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a b s t r a c t

Recent developments on the preparation and application of ZnO films for acoustic wave-based microflu-
idics and biosensors are reviewed in this paper. High quality and strongly textured ZnO thin films can be
prepared using many technologies, among which RF magnetron sputtering is most commonly used. This
paper reviews the deposition of ZnO film and summarizes the factors influencing the microstructure,
texture and piezoelectric properties of deposited ZnO films. ZnO acoustic wave devices can be success-
fully used as biosensors, based on the biomolecule recognition using highly sensitive shear horizontal
and Love-wave surface acoustic waves, as well as film bulk acoustic resonator devices. The acoustic wave
generated on the ZnO acoustic devices can induce significant acoustic streaming, small scale fluid mixing,
pumping, ejection and atomization, depending on the wave mode, amplitude and surface condition. The
potential to fabricate an integrated lab-on-a-chip diagnostic system based on these ZnO acoustic wave
technologies is also discussed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Acoustic wave technology and devices have been in commer-
cial use (such as communications, automotive and environmental
sensing) for more than 60 years [1,2]. When an alternating electric
field is applied to an interdigital transducer (IDT) on a piezoelectric
material, a mechanical wave can be generated and propagates into
the material perpendicular to the surface into the bulk (bulk acous-
tic wave, BAW) or on the surface of the material (surface acoustic
wave, SAW) through a piezoelectric effect, either in a Rayleigh
mode (vertical and surface normal) or as a shear wave (horizon-
tal in-plane) [3]. Table 1 lists some common acoustic wave modes
and related sensors. The most commonly used bulk acoustic wave
device is the quartz crystal microbalance (QCM), which is gener-
ally made of quartz sandwiched between two electrodes. A surface
acoustic wave propagating within a thin surface layer, which has
a lower acoustic velocity than that of the piezoelectric substrate,
is called a Love wave. Love-wave devices are typically operated
in the shear horizontal (SH) wave mode. A wave propagating in
a thin plate with a thickness much less than the acoustic wave-
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length is called a flexural plate wave or Lamb wave [4]. This paper
first highlights acoustic wave-based microfluidics and biosensor
technology before discussing the ZnO based ones. The following
section reviews the deposition of ZnO film and summarizes the
factors influencing the microstructure, texture and piezoelectric
properties of deposited ZnO films. Bio-sensing and microfluidics
applications based on the ZnO acoustic wave devices are reviewed.
The potential to fabricate an integrated lab-on-a-chip diagnostic
system based on these ZnO acoustic wave technologies is also dis-
cussed.

2. Acoustic wave bio-sensors and microfluidics

2.1. Acoustic wave biosensors

Most acoustic wave devices can be used as sensors because they
are sensitive to mechanical, chemical, or electrical perturbations
on the surface of the device [5,6]. Acoustic wave sensors have the
advantage that they are versatile, sensitive, and reliable. They can
detect not only mass/density changes, but also viscosity, wave func-
tions, elastic modulus, conductivity and dielectric properties and
have wide applications in monitoring of pressure, moisture, tem-
perature, force, acceleration, shock, viscosity, flow, pH levels, ionic
contaminants, odour, radiation and electric fields [7,8]. Recently,
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Table 1

Comparison of different acoustic wave microsensors.

Microsensor QCM Rayleigh SAW SH-SAW Flexural plate
wave (FPW)

Love wave Film bulk acoustic
wave (FBAR)

Mode Thickness
shear bulk
mode

Rayleigh wave Shear wave Lamb Wave SH-SAW Bulk wave

Gas
√ √ √ √ √ √

Liquid
√√

×
√√ √ √√ √

Normal frequency 5–20 MHz 20–500 MHz kHz to lower
MHz

>GHz

Sensitivity (cm2/g) 10–100 100–1000 10–500 100–1000 20–2000 1,000–10,000
Example AT-cut quartz ST-cut Quartz 120 ◦C LiNbO3 36YX LiTaO3

ST-cut quartz
ZX-LiNbO3

Si3N4/ZnO
membrane

SiO2/ST-
Quartz,
ZnO/LiTaO3

ZnO and AlN
membrane

there has been an increasing interest in acoustic wave based biosen-
sors to detect the traces of biomolecules (biomarkers) such as
DNA, proteins (enzymes, antibodies, and receptors), cells and tissue
(microorganisms, animal and plant cells, cancer cells etc.), bio-
chemical substances or viruses [9–11]. By detecting the traces of
associated molecules, it is possible to diagnose diseases and genetic
disorders, prevent potential bioattachment, and monitor the spread
of viruses and pandemics [12–14]. Compared with some com-
mon bio-sensing technologies, such as surface plasmon resonance
(SPR), optical fibres, and sensors based on field effect transistors or
cantilever-based detectors, acoustic wave based technologies have
the combined advantages of simple operation (electrical signal),
high sensitivity, small size, low cost, and no need for bulky optical
detection systems [15].

The most commonly reported acoustic wave based biosensor is
the QCM [16], which can be operated in a liquid environment using
a thickness shear mode. Problems associated with QCM biosensors
include: (1) low mass detection limit due to the low operating fre-
quency in the range of 5–20 MHz and large base-mass; (2) a thick
substrate (0.5–1 mm) and large surface area (>1 cm2) which is not
easily scalable.

Since the SAW based biosensors have their acoustic energy con-
fined in the surface layer of about one wave length, the base-mass of
the active layer is about one order of magnitude smaller than that of
the QCM. Thus the sensitivity of the SAW devices increases dramat-
ically compared with that of the QCM (see Table 1). The longitudinal
or Rayleigh mode SAW device has a substantial surface-normal dis-
placement that easily dissipates the acoustic wave energy into the
liquid, leading to excessive damping, and hence poor sensitivity
and noise. Waves in a SH-SAW device propagate in a shear hor-
izontal mode, and do not easily radiate acoustic energy into the
liquid [17,18] and thus maintain a high sensitivity in liquids. There-
fore SH-SAW devices are particularly well suited for bio-detection,
especially for “real-time” monitoring. In most cases, Love-wave
devices operate in the SH wave mode with the acoustic energy
trapped within a thin guiding layer (typically submicrometer). This
enhances the detection sensitivity by more than two orders of mag-
nitude as compared with a SAW device owing to a much-reduced
base-mass [19,20]. In addition, the wave guide layer in the Love
mode biosensor can also protect and insulate the IDT from the liq-
uid media which might otherwise be detrimental to the electrode.
Therefore, they are frequently utilized to perform bio-sensing in
liquid conditions [21–23].

In a similar manner to a SAW device, Lamb wave devices on
a membrane structure have been used for bio-sensing in liquids
[24]. The wave velocity generated in the FPW or Lamb wave is
much smaller than those in liquids, which minimizes the dissi-
pation of wave energy into the liquid. The detection mechanism
is based on the relative change in magnitude induced by the per-
turbation on the membrane, not on the resonant frequency shift.
Therefore the sensitivity of a Lamb wave device increases as the

membrane thickness becomes thinner [25,26]. The main drawback
of the Lamb wave biosensor is that there is a practical limitation in
film thickness as the thin film becomes more fragile.

A newly emerged but promising acoustic wave device for high-
sensitivity bio-detection is the film bulk acoustic resonator (FBAR)
device. Similar to the structure of a QCM, a FBAR device consists of
a submicrometer thick piezoelectric film membrane sandwiched
between two metallic layer electrodes [27]. Owing to the much-
reduced thickness, the FBAR device operates at a high frequency,
up to a few GHz (see Table 1). The frequency shift �f due to mass
loading �m of an acoustic wave device is described by [28]

�f =
2�mf 2

o

A
√

��
(1)

where A, �, � and fo are the area, density, shear modulus and intrin-
sic resonant frequency, respectively. Due to the much-reduced
base-mass and high operation frequency, the attachment of a small
target mass can cause a large frequency shift—typically a few MHz.
This makes the signal easily detected using simple electronic cir-
cuitry. The advantages of the FBAR devices include: (1) the ability to
fabricate the device using standard CMOS processing and materials
allowing integration with CMOS control circuitry; (2) the size and
volume can be significantly reduced. These features together with
the intrinsic high sensitivity make the FBAR technology ideal for
real time diagnostic biosensor arrays, which are highly sensitive,
providing quantitative results at a competitive cost.

2.2. Acoustic wave-based microfluidics

Microfluidic (liquid samples and reagents) manipulation, mix-
ing and biochemical reaction at the microscale are extremely
difficult due to the low Reynolds number flow conditions [29].
Acoustic wave technologies are particularly well suited for mixing
and as a result are attractive options for microfluidics applications
[30]. Taking SAW devices as one example, Rayleigh-based SAW

Fig. 1. Interaction between propagating surface acoustic wave and a liquid droplet
causing acoustic streaming inside droplet.
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Table 2

Comparison of common piezoelectric materials.

Materials ZnO AlN PZT Quartz 128◦ cut LiNbO3 36◦ cut LiTaO3 PVDF

Density (g/cm3) 5.61 3.3 7.8 2.64 4.64 7.45 1.79
Moulus (GPa) 110–140 300–350 61 71.7 225 0.16
Hardness 4–5 GPa 15 GPa 7–18 GPa Moh’s 7 Moh’s 5 Knoop 800–1000 70–110 Knoop 700–1200 Shore D75–85
Refractive index 1.9–2.0 1.96 2.40 1.46 2.29 2.18 1.42
Piezo-constant d33
(pC/N)

12 4.5, 6.4 289–380, 117 2.3 (d11) 19–27 −21 −35

Coupling coefficient, k 0.15–0.28, 0.33 0.17–0.5 0.49 0.0014 0.23 0.2 0.12–0.2
Effective coupling
coeff. k2 (%)

1.5–1.7 3.1–8 20–35 8.8–16 2–11.3 0.66–0.77 2.9

Acoustic velocity by
transverse (m/s)

6336 (2650) 11,050 (6,090) 4500 (2200) 5960 (3310) 3970 3230–3295 2600

Dielectric constant 8.66 8.5–10 380 4.3 85 (29) 54 (43) 6–8
Coefficient of thermal
expansion (CTE, ×10−6)

4 5.2 1.75 5.5 15 −16.5 42–75

waves have a longitudinal component that can be coupled with
a medium in contact with the device’s surface. This coupling can
transport the media on the surface during its propagation [31].
When liquid (either in bulk or droplet form) exists on the surface
of a SAW device, the energy and momentum of the acoustic wave
are coupled into the fluid at a Rayleigh angle, following Snell’s law
of diffraction (see Fig. 1) [32,33]. The Rayleigh angle, �, is defined
by

� = sin−1
(

vl

vS

)

(2)

where vl and vs are the velocity of the longitudinal wave in solid
and liquid. The energy and the momentum of the longitudinal wave
radiated into the liquid can be harnessed for liquid pumping and
mixing. A net pressure gradient, P, forms in the direction of the
acoustic wave propagation and provides an effective force to drive
the liquid, which can be described by [34]

P = �ov
2
s

(

��

�o

)2

(3)

in which, �o is the liquid density and �� is the slight density change
due to the acoustic pressure. The generated acoustic pressure can
create significant acoustic streaming in a liquid and result in liq-
uid mixing, pumping, ejection and atomization [35]. This allows
rapid movement of liquid and also internal agitation, which speeds
up biochemical reactions, minimizes non-specific biobinding, and
accelerates hybridization reactions in protein and DNA analysis
which is commonly used in proteomics and genomics [36,37]. Sur-
face acoustic wave based liquid pumps and mixers [38,39], droplet
positioning and manipulation [40], droplet ejection and atomiza-
tion systems [41,42], and fluidic dispenser arrays [43] have been
proposed and developed. They have distinct advantages, such as
simple device structure, no moving-parts, electronic control, high
speed, programmability, manufacturability, remote control, com-
pactness and high frequency response [44–46].

2.3. Selection of bulk materials or thin films

Acoustic wave devices can be used for both bio-sensing and
microfluidics applications, which are two of the major components
for lab-on-a-chip systems. Therefore, it is attractive to develop lab-
on-chip bio-detection platforms using acoustic wave devices as
this integrates the functions of micro-droplet transportation, mix-
ing and bio-detection. To date, most of the acoustic devices have
been made from bulk piezoelectric materials, such as quartz (SiO2),
lithium tantalate (LiTaO3), lithium niobate (LiNbO3) and sapphire
(Al2O3). These bulk materials are expensive, and are less easily
integrated with electronics for control and signal processing. Piezo-
electric thin films such as ZnO have good piezoelectric properties,

high electro-mechanical coupling coefficient, high sensitivity and
reliability [47]. They can be grown in thin film form on a vari-
ety of substrates, including silicon, making them perhaps the most
promising material for integration with electronic circuitry, aiming
for disposal, low-price and mass production [48]. This approach is
likely to be the future of acoustic wave based lab-on-a-chip bio-
sensing devices.

ZnO, AlN and PZT are the three dominant piezoelectric thin
film materials which can be integrated into MEMS and microelec-
tronics processes. Gallium arsenide (GaAs), silicon carbide (SiC),
polyvinylidene fluoride (PVDF) and its copolymers are less common
thin film piezoelectric (PE) materials (see Table 2). Among these,
PZT has the highest piezoelectric constant and electro-mechanical
coupling coefficient. However, for biosensor applications, PZT films
have disadvantages such as higher acoustic wave attenuation,
lower sound wave velocities, and poor biocompatibility. Piezoelec-
tric AlN thin films have a much higher phase velocity, and are hard
and chemically stable (see Table 2). However, the deposition of AlN
films and texture control are more difficult compared with that for
ZnO. Other PE films are either too expensive such as GaAs and SiC
or too weak in their piezoelectric effect, e.g., PE-polymers [49,50].
Compared with AlN, ZnO shows a higher piezoelectric coupling,
and it is much easier to control the film stoichiometry, texture and
other properties [51]. Zinc oxide is biosafe and therefore suitable
for biomedical applications to immobilize and modify biomolecules
without toxic effects [52]. This paper summarizes recent develop-
ments in the preparation and application of ZnO films for acoustic
wave-based microfluidics and biosensors, and also discusses future
trends for ZnO film based lab-on-a-chip applications.

3. Requirement for ZnO film for sensing and microfluidic

applications

For the successful application of ZnO films for acoustic wave
bio-sensing and microfluidic applications, there are some basic
requirements which include:

(1) Microstructure issues:
• Strong texture.
• High crystal quality and low defects.
• Uniformity in film microstructure and thickness.
• Smooth surface and low roughness.
• Good stoichiometry (Zn/O ratio).

(2) Good piezoelectric properties:
• High frequency and large acoustic velocity.
• High electro-mechanical coupling coefficient k2.
• Low acoustic loss.
• High quality factor Q.

dx.doi.org/10.1016/j.snb.2009.10.010
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• Good thermal or temperature stability (low thermal coeffi-
cient of frequency or velocity).

(3) Fabrication requirement:
• Compatible with MEMS or CMOS technology.
• Easy deposition on different substrates and complex shape.
• High deposition rate.
• Low cost and mass production.
• Reproducibility/high yield.
• Low film stress/good adhesion to substrates.

(4) Microfluidics and biosensor:
• High sensitivity and selectivity.
• Stability of performance.
• High pumping/mixing efficiency.
• Easy functionalization of surfaces for immobilization of anti-

bodies.
• Biocompatibility.

The following sections focus on recent progress covering the above
issues.

4. ZnO film and piezoelectric properties

4.1. Deposition and microstructure

Many different methods have been reported for the deposi-
tion of ZnO films, including sol–gel processes, chemical vapour
deposition, metal-organic chemical vapour deposition, sputtering,
molecular beam epitaxy, pulsed laser deposition, filtered vacuum
arc deposition and atomic layer deposition [53–56]. Table 3 com-
pares different deposition methods for the ZnO films. From a MEMS
fabrication point of view, radio-frequency (RF) magnetron reactive
sputtering is one of the best methods, with good reproducibility and
compatibility with planar device fabrication technology [57]. In this
section, we will focus on the texture and acoustic wave properties
of sputtered ZnO films.

The microstructure, texture and piezoelectric properties of the
ZnO films are normally affected by sputtering conditions such as
plasma power, gas pressure, and substrate material and temper-
ature as well as film thickness. During sputtering, the energetic
ion bombardment has significant effects on the stoichiometry, size,
shape and orientation of ZnO crystals, intrinsic stress, defects, elec-
trical and optical properties, as well as surface and cross-section
morphologies. The effects of the processing parameters, such as
sputtering gas pressure, RF power, total flux density, bias voltage
and substrate temperature, have been successfully described using
modified Thornton models [58,59]. Some general conclusions about
the effects of sputtering parameters on ZnO thin films are summa-
rized as follows:

(1) Higher plasma or bias power results in a higher deposition rate
because the deposited particles have higher kinetic energies.
However, the film surface roughness could increase signifi-
cantly at a higher power, due to the ion bombardment effect.

Fig. 2. ZnO crystalline structure–Wurtzite structure (modified following Ref. [1])
with directions of [0 0 0 1], [1 1 −2 0] and [1 0 −1 0] indicated. The lattice constants
are a = 3.25 Å and c = 5.2 Å.

(2) Low gas pressure generally results in a dense and fine grain film.
Higher gas pressure could result in porous, columnar films with
rough surfaces [60].

(3) The gas ratio of O2/Ar is a critical parameter and a sufficient
oxygen partial pressure is needed to maintain the stoichiometry
of the ZnO films.

(4) ZnO thin films can be deposited at low temperature (<200 ◦C),
which is compatible with existing CMOS circuitry on a chip.
However, high temperature deposition will enhance the atom
mobility, decrease the defects, promote film adhesion to the
substrate, improve film texture, quality and increase grain size,
resulting in a compact and dense film structure.

(5) The sputtered film normally shows a good piezoelectric effect.
Thus post-deposition poling to obtain a good piezoelectric
effect is unnecessary.

4.2. Film texture

The film texture of the ZnO film is crucial for the piezoelectric
and acoustic wave properties of the acoustic devices. The sub-
strate has significant influences on nucleation, growth and texture,
acoustic wave velocity/frequency, and electro-mechanical coupling
coefficient of the ZnO acoustic wave devices.

4.2.1. Self-texture and wave mode

ZnO normally crystallizes in a hexagonal, quartzite type crys-
talline structure [61] (see Fig. 2), which is dominated by three
crystal planes: (0 0 0 1), (101̄0) and (112̄0), with their surface
energy densities of 0.99, 0.123, and 0.209 eV/Å2, respectively [62].
The (0 0 0 1) plane has the lowest surface free energy. There-
fore, under equilibrium, if there is no epitaxy between the film

Table 3

A comparison of different types of deposition methods.

Sputtering CVD and MOCVD Laser ablation MBE Sol–gel FCVA

Epitaxial
growth

Possible Yes Yes Highly Difficult Possible

Deposition rate Medium (a few nm/s) Low (0.2 to a few nm/s) Low (0.1 to 0.4 nm/s) Very low High High (0.2–15 nm/s)
Compatibility
with MEMS
processing

Good Ok Poor Poor Good Poor

Temperature 25–400 ◦C 300–900 ◦C 200–600 ◦C 300–800 ◦C Room temperature Low
Quality Good Good Good Excellent Poor Good
Cost Slightly cost Medium Medium High Cheap Medium
Deposition size Large area Large area Small size Medium Large area Small size

dx.doi.org/10.1016/j.snb.2009.10.010
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Table 4

Summary of velocity of the ZnO films: (1) most data from SAW devices, (2) the data is only for comparison, as the velocity is related to the film thickens, thus the comparison
of velocities is no meaning unless the film thickness is the same.

Device type Substrate materials Structure Lattice difference Velocity (m/s) Temperature expansion
coefficient (10−6 K−1)

ZnO ZnO HCP 2724 2.9 (4.751)
ZnO/Si Si (1 1 1) Cubic 41.3% 2653 3
ZnO/Pt Pt (1 1 1) Cubic 1.8% 2684 8.8
ZnO/Au Au (1 1 1) Cubic 2.5% 14
ZnO/SiO2 Quartz 4200 13.2 (a)/7.1c
Sapphire Al2O3 (0 0 0 1) HCP 31.8% 4000–5750 7.3 (18.1)
ZnO/LiNbO3 LiNbO3 (0 0 0 1) HCP 14.8 (4.1)
ZnO/sapphire Sapphire (0 0 0 1) HCP 31.8% 8.4 (5.3)
ZnO/GaN GaN HCP 1.8% 3.17
ZnO/AlN AlN HCP 4.1% 4522 5.3 (4.1)
ZnO/DLC DLC Amorphous 5000–7000
Nanocrystalline diamond 8500 1.18
ZnO/diamond Diamond (1 1 1) Cubic 10,000–12,000 1.18
ZnO/AlN/diamond ZnO/AlN/diamond 12,200

and substrate, or without any external energy source, the films
exhibit self-texture and grow along the (0 0 0 1) orientation, on both
crystalline and amorphous substrates [63]. However, as the film
thickness increases, the other orientation peaks might appear and
become stronger [64]. Excess Zn during film growth can cause the
deterioration of the ZnO film crystallinity [65]. The O2/Ar gas ratio
and gas pressure have frequently been reported to have significant
effects on the film stress and texture [61–65].

ZnO acoustic wave devices with a (0 0 0 1) film texture can be
used for sensing in air or gaseous environments. However, many
biosensors need to detect chemical reactions in a liquid environ-

Fig. 3. SEM cross-section morphologies of ZnO films deposited using magnetron
sputtering method: (a) under target; (b) far away from target showing the inclined
structure due to ion channeling effect.

ment. For bio-sensing in liquids, it is necessary to generate a shear
horizontal mode wave, where the wave displacement is within
the plane of the crystal surface [66,67]. For generation of such a
shear horizontal wave, other film textures such as the (112̄0) and
(101̄01 0 −1 0) are necessary [68].

4.2.2. Interlayer or buffer layer

An amorphous ZnO intermediate layer is normally formed
before the growth of the crystalline ZnO layer on substrates such as
Ni, Cu, Si, Ti and glass, and this layer is about 10–50 nm depending
on the type of substrates [69,70]. Self-textured (0 0 0 1) ZnO films
slowly grow on this amorphous layer, which is probably the reason
why the ZnO films deposited on Ni, Cu, and Cr substrates show poor
texture. No such amorphous interlayer was observed on Au, Ru, Pt,
Al and sapphire substrates [71,72], and the ZnO films deposited on
these substrates show good (0 0 0 1) orientation. Buffer layers are
frequently used to enhance the film crystalline quality and texture,
for example, AlN, MgO, Al2O3, GaN, DLC, and SiO2 (see Table 4)
[73–75] and they can also be used to promote the epitaxial growth
of ZnO films.

4.2.3. Epitaxial growth

Epitaxial growth on different substrates can lead to different
ZnO orientations. The growth of ZnO can be attributed to the com-
petition between the lowest surface free energy (0 0 0 1) of ZnO
and the closest lattice mismatch between the ZnO growth plane
and the substrate plane (see Table 4) [76]. However, this is sig-
nificantly dependent on the deposition methods and substrate
materials. MBE, pulsed laser deposition, MOCVD and sputter-
ing have been frequently been used to grow the ZnO epitaxial
films [77,78]. The common substrates for epitaxial growth of the
ZnO film include: quartz, sapphire, LiNbO3, SrTiO3, diamond, and
MgO.

4.2.4. Oxygen ion bombardment

During ZnO sputtering, a directional oxygen ion beam, at an
angle towards the substrate surface, plays an important role in
changing the ZnO film texture from a (0 0 0 1) texture into (101̄0)
or (112̄0) texture due to ion channeling effect [79]. The ZnO films
with these two textures can excite a shear acoustic wave without
a longitudinal wave [80]. A pre-requisite for the significant oxygen
ion bombardment effect is a low gas pressure which contributes to
a longer mean free path for the oxygen ion bombarding the film sur-
face. ZnO films at different positions on the substrate under plasma
also show different crystal orientations (see Fig. 3) [81], which can
easily be explained by the oxygen ion bombardment angle effects
under the target.

dx.doi.org/10.1016/j.snb.2009.10.010
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In summary, a (0 0 0 1) film texture is commonly observed for
the sputtered ZnO films. In order to obtain the other types of film
texture, the following methods could be used:

(1) Epitaxial growth on a specific substrate using a suitable depo-
sition method;

(2) controling the sample position under the plasma [82];
(3) using an additional anode near the substrate, which can have

an apparent orientating effect on the growing films [83];
(4) substrate tilting with a set angle due to the oblique incidence

of the particles on the growing film;
(5) using an external oxygen ion source and control the oxygen ion

bombardment during film growth;
(6) using a blind which can be positioned between the target and

substrate to only allow oblique particles to be incident on sub-
strate surface [84].

4.3. Piezoelectric properties of sputtered ZnO films

4.3.1. Substrate effect

The acoustic velocity of a ZnO film significantly depends on the
substrate on which it is grown. The ZnO film deposited on a sub-
strate with large acoustic velocity will exhibit an increased velocity
value. Therefore, by selecting a substrate with a large acoustic
velocity, the wave velocity in the ZnO SAW devices can be increased
accordingly. For example, the acoustic velocity of bulk ZnO is
2724 m/s; it becomes 4522 m/s for ZnO/AlN; and up to 12,200 m/s
for a ZnO/AlN/diamond substrate [85,86]. Table 4 summarizes the
acoustic velocities of the ZnO films on different substrates. Among
them, AlN, DLC, nano-diamond films and diamond are regarded
as the best substrate materials to provide a dramatic increase in
acoustic wave velocities in the ZnO films [87–89].

4.3.2. Film thickness effect

Acoustic velocity depends significantly on the ZnO film thick-
ness for both the ZnO based SAW and FBAR devices.

4.3.2.1. ZnO SAW devices. The ZnO film thickness effect for a ZnO/Si
SAW devices can be summarized as follows [90,91]:

(1) For a SAW device made on a very thin ZnO thin film (less
than hundreds of nanometers), the acoustic wave can penetrate
much deeper into the substrate as the film thickness is nor-
mally much less than one wavelength. In this case, the energy
of a SAW device is largely dissipated in the substrate, and the
wave predominantly propagates in the substrate, thus the wave
velocity of the SAW approaches the Rayleigh velocity of the
substrate material as shown in Fig. 4a.

(2) When the ZnO film thickness increases, the acoustic velocity
gradually changes to that of ZnO film (about 2724 m/s). There-
fore, by varying the thickness of the ZnO film, the phase velocity
of the acoustic wave can vary between the acoustic velocities
of the surface piezoelectric layer and the substrate material.
However, there is normally a cut-off thickness, below which no
wave mode can be detected, due to the low electro-mechanical
coupling coefficient for a very thin ZnO film.

(3) A Rayleigh-type wave (called the fundamental mode) can be
generated when the film is thin. With increasing film thickness,
a higher order acoustic wave mode known as the Sezawa wave
can be obtained. A Sezawa mode is realized from a layered struc-
ture in which the substrate has a higher acoustic velocity than
that of the overlying film [92]. This wave exhibits a larger phase
velocity (higher resonant frequency) than that of the Rayleigh
wave for a fixed thickness (see Fig. 3a), and is thus desirable
for high frequency applications [93,94]. In a similar manner to

Fig. 4. (a) Phase velocities for the Rayleigh and Sezawa modes on different thickness
of ZnO film. A film normalized thickness, hk, is used to describe the film thickness
effect (k = 2�/�: wave vector, h: film thickness) [90]; (b) resonant frequency of ZnO
FBAR devices vs. film thickness [130].

that of Rayleigh wave, the resonant frequency and the phase
velocity of the Sezawa wave decreases with film thickness.

(4) For the ZnO/Si SAW devices, the metallization ratio (ratio of
thickness of metal and ZnO film) of the IDTs affects the genera-
tion of the guided wave mode and its harmonics. For example,
if the metallization ratio changes from 0.5 to 0.4 (or to 0.7) in
the ZnO/Si devices, many higher-order odd harmonic waves,
such as the Rayleigh mode 3rd or 5th harmonic, or 3rd Sezawa
mode harmonic can be realized together with the fundamen-
tal one [95,96]. These higher mode harmonic waves can reach
frequencies of a few GHz using conventional photolithography,
which could avoid the necessity of using high acoustic velocity
substrate materials (such as diamond) or an advanced lithog-
raphy processes (such as e-beam or deep-UV lithography) to
make IDTs with sub-micron arm widths.

4.3.2.2. ZnO FBAR device. For ZnO FBAR devices, the resonant fre-
quency depends on: (a) the thickness and material type of the
electrode layer; (2) the thickness ratio of the piezoelectric and elec-
trode layers; (3) the material and thickness of the interlayer or
buffer layer [97]. With the decrease in ZnO film thickness the fre-
quency generally increases significantly, with one example shown
in Fig. 4b [98,99]. However, there is a practical minimum thickness
limitation for the ZnO film. If thin film is too thin, the frequency
changes dramatically, but the peak intensity will decrease sig-
nificantly with decrease in thickness (which becomes difficult to
monitor).

4.3.3. Others

For ZnO acoustic wave devices, the most frequently used elec-
trode material is aluminum. However, the lifetime of the Al
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electrode in aqueous media is limited due to significant corrosion
effects. The other common electrode materials include Au, Ni, W,
Pt, Ta and Cu. The electro-mechanical coupling coefficient (k2) of
the ZnO/Si acoustic wave devices depends on [100,101]: (1) wave
propagation mode (fundamentals or their harmonics); (2) normal-
ized thickness of ZnO film; (3) film texture; (4) film thickness; (5)
the nature and dimension of the electrodes; (6) substrate materi-
als. The temperature coefficient of frequency (TCF) is an important
parameter for ZnO FBAR and SAW applications for biosensors. There
are different strategies to minimize the TCF or compensate for the
temperature effect associated with ZnO based devices. The com-
mon strategy is to combine a material with a positive (or negative)
TCF values, with another one with a negative (or positive) TCF. ZnO
film has a negative TCF value, thus an easy way to reduce the TCF
is to use a substrate or interlayer with a positive TCF value, such as
SiO2 or quartz [102].

5. MEMS processing of ZnO films

ZnO films normally have excellent bonding to a range of sub-
strate materials. However, caution is required for MEMS processing
of ZnO films as they are quite reactive and sensitive to temperature,
acids as well as water [103]. In fact ZnO will dissolve in deionized
water with a solubility of about 2 mg/l [104]. Hence, any rinsing of
ZnO films using DI water should be made in as short a time as pos-
sible. Acetone can be used for cleaning the samples, but Pirana, or
other strong cleaning solution should be avoided. In addition ZnO
is easily hydrolyzed upon exposure to air. For MEMS processing,
it is necessary to pre-bake the film and remove the moisture, thus
improving the adhesion of photoresist. However, high temperature
post-baking or annealing above 400 ◦C should be avoided.

Photoresist adheres well to clean and dry ZnO films. The
improvement of photoresist adhesion can be improved by (1) pre-
baking; (2) coating with other materials, such as SiO2; (3) using
an adhesion promoter. ZnO is soluble in most acids. Although
different types of etchants, such as HCl, H3PO4, HF, HNO3, alka-
lies, ammonium chloride and NH4Cl + NH4OH + H2O can be used
for removing ZnO, the etch profile is typically difficult to control.
The recommended ZnO film etching solutions include [105]: (1)
H3PO4 + HAc + H2O (1:1:50); (2) FeCl3 + 6H2O.

ZnO can be etched using most plasma gases, including oxy-
gen plasma. For dry etching of ZnO films with a photoresist mask,
there are two types of gas systems which have been frequently
used [106]: (a) hydrogen based gases such as CH4/H2/Ar which can
help in obtaining an anisotropic etch profile; (b) chlorine based
gases, such as Cl2/Ar, BCl3/Ar and BCl3/Cl2/Ar plasma which are
toxic. Recently, a new plasma etching method using a remote Ar/H2

plasma has been developed, in which the hydrogen ions contribute
to efficient and fast etching [107]. Inductively coupled plasma reac-
tive ion etching has also used to anisotropically etch ZnO films using
HBr/Ar plasma with photoresist as the etch mask [108]. The etching
of ZnO films in the HBr/Ar gas mixture is controlled by chemically
assisted sputter etching.

As regards microfluidic applications, ZnO is hydrophilic with
a contact angle typically of 50–80◦, which is dependent on sur-
face conditions and light exposure [109]. Ultraviolet irradiation
of ZnO film results in a superhydrophilic surface [110]. For effi-
cient droplet pumping, a hydrophobic surface is normally needed
and methods for improving the hydrophobic properties of the ZnO
films include [111–113]: (1) spin coating PTFE (Teflon); (2) a mono-
layer of octadecyl thiol (ODT); (3) a monolayer of octadecylesilane
(ODS); (4) an octadecyltrichlorosilane (OTS) self-assembled mono-
layer (SAM). After such treatment, the contact angle can be as high
as 100–120◦.

A critical issue in developing a high performance biosensor
is to find a simple and reliable process for functionaliza-

tion of the ZnO surface through a covalent method to form
a robust immobilization of appropriate probe molecules. Nor-
mally Au is pre-deposited on the ZnO surface, and a cystamine
surface atomic monolayer (SAM) is formed on the Au sur-
face to which antibodies will attach. Currently little work has
been performed on the direct surface functionalization of the
ZnO films. Initial studies for immobilization of antibodies on
the ZnO film surface have been realized using [114,115] (1)
amine-terminated silane, 3-aminopropltryiethoxysilane, and glu-
taraldehyde as the secondary crosslinker to bind a protein;
(2) 3-mercaptopropyltrimethoxysilane in dry toluene; or (3)
trimethoxysilane in dry toluene to immobilize the antibody. As Au
is not recognised as a good CMOS compatible material, the direct
immobilization on the ZnO film has its advantages for bio-sensing
applications.

6. ZnO acoustic devices for biosensor and microfluidics

6.1. Biosensor applications

6.1.1. ZnO SAW biosensor

A ZnO/Si SAW device has been successfully used in the detec-
tion of PSA antibody-antigen immuno-reaction as a function of PSA
concentrations [116]. The resonance frequencies of the ZnO SAW
devices were found to shift to lower frequencies as the PSAs are
specifically immobilized on the surface-modified ZnO SAW device.
A linear dependence was found between the resonance frequency
change and the PSA/ACT complex concentrations over the broad
dynamic range of 2–10,000 ng/ml [140]. However, as discussed
before, a big challenge for SAW biosensors is how to realize detec-
tion in a liquid environment. SH or Love mode SAW devices are
promising technologies for biosensors used in liquid environments
because of their high sensitivity and low energy dissipation. The
essential condition for a Love-wave mode is that the shear wave
velocity in the surface wave guide layer is smaller than that in the
piezoelectric substrate. For example, ZnO has a shear wave veloc-
ity of 2578 m/s, whereas those of ST-cut-quartz and SiO2 are 4996
and 3765 m/s, respectively. Therefore, it is reasonable to use ZnO
as a guiding layer on substrates of ST-cut quartz to form Love mode
biosensors. The other potential substrate materials for Love-mode
ZnO sensors include LiTaO3, LiNbO3 and sapphire. A ZnO Love mode
device of ZnO/90◦ rotated ST-cut quartz has a maximum sensitivity
up to −18.77 × 10−8 m2 s kg−1, which is much higher than that of a
SiO2/quartz Love mode SAW device [117–119].

Most of the above mentioned ZnO Love mode sensors are based
on a bulk piezoelectric substrate (for example, quartz, LiNbO3 and
LiTaO3), which are expensive and incompatible with IC fabrication.
In reference [120], ZnO/SiO2/Si SAW Love mode sensors were stud-
ied, and the sensitivity of the devices as high as 8.64 �m2/mg (with
an acoustic wave velocity of 4814.4 m/s) were reported, which is
about 2–5 times that of ZnO/LiTaO3 [121] and SiO2/quartz Love sen-
sors [122]. Another promising approach for making a ZnO based
Love mode sensor is to use a polymer film (such as PMMA, poly-
imide, SU-8 or parylene C) on top of the ZnO layer as the guiding
layer. This polymer waveguide layer structure however, has a rel-
atively larger intrinsic attenuation than those of solid waveguide
layers.

6.1.2. ZnO Lamb biosensor

In Lamb wave sensors, the wave propagation velocity in the
membrane is slower than the acoustic wave velocity in the flu-
ids on the surface, thus the energy is not easily dissipated and can
be used in liquid samples [123]. A ZnO based Lamb wave device
has been 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 breast cancer patients
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Fig. 5. (a) Interaction between SAW and a liquid droplet on a ZnO based SAW devices; (b) top view; (c) cross-section view; (d) front view of the internal streaming inside
the droplet on the ZnO surface.

[124]. A Si/SiO2/Si3N4/Cr/Au/ZnO Lamb wave device has been used
for detecting human IgE based on conventional cystamine SAM
technology, with a sensitivity as high as 8.52 × 107 cm2/g at a wave
frequency of 9 MHz [125]. In recent years, however, the Lamb wave
biosensor has not been widely studied because of: (1) low sensitiv-
ity due to the low operation frequency; (2) difficulties in fabrication
of thin and fragile membrane structures.

6.1.3. ZnO FBAR biosensor

FBAR biosensors have recently attracted great attention due to
their inherent advantages compared with SAW and QCM biosen-
sors: high sensitivity, low insertion loss, high power handling
capability and small size [126,127]. High frequency ZnO FBAR sen-
sors have good sensitivity and high energy densities owing to the
trapping of the standing wave between the two electrodes, allow-

Fig. 6. A 2 �l water droplet in (a) and its movement along with the propagating acoustic wave in (b) showing the droplet is pushing upward and forward.
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Fig. 7. SAW IDT designs. (a) SAW IDT with reflector; (b) splited IDT; (c) angled IDT; (d) curved IDT; (e) SPUDT IDT design.

ing device size to be scaled down to areas more than three orders of
magnitude smaller than the SAW and QCM devices. This makes the
integration of FBAR arrays for parallel detection feasible and at low
cost. In Ref. [128], a label free FBAR gravimetric biosensor based on
a ZnO film was used to detect DNA and protein molecules with a
high operating frequency of 2 GHz. Its sensitivity of 2400 Hz cm2/ng
is about 2500 times higher than a conventional QCM device with
a frequency of 20 MHz. A recent study using a Al/ZnO/Pt/Ti FBAR
design showed a sensitivity of 3654 kHz cm2/ng with a good ther-
mal stability [129,130].

Conventional ZnO (0 0 0 1) textured FBARs operate using a
longitudinal wave and cannot be used for sensing in a liquid envi-
ronment. In contrast, a ZnO (112̄0) textured hexagonal film exhibits
pure shear modes waves which can propagate with little damp-
ing effect in a liquid. A ZnO shear mode FBAR device has been
used in a water-glycerol solution, and showed a high operating
frequency of 830 MHz and a sensitivity of 1000 Hz cm2/ng [131].
Weber et al. [132] have fabricated a ZnO FBAR device, which oper-

ates in a transversal shear mode, using a ZnO film with 16◦ off
c-axis crystal orientation. The fabricated device has a high sensi-
tivity of 585 Hz cm2/ng and mass detection limit of 2.3 ng/cm2 for
an avidin/anti-avidin biorecognition system. This shear wave FBAR
device was also reported to have a stable temperature coefficient
of frequency [133].

6.2. ZnO film for microfluidic applications

6.2.1. ZnO SAW mixer and pump

In a ZnO SAW device, the interaction between the longitudinal
acoustic wave and liquid droplets can cause an acoustic streaming
effect, and establish a stable streaming pattern with a double vor-
tex (see Fig. 5a–d). The SAW streaming effect induces an efficient
mixing and agitation within the droplets, which can be utilized
to produce good micromixers [134]. With a large input RF voltage
applied to the IDTs on a ZnO film, the water droplet becomes appar-
ently deformed from its original shape (following the Rayleigh
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Fig. 8. Surface droplet ejection (a) and atomization process (b) on a ZnO SAW device.

angle) with an increased leading edge contact angle and decreased
trailing edge contact angle. The large SAW pressure excites and stirs
the droplet, causing it to vibrate along with the SAW. After surface
hydrophobic treatment, the liquid droplets can be pumped forward
with a voltage as low as ∼20 V (see Fig. 6). The movement of the
droplet is a combination of rolling and sliding, which is also depen-
dent upon the power applied and the droplet size. The SAW IDT
design is important for efficient SAW streaming/pumping. The con-
ventional bidirectional IDT may not be efficient for pumping, as the
wave propagates in two different directions with half of the energy
wasted. The easiest way to solve this problem is to use reflectors
to reflect back some of the wave (see Fig. 7a). More sophisticated
IDT designs include [135,136]: (a) split IDTs (Fig. 7b); (b) a SPUDT
(single phase unidirectional transducer, Fig. 7c) which shows inter-
nally tuned reflectors within the IDT to form a unidirectional SAW
propagation from one side of the IDT; (c) focused or semi-circular
IDT designs to focus the acoustic energy and increase the pumping
efficiency; (d) a slanted IDT (see Fig. 7d), which has a broad range
of resonant frequencies, and can be used to alter the directions of
streaming and droplet movement [137].

As discussed before, ZnO is very reactive with acids, liquids, or
moisture, and it will dissolve if exposed to water or a humid envi-
ronment. To solve this problem, an “island” ZnO SAW structure is
proposed in Ref [138] which can avoid direct contact between the
ZnO active layer and the fluid being pumped. In this design, the ZnO
film is only beneath the SAW IDTs. The acoustic waves generated
on the ZnO film can continuously travel in the Si substrate without
a ZnO film on top of the wave path. This offers great flexibility in the
fabrication of highly integrated microfluidics with the SAW devices
built on isolated ZnO islands while other components such as the
microchannels, chamber and sensors being directly fabricated on
the Si substrate.

6.2.2. ZnO SAW heating/droplet ejector

Higher RF power applied to a SAW device could generate fast
streaming, hence a higher mixing and pumping efficiency. How-
ever, high RF power will also induce localized heating. The surface
temperature of the ZnO SAW device increases with increase in volt-
age amplitude and duration of the RF signal, and decreases with the
distance from the IDT. The maximum temperature reaches ∼140 ◦C
for the highest voltage amplitude of 60 V [90]. Significant acous-
tic heating is detrimental for the biosubstances being investigated,
vapourising the liquid, and inducing severe detection errors due to
temperature-induced resonant frequency shift. For ZnO SAW based

liquid transportation and mixing, heating effects can be suppressed
by using a pulsed RF signal with temperature well controlled below
40 ◦C. A pulsed RF signal can also be used to control the droplet
motion, as this offers more precise control of the distance moved
and the droplet positioning [138]. Although acoustic heating has
many negative effects for bio-sensing, controlled acoustic heating
can be utilized as a remote heater for biomedical and life-science
applications, such as in polymeric chain reactions (PCR) to amplify
the DNA concentration for detection and in others to accelerate
bio-reaction processes.

When the RF power applied to the IDT of a ZnO SAW device is
sufficiently high, tiny liquid droplets will be ejected from the sur-
face (see Fig. 8a). This has also been frequently reported for LiNbO3

SAW devices [139]. Ejection of small particles and liquids has many
applications ranging from inkjet printing, fuel and oil ejection and
biotechnology. The authors have recently demonstrated that thin
film ZnO based SAW devices can eject the droplets which are so tiny
that an atomization process occurs as shown in Fig. 8b. In general,
the ejected or atomized droplets from a SAW device have a large
range of sizes and can only be ejected at a fixed Rayleigh angle.

6.2.3. ZnO SAW particle manipulation

Transportation and concentration of particles or biosubstances
are one of the important issues for microfluidic and biosensor
applications. A SAW can be utilized to concentrate and transport
nano-/microparticles dispensed in liquid droplets. When a droplet
is located on the SAW surface, an acoustic force will introduce a
shear component and generate a single circular streaming pattern
within the droplet. The shear velocity is high on the edge of the
droplet, and gradually decreases on approaching the center of the
droplet. The particles circulate with the liquid in the droplet and
simultaneously migrate from high to low shear velocity regions
[140]. The concentration effect is dependent on the RF power and
amplitude of the SAW, as well as the properties of the particles
[141]. At very low or very high powers, the particles become dis-
persed. The particle size is also critical and certain sizes will easily
agglomerate, but particles that are smaller can flow inside the liq-
uid. Therefore, it is possible to separate the particles according to
their size using a SAW device [142].

6.2.4. ZnO membrane based microfluidics devices

Flexural plate waves or Lamb waves have also been proposed
for pumping, agitating and enhancing biochemical reactions [143],
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with the principle that fluid motion via the traveling flexural wave
in a ZnO membrane can be used for the transport of liquids resulting
in a steady flow of a few mm/s to cm/s in water [144]. The poten-
tial applications include a micro-total analysis system (�TAS), cell
manipulating systems, and drug delivery systems [145]. However,
due to the low frequency resulting from the thin membrane, the
agitation is not significant as there is insufficient energy coupled
into the liquid.

A recent development using a ZnO membrane based acous-
tic wave device and self-focusing acoustic transducer successfully
demonstrated that liquid can be pumped by strong acoustic stream-
ing [146]. These membrane based acoustic wave devices have also
been used to transport and trap particles, or to sort cells, with the
principle that acoustic streaming produced at the interface of the
membrane and fluid can actuate the particles in the liquid [147].
There are also some reports of new designs using ZnO acoustic wave
devices as droplet ejectors [148]. Annular Fresnel ring (with differ-
ent opening angles) half-wave band electrodes were used on the
surface of a ZnO film as the self-focusing acoustic transducer, and a
directional liquid droplet with different ejection angles can be gen-
erated by changing the opening angle of the sectored electrodes
[149].

7. Future trends for ZnO devices and lab-on-a-chip

The elements required for operating a lab-on-a-chip for detec-
tion include: (1) transportation of liquids as blood or biofluid
containing DNA/proteins into an area on which probe molecules
have been pre-deposited, (2) mixing/reaction of the extracted DNA
or proteins with oligonucleotide or the antibody binders, and
(3) detection of an associated change in the physical, chemical,
mechanical or electrical signals. As discussed in this paper, the
acoustic wave generated on ZnO acoustic devices could induce
significant acoustic streaming, and thus result in mixing, pump-
ing, ejection and atomization of liquids (samples and reagents).
ZnO acoustic wave devices can also be used as biosensors as dis-
cussed above. Therefore, ZnO based acoustic wave devices can be
used to fabricate lab-on-chip bio-detection systems, which com-
bine the functions of micro-droplet transportation, mixing and
bio-detection [116].

ZnO based acoustic wave technologies can be integrated with
other technologies, such as the surface plasma resonance (SPR)
method [150]. SPR sensor technology has been commercialized
and SPR biosensors have become a central tool for characterizing
and qualifying biomolecular interactions. A combination of SAW-
microfluidics and SPR sensing would appear to be sensible for both
microfluidics and bio-detection functions. A potential problem is
that the surface temperature change induced by acoustic excita-
tion may cause changes in refractive index, which is used for SPR
sensor detection. A pulse mode SAW signals can be used to mini-
mize this effect. ZnO based acoustic wave microfluidic devices can
also be combined with liquid chromatography or gas chromatog-
raphy, which can be used to identify the protein or molecules by
mass spectroscopy [151]. Integration of a SAW with optical meth-
ods enables the simultaneous qualification of biological soft layers
formed on the sensor surface under different conditions, such as
density, viscosity, thickness and water content.

For digital microfluidics, there is a need to precisely and
continuously generate liquid droplets. ZnO acoustic wave tech-
nology can be used for the ejection of liquid droplets, but it
is rather difficult to precisely control the micro-droplet gener-
ation. A potential technology to overcome the drawbacks is to
combine electrowetting-on-dielectrics (EWOD) [152] with SAW-
microfluidics. In the past 10 years, EWOD technology has been
successfully developed to dispense and transport nanolitre to
microlitre bio-samples in droplet form at the exact volume required

[153]. However, one of the weaknesses of the EWOD technology is
that it does not provide efficient micro-mixing, and requires the
integration of other technologies e.g. CMOS to realize bio-reaction
and bio-sensing. A novel idea is to integrate the ZnO SAW/FBAR
device with the EWOD device to form lab-on-a-chip equipped with
well developed functionalities of droplet generation, transporta-
tion by EWOD, mixing and bio-sensing using a SAW/FBAR device
[154].

Acoustic wave devices can be easily integrated with standard
CMOS technology. Dual acoustic wave devices can be fabricated
next to each other, so that the neighboring devices can be used as
a sensor-reference combination. One of the devices without pre-
deposited probe molecules can be used as a reference, while the
other one with probe molecules can be used to sense. Using such a
combination, the errors due to temperature drift or other interfer-
ence on the sensing measurement can be minimized. Multi-sensor
arrays can easily be prepared on a chip and a judicious selection of
different immobilized bio-binders enables the simultaneous detec-
tion of multiple DNA or proteins, leading to an accurate diagnosis of
a disease or detection of multiple diseases in parallel. The creation
of these cost-effective sensor arrays can increase the functionality
in real time and provide parallel reading functions.

Currently, one limitation of acoustic wave device applications is
that they require expensive electronic detection systems, such as
network analyzers. A final product aimed at the end user market
must be small, portable and packaged into a highly integrated cost
effective system. The detection of a resonant frequency can be easily
realized using standard oscillator circuits which can measure the
sensor losses based on a portable device. The required purposely
built electronics for acoustic wave sensing is under development,
but at present they are still bulk and heavy. Fabrication of portable
ZnO based acoustic wave detection devices is also promising to
enable the minimization of the system and the reduction of the
power assumption. A wireless RF signals can be used to remotely
measure or monitor physical, chemical and biological quantities by
using acoustic wave devices, without the need of a power supply.
Currently for a lab-on-chip device, sample pre-treatment, purifi-
cation and concentration, as well as a good interface between the
user and the integrated sensing system also need to be developed.
A simple, robust, cheap packaging method is also critical for com-
mercialization.

Currently, there is one concern that ZnO film is very reactive, and
unstable even in air or moisture. Therefore, the stability and reli-
ability becomes a big problem. To solve this problem, an “island”
ZnO SAW structure mentioned in Section 6.2.1 can be used which
can avoid direct contact between the ZnO active layer and the fluid
being pumped. Deposition of a thin protection layer such as DLC
and Si3N4 on top of the ZnO film will be another method. Com-
pared to ZnO, AlN shows a slightly lower piezoelectric coupling.
However, AlN films have some excellent properties. The Rayleigh
wave phase velocity in (0 0 1) AlN is much higher than ZnO, which
suggests that AlN is preferred for high frequency and high sensi-
tivity applications [155]. AlN is a hard material with bulk hardness
similar to quartz, and is chemically stable at temperatures less than
about 700 ◦C. Therefore, using AlN could be an alternative and lead
to the development of acoustic devices operating at higher frequen-
cies, with improved sensitivity and performance in insertion loss
and resistance in harsh environments [156].

8. Conclusions

ZnO films have good piezoelectric properties and a high
electro-mechanical coupling coefficient, and are promising for the
fabrication of fully automated and digitized microsystems with low
cost, fast response, reduced reagent requirement and precision. In
this paper, recent development on preparation and application of
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ZnO films for acoustic wave-based microfluidics and biosensors
has been discussed. High quality and strongly textured ZnO thin
films can be prepared using RF magnetron sputtering. However,
the microstructure, texture and piezoelectric properties of the ZnO
films are affected by sputtering conditions such as plasma power,
gas pressure, substrate material and temperature as well as film
thickness. In addition the acoustic velocity of the ZnO film is depen-
dent significantly on the substrate, film thickness and orientation.

ZnO acoustic wave devices can be successfully used as biosen-
sors, based on a biomolecule recognition system. Among these
biosensors, Love-wave devices, and surface acoustic wave and
film bulk acoustic resonator devices using inclined ZnO films are
promising for applications in highly sensitive bio-detection sys-
tems for both dry and liquid environments. The acoustic wave
generated on the ZnO acoustic devices can also induce significant
acoustic streaming, which can result in 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 based on these ZnO acoustic wave
technologies is promising, and other functions such as droplet cre-
ation, cell sorting, as well as precise bi-detection can be obtained
by integration with other advanced technologies.
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