in the range from 20 to 350 kHz [274,275]. If the pulse is on, ions are attracted to the target via
standard sputtering. If the pulse is off, an electron current is drawn to the target, which can
discharge any poisoned regions [276,277]. Using an unbalanced magnetic field is another common
method to increase collision/ionisation and ion bombardment and thus improve the deposition
process, film texture and microstructure, especially for AlN films. In this method, the magnetic field
at the target edge is commonly modified to concentrate the plasma onto substrates as shown in Fig.
7(c) [278,279,280,281]. In order to increase the plasma density/sputtering rate, increase plasma
density and shorten the deposition time, a dual magnetron sputtering system with two unbalanced
magnetrons has also been used as shown in Fig. 7(d).
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Fig. 7. Illustration of the operation principles of common sputtering systems: (a) Standard DC/RF
sputtering; plasma confinement in: (b) a balanced magnetron sputtering; (c) an unbalanced
magnetron sputtering; (d) dual magnetron sputtering system with two unbalanced magnetrons; (e)
61

closed field unbalanced magnetron sputtering system with HiPIMS sources to increase plasma
density and trap electrons ejected from the magnetron targets; (f) working principle of high target
utilisation sputtering (HiTUS); (g) plasma confinement in a dual rotatable tube magnetron
sputtering; (h) working principle of a hollow cathode magnetron sputtering system.

Pulsed magnetron sputtering still shows a low degree of ionization and low ion current density.
High power microwave plasma sources can be applied for the oxidation or nitriding of thin metal
(i.e., Zn or Al) layers in a dynamic deposition process, i.e., applying a microwave assisted pulsed
sputtering process. A very thin metallic or sub-stoichiometric film (a few nm thick) is firstly
deposited using pulsed magnetron sputtering and then oxidized (or nitrided) afterwards using a
microwave source based on a rotating drum holder. Compared with RF discharges, at an equal
power density, the average microwave power density is higher, resulting in enhanced molecular
dissociation rates. Consequently, higher thin film deposition rates can be obtained with microwave
discharges [282]. The microwave plasma (2.45 GHz) leads to a high ionization efficiency, and
activates the reactive species in the plasma so that the reaction between the metal species and the
reactive gas takes place more effectively. Another advantage of microwave enhanced sputtering is
that the microwave system can be separated from the main deposition chamber. However, the
deposited films generally have large stresses and high roughness, due to microwave plasma
bombardment effects. In order to further increase microwave coupling and electronic density, a
supplementary device such as an electron cyclotron resonance (ECR) can be used in microwave
discharges. This is based on the generation of a magnetic field which is added to the microwave
field, and confines the plasma at resonant conditions [283,284].

High power impulse magnetron sputtering (HiPIMS) can also be applied to permit a decrease in
substrate temperature by increasing the target power density. In the HiPIMS process, extremely
62

high power densities in the order of kW⋅cm−2 in short pulses of tens of microseconds and a low duty
cycle (<10%) are used at the target to avoid overheating of the target/system components [285,286].
Therefore, it can produce a high degree of ionization of the sputtered species and a high molecular
dissociation rate, all of which are claimed to result in the formation of high density and smooth
films on complex-shaped substrates [287]. The HiPIMS ZnO and AlN films also have very good
adhesion to the substrates [288,289]. A sputter design based on the combination of closed field
unbalanced magnetron sputtering and HiPIMS sources is illustrated in Fig. 7(e). Potential
drawbacks of the HiPIMS include the directional nature of the sputtered metal flux and the reduced
sputtering rate compared with conventional sputter deposition.

Although magnetron sputtering is the most scalable method, plasma or ion bombardment on the
surface of the growing film is unavoidable during typical sputtering deposition. These phenomena
may result in changes in the orientation, stoichiometry and grain size of ZnO and AlN crystals,
defects, electrical and optical properties, intrinsic stress, as well as the surface and cross-sectional
morphologies. To resolve these effects, high target utilisation sputtering (HiTUS) has been
proposed to include a side chamber to generate a high density plasma which can be launched into
the main deposition chamber, and further steered onto the substrate using an electromagnet, as
shown in Fig. 7(f) [290]. Since the high energy Ar+ bombardment on the target is decoupled from
the deposition of low energy ion species on the growing film, high energy ion-bombardment
induced damage can be effectively suppressed, leading to thin films with an extremely low stress
and excellent surface smoothness [291], yet with high deposition rates. It also has the advantages of
better utilisation and uniform erosion area of the sputtering targets. Piezoelectric films prepared in
this manner also have much lower stress than those commonly found in films deposited using RF
magnetron sputtering [292,293,294]. The problems of the HiTUS systems are complex design,
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limited number of targets, restrictions on the deposition area and possible reduction in the sputtering
rate compared to magnetron sputtering.

Another method for high rate deposition of ZnO and AlN film is to use dual rotatable tube
magnetron targets (see Fig. 7(g)), which can effectively enhance the utilisation of target materials,
increase continuous operation time and also improve the uniformity of the optical and electrical
properties of the deposited films [295]. Balanced and high strength magnet bars are generally used
in these rotatables. Roll-to-roll mass deposition using polymer or metallic foil substrates can be
easily realised using this technique. A problem with dual rotating magnetrons can be the high target
costs.

Hollow cathode magnetrons can sputter material from the inner surfaces of a cylindrical target.
Based on a hollow cathode effect (shown in Fig. 7(h)), sputtering can be realised by letting the gas
flow through an opening in metallic targets under a negative electrical potential, thus creating a high
flux of ions and enabling large deposition rates as well as uniform deposition onto
three-dimensional parts. Due to the confined plasma and increased ionization, magnetron sputtering
can be operated at considerably lower pressures than a conventional magnetron sputtering system,
which reduces the risk of contaminants in the growing film, and the current dependence on the
cathode bias voltage. However, plasma instability and high ignition voltages create challenges for
the technology.

3.2. Film deposition parameters

Both ZnO and AlN have a polar wurtzite structure with a preferred crystal orientation (i.e., along
the c-axis), which shows the highest piezoelectric constant (d33). Thus, when polycrystalline thin
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films are deposited, the best piezoelectric activity will be obtained when all the microcrystals are
aligned with the c-axis perpendicular to the film surface.

Several process parameters influence the formation of this c-axis structure, as energy is needed to
form the preferred c-axis orientation. Most of the sputtering parameters affect the way this energy is
provided. Therefore, the microstructure, texture and piezoelectric properties of sputtered ZnO or
AlN films are affected by sputtering conditions such as target power, gas pressure, gas flow rates,
bias voltage, substrate materials, deposition temperature and annealing temperature [ 296 ,
297,298,299]. Table 5 summarises the key parameters that influence the film microstructures and
properties.
Table 5. Key parameters which influence the film microstructures and properties [300]
Parameters
Substrate
temperature

Plasma
power

Gas pressure

Bias voltage

Ar/O2 or
Ar/N2 ratio

Substrate

Attributes
 ZnO and AlN thin films can be deposited at room or low temperature (<200 oC) which is
compatible with a CMOS back-end process [301];
 but the film quality would be better if the films are deposited at higher temperature up to
500oC;
 High temperature deposition will enhance the atomic mobility, improves film texture and
quality, increases grain size, decreases the defect density, promotes film adhesion to the
substrate, and thus could result in a compact and dense film structure[302,303];
 The optimal substrate temperature for AlN is between 250oC and 600oC
[304,305,306,307,308];
 Higher plasma powers will result in a higher deposition rate because the sputter yields are
higher and the deposited particles have higher kinetic energies;
 High plasma power could cause increase in film surface roughness due to excessive atom
flux and ion bombardment to the substrate;
 Film stress becomes large at higher plasma power;
 Deposition at a low gas pressure generally produces a dense and small-grain size film,
with a large compressive film stress;
 Decreasing sputtering pressure improves preferred (002) orientation and to higher
crystallinity;
 Deposition at a higher gas pressure results in porous and columnar films with rough
surfaces, with a low compressive stress or large tensile stress [309];
 By increasing the sputtering pressure, energy loss of the accelerated ions occurs due to the
collision rate increase in denser plasma;
 Increasing bias voltage can accelerate the deposited adatoms, produce a dense film;
 Too high a bias voltage or an acceleration potential deteriorates the crystal quality
because of the bombardment by accelerated ions;
 Stress becomes larger at higher bias voltages;
 The gas ratio is a critical parameter and a sufficient oxygen or nitrogen partial pressure is
needed to maintain the stoichiometry of the ZnO or AlN films [310];
 The gas ratio could influence the film texture, density/porosity, deposition rate and film
stress;
 Limits the maximum temperature which can be used;
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Post-anneali
ng and
post-poling

Target aging

 Affects film texture and crystal orientation;
 For both AlN and ZnO films, as-sputtered film normally exhibits a good piezoelectric
effect, therefore, post-deposition poling is unnecessary [311];
 Annealing of films could increase film resistivity, reduces film stress and defects, and
improve functional properties, such as optical and electrical properties;
 Higher annealing temperature could result in increased film thermal stress and roughness.
 Target aging (erosion of target) has a significant effect and will modify bombardment
levels from negatively charged oxygen ions generated at the target surface, thus causing
significant changes in the ZnO film structure [312];
 Usage of target configuration with conical protrusion of the erosion zone has been
proposed to solve the target erosion problems, although this will introduce new problems
such as complexity and cost of the targets [313].

The growth dynamic of ZnO or AlN films by sputtering has been thoroughly studied [314]. In the
initial stage of growth, the growth dynamic could be unstable and have high sticking probabilities of
the impinging particles, and thus the films normally showed a mixture of textured and randomly
oriented crystals. In the second growth regime, the films become more homogeneous and well
textured, and the growth is dominated by the shadowing effect induced by the bombardment of
impinging particles. Based on this behaviour, a two-step deposition technique has been proposed to
increase film texture and reduce film stress by changing either gas pressure or target power during
deposition [315,316,317]. For example, the first stage can be a low–power, high–temperature
deposition which provides high migration rate to the surface atom with improved mobility. The
second stage might be a high–power deposition at lower temperatures characterized by high
deposition rates and low residual stress. Film stress and its measurement/control will be discussed
in section 4.4.

Generally, the film growth conditions are more critical for the AlN films than those for ZnO films.
Growing a thick AlN film is a challenging task because of its tendency to form microcracks and
high film stress. Residual oxygen or water contamination in the sputtering gas or in the chamber can
significantly affect AlN film growth during sputtering [318]. The growth rate of the AlN films
decreases with increasing oxygen concentration in the sputtering gas. The predominant polarity of
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the AlN film also changes from Al polarity to N polarity with increase in the oxygen concentration.
Increasing oxygen concentration in the sputtering gas also increases the Al-O bonding, as the
bonding energy of Al-O is higher than that of Al-N [319]. This is an important aspect as the oxygen
concentration significantly influences the piezoelectric response of AlN films. Therefore, it is
essential to minimise the O2 concentration during the AlN film deposition.

3.3. MEMS processing of ZnO and AlN films

Various MEMS processes are required to fabricate thin film based acoustic wave devices. ZnO
films are relatively reactive [320], thus etching and patterning these films using the methods listed
in Table 6 are relatively straightforward. Whereas AlN films are more stable and chemically
resistant and consequently etching and patterning of AlN is more of a challenge as detailed in Table
6.

For microfluidics and sensing applications, the device surface is often required to be hydrophobic or
hydrophilic, or a pattern combining these two. As-deposited ZnO and AlN films typically have
contact angles of water droplet ranging from 40 to 80, and these are also dependent on surface
conditions and UV light exposure [321]. The contact angle of water droplets increases with ZnO
film thickness because of the increased film surface roughness. Table 6 lists a few typical methods
used to modify device surfaces to become superhydrophilic, hydrophobic or superhydrophobic.

Another critical issue for a good biosensor is to obtain a simple, low cost but reliable process for the
functionalisation of the sensing surface to form a robust immobilization of appropriate probe
biomolecules. Table 6 also summarizes some reported methods for functionalisation of ZnO and
AlN film surfaces.
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Table 6. MEMS and bio-processing methods for ZnO and AlN films
Wet etching

Dry Etching

Surface
hydrophobicity

Surface
hydrophilic
Bio-processing

ZnO
 HCl, H3PO4, HF, HNO3;
 Alkalis;
 Ammonium chloride;
 NH4Cl+NH4OH+H2O;
 H3PO4+HAc+H2O (1:1:50)
 FeCl3 + 6H2O.
 Plasma etching using oxygen;
 Anisotropic etching using hydrogen based gas
such as CH4/H2/Ar;
 Toxic chlorine based gases of Cl2/Ar, BCl3/Ar
and BCl3/Cl2/Ar;
 Ar/H2 plasma with hydrogen ions to improve
efficient and fast etching.
 Anisotropically etch ZnO films using HBr/Ar
plasma [325].
 CHx vapour treatment;
 Teflon solutions;
 CYTOP layer from Asahi Glass;
 Octadecyltrichlorosilane (OTS) with a
hydrophobic SAM layer;
 A monolayer of octadecyl thiol (ODT) or
octadecylesilane (ODS);
 Hydrophobic nano-structures [326];
 microwave plasma-enhanced chemical vapour
deposition (MPECVD) [327];
 Commercial (e.g. Glaco Mirror Coat “Zero”,
Soft 99 Co.) and in-house superhydrophobic
coatings [328].
 UV illumination to make ZnO surface
superhydrophilic [330,331];
 Pre-deposition with Au on ZnO surface, forming
a cystamine surface atomic monolayer (SAM) on
Au surface;
 Immobilization of antibodies on ZnO using (1)
amine-terminated silane,
3-aminopropltryiethoxysilane, and
glutaraldehyde as the secondary cross linker to
bind a protein [332,333];
 3-mercaptopropyltrimethoxysilane in toluene to
immobilize the antibody;
 3-trimethoxysilane in toluene to immobilize the
antibody.

AlN
 Alkaline aqueous solutions, such as KOH, NaOH,
tetramethyl ammonium hydroxide (TMAH)
[322,323,324].
 Some acids such as HPO3, or HNO3
 Molybdenum, germanium, SiO2, amorphous
silicon can be used as chemical mask
 AlN is normally dry-etched using chlorine based
plasma, such as chlorine and BCl3.
 SF6/Ar plasma is used to etch AlN with highly
anisotropic and smooth side walls.
 Sacrificial layers which have been used include
porous Si, phoshosilicate-glass (PSG), porous
silicon, metals of Al, Cu, Ge










CHx vapour treatment;
Teflon solutions;
CYTOP layer from Asahi Glass;
OTS with a hydrophobic SAM layer;
ODT or ODS;
Hydrophobic nano-structures [329];
MPECVD [311];
Commercial (e.g. Glaco Mirror Coat “Zero”, Soft
99 Co.) and in-house superhydrophobic coatings
[312].

 Oxygen plasma to make AlN surface hydrophilic
 Pre-treatment of AlN films with oxygen plasma; or
ultrasonication of the AlN film in piranha
solutions, and silanisation with OTS [334].
 Immobilization of gold nanoparticle bio conjugates
onto AlN surfaces using aminosilane molecules as
cross-linkers [335].
 Modified with alkyltrichlorosilane cross-linking
molecules for chemisorption on the
hydroxylated/oxidized substrate. The distal
benzenethiosulfonate groups are functionalised
with thiolated probes [336].

4. Engineering thin film technologies for acoustic wave applications

4.1. Engineering film texture and wave modes

4.1.1. Texture of films
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The texture of piezoelectric films is crucial for the piezoelectric effect and acoustic wave modes as
well as the behaviour of the acoustic devices [337,338,339,340]. Both AlN and ZnO films
crystallize in a wurtzite type structure [341,342] (see Fig. 8a), which is defined by dominant (0002),
(10 0) and (11 0) crystal planes. Taking ZnO film as an example, the surface energy densities of
the three planes mentioned above are 0.099, 0.123, and 0.209 eV/Å2, respectively [343]. The ZnO
(0002) plane has the lowest surface free energy. If there is no epitaxial growth of the film on the
substrate, and/or if the adatoms in the surface have enough energy to thermodynamically arrange
themselves, the ZnO and AlN films will grow along the (0002) planes on many substrates such as
silicon,

quartz,

glass,

LiNbO3,

GaAs,

GaN/Sapphire,

and

SiC,

etc.

[344,345,346,347,348,349,350,351,352]. However, as the film thickness increases, other film
orientations could appear [353]. Without substrate rotation, the edge of the substrates, which is off
from the plasma centre, commonly creates inclined angled columnar structures. Excess Zn (or Al)
and O (or N) inside the ZnO (or AlN) films can cause the deterioration of the film (0002)
crystallinity [354,355]. The O2/Ar or N2/Ar gas ratio and gas pressure also have significant effects
on the film texture [356]. Fig. 8b illustrates film textures along the (0001), (11 0) and (10 0) planes
of ZnO and AlN films [357].
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(a)

(b)

Fig. 8. (a) Illustration of wurtzite type crystal structures of ZnO and AlN including the three key
directions; (b) preferred orientations along (0001), (11 0) and (10 0) planes of ZnO and AlN
crystals on film surfaces

Kajikawa reviewed the textural development of the ZnO films during deposition [358]. An
amorphous ZnO intermediate or transitional layer generally forms before the film growth on
substrates including Ni, Cu, Si, Ti, Ni and glass, and this layer is about 10 to 50 nm thick depending
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on the substrate used [359]. Fully crystalline ZnO films grow on this amorphous layer and their
grain size increases with growth duration. The amorphous layer can result in ZnO films deposited
on Ni, Cu, and Cr substrates with poor film textures. However, no such amorphous intermediate
layer has been observed on Au, Ru, Pt, Al or sapphire substrates [360,361]. The ZnO films
deposited on these substrates show a strong (0002) orientation. Buffer layers such as MgO, Al2O3,
GaN, DLC, SiO2, or metal layers such as Mo are frequently used to enhance the film crystallinity
and texture (see Table 7) [362,363,364,365,366,367,368].

Epitaxial growth on a given substrate may lead to a film with a fixed orientation, and this can be
achieved at high temperatures (sometimes over 1000 oC) using MBE or metal organic vapour phase
epitaxy (MOVPE) [369,370,371]. The growth of ZnO and AlN films is attributed to the competition
between the closest lattice mismatch between the ZnO (or AlN) growth plane and the substrate
plane and the lowest surface free energy (0001) of ZnO (or AlN) [ 372,373,374]. Certain
orientations in the substrates such as quartz, sapphire, LiNbO3, SrTiO3, diamond, MgO, CaF2, GaAs,
GaN, GaN/Sapphire, SiC and ZnO have been commonly used for epitaxial growth of ZnO and AlN
films. Table 7 summarizes the substrates and lattice mismatches among different materials
(intermediate layers or substrates), as well as the corresponding acoustic velocities and temperature
expansion coefficients for both the ZnO and AlN films.

Table 7. A summary of acoustic velocity of the ZnO/AlN films on different substrates (most data is
from SAW devices.

The data is only for comparative purposes, as the velocity is related to the

film thickness. Thus the comparison of velocities has no meaning unless the film thickness is
identical)

Substrate/film
Materials

Substrate Materials

Substrate
structure

ZnO

ZnO

HCP

Lattice
difference

Velocity (m/s)
2724

71

Substrate temperature
expansion coefficient
(10-6K-1)
2.9 (4.751)

ZnO/Si
ZnO/DLC
ZnO/ Nanocrystalline
diamond
ZnO/Diamond
ZnO/AlN/diamond
ZnO/SiO2
ZnO/AlN
ZnO/Pt
ZnO/Au
ZnO/Sapphire
ZnO/LiNbO3
ZnO/sapphire
ZnO/GaN
AlN/Si
AlN/Al
AlN/Pt
AlN/Au
AlN/W
AlN/Mo
AlN/SiO2
AlN/Sapphire
AlN/LiNbO3
AlN/SiC
AlN/GaN
AlN/ZnO
AlN/DLC
AlN/Diamond

Si (111)
DLC

Diamond (111)
ZnO/AlN/diamond
Quartz
AlN
Pt (111)
Au (111)
Al2O3 (0001)
LiNbO3 (0001)
sapphire (0001)
GaN
Si (111)
Al(001)
Pt (110)
Au (111)
W(110)

Cubic
Amorphous

41.3%

Cubic

HCP
Cubic
Cubic
HCP
HCP
HCP
HCP
Cubic
Cubic
Cubic
Cubic

4.1%
1.8%
2.5%
31.8%

2653
5000 to 7000

3

8500

1.18

10,000 to 12,000
12,200
4200
4522,
2684

1.18

4000~5750

31.8%
1.8%
5000-5050
23.15%
3%

0.87%
Quartz
Al2O3 (0001)
LiNbO3 (0001)
SiC(0001)
GaN
ZnO (001)
DLC
Diamond (111)

HCP
HCP
HCP
HCP
HCP
Amorphous
Cubic

6000
31.8%

13.2 (a)/7.1c
5.3 (4.1)
8.8
14
7.3 (18.1)
14.8 (4.1)
8.4 (5.3)
3.17
3
23.1
8.8
14
4.8
13.2/7.1
8.4 (5.3)
7.3 (18.1)

6500-7500

4.1%

2.9 (4.751)
10,000 to 12,000

1.18

4.1.2. Film texture control and inclined angle growth

As mentioned in the Introduction, a liquid on the sensing surface of the device causes significant
damping and attenuation of the propagating waves as the Rayleigh SAWs are coupled into the
liquid. This damping problem can be solved by using a shear-horizontal SAW, which propagates
with an in-plane shear horizontal motion [375,376], thus dramatically reducing SAW coupling into
the liquid medium. To generate such a shear horizontal wave in the thin film acoustic wave devices,
film textures such as (10 0) and (11 0) or along other axis (not the c-axis) of ZnO and AlN film are
necessary [377,378,379,380,381,382,383,384].

Another good approach to solving the liquid sensing problem is to develop piezoelectric films
where the c-axis of the film is inclined to the surface normal (as shown in Fig. 9(a)), thus allowing
both longitudinal and shear wave modes to be generated on the same substrate [385,386]. These two
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modes have different propagating velocities and they resonate at different frequencies and can be
individually controlled for either pumping or sensing purposes [387]. Inclined angled SAW and
FBAR devices also show improved mass sensitivities under liquid conditions and improved
operation using shear mode resonator [388,389]. Bjurstrom et al [390] systematically studied the
electromechanical coupling coefficients for both shear and longitudinal modes at different AlN
inclined angles for FBAR devices. The k2 value of the longitudinal mode has a maximum value for
the c-axis AlN crystals (θ=0o), but gradually decreases with increasing angle as shown in Fig. 9(b).
In contrast, the k2 value of the shear wave mode gradually increases with inclined angle increasing
from 0 to a peak value at 45o. The k2 value of the two modes reaches the same level at an angle of
30 to 35o as shown in Fig. 9(b) [391,392]. The pure thickness longitudinal mode for ZnO (or AlN)
FBARs occurs at a c-axis tilt angle of 0o (0o) and 67.1o (65.4o), whereas pure thickness shear modes
for ZnO (or AlN) occurs at 43o (46.1o) and 90o (90o) [393].
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Fig. 9. Inclined angle piezoelectric films: (a) ZnO inclined film grown on silicon substrates; with a
substrate tilting angle of 70o during deposition and a columnar tilting angle of 35o and crystal
angles of 10-12o; (b) Electromechanical coupling coefficient for both shear and longitudinal modes
at different crystal tilting angles (modified from Ref.394); (c) Three different types of angles for
inclined angle deposition films: substrate tilting angle; columnar tilting angles; and crystal angles;
(d) Columnar angle of the inclined angled ZnO film gradually change to vertical growth during
deposition with a substrate tilting angle of 60o.

Tilted angle ZnO or AlN films can be prepared using oblique angle deposition (OAD, i.e., tilting the
substrate at an angle to the target during deposition) [395,396,397,398,399,400] or glancing angle
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deposition (GLAD) methods [401,402,403]. Inclined columnar or inclined crystalline structures can
be formed by tilting the substrate at a large angle in the direction of the incident flux during the
OAD process, and is attributed mainly to self-shadowing and ion bombardment mechanisms.
GLAD is an extension to the OAD and substrate positions are precisely controlled (tilting/rotating
at large titling angles) during deposition (generally from e-beam evaporation), which can easily
result in the deposited films with a much larger inclined angle, nanopillars, zig-zag, spiral or helical
structures [404,405,406,407]. Readers may refer a recent review paper on this topic for more details
[408].

For films made by inclined angle deposition, three different angles need to be especially addressed
(see Fig. 9(c)):
(1) The substrate tilting angle or target tilting angle can be changed by experimental setting, and
normally the tilting angles of the substrate can be changed from 0o to 90o, although above 80o the
deposition rate is very low.
(2) The film columnar titling angle is the angle at which the columnar microstructures of the films
grow, which is generally smaller than the substrate titled angle. For example, using an oblique angle
of 85o, the columnar inclined angle was found to be only ~30 to 45o [409].
(3) The film crystal inclined angle corresponds to the crystal orientation, which is inclined to the
(0002) orientation, and the crystal inclined angle is smaller than the columnar titled angle, and
much smaller than the substrate titling angle (see Fig. 9(c)).

At the initial growth stage of tilting-angle deposition, the growth along the substrate normal
direction competes with the growth in the tilted c-axis direction. All deposition parameters
influencing the surface mobility of adatoms will affect the inclined angles of the film growth [410].
In most cases, even though the films show inclined or tilted columnar structures, the crystal
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orientations of the ZnO or Al films are actually still c-axis, i.e., along (0002) orientation. The film
crystal orientation angles need to be determined using characterisation techniques such as pole
figures or rocking curves from X-ray diffraction (XRD). Taking Al doped ZnO films as an example.
A substrate incident angle of 40o results in a crystal angle of only 14o. If the substrate incident
angles are 60o and 80o, the (0002) crystal inclined angles become 25o and 35o respectively [411].
The columnar angle of AlN films with an incident flux angle of ~40o and 55o have been reported to
be 23o and 32o, respectively [412]. Fig. 9(c) provides a comparison of the three different angles
based on the measurement results from the inclined angled ZnO films.

Frequently, columnar angles of the inclined film have been observed to gradually change to vertical
growth during deposition as shown in Fig. 9(d) [413,414]. These phenomena can be explained by
the minor changes in the deposition conditions which could change the mobility of deposited
species. Hence, adatom mobility determines the tilting columnar angle or inclined crystal angle.

Large tilted angle deposition results in porous structures and decreased deposition rates. Due to the
formation of porous structures, the shear acoustic wave velocity decreases with increasing angles of
inclination. This relationship is more significant for films with larger tilted angles. A good
uniformity is hard to achieve in film thickness and columnar inclined angles over large areas [415].
In order to solve the issue of poor thickness uniformity, zig-zag and spiral patterns were prepared
by changing the tilting angles or by rotating the substrate during tilted angle deposition
[416,417,418]. Acoustic wave devices using the zig-zag layered patterns showed a higher frequency
and higher sensitivity than those with a single layer [419,420]. Nano-columnar or nanorods
structures are normally formed when the titling angle is above 80o. However, these nanostructures
are porous and discrete, which may not be suitable for the piezoelectric layer in acoustic wave
devices, but may be useful for sensing layers.
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The sputtering target is normally placed close to the substrate during deposition. At the substrate
surface, the ions in the sputtering process have various directions due to the wide angular
distribution and scattering from the working gas. Positioning the substrates far away from the
targets can produce apparently more clearly inclined angle films [421]. A long rectangular shape
target will produce a longer range of uniform tilted angle films, whereas a circular shaped target
would probably produce a ring distribution of inclined angles.

E-beam evaporation is considered as a better method to achieve uniform inclined angled columnar
or spiral structures, because of (1) the controlled directionality of the evaporated flux; (2) the large
distance between source and substrates, and (3) low gas pressure. Apart from the substrate tilting
angle, plasma or e-beam power, gas pressure, external ion sources and shields of plasma will all
influence the kinetic energies of the atoms arriving at the substrate surface, causing different tilt
angles [422,423].

During the deposition of ZnO and AlN films, the film texture can be changed from (0002) into (10
0) or (11 0) by using a directional oxygen or nitrogen ion beam placed at an angle to the substrate
surface, which is mainly due to ion channelling effects [424,425]. The films with the (10 0) or (11
0) textures can excite a pure shear acoustic wave. A low chamber pressure is required to generate
significant oxygen ion bombardment effect in order to provide a longer mean free path for the
oxygen ions.

In summary, the following methods can be employed to obtain film texture other than the c-axis
(0002) type:
(1) Epitaxial growth on a specific substrate using a suitable deposition method, such as MBE;
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(2) Control of the sample position, tilting the substrates under the plasma, or locating samples in
off-centre positions [426];
(3) Use of an additional anode (or electric field) near the substrate, which can have an apparent
orientation effect on the growing films [427];
(4) Use of an external oxygen or nitrogen ion source and control of the oxygen ion bombardment
during film growth;
(5) Use of a shutter or blind which can be positioned between the target and substrate to only allow
oblique particles arriving on the substrate surface [428].
(6) Pre-depositing a seed layer with inclined angle to promote the inclined growth of top film layer
[429].

4.2. Doping of ZnO and AlN films for device performance enhancement

Doping and alloying have been used to modify the material properties of ZnO or AlN such as their
energy band gap, refractive index, transmission/absorption, conductivity and dielectric properties
[430 , 431]. Recently, doping and alloying have been utilized to alter the piezoelectric and
ferroelectric properties of ZnO and AlN films, and enhance their piezoelectric coefficients and
electromechanical coupling coefficients.

4.2.1. Doping of ZnO films

Doping ZnO films with various elements is a routine process to enhance their conductivity
[432,433]. Group V elements N, P, As, Sb can be added to ZnO films to form p-type ZnO [434,435].
For example, low nitrogen doped ZnO piezoelectric thin films have been used for FBAR device
applications [436]. A ZnO film becomes n-type through doping with group III and IV elements such
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as Al, Ga, In, Sn, Si, etc. Al doped ZnO (AZO) has been successfully applied as transparent
electrode on a ZnO/glass transparent SAW device [437].

Doping the ZnO films with group I elements such as Li, Na, K increases the film resistivity and
piezoelectricity [438,439], and improves film crystallinity and (0002) orientation [440]. Moderately
doped ZnO with Cu (a few atomic percentages) can enhance the c-axis orientation, and increase its
electrical resistivity up to 109 ·cm as well as its piezoelectric coefficient d33 [441,442,443,444].
Doping ZnO with transition-metal elements (e.g. Mn, Fe, V, Cr) has also been reported to improve
the piezoelectric and paramagnetic properties [445] and resistivity for acoustic wave device
applications [446,447]. For example, the piezoelectric properties of ZnO were reported to be
improved by tuning the Mn composition in the ZnO film [448,449,450], being able to increase the
d33 value from 12.1 pC/N for the pure ZnO to 86 pC/N for the ZnO films doped with 8% Mn.
Mn-doped-ZnO/SiO2/Si SAW devices have shown excellent performance for glucose sensing [418].

An enhancement of the piezoelectric coefficient has also been obtained from ZnO doped with
vanadium (V) [451]. The d33 values increased with the V content, reaching a value of 110 pC/N
(accompanied by a high resistivity in the order of 1013 .cm when 2.5% of V was incorporated into
ZnO), which is an order of magnitude higher than that of undoped ZnO. This has been attributed
mainly to the switchable spontaneous polarization induced by V dopants.

Furthermore, Ca and Sr have been used to dope ZnO films deposited on quartz substrates to form a
Love wave mode SAW device [452], showing an improved sensitivity for biosensing. On the other
hand, Co, Ni and Fe doped ZnO films showed enhanced c-axis orientation and crystallization.
However, the piezoelectric coefficient of the ZnO doped with these elements became smaller
compared with that of the pure ZnO. Ti and Cr doped ZnO films, showing decreased resistivity due
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to a significant narrowing effect of the energy band gaps [453,454]. Thus, doping with these
elements is more suitable for modification of the electrical and optical properties, rather than for
piezoelectric applications. MgxZnl-xO (x≤35) has also been considered to be a new piezoelectric
material for SAW and BAW devices. Through controlling the Mg composition, or using ZnO/
MgxZnl-xO multilayer structures, one can tailor the SAW properties.

However, we note that the enhanced piezoelectric coefficients of most of the above mentioned
doped films were measured using piezoelectric force microscopy, and their performance after
integrating into various acoustic wave devices is yet to be confirmed.

4.2.2. Doping of AlN films

Similarly, many elements have been used to dope AlN film to modify its piezoelectricity. For
example, Akiyama et al. discovered that the piezoelectricity of Al1-xScxN alloys increases with the
Sc content, showing a maximum increase of 400% in d33 at x=0.43 compared to that of the pure
AlN [455,456]. This value is the largest piezoelectric constant among the known tetrahedrally
bonded semiconductors. Since then, AlN films with Sc-doping have been intensively studied
[457,458,459]. Density functional theory (DFT) was applied to study the origin of this enhancement
of the piezoelectric coefficient [460], and results showed that doping AlN with Sc leads to softening
of the wurtzite phase. The increase of Sc concentration in the wurtzite phase causes ionic
displacements, leading to larger dielectric and piezoelectric responses. The transverse piezoelectric
coefficient e31 of Al1-xScxN thin films was also found to be affected by Sc doping [461]. This
coefficient was increased by about 50% when the Sc concentration was increased from x=0 to
x=0.17 [462]. Recently, a ScAlN/diamond layered structure was fabricated, and the theoretical
maximum k2 value of 14.5% was obtained for a SAW device operating in the 2-3 GHz range [463].
80

However, incorporating Sc in AlN often leads to a non-uniform distribution of Sc in the alloy,
possibly due to the preferential phase separation of the ScN rocksalt and AlN wurtzite crystals. This
non-uniformity can result in large variations in localized stress and piezoelectric coefficients within
a wafer, or from wafer to wafer. However, owing to the significant enhancement of the piezoelectric
properties, Al1-xScxN materials with different Sc contents have been utilized to fabricate various
piezoelectric devices, including SAW [464,], FBAR [465] and Lamb wave resonators. For the
ScAlN SAW device fabricated on a 6H-SiC substrate, the Sezawa mode wave showed a higher
coupling coefficient, a higher frequency and a higher phase velocity than those of the Rayleigh
waves [466]. A ScAlN film with a c-axis tilt up to 5.5o was deposited on sapphire and the wave
propagation direction and tilt angle both influenced the performance of the SAW devices [467].

One of the most important features of the AlN is its high melting temperature and consequently the
potential for high temperature acoustic wave sensing devices. Wurtzite type BN is another high
temperature piezoelectric material, but is metastable. Therefore, sputtered AlBN films have been
investigated for high temperature acoustic wave sensing applications, with higher acoustic
velocities, higher Young’s modulus and piezoelectric coefficient compared to those of AlN films
[468,469,470].

Ga doped AlN films possess high acoustic velocities and coupling coefficients, and are suitable for
high-frequency SAW and BAW devices in wireless communication systems. Doping AlN films
with Y [471,472], Cr [473], Ta [474] and Er [475] improved the values of d33, but a deterioration in
the values of d33 was found with Ti doped AlN. These studies clearly indicate that the ionic radius of
the dopant is the critical parameter for the enhanced piezoelectric properties of the doped AlN films.
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Recently co-doping multiple elements into AlN films have been frequently reported. For example,
Mg and Zr co-doped AlN thin films showed a linear improvement of d33 value with an increase of
the ratio of Mg-Zr to Al up to 0.5, and a d33 value of ~15 pC/N was obtained compared to 5.5 pC/N
for pure AlN. These co-doped AlN films were used for high frequency FBAR applications [476].
Through first principle calculation, co-doping with two or more elements with different valence
cations can be designed and their piezoelectricity properties have been assessed, for example,
(ay,β1-y)xAl1-xN (with (a and β are elements of Ti, Zr, Mg, Hf and Si, etc), and the ionic radii of the
dopant elements were identified as the key to improve the piezoelectric properties of the co-doped
AlN [477]. Co-doped (Mg, M)xAl1-xN (M = Zr or Hf) thin films showed a higher d33 value. FBARs
employing (Mg, Zr)0.13Al0.87N and (Mg, Hf)0.13Al0.87N films showed an increase of electromechanical
coupling coefficient from 7.1% for pure AlN to 8.5% for Mg-Zr-doped AlN and 10.0% for
Mg-Hf-doped AlN [478]. MgZrAlN and MgHfAlN films were used as the piezoelectric active
layers in an air-bag type sensor, demonstrating their potential for wide-band and high frequency
FBAR applications [479].

Although doping or alloying of AlN and ZnO films has been used to synthesize materials with
better piezoelectric properties for acoustic device application, the current research approach is
largely based on “trial and error” methods without well-defined guidelines from theoretical analysis
and material modelling. This is particularly true for the ZnO as there are not many reports on the
DFT based studies for doping in ZnO. Only a few research groups reported DFT-based modelling
for the AlN films [480]. Therefore it is necessary to conduct a systematic investigation using the
DFT for doping and alloying of ZnO and AlN, to provide robust guidelines for the “doping”
strategies.

4.3. Film thickness/dispersion effects
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Thin film acoustic wave devices have significant dispersion effects, i.e., the acoustic wave velocity,
resonant frequency, electro-mechanical coupling coefficient and quality factors, all depend
significantly on the piezoelectric film thickness [481]. Hence, the effects of film thickness on wave
propagation properties have been extensively investigated for SAWs, FBARs and Lamb wave
devices, and these are are now discussed.

4.3.1. SAW dispersive effects

For thin film SAW devices, the ratio between the wavelength and the film thickness (or more
precisely, the normalized film thickness hk, where h is film thickness and k is wave vector, k=2/ )
is a critical parameter which determines the wave modes and their velocities as shown in Fig. 10(a).
If the piezoelectric film is relatively thick, or if the film thickness is larger than or comparable to
wavelength of the SAW, the waves will mainly propagate inside the film layer. Thus, the acoustic
velocity will approach that of Rayleigh waves for thin film materials (about 2800 m/s for ZnO and
5600 m/s for AlN). The SAW energy is largely dissipated in the substrate if the film thickness is
much less than one wavelength. Consequently, the wave velocity of the SAW approaches the
Rayleigh velocity of the substrate material (for example, Si in Fig. 10(a)). Therefore, changing the
ratio between film thickness and SAW wavelength can tune the phase velocity of the SAW devices
between the acoustic velocities of the thin film and the substrate material as shown in Fig. 10(a).

Depending on the different wave propagating velocities of film and substrates, dispersion effects
can be totally different. For instance, the frequency and velocities on ZnO/Si decrease with
increasing normalized film thickness as shown in Fig. 10(a). This behaviour is opposite to that
observed with AlN/Si SAW devices, where the velocities increase significantly with thicker AlN
83

films as shown in Fig. 10(b) [482]. However, there is a minimum cut-off film thickness on the order
of tens of nanometres (or less than ~10% of the wavelength). Below this cut-off thickness, no
significant SAWs can be generated, due to the limited piezoelectric effect for SAW generation and
the low electromechanical coupling coefficient for a very thin piezoelectric film.

Another dispersive phenomenon is that higher modes of the SAWs can be generated with increasing
film thickness, i.e., 1st and higher Sezawa mode waves can be detected. As explained previously,
the Sezawa modes can be realized from a layered structure, where the substrate (or sub-layer below
the film) has a higher acoustic velocity than that of the top film [483]. These Sezawa waves exhibit
larger phase velocities and higher resonant frequencies than those of Rayleigh waves for a given
thickness (Fig. 10a), and are thus suitable for high-frequency applications [484,485].
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Fig. 10. Dispersive effects for thin film acoustic wave devices. (a) and (b) Phase velocities of ZnO
and AlN films as a function of thickness/wavelength ratio for different acoustic wave modes, (b) is
modified from [486]; (c) Resonant frequency of ZnO FBAR devices as a function of film thickness
(modified from [487]); (d) Frequency dispersion effects of Lamb waves, showing the fundamental
and higher harmonic A mode and S mode Lamb waves.

However, the dispersion effects and higher modes become complicated with multi-layered acoustic
wave device designs, as each single layer and its variation in thickness and material properties will
change the wave propagation properties, for example, resulting in pseudo-waves (or thin film based
bulk wave modes) [488,489,490,491].
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4.3.2. FBAR dispersive effects

The resonant frequency of the FBAR devices depends significantly on the thickness and the
material type of the piezoelectric layer. With a decrease in piezoelectric film thickness, the resonant
frequency increases significantly, especially when the film thickness is less than few hundreds
nanometres, as shown in Fig. 10(c) [492,493]. This is mainly due to shorter transmission paths for
bulk acoustic waves in the thinner layer.

However, there is a practical limit on the minimum thickness of piezoelectric layer, or the best
thickness range, for both ZnO and AlN FBAR devices. A thin film of less than tens of nanometers
leads to dramatic changes of the frequency and a significant decrease of the peak intensity. Both the
electromechanical coupling coefficient (k2) and the quality factor (Q value) of the FBAR devices
significantly decrease with reducing film thickness to tens of nanometers. On the other hand, for a
thick film, the propagation/transmission path will be increased, thus reducing the resonant
frequency. The surface roughness tends to increase with increasing film thickness and grain size,
thus leading to an increased acoustic wave loss and dispersion. Surface roughness has a detrimental
effect on the resonant frequency and quality factor of the FBARs as a rougher surface makes
surface scattering stronger. Therefore the requirement for precise control of the thickness
uniformity and smoothness of the piezoelectric layers is strict for high frequency FBARs. Similarly,
the resonant frequency of the FBAR devices decreases with increasing thickness of the intermediate
layer or supporting sub-layer due to the mass loading effect and increase of propagation route
through the thickness direction [494].

4.3.3. Lamb wave and Love wave dispersive effects
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Lamb waves have significant dispersion effects as a function of thickness of substrate membrane.
The frequencies of the Lamb waves (including fundamental and higher A modes and S modes) are
sensitive to the thicknesses of the thin plate or membrane structures as shown in Fig. 10(d). The
thickness of the top piezoelectric film has a relatively smaller influence compared with that of the
membrane/plate layer because of its thin nature.

SAW devices of ZnO/SiO2/Si and ZnO/AlN/Si have been commonly regarded as Love mode
devices. Both the thicknesses of the ZnO film and interlayers, such as SiO2, or AlN, have significant
influences on the phase velocities, frequencies and electro-mechanical coupling coefficients, which
have been discussed in Section 2.5.

4.4. Engineering film stress

4.4.1. Film stress effect and its dominant factors

As-deposited sputtered ZnO or AlN films generally have large compressive or tensile stresses,
which are a combination of intrinsic, extrinsic and thermal stresses. The intrinsic stress is caused by
a combination of defects in the films (voids, dislocations, impurities, grain boundaries), the
interfacial structures of film/substrate (differences in lattice mismatch), and/or ion/electron
bombardment/impinging during sputtering and recrystallization [495]. For multilayer SAW or
FBAR structures, intrinsic stresses are also caused by lattice constant mismatches of the various
layers of materials with different lattice structures, and these are generally called epitaxial stress.
Once the thickness of the film exceeds a critical value the intrinsic stress is reduced due to structural
relaxation.
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Extrinsic film stress is induced by external factors, resulting from interactions between deposited
material and the environment. These factors are mainly related to film process parameters such as
temperature, pressure, partial pressure of gases, power and bias voltage, which are important
elements in the development of film stress. The magnitudes and signs (tensile or compressive) of
the film stress are highly dependent on the deposition technique.

Generally a lower gas pressure will result in a large compressive stress, due to the long mean free
path during which ions and radicals receive more energy from the electric field. The high energy
bombardment and the formation of a dense film structure lead to a large compressive stress [496].
High deposition pressure has the opposite effects on the film, i.e. the formation of tensile stress
which is due to the formation of a more porous film structure. Higher O2 or N2 chamber pressure or
excess oxygen inside the deposited ZnO films will deleteriously affect the crystal quality and
increase the surface roughness, also changing the film stress [497].

Deposition at elevated temperatures can be employed to reduce the film intrinsic stress as atoms/ions
have high migration rates at high temperatures [498]. High deposition temperature may also reduce
defects significantly, leading to a reduced intrinsic stress in the film, although this may make the
thermal stress component more significant [499]. Post-deposition thermal annealing is frequently
used to reduce both the film stress and defect density, and improve the crystal quality, which in turn
benefits the device performance [500,501,502,503,504,505,506].

External bombardment with atoms, ions or electrons during the sputtering process has a significant
effect on the development of the compressive stress [507,508]. During ZnO and AlN film growth, a
positive bias increases the kinetic energies of oxygen or nitrogen ions, and enhances the mobilities
of adatoms arriving onto the film surface, causing significant surface disruption, large compressive
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stress and roughness. A negative bias will have less bombardment effect but still provide sufficient
mobility of adatoms arriving at the film surface. In order to avoid the high energy bombardment by
ions and radicals during film deposition, deposition systems such as the HiTUS have been
developed. As described in Section 3.1, a high density plasma is generated by a high RF power and
is delivered onto the substrate in another chamber using an electromagnetic field. In this way, a high
density plasma can be generated for film deposition, but the energy of ions and radicals of the
elements can be significantly reduced, leading to thin films with high deposition rates and
extremely low stress on the order of a few tens of MPa.

Film stress generally depends on the film thickness, and initially increases with thickness.

It

reaches a maximum value and then decreases when the film thickness increases further, mostly due
to the relaxation of the intrinsic stress once it exceeds a critical value. This critical thickness is
determined by the evolution of lattice mismatch between film and substrate, porosity/density,
stiffness, which are all linked closely with deposition parameters.

Stress is more serious for sputtered AlN films, which generally have much larger film stresses
compared to ZnO thin films [509]. Films of AlN often show delamination/cracking and significant
warping of coated structures [510,511,512,513,514,515]. Large film stress can induce changes in the
mechanical, thermal and piezoelectric properties of the different layers, thus changing the elastic
constants of thin films and deformation of the structures. This phenomenon is generally called the
acoustoelectric (AE) effect [516]. Large film stress changes both the mechanical and electrical
properties of films, leading to a long term instability and unreliability of the acoustic wave devices.
The AE effect in the tensile stress condition is of more concern than that in compressive stress, as
compressive stress can help to mitigate crack propagation [517,518,519]. The AE effect can be
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more significant for the Sezawa mode waves than for the Rayleigh ones, because the wave is more
concentrated in the film/substrate interface and has a more significant longitudinal motion.

The piezoelectric and dielectric characteristics of the ZnO and AlN films can be altered by large
film stresses. Electromechanical coupling coefficients have been observed to decrease with
increasing tensile stress [520]. Lappalainen et al [521] showed that an increase in residual stress is
linked to a reduction in dielectric material properties. For the FBARs and Lamb wave devices, the
film stress is more critical, as they generally have thin membrane multilayer structures and are
prone to bending or buckling when over-stressed. For FBARs with a back-trench structure or air
bag structure, large stress levels can cause cracking or breaking of the membrane, leading to an
early failure of the FBARs and low device yields.

Inclined angle deposited films, including spiral or zig-zag with tilted columnar structures generally
show much lower film stress due to their relatively porous structures. The film stress can be
decreased significantly at a larger columnar tilting angle [522]. Therefore, depositing a thin layer of
inclined-angled AlN layer followed by the standard deposition process is a good way to reduce the
film stress in the later vertical film growth stage of a thick AlN film.

4.4.2. Film stress measurement

Film stresses can be measured using a number of different methods. One of the most commonly
used ones is the beam/cantilever/wafer bending-curvature method based on Stoney’s equation
[523],
(26)
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where Es is the elastic modulus, s is the Poisson's ratio, ts and tf are the substrate and film
thicknesses and R1 and R2 are the initial and final radii of curvature of the substrate, before and after
the deposition. This well-known equation is valid only in the thin film regime when ts>>tf.

XRD analysis and Raman spectroscopy analysis have also often been used to estimate the film
stress. For example, based on XRD analysis, the stress can be calculated using Hoffman’s equation
[524,525]:
(27)
where C and Co are the lattice constant of the film under stress free conditions. The constant Co can
be obtained from the JSPDS card of films. The constant Cij are the elastic lattice constants in
different directions. Taking ZnO as an example, C11 is 209.7 GPa, C12=121.1 GPa, C33=210.9 GPa,
and C13=105.1 GPa, and C0 is 0.5205.

Thin film stress can also be calculated from the XRD measured peak angles:
(28)
where

are the peak angles.

are the modulus and Poisson ratio of the ZnO

films. The residual stress σφ in the thin film along the φ direction can also be obtained using a plot
of 2 vs. sin2 by measuring the changes of 2 values at different incident angles of 

[526]
(29)

where θ0 is the Bragg’s angle for diffraction peaks in the samples without residual stress and θψ is
the Bragg’s angle at diffraction peaks in the samples with residual stress, E is Young’s modulus and
ν is the Poisson’s ratio for the thin film. Much research has shown that the relationship between 2θ
2

and sin ψ is linear.
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It is worthy pointing out that the stress values obtained by XRD method are frequently different
from those obtained from the bending-curvature method. The possible reason is that the XRD
method measures the stress of a localized small area, whereas the bending-curvature method obtains
the average stress of the whole structure or wafer, in which stress relaxation across the substrate
may occur. Distributed impurities and structural defects may also contribute to this discrepancy.

The thermal stress of a two-layer system,

can be calculated using:
(30)

where A and B refer to two layers,  is the Poisson ratio, d is thickness, E is thickness, α is the TCE
value. Once the thermal stress is obtained, the intrinsic stress,

, can be calculated based on

the following equations, thus it can be used to link with the film microstructural changes:
(31)

5. Engineering electrode materials and patterns

5.1. Electrode materials

Apart from piezoelectric film material quality, the electromechanical coupling coefficient of
acoustic wave devices is also dependent on the type of electrode materials, patterns and dimensions
of the electrodes [527,528,529]. This element is more critical for FBAR or SMR devices as the
piezoelectric films are normally grown on the bottom electrode of the devices, which can influence
the crystallinity and orientation of the piezoelectric films. Therefore, the selection of electrode
materials for the FBARs is extremely critical.
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For sensing applications, the electrodes should have a low mass to minimise wave damping, and
should have a high acoustic impedance to confine the acoustic waves within the piezoelectric layer,
and also have a high conductivity in order to minimise the series resistance in the transmission of
the excitation signal. Therefore, electrode materials with high acoustic impedances (

, in

which  and v are the density of material and velocity of the waves) are the best choices as they can
be used to increase the Q factor and resonant frequency, simultaneously. The acoustic impedance of
electrode materials is critical for acoustic wave device applications, along with their
chemical/thermal stabilities, stress and adhesion to the substrate. Electrodes with a large acoustic
impedance help to confine the acoustic energy within the piezoelectric layer, leading to a higher
coupling coefficient. However, a thick electrode may cause a mass-damping (loading) effect. Table
8 lists the key properties of commonly used electrode materials. In this paper, we used a new
acoustic performance parameter, X=Z/, to compare the different electrode materials, in which  is
resistivity of the materials. Fig. 11 presents the acoustic impedance as a function of density for a
range of electrode materials, with AlN and ZnO as references.
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Fig. 11. Relationship between density and acoustic performance of commonly used electrode metals
(ZnO and AlN have also been included for comparisons). The best material would be located at the
top-left corner, with low mass and high acoustic impedance and low resistivity.

Resistivity,
, 10-8
Ohmm

Al
Au
Mo
Pt
Cu
Ir
Ag
Ru
W
Ni
Ti
Hf
Ta
Cr
ZnO
SiO2

2.82
2.44
5.3
10.5
1.7
4.7
1.59
7.1
5.6
6.99
42
33
13.2
12.5

Table 8. Key properties of commonly used electrode materials
phase velocity
Poisson
Density
Young
Acoustic
(longitudinal and
ratio
(103
Modulus
impedance, Z
shear, m/s)
kg/m3)
(GPa)
(106 kg/m2s)

6350-6500
(3040-3120)
2650-3210 (1200)
6290-6700 (3400)
3260 (1730)
5010-5200 (2270)
5350-5560
3600 (1600)
1260
5200-5500 (2900)
5600 (3000)
6100 (3100)
3010
4100 (2900)
6650 (4030)
6340 (2720)
5760

0.33
0.42
0.307
0.38
0.355
0.21
0.37
0.3
0.28
0.31
0.32
0.37
0.34
0.21
0.36
0.17

2.695
19.32
10.28
21.14
8.96
22.3
10.6
12.2
19.25
8.84
4.48
13.3
16.6
7.19
5.68
2.2
94

76
78
230
170
128
525
100
220
410
200
110
110
200
140
210.9
74

17.65
51.20
63.74
63.42
44.89
118.19
38.16
27.57
92.40
44.20
27.33
40.03
68.06
46.74
36.01
12.67

Acoustic
performance
: X=Z/
(1014
kg/m3sohm)
6.26
20.98
12.03
6.04
26.41
25.15
24.00
3.88
16.50
6.32
0.65
1.21
5.16
3.74

Al2O3

11100 (6040)

Si3N4
AlN

11000 (6250)
12000(6000)

CNT

1.5

0.23-0.
30
0.22-0.
29
0.22

3.99
3.27
3.27
1.5

350
250
300-350
1300

44.29
36.30
39.24
57.20

38.13

For acoustic wave devices, the most frequently used electrode materials are Al and Au/Cr (or
Au/Ti). Generally, at a relatively low frequency below GHz, an Al electrode has a low resistivity
and low acoustic impedance, as well as a high Q factor, thus it is often used for delay lines and
transversal filters. However, due to their low mechanical strength, low melting points and poor
electro-corrosion resistance, the lifetime of the Al electrodes is a major concern. Au electrodes on
the other hand are often used for resonators and filters. At a high frequency on the order of several
GHz, aluminium electrodes can provide high reflection coefficients and a high Q factor. However
gold electrodes can have large mechanical losses, relatively large mass loading and reflection and
thus may not be suitable for high frequency applications [530].

The other commonly used electrode materials for acoustic wave devices include Mo, W, Ta, Ir, Pt,
Ni, Ru, etc (see Table 8) [531,532,533]. Both Mo and W have large acoustic impedance, low
acoustic attenuation and high Q factors and thus can potentially produce high effective coupling
coefficients. Therefore, Mo and W are among the most reported electrodes in FBARs and AlN
based acoustic wave devices [534,535,536,537]. Pt has good chemical and thermal stabilities as
well as a good high-temperature performance. Other metals such as Hf, Ag, Ti, Co, Cr, Cu, Fe, Nb,
Zn and Zr have been reported as electrode materials for acoustic wave devices [538], but all have
various problems, such as high resistivity (Hf, Cr, Ti), poor corrosion resistance (Ag, Zn, Fe), poor
adhesion and large stress (Co). For high temperature acoustic wave devices, Pt, Ti/Pt, Pt/Rh, Pd and
Ir have frequently been used [539].
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In FBAR devices, the bottom metal layer significantly affects the texture of the piezoelectric films
and hence its electro-acoustic properties [540]. ZnO or AlN films deposited on electrode materials
with a face centred cubic (FCC) lattice structure show a good c-axis orientation, especially for Au,
Al, Mo, or Pt contacts. A better quality of c-axis grown ZnO or AlN films can also be obtained by
depositing films onto metals with a hexagonal structure such as Ti and Ru [541,542,543,544], or
body centred cubic (BCC) structures of Mo or W [545,546,547,548]. Some conducting and
transparent oxides, such as AZO and ITO, have also been applied as electrode materials for
transparent SAW or FBAR devices [549].

The electrodes define the resonant area of the FBARs, and if properly designed they can efficiently
restrict the acoustic energy, thus minimizing mass loading and signal losses and maximizing the
Q-factor. Carbon nanotubes (CNTs) possess low densities in the range of 1 to 2 g·cm−3, high
acoustic impedance of ~78 Mrayl, electrical conductivities of up to 106 S·m−1, and exceptionally
high elastic moduli, and thus a high acoustic impedance [550,551]. Another advantages of using the
CNTs as the top electrode for acoustic wave biosensors is that the CNTs can be used as both
electrodes and a sensing layer with a extremely large surface area [552], which can be further
functionalised for enhancing the sensitivity of biosensing [553]. Using the CNTs as the top
electrode material for FBARs led to a Q-factor of over 2000, i.e., a 5-fold improvement [554]. The
FBARs with a CNT electrode showed an improved sensitivity compared to that with Au electrodes,
with a mass detection limit of 10-13g and a potential for reducing this to 10-15g.

Similarly, graphene [555,556] also makes a good electrode material, because of its theoretically
high conductivity and being an extremely thin and light material which would cause insignificant
mass loading [557]. SAW devices with graphene IDTs exhibit well define resonant peaks and signal
amplitudes [558,559]. Multilayer graphene with a sheet resistance of a few tens of /sq could
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improve the transmission properties. However, this hypothesis is yet to be tested in actual
biosensing applications. It should be noted that the theoretical mechanical and tribological
properties of a single atomic graphene layer structure might not be as good in practical applications.

5.2. Engineering electrode designs

Different designs of electrode patterns for acoustic wave devices have been investigated mainly for
communication or RF filters applications. A number of papers have reported on the design and
patterning of different electrodes to enhance the sensing performance, and more importantly, to
improve microfluidic functions [560,561]. Most of these current electrode designs are applied in
devices made on bulk materials, such as quartz or LiNbO3. Considering SAW reflection properties,
the four basic mechanisms are mass loading, piezoelectric shorting, electrical regeneration and
geometric discontinuity. The importance of these four depends on the substrate and electrode
properties, such as the strength of the electromechanical constant and the metallization patterns
[562,563]. Due to the isotropic nature of thin film materials deposited onto a planar substrate,
flexible designs of electrodes or IDTs, such as focused, curved, circular/annular, or randomly
shaped patterns are readily achievable on thin film acoustic wave devices, without needing to take
account of the differences in wave velocities in various crystal-cut directions, These are, however,
essential when designing IDT layouts on the bulk piezoelectric materials [564]. This flexibility is a
key advantage associated with thin film based devices. For example, using the thin film devices,
one can control the wave velocity in all directions and in particular render it isotropic in the normal
plane, which is of particular significance when producing an isotropic focused-SAW (FSAW) or
annular- SAW with a fixed operation frequency. Previously, isotropic SAWs generated on ZnO thin
films, with a (0002) crystal orientation have been proposed, including a “liquid needle” which used
a circular self-focused bulk wave acoustic transducer to generate a focused acoustic wave and
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produce a needle-shape liquid column on the free liquid surface [565,566,567,568,569,570].
However, the device fabrication involved multiple lithography processes together with silicon bulk
micromachining, increasing the complexity of processing.

The main objectives for the new types of electrode designs include: (i) increasing the generation
efficiency of acoustic waves; (ii) improving spurious signal suppressions; (iii) decreasing insertion
loss; and (iv) reducing signal distortion. For designing electrodes and IDT patterns, some key
parameters must be considered, including resonant frequency, power output density, choice of
electrode materials, shape/dimensions (including thickness), positions, substrate anisotropic
properties, and number of reflective electrodes [571]. It is possible to design electrodes with
different mechanical to electrical periodicity to enable harmonic operation, which can allow
operation at a higher frequency for a given fabrication resolution. The arrangements and shapes of
electrodes can also control the reflectivity and directionality (bidirectionality/unidirectionality) of
the electrode arrays and their frequency spectrum. New techniques such as electron beam
lithography, focused ion beam (FIB) milling, or nanoimprinting, have been used for making
sub-micron wavelengths leading to super-high frequency devices. For example, a super-high
frequency (20 GHz) SAW device based on ZnO/SiO2/Si was made using nanoimprint lithography
[572,573].

Table 9 summarises the common designs which are suitable for microfluidics and biosensing
together with their illustrations and attributes.
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Table 9. Various types of interdigitated transducer (IDT) designs for SAWs and Lamb waves, and electrodes for FBARs
Mode
SAW and Lamb
Wave

Name
Standard
bidirectional
IDTs

Split IDTs,

Illustration

[574,575,576,577,578,579,580,581]

Advantages
Simple design

Problems
Internal mechanical edge
reflections,
Loss of wave energy at
two sides with half the
energy wasted.

Applications
General usage

Reflect back some of the waves,
thus reduce reflections.

Not so effective in
reduction of reflections

General usage

Reduction in total SAW
energy, SAW generation
efficiency is not good.

Essential for SAW
microfluidics and
sensors as it not only
improves the
performance, but
maintains the SAW
devices at the best
operating conditions.

Operation at third harmonic is
possible allowing higher frequency
for a given minimum fabrication
electrode width.

Single phase
unidirectional
transducer
(SPUDTs)

Another design is meander line, or
single-meander-single design, with
all gaps and fingers at 3 /8, which
will generate a third harmonic
response stronger than its
fundamental response.
Reflect back or cancel regenerated
waves using the internally tuned
reflectors within the IDT to form a
unidirectional SAW propagation
from one side of the IDT.
Can eliminate triple transition effect
Low insertion loss.

99

Distributed
acoustic
reflecting
transducer
(DARTs)

A sequence of identical cells with
length equal to wavelength, and
each cell has two electrodes width
of lamda/8, and one electrode of
width lamda/4, the inter-electrode
space are lambda/8. Variable
reflection can be achieved to
cancel the net reflection and
transmission effects.

By segmenting the
reflecting electrodes, a
variable reflectivity can
be achieved, thus
providing design
flexibility.

Floating
electrode
unidirectional
transducers
(FEUDTs).

One (or more) electrodes is/are not
connected to others and floating
Fanned SPUDTs. Inclined grating
as reflectors, Fanned SPDUT, to
increase the bandwidth of
frequency.

Floating electrode
SPUDT (FEUDT), the
shorted or open electrode
configuration changes
the transductor/reflector
interaction and select
forward and reverse
directions.

Apodized IDT

Varying and non-uniform beam
profiles. In apodization technique,
the top electrode is designed with
non-parallel edges which increases
the resonant path and leads to more

Complex patterns.
Apodization design is
difficult to be used for
pairs or many similar
IDTs or the frequency
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Essential for SAW
microfluidics and
sensors as it not only
improves the
performance, but
maintains the SAW
devices at the best
operating conditions

Generally used for
wave shaping and
manipulation of
frequency response
of the IDT

attenuated modes and thus degrades
the strength of spurious lateral
modes.

response would become
complex.

Dispersive delay
lines
And Chirped
IDTs

Varying the width and frequency of
IDTs in order to control wave
modes and reflectivity, to linearly
modulate the wave pitch or
frequency. Including expander:
(from large width to smaller width);
and compressor (from small width
to larger width). The frequency can
be changed up gradually by
decreasing the electrode spacing or
down by increasing the electrode
spacing..

Can have large
bandwidth.

For manipulating
droplets in different
directions and for
focused acoustic
energy propagation.

Slant IDT
Or tapered IDTs

Slanted transducer: varying the
frequency in the IDT section by
changing the electrode periodicity.
Slanted down-chirp filter; linear
phase slanted transducer have a
very broad bandwidth, and they are
able to change the moving direction
of a droplet by changing the
operating frequency continuously

The slant IDT SAW
devices have a very
broad bandwidth

They are able to
change the moving
direction of a droplet
by changing the
operating frequency
continuously

Focused or
circular IDTs

Large focused acoustic force or
energy, and have been utilized for
better pumping and mixing, and for
sensing with better sensitivity and
resolution.

Due to the anisotropic
nature of most
piezoelectric crystal cuts,
it is recommended to add
IDTs with a concentric

The curved IDTs
have a large acoustic
force, and have been
utilized for better
pumping and mixing,
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Film bulk
acoustic wave
electrode and
reflectors
Step-like frame
FBAR structure
[583]

elliptic shape etc, whose
curvature might be
smaller than that of the
wave surface.

and for sensing with
better sensitivity and
resolution.
The curved IDT
SAW has the highest
droplet motion
velocity,
concentration effects.
[582].

Lateral excitation between two
planar IDTs to generate shear mode
waves.

Low signal to noise ratio
[584].

Generate shear
waves.

Step-frame
electrode

Design of a new step-like frame
structure film bulk acoustic wave
resonator operating near 1.5 GHz.
The spurious resonances are
eliminated effectively and a smooth
pass band is obtained with an
effective coupling coefficient of
5.68 % and quality factor of 1800.

Complicated process

Eliminate spurious
resonances

Contour mode

Resonator structures based on film
bulk acoustic wave resonant
designs.

Fragility of the structures

Enhancement in
sensitivity

LFE
G

Au
G

S

ZnO
SiO2
W

Al

g

Si

(a)

(b)
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Lamb wave
resonators
(LWRs)

IDTs

Resonator structures based on IDT
designs.
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Fragile of the structures

Enhancement in the
Lamb wave’s
sensitivity

6. Recent development in thin film acoustic wave biosensors

Thin film acoustic wave devices have been used for detection of adsorbed biomolecules, viruses,
bacteria and cells on surfaces through the interactions of DNA with complementary strands,
antibody with antigen etc, and specific recognition of protein-ligands by immobilized receptors
[585]. This affinity-based detection concept can be utilised to diagnose early stages of diseases
and cancers, allowing for early intervention and measures to be taken to prevent further
development of illnesses and spreading of cancers [17].

Recent developments in thin film acoustic devices have been focused on:
(1) Sensors prepared on cheap and commonly used substrates to reduce the cost, or new substrate
materials to introduce novel functionality, or flexible substrates for wearable and wireless
applications;
(2) High frequency sensing with improved sensitivity;
(3) Shear-wave or Love mode based thin film devices for liquid sensing;
(4) Development of various sensing layers/material systems;
(5) Integration with acoustic streaming and microfluidics to form the LOC systems.

6.1. SAW biosensors
6.1.1. SAW biosensors made of ZnO/Si and ZnO/glass
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Devices based on ZnO/Si SAWs have been traditionally used for pH, UV and humidity sensing
[586,587,588,589,590,591]. Recently, a number of studies on biosensing applications have been
reported. For instance, a ZnO/Si SAW device was modified to serve as streptavidin/biotin based
immunoassay for detecting mammoglobin, a well-known breast cancer marker. This device
showed a frequency sensitivity of 8.704 pg/Hz and a mass sensitivity of 2810.25 m 2/kg [592]. A
similar ZnO/Si SAW device (as shown in Fig. 12a) was used to detect a prostate-specific antigen
(PSA) cancer marker through antibody-antigen immuno-reaction with a good selectivity against
bovine serum albumin (BSA) [593,594]. Similarly, the ZnO/Si SAW device was used to detect
the bio-specific interaction between 6-(2,4-dinitrophenyyl) aminohexanoic acid (DNP) antigen
and its antibody. The resonant frequency shifts of the SAW device increased exponentially as a
function of anti-DNP antibody concentration in the range of 20∼20,000 ng/ml.

For biosensing applications, the Sezawa mode with a higher frequency generally shows a higher
sensitivity than that of the Rayleigh mode. For example, SAW devices made of ZnO/Si3N4/Si
using a Sezawa mode with a frequency of 1.497 GHz were used to detect the human
immunoglobulin-E (Ig-E) with a good sensitivity of 4.44×105 m2/kg [595].

Shear wave ZnO SAW biosensing was demonstrated using inclined angled ZnO films [596],
with these films being utilised as Love mode sensors [597]. A common approach for making a
ZnO-based Love mode sensor is using a polymer layer such as PMMA, polyimide, SU-8 or
Parylene C as the wave-guiding layer on top of the inclined ZnO layer. However, the polymer
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waveguide leads to a relatively large intrinsic acoustic attenuation compared to the other
commonly used solid waveguides, such as SiO2.

The SAW sensor made of ZnO/SiO2/Si (often regarded as a Love mode SAW) has a sensitivity
8.64×106 m2/kg [598], which is about 2 to 5 times higher than those made of ZnO/LiTaO3 and
SiO2/quartz [599]. Another Love mode SAW biosensor made of ZnO/SiO2/Si was used for the
detection of interleukin-6 (IL-6) [600], operating at frequencies of 747.7 MHz and 1.586 GHz.
The ZnO film surface was functionalized by immobilizing the monoclonal IL-6 antibody both
through direct surface adsorption and covalent binding on gluteraldehyde. A passivated ZnO
SAW sensor with a resonant frequency of 400 MHz was developed for long-term monitoring of
E-coli growth in an animal serum or bacterial growth media, and the film was protected by a thin
layer of Al2O3 film [601]. This Al2O3/ZnO/SiO2/Si SAW device has a detection limit of 5.3 pg.

By using a transparent conducting oxide layer such as AZO or ITO as the electrodes, ZnO films
have also been deposited onto glass substrates to obtain a fully transparent SAW device
[ 602 , 603 , 604 , 605 ]. Various attempts at sensing have been performed, including strain,
temperature, humidity and pressure, but there are not many reports of biodetection applications.

6.1.2. SAW biosensors made of AlN/Si

SAW devices made of AlN/Si have higher phase velocities than ZnO/Si SAW devices. Such an
AlN/Si Rayleigh SAW device with a velocity of 4590 m/s was fabricated for surface
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biofunctionalisation using amiosilane molecules as a cross-linker to form a monolayer of
DNA-Au particles [606]. The electrostatic interaction between the positively charged surface
amine groups and negatively charged DNA-Au nanoparticle conjugates allowed for the
self-assembly of a probe nanoparticle monolayer onto the functionalized AlN surfaces under
physiological conditions. However, not many reports on AlN based SAW biosensors have been
reported recently [607]. The main reason is probably attributable to difficulties in depositing the
required thick AlN film for fabricating a SAW device due to the large film stresses and poor
film/substrate adhesion associated with AlN films.

6.2. Lamb wave and flexible acoustic wave biosensors

6.2.1. Lamb wave biosensors
Membrane-based thin film Lamb wave devices have been used for biosensing, especially for
applications in a liquid environment [608]. For Lamb wave sensing, the S0 mode is more
preferred for liquid sensing as it has higher phase velocities (5500 m/s for ZnO and ~10000 m/s
for AlN) and low phase velocity dispersion. For example, a 2 µm AlN membrane Lamb wave
device showed a fluid mass sensitivity of 200 cm2/g [609]. As the propagation velocity of the
FPW (commonly known as the A0 mode) in the membrane is lower than that in the fluids on the
surface, the acoustic energy is not easily dissipated. The performance varies significantly with
membrane materials and thickness [610], as do the damping and noise performance of the
sensing layer [611,612]. A ZnO based Lamb wave device was used to monitor the growth of
bacterium-pseudomonas putida in a boulus of toluene, as well as the reaction of antibodies in an
immunoassay for an

antigen present

in
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breast

cancer patients [ 613 ]. Another

Si/SiO2/Si3N4/Cr/Au/ZnO Lamb wave device was used to detect human IgE based on
conventional cystamine SAM technology, with a sensitivity as high as 8.52107 cm2/g at a wave
frequency of 9 MHz [614].

Lamb wave biosensors, athough extensively studied at the end of 1990s, have not been widely
reported lately because:
(1) The sensitivity is not as high as that of the other devices mentioned previously due to the low
operation frequency;
(2) The thin and fragile membrane structures are difficult to fabricate;
(3) The fragility sets a practical limit to the minimum film thickness of the membrane;
(4) The thin film structure has a high temperature sensitivity.

However, recently there have been signficant improvements in thin film based Lamb wave
devices including new structural designs, electrode designs, high-frequency-wave modes, and
Lamb wave on flexible SAW devices [615,616,617].

(i)

Progess in structural designs.

Thin film Lamb wave resonators (LWRs, see Table 9) based on S0, A0, or higher A and S modes
have recently been widely explored [618,619]. For example, an AlN/SiO2/diamond LWR has
been developed with a super-high frequency of tens of GHz, and a high k2 value of 2-4% [620].
The LWR was found to have a better performance than the standard membrane Lamb wave
structure. Another new Lamb wave sensor example is a thin film membrane guided wave
resonator designed to use the AlN or ZnO as the waveguide, and this provides acoustic
confinement, with the air/solid surface on one side and an acoustic Bragg mirror on the other
[621]. The bottom electrode was implemented as a floating metallic plane, while the top
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electrode was patterned to form IDTs. The advantage of this guided wave resonator is the ability
to adjust the resonant frequency by design of the IDT structure. Other exampes include: SMR
and IDT guided wave resonator with Bragg mirrors and guided Lamb waves based on AlN/Al
strcutures [622].

(ii)

Progress in electrode designs.

An example of this is a checkerboard pattern of electrodes which was fabricated onto an AlN
membrane, and generated a Lamb wave with a k2 value of 5.33% at a frequency of 285.3 MHz
[623].

(iii)

High frequency-wave modes

Higher order modes of the S Lamb waves rather than the S0 modes can achieve better sensitivity
for applications due to their high phase velocity, low phase velocity dispersion, and lower
impedance. However, higher order modes of the A0 Lamb waves could have more signficant
attenuation in the liquid, thus might not be suitable for liquid sensing applications.

6.2.2. Flexible acoustic wave devices

As mentioned in Section 2.1, one of the great advantages for thin film acoustic wave devices is
that the device can be made on flexible substrates, such as plastics, polymers or metallic foils.
Fabricating SAW devices on inexpensive and flexible substrates has a huge potential for
production of wearable, disposable or recyclable applications. Recently, a number of studies
were carried out on the fabrication and characterisation of flexible SAW devices based on both
ZnO and AlN films deposited on various polymers including polyethylene terephthalate (PET),
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polyimide (PI, see Fig. 12b) and polytetrafluoroethylene (PTFE), bendable glass, flexible
ultrathin silicon wafers, and metallic foils (see Figs. 12c and 12d) [624]. Various sensing
characterisations for UV, strain, pressure, humidity and temperature have been explored using
these flexible SAW devices, although little work has been focused on bio-sensing [625].

The deposition processes of ZnO films onto polymeric substrates have been extensively studied
[626,627,628,629,630,631,632]. Generally well-adhered c-axis oriented ZnO films can be
deposited on different polymer substrates, although stress, adhesion and texture have always
been major concerns in this process [633,634,635]. Zhou et al [636] investigated the effects of
the deposition conditions, crystal quality and film thickness of ZnO films on the performance of
the ZnO/polyimide flexible SAW devices. Flexible SAW devices with a resonant frequency of
153 MHz, a phase velocity of 1836 m/s, and a coupling coefficient of 0.79% have been reported
on a 4-μm thick ZnO film, demonstrating great potential for biosensing applications.

Acoustic wave propagation of a thin film SAW device is influenced significantly by the substrate
materials. Akiyama et al. [637] deposited AlN films on polyimide substrates and observed the
piezoelectric effect as a function of pressure variations. The authors also investigated AlN thin
films deposited on polyimide diaphragms to obtain a high-sensitivity response [638]. Jin et al
reported AlN film SAW devices made on a polyimide substrate using reactive DC magnetron
sputtering [639]. Similar AlN/PI flexible sensor work has also been reported by Smecca et al
[640]. An AlN film with a thickness of 6.2 microns was deposited onto a PI substrate and SAW
devices were fabricated with a centre frequency of 520 MHz [641].
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Despite recent progress, significant technological challenges in the fabrication of flexible SAW
devices on polymer substrates remain, and these are listed as follows [642]:


There can be significant attenuation and dissipation of acoustic waves and energies into
polymer substrates;



Most flexible substrates are amorphous, hence they do not match the lattices of the
required thin films, thus the crystallinity of the films is not as good as those on silicon;



The large mismatch in thermal expansion coefficients between the substrates and the
piezoelectric films can cause serious problems during film deposition;



The poor adhesion of thin films on the polymer substrates is another potential problem;



SAW devices generally require thick piezoelectric layers (the thickness is usually
required to be larger than 10% of the SAW wavelength), which makes film growth and
fabrication difficult;



As the substrates for flexible acoustic waves are generally very thin, multiple wave
modes, such as SAWs, Lamb waves or Love mode, Sezawa, and higher harmonic modes
can be generated. Therefore, the vibration modes need to be systematically investigated
for sensing and microfluidic applications.
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Fig. 12. Thin film ZnO acoustic wave sensing devices: (a) A ZnO/Si SAW device bonded onto a
package with Au wires; (b) Flexible ZnO/PI surface acoustic wave devices under a bending
condition; (c) Fabricated ZnO/Al foil based surface acoustic wave devices with various IDT
designs; (d) Testing of Al foil based SAW devices working under a significant bending condition;
(e) Schematic illustration of a flexible FBAR device with Al electrodes made on PET directly; (f)
Comparison of the resonant frequency of the flexible FBAR with a traditional back trench FBAR
on Si substrate.

Glass substrates are often used to make transparent electronics. However, glass is rigid and not
suitable for flexible electronics. Chen et al [643] used an ultrathin flexible glass, Corning®
Willow® Glass with a thickness of 100 m, and fabricated flexible/transparent ZnO SAW
devices, which were developed as strain sensors with an extremely broad strain detection ranges.
Such flexible SAW devices showed excellent flexibility, stability and repeatability when
subjected to repeated bending.
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Flexible aluminium foil substrates promote the desired texture growth of ZnO films, and provide
good film adhesion, and reduce film stress during the deposition process, all of which are
difficult to achieve on a polymer substrate. Al foils, compared to their polymer counterparts,
have the distinct advantages of deformability (forming and then maintaining temporary shapes)
and plasticity (easily returning back to their un-deformed shape), and they thus solve many
common problems associated with most polymer based flexible devices including large energy
dissipation and permanently deformed shapes. Using commercially available large area Al foils
and thin film processes, mass-production or roll-to-roll processes at a low cost can be
implemented to fabricate high performance flexible/deformable acoustic wave sensors and
microfluidic devices (see Fig. 12(c)). The flexibility and deformability of the ZnO/Al foil
acoustic wave devices have been demonstrated with bending strains up to 1.38 % (with one
example shown in Fig. 12(d)). The fatigue and cycling performance of the flexible devices have
been tested by bending the devices with a fixed strain of 0.6% for up to 2000 cycles, and the
resonant frequency of the device decreased only by 0.91% [644]. These types of ZnO/Al foil
acoustic devices have also been annealed at different temperatures to find the best conditions for
sensing applications [645]. However, biosensing using this type of SAW device is yet to be
conducted to prove its suitability for biosensing applications.

6.3. FBAR biosensors

6.3.1. FBAR biosensor on silicon
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FBAR biosensors have recently attracted great attention due to their inherent advantages over the
SAW, Lamb wave and QCM counterparts such as high sensitivity, high power handling
capability and small size [646,647,648,649]. The ability to generate and trap acoustic waves
within a thin piezoelectric layer between two electrodes allows the device size to be scaled down
to a footprint two to four orders of magnitude smaller than devices based on SAW and QCM
[650,651]. The small size makes the integration of an FBAR array for parallel and multi-variable
detection feasible. The size reduction also decreases the fabrication cost of the devices. FBARs
typically have a resonant frequency of a few GHz, and devices with frequency of tens of GHz
have been demonstrated [652,653]. Various vibration modes have been explored in the operation
of FBAR devices, including the thickness extensional mode (TEM) and the thickness shear mode
(TSM, which can be generated on c-axis inclined films), as well as the lateral field excitation
(LFE) mode [654,655,656,657,658,659,660,661,662,663].

(i) FBARs with c-axis film structures
Gabl et al reported a label free ZnO FBAR gravimetric biosensor with an operating frequency of
2 GHz to detect DNA and protein molecules [664]. The high frequency allows for a sensitivity of
2400 Hz cm2/ng, which is three orders of magnitude higher than that of a conventional QCM
device operated at a frequency of 20 MHz. An FBAR sensor made of ZnO film with a resonant
frequency of 800 MHz has been used to investigate in-situ growth of bacterial layers, protein and
DNA, achieving a sensitivity of 2 kHz cm2/ng and a minimum detectable mass of 1 ng/cm2 [665].
An odorant biosensor based on ZnO FBAR devices with a resonant frequency of 1.5 GHz has
also been designed in which the device surface was functionalised with odorant protein to detect
organic vapours. Another FBAR device made of Al/ZnO/Pt/Ti has demonstrated a sensitivity of
3654 kHz cm2/ng with a good thermal stability [666]. Dong et al. [667] proposed an electrically
tuneable Au/ZnO/Al FBAR where the stack resonator is Au-piezoelectric ZnO-Al and the
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Schottky diode junction is made using an Au/n-ZnO semiconductor structure. A ZnO SMR
based FBAR device has also been used to detect the tumour marker Mucin-1 based on a standard
binding system of avidin-biotin [668].

Compared to the ZnO films, the AlN film is attractive for fabrication of FBAR devices owing to
its advantageous characteristics, such as high electric resistivity, low dielectric loss, high bulk
acoustic wave velocity, good thermal stability and chemical stability [669]. AlN FBAR devices
with an operating frequency of 2.48 GHz and a sensitivity of 3514 Hz cm2/ng were reported for
the detection of carcinoembryonic antigen (CEA), which is associated with breast, colorectal and
lung cancers [670]. Similarly, AlN based FBARs with a protein functionalized surface were used
as a breathe analysis biosensor to study the feasibility for sensing an odorant binding protein
with N,N-diethyl-meta-toluamide as its ligand. An AlN based FBAR was also used as a
biosensor for detection of the CEA [671], and the resonator consisted of an AlN piezoelectric
layer and a Mo/Ti Bragg reflector with a working frequency approaching 2.0 GHz. The CEA
binding aptamers were self-assembled on the top gold electrode as the sensitive layer to capture
the CEA molecules. The sensor modified with the CEA binding aptamer exhibited a high
sensitivity of 2284 Hz cm2/ng and a Q value around 520.

Binding of biomolecules on the surface of a resonator is essential for biodetection. This requires
the biosensors having not only a high frequency but also a high density of binding sites. The
SMRs made using CNTs as the top contact electrode have higher operating frequency compared
to that with Au electrode owing to the reduced electrode mass and higher Young’s module of the
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CNTs. The porous CNTs network provides much higher density of binding sites, leading to an
improved sensitivity compared to that with Au electrodes.

(ii) Shear wave FBARs and LFE FBARs
For FBAR sensing in liquid, the development of both ZnO and/or AlN films with crystal
orientation inclined relative to the surface normal enables the generation of shear waves suitable
for detection in liquid [672,673,674,675,676]. For example, FBAR viscosity sensors have been
developed using the films with tilted c-axis orientations [677], which were used for detecting
self-assembled monolayers (SAM). A ZnO shear mode FBAR device utilizing a (1120)-textured
ZnO film was used in a water-glycerol solution, with a relatively high operating frequency of
830 MHz and a sensitivity of 1000 Hz cm2/ng [678]. For an avidin/anti-avidin system, the
fabricated FBAR device had a high sensitivity of 585 Hz cm2/ng and a mass detection limit of
2.3 ng/cm2. Link et al have also made a shear wave FBAR device with a stable temperature
coefficient of frequency [679]. A shear wave mode AlN FBAR was made using c-axis 20o
inclined AlN film with a resonant frequency of 1.2 GHz, with a high mass sensitivity of 2045.89
Hz cm2/ng for CEA detection in a liquid condition [680]. Another shear mode FBAR device,
made utilising the AlN films with a 23o-tilted columnar structure and was used for sensing of
human IgE with the high frequency of 1.175 GHz [681]. Similarly, a shear-mode FBAR device
based on c-axis 23°-tilted AlN thin film was used as a biosensor for human IgE biosensing [682].
An Au/Cr layer was deposited at the back side of the FBAR and used as the detection layer. The
Au surface was modified using self-assembled monolayers, achieving a shear-mode FBAR
device with a kt2 value of 3.18% and a sensitivity of about 1.425×105 cm2/g for human IgE
detection. This FBAR sensor is sensitive to each injection of anti-avidin, BSA or avidin in the
microfluidic system.
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However, the deposition of large scale and uniform c-axis tilted piezoelectric thin films is not
straightforward. The process requires sophisticated equipment and setups for tilting the
substrate/wafer and the electrical field as explained in Section 4.1.

Another potential method for liquid-phase biodetection for the FBAR devices is using the LFE
structure for the piezoelectric layer as shown in Table 9 [683,684,685,686]. This lateral structure
FBAR requires both signal and ground electrodes being in-plane and parallel to the exposed
surface of the piezoelectric film [687,688]. The resonator configuration consists of a laterally
excited, solidly mounted ZnO or AlN thin film resonator that can easily be integrated with an
acoustic mirror. The ZnO LFE FBAR device was reported to operate stably in biologically
equivalent environments such as NaCl solution [689]. A pure shear mode ZnO FBAR based on
the LEF design was used in air, water and viscous liquid [690], and reported to deliver a mass
sensitivity of 670 Hz cm2/ng, and a mass resolution of 0.06 ng/cm2 [691]. Whole blood
coagulation sensing has also been reported using an LFE FBAR device [692].

However, Clement et al [693] argued that using the lateral excitation of c-axis vertical films
(LEF designs) is ineffective in generating shear mode waves, but instead produces dominant
longitudinal thickness modes [694]. Laterally structured FBARs normally have a low quality
factor and the mechanism of the exciting resonance is not yet fully understood. More work is
required before this device type can be effectively used as a liquid sensor. Furthermore, lateral
structure FBARs have a relatively narrow active area, and are difficult to incorporate with
microfluidic components such as microchannels for practical sensing applications.
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Although FBAR based biosensors shows a high sensitivity and good resolution, some issues
remain to be addressed. FBARs have a better sensitivity than the other types of acoustic wave
sensors, but they do have a low quality factor, a high acoustic wave attenuation, large noise
level. The shape and material properties of the electrodes also significantly affect the quality
factor. Other issues of potential concerns include the sensor packaging and the effect of high
frequency on biochemistry.

Contour-FBAR (C-FBAR) structures could be a possible solution in which a suspended circular
shaped AlN ring is sandwiched between the top and the bottom electrodes (see Table 9) [695].
The AlN ring is excited with the vibration displacement parallel to the resonator/liquid interface,
thus reducing the acoustic energy loss and increasing the Q factor. The C-FBAR has been used
to characterize an aptamer-thrombin binding pair for a biosensor with a mass sensitivity of 112
Hz cm2/ng, and a mass resolution of 1.78 ng/cm2.

(iii) FBAR or SMR?
One issue associated with FBAR devices is that there is always a choice between the FBAR and
SMR for biosensing applications. The selection of a specific design is dependent primarily on the
ability of the users to design/fabricate membranes and/or Bragg reflectors. Garcia-Gancedo et al
showed that identically designed FBAR and SMR devices resonating at the same frequency
exhibit different responsivities to mass loadings, with FBARs showed a better sensing
performance [696]. This shows that FBAR devices should be favoured over SMRs in gravimetric
sensing applications if the FBARs’ fragility is not an issue.
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6.3.2. FBAR on flexible and arbitrary substrates

A flexible FBAR with a working frequency as high as of 5.2 GHz [697] has been fabricated on a
polyimide substrate using piezoelectric thin film AlN for acoustic wave excitation. The resonators
showed good performance after experiencing repeated bending cycles. An AlN FBAR device has
also been fabricated onto a thin silicon wafer with a thickness of 50 microns for flexible
microsystems [698]. Petroni et al. [699] fabricated FBARs consisting of Mo/AlN/Mo layered
structures on a PI substrate.

The FBAR devices with a back-trench membrane or a membrane over an air-gap often have a
low yield due to residual stresses in both suspended membrane and piezoelectric layer, as well as
a lengthy etching processes. Whereas the Bragg mirror SMRs require long deposition time and
precise control of the thicknesses of all layers, making them not so cost-effective. Chen et al
recently [700] proposed a new FBAR architecture, which could be made on many substrates
including metal plates, glass, and even normal printing paper as well as roughened silicon
without compromising the performance of the FBAR devices. The new idea is to fabricate
resonant FBAR structures on a pre-deposited polyimide layer which has a high attenuation
coefficient and a near-zero acoustic impedance that can confine the acoustic wave within the
piezoelectric layer above as shown in Fig. 12(e). This new design of FBARs allows the
fabrication of high performance devices on arbitrary substrates of almost any surface
morphology, such as flexible and transparent polymer, rigid and non-planar metal foils and
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semiconductor wafers. The fabrication process is simple, the yield is high, and the devices are
extremely robust and strong with a Q-factor comparable to those with a back-trench on rigid
substrate (see Fig. 12(f)).

Similarly, a flexible lateral field excited FBAR based on an AlN film deposited onto PI
substrates was fabricated [701]. Using a thickness extension mode, the flexible FBAR achieved a
working frequency of 5.23 GHz, and functioned well after repeated bending processes. A
flexible FBAR device with Al electrodes was also made on a PET substrate directly with a series
and parallel resonant frequency at 1.188 and 1.211 GHz and k2eff of 4.7% and a Q value of 56.7
[ 702 ]. In summary, flexible FBARs have made substantial progress recently, but their
application in sensing, particularly biosensing is yet to be significantly explored.

6.4. Dual wave mode or multiple wave modes

Dual mode or multiple wave modes with different frequencies are frequently observed in SAW,
Lamb wave and FBAR devices. Examples include Rayleigh and Sezawa based modes for SAW
devices; shear-horizontal and longitudinal waves in c-axis inclined SAW or FBAR devices;
Rayleigh and Lamb waves in flexible acoustic wave devices; and fundamental and higher S and
higher A modes in Lamb wave devices [703]. These waves might have different sensing
performance for different properties. For example, Zhou et al found in Lamb wave devices that
the A0 mode is more sensitive to density changes, and the S0 mode is more sensitive to viscosity
changes, thus these two modes can be used for density and viscosity sensing, respectively [704].
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The reason is that the mode with perpendicular motion (longitudinal wave dominant) is sensitive
to density changes, whereas the mode with parallel motion (shear wave or transverse wave) is
more sensitive to viscosity [705]. By changing the thickness of film/substrates, many higher
order modes of Lamb waves can have either predominantly longitudinal waves or transverse
waves, and thus can be used for density or viscosity sensing applications, respectively.

For SAW devices, multiple frequencies and multi-modes can be excited using multilayer designs
or special electrode or IDT designs such as single-double (operated at fo and 2fo), double-double
(operated at fo and 3fo), meander line (operated at 3fo) or floating electrode unidirectional
transducers (FEUDTs, as shown in Table 9) [706], which offers the abilities to undertake
simultaneous sensing of parameters, such as mass loading, viscosity, or conductivity changes.

FBARs are very sensitive to the environment, including temperature and humidity [707]. FBAR
devices could generate different wave modes, with varying sensing performance. For example,
an FBAR with two resonant frequencies and opposite responses to temperature changes has
recently been reported. The two resonant modes responded differently to changes in temperature
and pressure [708], and the pressure coefficient of frequency for the lower frequency peak of the
FBAR sensors is approximately −17.4 ppm kPa−1, while that for the second peak is
approximately −6.1 ppm kPa−1. Using a similar approach, Garcia-Gancedo et al have
successfully used two different frequencies of one FBAR device to measure mass loading and
temperature effects [709], simultaneously.
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7. Thin film SAW based acoustofluidics

As already mentioned in Section 1.3, acoustically induced force or pressure enables liquid and
particle manipulation in microfluidic devices. Basic processes such as liquid pumping, mixing,
ejection and atomization have been demonstrated with devices made of bulk piezoelectric
material such as LiNbO3, and the readers may refer to several review papers for more details of
acoustofluidics based on bulk LiNbO3 SAW devices [710,711,712,713,]. Recently, acoustic
wave devices based on ZnO and AlN thin films have shown the same capability and better
performance in some aspects and applications (for example in large RF power conditions)
[714,715]. This section will focus on recent progress in thin film acoustofluidics, in particular
SAW devices based on ZnO thin films. Microfluidics using AlN/Si [716,717] and AlScN/Si
SAW devices [718] have not been as frequently reported.

Substrates such as silicon, glass and polyimide (PI), on which the piezoelectric layer is deposited,
play a significant role on the device performance in acoustofluidic applications [719]. Acoustic
wave devices made of a ZnO film on Si typically generate Rayleigh and Sezawa modes, whereas
those made with ZnO on glass only generate the Rayleigh mode due to the very close acoustic
velocities of the glass substrate and the ZnO layer. Devices made from of ZnO film on a flexible
PI substrate produced Rayleigh and Lamb modes. Devices made of ZnO film on Si provide the
best transmission properties, and the best microfluidic performance in term of acoustic streaming
velocity among the devices on these three types of substrates. Compared to devices made on
silicon and glass, the flexible devices based on PI have an inferior performance due to the large
acoustic attenuation of the PI as well as the large mismatch in acoustic impedance at the
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interface between ZnO and PI. Thin film based flexible devices on Al foils show a better
microfluidic performance compared to those made on polymers.

7.1. Acoustofluidics with thin film SAW devices

7.1.1. SAW streaming and particle concentration

Similar to the bulk devices discussed in Section 1.3, a single IDT on a thin film SAW device
induces acoustic streaming in a liquid droplet placed on the device surface. The streaming flow
has a typical butterfly pattern due to the recirculation of liquid within the droplet as shown in
Figs. 13(a) and 13(b). The two major vortexes of the butterfly pattern are recognizable from
experimental (top and side views in Figs. 13(a) and 3(b)) and numerical results (Fig. 13(c)). The
shapes of the streaming patterns and vortex positions depend on the surface hydrophobicity,
droplet sizes, relative position to the IDTs and the IDT shapes. Using a pair of IDTs and
launching the waves from both sides of the droplet, a double butterfly streaming pattern can be
generated. Fig. 13(d) shows the four vortexes generated with this configuration. Placing a droplet
on the edge of the IDTs of a ZnO/Si SAW device concentrates particles inside the droplet as
shown in Figs. 13 (e) and 13(f).
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Fig. 13. Flow patterns of acoustic streaming in a droplet induced by ZnO/Si SAWs: (a) Top view,
where a single IDT on the left causes the butterfly streaming patterns inside the droplet; (b) The
front-side view of butterfly streaming patterns induced by the ZnO/Si SAW; (c) The
corresponding simulated streaming pattern using finite volume software induced by a SAW
launched from the left; (d) The experimentally obtained streaming pattern induced by two SAWs
launched from both sides of the droplets; (e) The liquid droplet with uniformly distributed 6
micron polysterene particles inside; (f) Particle concentration induced by the SAW actuation for
the same droplet in (e) when the droplet is put on the side of the IDT of the ZnO/Si SAW device.

7.1.2. Liquid transport and mixing

Fig. 14 illustrates the typical transport and mixing processes of two droplets using SAWs
generated by a ZnO/Si SAW device. The smaller droplet was transported by a SAW launched
from the left as shown in Figs. 14(a) and 14(b). After coalescence, the merged droplet was mixed
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by the induced acoustic streaming as shown in Figs. 14(c) and 14(e). The images show that the
small droplet was deformed and transported by rolling and sliding movements. The flow pattern,
shown in Fig. 14, facilitates rapid mixing through convective transport within the merged droplet.
Transportation of a droplet depends on the hydrophobic treatment of the surface, RF power
applied, frequency, and droplet size.

Fig. 14. Acoustic mixing of a water droplet with a red dye droplet at different durations induced
by a ZnO/Si SAW device with the SAW launched from left side; (a) the two separated droplets at
time t=0s, (b) The left dye droplet is pumped towards the large droplet at time t = 0.4 s, (c) The
merging of the dye droplet and internal flow along Rayleigh angle inside the large droplet at
time t= 0.44 s, (d) Internal streaming patterns at time t = 0.45 s, (e) A uniformly mixed droplet
at time t = 0.5 s.

7.1.3. Liquid jetting

On a hydrophobically treated ZnO SAW device surface, if the acoustic power is high enough, the
droplet will be ejected from the surface. Using one side IDTs, large acoustic energy dissipated
into the droplet results in a large inertial pressure in the droplet to overcome the capillary force,
leading to a coherent cylindrical liquid beam as shown in Fig. 15(a). The droplet was
continuously ejected in an elongated jetting beam following the Rayleigh angle until the entire
water droplet has been consumed as shown in Fig. 15(a). The jet length increases with the
applied RF powers. If the liquid droplet volume is large, then the droplet will experience
significant deformation before being fully ejected from surface as shown in Fig. 15(b).
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Fig. 15. (a) Liquid droplet jetting generated using a single IDT for a droplet of 2 μL induced by
the surface acoustic waves on a ZnO substrate (input power of 28 W). The SAW generates from
left to right. (b) A large droplet (30 µL) experienced significant deformation before being fully
ejected from surface by the surface acoustic waves on a ZnO substrate (input power of 28 W).
The SAW generates from left to right; (c) Vertical liquid droplet jetting based on standing wave
based configuration by launching two waves from two IDTs; (d) Liquid droplet jetting based on
a circular IDT patterns from a ZnO/Si annular SAW device.
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Vertical jetting of the droplet can be realised using various methods with two examples shown in
Figs. 15(b) and 15(c). The first example in Fig. 15(b) shows that vertical jetting can be easily
generated by using two opposite IDTs in a standing-wave configuration. Fig. 16 illustrates the
high-speed images showing the step-by-step droplet ejection process using this method. The
SAWs are launched from two sides of the droplet, thus the droplet is pushed up from both sides
by the opposing waves with the Rayleigh angle as shown in Fig. 3b. The leaky waves propagate
inside the droplet and reach the surfaces of the deformed liquid and then are reflected back into
the liquid, thus further pushing the liquid upwards (see Fig. 16). Vertical jetting of the droplet
continues until the elongated liquid beam break up into small droplets (see Fig. 16). The liquid
beam and the broken up droplets are ejected perpendicularly to the surface, in a similar manner
to conventional nozzle-based droplet ejectors. These thin film SAW ejectors do not require a
nozzle head and potentially offer a more cost-effective solution to the current inkjet technology.
Pulsed RF signals can be applied to the two opposite IDTs to obtain fixed volume droplets
ejected vertically, achieving similar performance of nozzle-based droplet ejectors. But this
requires further investigation and optimization of device and operation.
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Fig. 16. Vertical liquid jetting of a 2 L droplet actuated by ZnO/Si SAWs from two opposite
IDTs. The SAWs are launched from two sides of the droplet, thus the droplet is pushed up from
both sides by the opposing waves at the Rayleigh angle, i.e., (a) to (c). The leaky waves
propagate inside the droplet and reach the surfaces of the deformed liquid and then are reflected
back into the liquid, thus further pushing the liquid upwards, i.e., (c) to (f). The vertical jetting of
the droplet continues until the elongated liquid beam break up into small droplets, i.e., (g) and
(h).

Liquid droplet jetting can also be realised using a circular IDT pattern (see Fig. 15(d) at a low
magnification). Fig. 17(a) shows the basic design of a circular IDT pattern. Figs. 17(b) and 17(c)
demonstrate the jetting behaviour of a water droplet on a ZnO SAW device at different stages of
the process. At the start, the large concentrated acoustic energy is dissipated into the droplet,
inducing an inertial pressure to the centre of the fluid. The induced energy overcomes surface
tension and produces a coherent thin and sharp cylindrical liquid column in the centre of the drop
as shown in Fig. 17(b). The energy is so concentrated that a cylindrical liquid column is ejected
vertically from the droplet. This design has a higher energy efficiency than that using two
opposite IDTs, but it is difficult to realize continuous droplet ejection as liquid needs to be
transported to the centre of the device periodically whereas the two opposite IDT designs could
have a microchannel being integrated to provide the liquid continuously.

When the droplet is positioned at the edge of two unaligned IDTs (see Fig. 17(d)), the droplet
has been observed to be agitated and twisted at a low power as shown in Fig. 17(e). If the power
is large enough, the liquid droplet can be ejected from the device surface as shown in Fig. 17(f).
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This configuration of droplet ejector requires even higher RF power to generate the droplet as a
large proportional of the RF power will be lost and not be coupled into liquid.

Fig. 17. (a) The schematic design of a circular IDT pattern with reflectors; (b) Jetting behaviour
of a water droplet on a ZnO SAW device at the initial stage, showing a large concentrated
acoustic pressure to the centre of the fluid; (c) Vertical jetting of the droplet forming a coherent
thin and sharp cylindrical liquid column induced by a circular SAW; (d) Illustration of a droplet
positioned at the edge of two unaligned IDTs; (e) Agitation and twisting of the water droplet at a
low RF power for the situation in (d); (f) Vertical jetting and twisting of liquid droplet at a high
power.
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7.1.4. Liquid nebulisation

If the applied RF power is sufficiently large and the device surface is hydrophilic, it is difficult to
eject the whole droplet from the device surface, but small droplets with a volume ranging from a
few femitolitres to a picolitre could be ejected. A large energy is required for the generation of
small droplets as a continuous mist as shown in Fig. 18, i.e., atomization or nebulisation.
Atomization using thin film SAW devices is capable of producing aerosol droplets with a good
particle size distribution due to the possible usages of a much higher frequency up to 100 MHz
and a large RF power of 70 W, without damaging the device owing to high thermal conductivity
of the Si-substrate [720]. Controlling the power of the RF signal applied to the IDTs enables the
generation of droplets with a diameter smaller than 1 m, which is suitable for pulmonary drug
delivery and nanostructure or nanoparticle generation. The higher frequency and higher power
enabled by ZnO thin film based SAW devices allows for the formation of much finer particles.
Compared to bulk LiNbO3 SAW devices, the thin film devices have a clear advantage in
structural integrity. The SAW devices seldom break during microfluidic operations at high
frequency and high power, and show a better performance and reliability.

Fig. 18. Acoustic wave nebulisation on a ZnO SAW device: (a) to (e) top view of a typical
nebulisation process; (f) to (j) cross-sectional view of successive nebulisation processes,
including capillary formation, fine droplet formation, rising-up mist generated at a sufficiently
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high power and a hydrophilic device surface [721]

7.1.5. Particle and cell manipulation

Particle and cell manipulations in a microchamber or microchannels have also been easily
achieved using a thin film SAW device with a pair or multiple IDT electrodes. The manipulation
mechanisms are more or less similar to those presented in Fig. 3. Fig. 19 shows some examples
of particle manipulation using the ZnO/Si SAW devices. Figs. 19(a) to 19(c) demonstrate the
alignment of polysterene particles with an average size of 6 microns. The particles are aligned
precisely in a microchannel of 300-microns width, at resonant frequencies of 11, 23 and 46 MHz.
Fig. 19(d) shows the manipulation of fluorescence particles in a 500-microns microchannel and
at a resonant frequency of 23 MHz.

Figs. 19(e) and 19(f) show the particles with different sizes of 6 microns and 2 microns being
manipulated using phase angle control methods in a ZnO/Si SAW device at a frequency of 23
MHz. The different particles can be precisely controlled using the SAWs by precisely changing
the phase angles. The migration of the two different types of particles slightly deviates from each
other and this feature can be used to differentiate and sort the particles. Fig. 19(g) shows the
formation of matrix of 6-micron particles inside a chamber manipulated using four IDTs to
generate waves from two vertical directions.
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Fig. 19. Microparticle manipulation using the ZnO SAW devices; (a) Figs. 19(a) to (c)
demonstrate the alignment of polysterene particles with an average size of 6 microns. The
particles were aligned precisely in a microchannel of 300-microns width, at resonant
frequencies of 11, 23 and 46 MHz. (d) Manipulation of fluorescence particles in a 500-microns
microchannel and at a resonant frequency of 23 MHz; (e) and (f) Particles with different sizes of
6 microns and 2 microns being manipulated using phase angle control methods in a ZnO/Si SAW
device at a frequency of 23 MHz. The different particles can be precisely controlled using the
SAWs by precisely changing the phase angles. There is a

slight deviation in the migration of

the two different types of particles (g) Formation of a matrix of 6-micron particles inside a
chamber manipulated using four IDTs to generate waves from two vertical directions.

Compared with conventional SAWs using a LiNbO3 substrate, one advantage of thin film SAWs
is that the shapes or patterns of the IDTs can be randomly designed without being affected by
crystal orientations (as discussed in Section 5.2), thus providing flexibilities in complex
manipulations of cells or particles on Si, glass or even flexible substrate.
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7.2. Lamb wave and flexible microfluidics

A piezoelectric thin film allows for the fabrication of flexible acoustic wave devices. Early
research focused on FPW or the A0 mode of Lamb waves, which were mainly utilized for liquid
transportation, pumping, agitation of a small liquid volume to enhance biochemical reactions
[722]. Fluid pumping was implemented with acoustic streaming induced by the travelling
flexural waves in a ZnO or AlN piezoelectric membrane. The wave amplitude and the driving
voltage are the critical parameters that control the flow rate.

The vibrating membrane acts as the acoustic source where the FPW induces acoustic streaming in
the liquid. If the FPW contacts with the liquid, the slow mode of wave propagation can be used for
pumping. Potential applications of acoustic streaming with the FPW include micro total analysis
systems (μTAS), cell manipulating systems, and drug delivery systems [723]. However, the
major drawback of FPW-based devices is the fragile actuating membrane. A microfluidic system
with a thin membrane vibrating at a high frequency is not as robust as the SAW-based acoustic
micropumps and mixers. Furthermore, the operation frequency is relatively low and
consequently insufficient energy can be coupled into the liquid making pumping and mixing less
effective. Therefore, recent reports in the literature on the research and the application of
FPW-based microfluidics have been limited [724].
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Flexible SAW devices, on the other hand, would be ideal for the development of flexible and
disposable lab-on-chip applications. Flexible SAW on PI substrate has demonstrated similar
microfluidic functions such as streaming, mixing and particle concentration, with one example
shown in Fig. 20(a). Although acoustic streaming speed is smaller than those found in SAWs on
a rigid substrate such as LiNbO3, it is still much larger than most fluidic flows delivered by other
microfluidics such as micro-osmosis and microphoresis, and the particles uniformly distributed
in the droplets can be concentrated in the middle of the droplet in a few tens of seconds,
demonstrating their potential for applications [725].

Flexible substrates such as polymers dissipate most of the energy from the acoustic source,
leading to a major attenuation of the wave. Other problems associated with polymeric substrates
are poor film crystallinity and poor adhesion of the thin piezoelectric film. A solution for this
problem is to use a thin metal foil as the substrate. Flexible acoustofluidics based on aluminium
foil could provide efficient microfluidic functions with the resonant frequencies from both the
Lamb wave mode and Rayleigh wave mode. Fig. 20(b) shows one example of droplet jetting
behaviour on a ZnO/Al foil device with significant pre-bending of the Al foil, revealing the
efficient microfluidic functions. As the wave-liquid interaction is different from the conventional
Rayleigh waves, liquid transportation on the ZnO/Al foil device generally leads to significant
vibration and deformation of the droplets.
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Fig. 20. (a) Flexible SAW microfluidic devices: a snapshot of acoustic streaming induced by the
flexible SAW device on PI substrate, showing a double vortex streaming pattern. (b) A snap shot
of one example of droplet jetting behaviour on a ZnO/Al foil device with significant pre-bending
of the Al foil, revealing the efficient microfluidic functions. Temperature measurement on the
surface of the ZNO/Si SAW devices; (d) Surface temperature of the ZnO SAW device without any
liquid droplet measured by an IR camera, reaching a maximum temperature of about 250oC with
an RF power of 36 W; (b) surface temperature of the a ZnO/Si SAW device with a droplet of 2 l
put on the surface of the ZnO SAW device. The signficant increase of temperature occurs mainly
inside the water droplets before the evaporation of the droplet due to the signficant acoustic
streaming effect and thermal conduction.
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7.3 Acoustic heating
A larger RF power applied to a SAW device could generate faster streaming, better mixing,
faster pumping, as well as jetting and atomization. However, it can also induce localized heating
due to the high-frequency induced mechanical vibration and stress generated in the substrate, the
so-called acoustic heating which is a common phenomenon in SAW-based devices. Rapid and
controllable heating of microdroplets using SAWs have been reported using bulk LiNbO3 SAW
devices [726]. Acoustic heating could raise the temperature of the device substantially, and affect
the performance of SAW resonators, acoustic streaming and pumping significantly. As the
resonant frequency of SAW devices strongly depends on the operation temperature, it shifts
when acoustic heating occurs. This will affect operation of electronics as well as the performance
of acoustic streaming and pumping significantly [727,728].

Thin film SAW devices are efficient in generating high temperatures on device surfaces. As
shown in Fig. 20(c), the surface temperature of the ZnO SAW device without any liquid droplet
measured by the IR camera increases with the RF power applied, and can reach to a maximum
temperature of about 250 oC for an RF power of 36 W within 2 minutes (see Fig. 20(c)). Another
phenomenon observed is that when a droplet of 2 l was put on the surface of the ZnO SAW
device, the surface temperature of the SAW device was much lower than that without water
droplets as shown in Fig. 20(d). The signficant increase of temeprature occurs mainly inside the
water droplets (Fig. 20(d)), due to the signficant acoustic streaming effect and thermal
conduction. However, when the water droplet was ejected away or evaporated, the temperature
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of the SAW devices increases quickly to above 100 oC.

If heating is not desireable, the following approaches can be used to lower the surface temperature:
(1) Using substrates with a high thermal conductivity such as silicon or metal foils, etc.
(2) Application of temperature compensated crystal substrates, such as SiO2 (quartz) or GaPO4.
(3) Compensation methods, such as layered designs using SiO2 layer.
(4) Using a heat sink with high conductivity and capacity such as a metal block.

Although acoustic heating is not desirable in many applications, controlled acoustic heating is
useful for biomedical applications such as PCR for DNA amplification for detection [729].
Controlled heating can also accelerate other bioreaction processes, speeding up detection and
diagnosis process which are particularly important for on-site applications. The droplet-based
SAW PCR system can avoid common problems of continuous-flow systems such as clogging,
large pressure drop and evaporation. Furthermore, the induced acoustic streaming also helps to
speed up biobinding reactions, resulting in a more homogeneous fluorescence signal. Thin film
SAW based acoustic streaming has been intensively studied, but related thin film SAW PRC for
DNA amplification, as well as acoustic heating induced accelerated biochemical reactions have
not been reported to date.

8. Summary and Future trends

8.1 Summary
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The present review discusses the recent developments on preparation and application of ZnO and
AlN films for lab-on-chip, acoustofluidics and biosensors. Both ZnO and AlN films are promising
materials for the fabrication of fully automated and digitized microsystems with compactness,
simple operation, precision, low cost, fast response, and reduced reagent requirement. This type of
microsystem has multiple functions, yet it can be operated by a single acoustic wave mechanism, a
unique characteristic no other microsystem can achieve. High quality and strongly textured
piezoelectric thin films can be prepared using RF magnetron sputtering. Their microstructure,
texture and piezoelectric properties are determined by the sputtering conditions such as target
power, gas pressure, substrate material and temperature as well as film thickness.

ZnO or AlN acoustic wave devices have been successfully used to fabricate biosensors which can
be combined with affinity binding and biomolecule recognition systems to detect traces of
biomolecules associated with certain types of diseases and illnesses. Among these biosensors,
high-frequency SAWs, Love-mode and film bulk acoustic resonator devices (with or without
inclined films) are promising for applications in highly sensitive bio-detection systems for both
dry and liquid environments with high sensitivities and low detection limits. FBARs have a small
footprint and can be fabricated on the same substrate as those SAW devices, allowing the
fabrication of a FBAR sensor array for multi-parameter detection with microfluidics integrated on
the same chip, which can significantly improve the diagnostic speed of a disease or allow
detection of multiple diseases in parallel.
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The acoustic waves generated on the ZnO or AlN acoustic devices can induce significant acoustic
streaming with velocity much faster than those delivered by most of other microfluidic systems.
The strong acoustic streaming can be employed for mixing, pumping, ejection and atomization of
the fluid on the small scale depending on the wave mode, amplitude and surface condition. An
integrated lab-on-a-chip diagnostic system with combined functions of sample preparation,
microfluidics and biosensors is critical for detection illnesses at their early stage, preventing the
spread of pandemic diseases and enabling a swift response to biological terrorist attack. Further
functions such as droplet formation and cell sorting can also be obtained from or integrated with
thin film acoustic wave technology. We foresee that such microsystems are capable of performing
the complete task from delivering drops of bio-sample into the device through to the delivery of
the detection results.

Thin film acoustic wave technology has many advantages over its counterpart using piezoelectric
bulk materials. The most important and unique ones are the possibility of integration of acoustic
wave devices and functions with electronics for control and signal processing, fabrication of
acoustic devices and function with no constraint on crystal orientation, capability to control and
tune temperature coefficient of frequency, fabrication of thin film based FBAR, SMR arrays with
highest sensitivity for multiple detection and monitoring, and the possibility to fabricate flexible
and transparent acoustic wave based devices and platforms.

8.2 Future trends
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8.2.1. Integration



Integration with new materials

Much recent work has reported the combination of advanced thin film SAWs with novel sensing
materials such as metal nanoparticles, ZnO nanowires, carbon nanotubes or even graphene for the
fabrication of new generation highly sensitive sensors [730]. For example, ZnO nanostructures,
especially ZnO nanowires, have been shown to be an attractive candidate for precision sensing of
biomolecules. These nanostructures offer a significantly increased sensing area, faster response,
and higher sensitivities over planar sensor configurations, and additional functions such as
surface plasmon, bioactive surfaces or biobinders for specific target molecules, so that new
biodetection methods can be developed. From the commercialization point of view, this is a very
promising but an under-studied topic with a huge market potential. The selectivity and sensitivity
of ZnO nanowires can be improved by surface modifications or doping.



Integration with CMOS and other acoustic wave technologies

Thin film acoustic wave devices can readily be integrated with standard MEMS and CMOS
technologies. Integration on CMOS chips could greatly reduce the cost and footprint of the chip
and improve the microsystem performance with less noise and human interference, whereas
integration with other MEMS would greatly increase the functionality of the microsystems. Dual
or multiple SAW devices or an array of FBAR devices can be integrated and fabricated adjacent
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to each other, so that the neighbouring devices can be used as reference sensors. One of the
devices without pre-deposited probe molecules can be used as a reference, with the other ones
with probe molecules being used to sense. An additional device can also be used as a calibration
device for temperature, humidity etc for the sensor as well as the microsystem. Such
combinations can minimize the errors caused by temperature drift or other interference on the
measurement. Multi-sensor arrays can easily be prepared on a chip and a judicious selection of
different immobilized bio-binders enables the simultaneous detection of multiple DNA or
proteins, leading to accurate diagnosis of a disease or detection of multiple diseases in parallel.
The creation of these cost-effective sensor arrays with integrated CMOS driving/sensing
electronics can increase the functionality in real time and provide parallel reading functions.



Integration with other microfluidic and sensing technologies

ZnO or AlN based acoustic wave technologies can be integrated with other technologies, such as
surface plasma resonance and optical sensors. SPR sensor technology has been commercialized
with SPR biosensors becoming a major tool for characterizing and qualifying bimolecular
interactions. The detection principle of the SPR sensors lies in the changes in the refractive index
due to the biomolecules interaction or formation of a new layer near the surface.

A

combination of SAW microfluidics and SPR sensing would be viable for both microfluidic and
detection functions [731,732,733,734]. Besides the SAW microfluidics, SAW sensors could also
be integrated with SPR sensors to form a platform with multiple sensing technologies. For in-situ
measurements in a solution, label-free detection and real-time monitoring, SAW sensors do not
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compete with but are complementary to the SPR technology. The main advantage of the SAW
sensors over the SPR sensors is their capability in sensing changes in other variables such as
density, mass and viscosity. The integration of SAW microfluidics could also speed up the
specific biobinding and eliminate non-specific biobinding, thus increasing the detection speed
and improving the accuracy of the SPR sensors. The same principle could apply to other optical
biosensors based on the change of reflection, refraction, diffraction to improve the detection
speed and accuracy.

There are other types of integration of a SAW with optical methods, i.e., optoacoustic integration.
One of the examples is the cell manipulation using the opto-thermally generated bubbles which
can be activated and manipulated using acoustic waves. Generation of surface bubbles can be
controlled by laser power and positions. The cells are manipulated using the acoustic radiation
forces generated from the acoustic waves to the surface bubble arrays [735].

The integration of SAW and DEP can be used to realise precise particle manipulation and cell
manipulation [736,737,738]. A further example is the integration of acoustic wave manipulation
and impedimetric sensing [739]. ZnO and AlN based acoustic wave microfluidic devices can be
combined with liquid or gas chromatography, which is then used to identify the protein or
molecules by mass spectroscopy [740]. Thin film SAW devices can be easily integrated with
ZnO-based phononic crystal structures, which shape the deformation of liquid droplets as
reported by Reboud et al using the bulk LiNbO3 SAW [741].
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Digital microfluidics is the foundation for digital diagnosis and digital medicine. For digital
microfluidics, there is a need to precisely and continuously generate droplets of biosamples and
reagents with fixed volumes for analysis and detection. ZnO and AlN acoustic wave technology
can be used to control the formation process of liquid droplets. In the past ten years,
electrowetting on dielectrics (EWOD) technology has been successfully developed to dispense
and transport nanolitre to microlitre bio-samples in droplet forming the volumes required [742].
However, one of the weaknesses of EWOD technology is that it does not provide efficient
mixing, and requires the integration of other technologies, e.g. CMOS, to realise bio-reaction and
biosensing. A novel idea is to integrate the thin film SAW devices with the EWOD device to
form a lab-on-a-chip equipped with functionalities of droplet generation, transportation by
EWOD and mixing/biosensing by SAW [743]. Integration of EWOD and FBAR has also been
proposed recently [744]. On the other hand, pulsed RF signals could be utilized on SAW to
generated droplets with fixed volumes through a nozzle-like structure on planar surface. This
technique will provide a mechanism to develop fully digitized lab-on-a-chip systems, but is yet
to be developed.

8.2.2 Portable, wireless, flexible and remotely controlled devices

Currently, one limitation of acoustic wave devices is that they require expensive electronic
detection systems, such as network analysers. A final product aimed at the end user market must
be small, portable and packaged into a highly integrated and cost-effective system. The detection
of a resonant frequency can be easily realized using standard oscillator circuits on a portable
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device. The fabrication of portable thin film based acoustic wave detection devices provides the
option to enable the system size to be minimised along with reduced power consumption. As
SAW devices can be wirelessly interrogated, SAW-based lab-on-a-chip systems can be
wirelessly powered and controlled for physical, chemical and biological sensing and quantitative
detection, providing a system that does not require a directly wired power supply. Unlike silicon
based Radio Frequency Identification (RFID) tags which need significant incoming power to
reach the threshold voltage of a rectifying diode, all piezoelectric processes are linear and thus the
interrogation range is only limited by the receiver noise [745]. As the operating frequency of the
SAW devices is much higher than those of inductor/capacitor based RF wireless communication
system, SAW based lab-on-a-chip wireless detection system can have a long-working distance.
The hardware, operating following the strategies of frequency-swept pulse-mode monostatic
radar, are controlled by digital electronics to implement adaptive frequency generation dependent
on the signals returned by the acoustic wave sensor [746,747,748].

The nonlinear interaction between SAWs, liquids and particles is yet to be studied in depth.
There is still a lack of quantitative studies and numerical analyses on this aspect of the
technology. Secondly, the liquid used in most SAW applications reported is of a single phase.
Multi-phase SAW platforms could be of interest in many applications and are worthy of further
exploration. The evaporation of droplets over time is the main hindrance in some systems where
long sample processing times or heating are required. Some environmental perturbations still
need to be overcome such as the temperature, humidity, optical response and the vibration from
the holders.
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8.2.3 Theoretical analysis and new theory?

The coupling mechanism of the acoustic wave with fluids is sensitive to the deformation of the
interface, which is difficult to predict. Hence, an accurate interpretation of the interaction
between the SAW and fluids is an important topic to be further developed to aid the design of
novel microfluidic devices. Mathematical modelling and simulations of these devices are
essential for the development of new sensors, especially with respect to the study of new
materials and wave propagation.

Numerical calculations and finite element or finite volume analysis of acoustic wave sensors
could also help with the development and understanding of the piezoelectricity of materials, as
well as doping functions, operation mechanisms of devices, vibration wave patterns, etc
[749,750,751,752]. Density function theory (DFT) and first principle calculations should be used
to study the fundamental doping mechanisms of elements for improving piezoelectric properties
of new thin film materials [753,754].
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