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ABSTRACT

Progress in ZnO thin films and nanostructures for the acoustic wave micro-
fluidic and sensing applications are reviewed in this chapter. ZnO thin films 
with good piezoelectric properties possess large electromechanical coupling 
coefficients and can be fabricated for the surface acoustic wave (SAW) and 
film-bulk acoustic resonator (FBAR) devices with a good acoustic perfor-
mance. The SAWs can be excited to mix, stream, pump, eject, and atomize 
the liquid, and precision sensing can be performed using SAWs and FBARs. 
Therefore, the ZnO SAW devices are attractive to be integrated into a lab-
on-chip system where the SAWs can transport bio-fluids to the desired area, 
mix the extracted DNA or proteins, and detect the changes of the signals 
using SAWs or FBARs. The ZnO SAW and FBAR devices in combination 
with different sensing layers could also be used to successfully detect gas, 
UV light, and biochemicals with remarkable sensitivities.

5.1 INTRODUCTION

Zinc oxide (ZnO) is a binary compound via a covalent bonding between the 
transition-metal zinc atom and oxygen atom. ZnO thin films and nanostruc-
tures are multifunctional materials, which have attracted much attention 
from as early as 1930s until today due to various fundamental electronic, 

years, the development of new growth technologies of ZnO thin films and 
nanostructures and their new applications has renewed lots of interest on 

investigation of their growth mechanism, band structures, excitons, and deep 
centers in luminescence, nonlinear optics, and UV lasing [8,9]. With in-depth 
understanding of the semiconducting, optical, electronic, piezoelectric, and 
pyroelectric properties, ZnO has now been widely applied for microfluidics, 

These immense applications also have boosted the extensive researches on 
the fundamentals and growth techniques of the ZnO-based materials.

typically at micron and submicron dimensions in a miniaturized system and 
the corresponding technologies for such systems. This multidisciplinary 
technology is comprehensively based on physics, nanotechnology, biotech-
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the developments of the inkjet print-heads, DNA chips, and lab-on-a-chip 

is conveniently handled through generating, transporting, separating, 

consumption, high-throughput, compactness, high sensitivity, fast response, 

at microscale has been supported with the urgent needs from healthcare, 
medical research, life science, drug-development sectors. However, the 

and phenomena become dominant at a microscale level, such as capillary 
forces, surface roughness and undesired chemical interactions. These may be 

for the conventional ones. Various technologies, including eletrokinetics, 
electrowetting, and acoustic wave technology, etc. have been integrated into 

-
lems. The planar chip which combines the surface acoustic wave (SAW) 

Acoustic wave is generated from the piezoelectric materials using electric 

of the acoustic waves are determined by the propagation ways because of 
the piezoelectricity and the boundaries in the materials. Different acoustic 
waves can be categorized into SAW, bulk acoustic wave, shear-horizontal 
wave, acoustic plate mode wave, Love wave and Lamb wave, etc. [19]. The 
SAW techniques offer simpler and more compact devices without moving 

of considerable interest and developments on SAW technology in the past 

-
electric materials (e.g., quartz, lithium tantalite, and lithium niobate), thin 
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-

consists of three units, including the input port, sensing unit, and output port, 
with a functional relationship between the input and output quantities in a 
form of electrical or optical signals. The sensor always appears as a probe 
device that widely exists around our world, covering natural sensors in living 

biochemical sensors, gas sensors, physical sensors such as humidity and 
temperature sensors, pressure sensor, and viscometers [20,21]. The sensor 
technologies have made a remarkable leap in the last a few decades owing 
to the development of micro-electromechanical systems (MEMS) in micro-
electronic engineering [20]. This allows multiple sensors to be manufac-
tured at micro or nanoscale as microsensors or nanosensor, which can 

instance, it operates with a frequency in the range of GHz and offers a high 
sensitivity to the variations of mass load [22]. Tremendous advances and 
latest technologies of the sensor structure, manufacturing technology, and 
signal-processing algorithms have been incorporated into micro and nano-
sensors and wireless sensor networks [23]. The sensors have now been 
broadly applied as an integral part in medical diagnostics, chemical, and 
biological recognition systems, health care, automobile and industrial manu-
facturing, and environmental monitoring. Among the various sensing mate-

and developing of the sensors due to their high sensitivity to the physical, 
chemical, and biological environment [21].

-

applications.

5.2 ZNO THIN FILMS AND NANOSTRUCTURES

ZnO is an “old” semiconductor material, which have been studied for 80 
years. The renewed interest is fueled by availability of the new findings 
on the fundamentals of ZnO and novel applications. ZnO can stably be 
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crystallized in cubic zinc blende or hexagonal wurtzite structure. The roch-
salt structure of ZnO only exists in relatively high pressures. Different crys-
tallized states of ZnO include thin films, nanostructured crystals, and single 
crystals. However, much attention has been paid for ZnO materials with low 
dimensions due to the increasing demand of the miniaturized devices, which 
leads to thorough and extensive investigations on the ZnO thin films and 
nanostructures. In this section, fundamentals, growth, and deposition tech-
niques of ZnO thin films and nanostructures will be briefly presented; and 
high-quality ZnO thin films and nanostructures are discussed for acoustic 
wave devices and sensing applications.

5.2.1 FUNDAMENTALS OF ZNO

The electronic band structure of ZnO is one of the basic properties and has 
been investigated through the theoretical calculations and experimental 
determination. The band structure calculation was first proposed using 
a Greens function method in 1969 [24]. Later, density functional theory 
method was used. A band gap of 3.77 eV was obtained between the valence 

zone using a local density approximation (LDA) and atomic self-interac-
tion corrected pseudopotentials [25]. However, simply using the LDA could 
underestimate the band gap for 0.2 eV [26]. Experimentally, the band gap of 
the ZnO is 3.37 eV at room temperature and 3.44 eV at low temperatures, 
which is significantly dependent on the temperature and pressure due to the 
change of the lattice constants. The Varshni’s empirical relation between the 
band gap and temperature can be written as follows [27]:

 
2

0g g
TE E

T
 (5.1)

where Eg0,  and  correspond to the transition energy at 0 K, a temperature 
 eV·K

direct and wide band gap of ZnO is beneficial to the optoelectronic applica-
tions in the blue and UV regions, including light-emitting diodes, UV laser, 
and photodetectors that will be discussed later in this chapter. In order to 
get a lager band gap of ZnO, band-structure engineering has been adopted 
by doping or alloying with MgO and CdO, which has been considered as 
an alternative to the wurtzite gallium nitride (GaN)-based optical devices 
[28,29]. In addition, the high exciton binding energy of 60 MeV ensures 
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efficient excitonic emission of optoelectronics based on excitonic effects 
[30], and the laser worked with exciton transition is expected.

Piezoelectric effect is a reversible process that exhibits a linear electro-
mechanical interaction between the mechanical and the electrical state in 
crystalline materials. Piezoelectricity was discovered by French physicists 
Jacques and Pierre Curie [31]. As an important characteristic of hexagonal 
wurtzite ZnO, piezoelectricity originates from the polarity that is composed 
of tetrahedral coordination. The direction of the polarity is along the c-axis 
from cation to anion, which results in the primary polar plane (0 0 0 1) 
with the lowest energy. When the external mechanical stress is applied and 
induces lattice distortion of the wurtzite ZnO materials, the centers of Zn 
cation and O anion are displaced in the noncentrosymmetric structure and 
local dipole moments are formed. Accordingly, piezoelectricity along the 
[0 0 0 1]-direction appears due to the macroscopic polarization in the ZnO 
crystal. A large electromechanical coupling of k2 ranging from 1% to 5.2% 
can be obtained due to the highest piezoelectric tensor of the tetrahedrally 

In the practical applications, good piezoelectricity requires that the ZnO 

stoichiometric ratio of Zn atoms to O atoms, a smooth surface with a low 
roughness, and an appropriate thickness. Various technologies and methods 
have been developed to obtain high-quality piezoelectric ZnO mate-

different transition-metal atoms (e.g., Fe, V, Cr) doped in ZnO have been 

[34,35]. The piezoelectric properties can also be tailored by tuning the Mg 
composition in Mg-doped ZnO [36,37]. The size reduction of the ZnO mate-
rials to nanoscale can enhance the piezoelectricity. Recent advance on the 

the effective piezoelectric constant of ZnO nanowire is much larger than that 
of bulk ZnO material due to their free boundary [38]. Giant piezoelectric 
size effects in the ZnO nanowire were also reported, and the piezoelectric 

 can be obtained when the diameter of the nanow-
ires was reduced to 0.6 nm calculated using density functional theory [39].

The optical properties of the ZnO include luminescence and photoconduc-
tivity, as well as the refractive index and absorption index. The luminescence 
of ideal ZnO crystals only refers to the intrinsic near-band-edge emission at 
the UV region. The free exciton emission can be observed at a low tempera-

-



ZnO Thin Films and Nanostructures for Acoustic  201

However, the defects in ZnO materials are inevitable because of the growth 
conditions during the process of the synthesis and preparation. These result 
in diverse characteristics of the luminescence at room temperature such as 
the blue emission, green emission, red emission as well as UV emission. 
The different forms of the photoluminescences are possibly originated from 
the oxygen vacancies, zinc interstitials, zinc vacancies, or doubly ionized 

Taking the blue emission in ZnO for instance, it was assigned to the transi-
tions of electrons from the shallow donor of oxygen vacancy to the valence 
band and from the conduction band to the acceptor of zinc vacancy [44]. 
The later transition was argued that it might not exist due to fewer creations 

related defects were also considered to contribute to the blue emission [46]. 
The luminescence is heavily dependent on the defects that are sensitively 
varied in the different growth conditions. The intrinsic transition near band-
edge for the high-quality ZnO materials can be used to demonstrate the UV 

investigations have provided an insight into the formation mechanism of 
those different defects, by combining the luminescence spectroscopy with 
electron paramagnetic resonance measurements and the theoretically accu-
rate computations [9,50]. The formation of the different defects depends on 
the growth conditions. Therefore, control of the defect formations in the 

materials.
-

structures are sensitive to the exposure of the surface to the light and absorbed 
molecules or atoms, respectively. Photoconductivity is a phenomenon in 
which the electrical conductivity depends on the absorption of the electro-

Mollow and Miller, is now extensively investigated [51,52]. Different ZnO 

involved in the evaluation of the performance of photoconductivity. The 
photoresponse of ZnO changes from tens of microseconds to a few minutes 
because of the different transitions governed by the intrinsic inter-band 

induced by the intrinsic inter-band transition is much faster than those domi-
nant by the oxygen adsorption and the recombination. The different mecha-
nisms of the photoconductivity have been proposed such as the hole-capture 
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desorption for ZnO materials with low dimensions [57,58]. Therefore, high-

high-speed photosensor with a fast response.
The surface conductivity of ZnO is changed with the charge accumu-

lation near the surface due to the band bending when the charge transfer 
occurs after absorbing various gaseous molecules or atoms. The surface 

prone to be changed. Surface conductivity of ZnO was investigated by 
annealing and adsorption of atomic hydrogen or of oxygen in an ultrahigh 
vacuum chamber [59]. A layer of the surface electrons accumulated on the 

-
pear in ambient air [60]. The surface defects formed by chemical bonding 
or physical treatment also play important roles on the surface conductivity, 

of surface states normally reduces the mobility of the carriers and lead to 
the decrease in surface conductivity [64]. Furthermore, the research on the 
surface conductivity is helpful to understand the mechanism of ZnO-based 
sensors discussed in the later sections.

applications, some related properties of ZnO such as nonlinear optics, pyro-
electricity, and thermal conductivity are not discussed here, which can be 
obtained from the other references [65,66].

5.2.2 ZNO THIN FILMS

ZnO thin film is a layered material with thicknesses ranging from a few 
nanometers (monolayer) to several micrometers. Lots of the studies on 
ZnO-thin films mainly focus on five topics, including the properties, 
growth mechanism, methods of the preparation, preparation technologies, 
and device applications. The crystalline properties, including the texture, 
orientation, microstructure, morphology, stress, adhesion, substrate, and 
defects, are intrinsic to piezoelectric and sensing performance. However, the 
growth conditions significantly influence on the growth dynamics; there-
fore, in order to acquire high-quality ZnO thin films, the growth parameters 
are needed to be optimized. This preliminary work is thoroughly performed 
before the application of ZnO thin films to fabricate high-performance 
ZnO-based devices [12,33]. The improvements of the deposition tech-
niques, using physical vapor deposition (PVD), chemical vapor deposition 
(CVD), and wet chemical method, offer a better control of the crystallinity, 
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piezoelectric, and electrical properties of ZnO thin films. A reproducible, 
stable, and robust process is expected for the large-scale production of ZnO 
thin films with a high quality. Therefore, the crystallinity of ZnO thin films 
and how to grow ZnO thin films using different deposition techniques are 
presented and discussed in the following sections.

5.2.2.1 CRYSTALLINE CHARACTERISTICS

Texture in ZnO thin films normally refers to the distribution of the crystallo-
graphic orientations. It is changed from nontexture in the polycrystalline thin 
film to perfect texture in single crystals due to the different growth processes. 
ZnO thin films with a strong texture can be prepared using various growth 
techniques including the magnetron sputtering, CVD, pulsed laser deposi-
tion (PLD), thermal evaporation, atomic layer deposition, molecular beam 
epitaxy (MBE), and wet chemical method, etc. In a highly textured ZnO 
thin film, the preferred orientation is commonly along the [0 0 0 2] direction 
in a hexagonal wurtzite structure, and the cross-sectional microstructure is 
generally columnar or rod-like as shown in Figure 5.1(a), whereas nontex-
tured polycrystalline ZnO thin films consist of particle-like fine grains in 
microstructure. Furthermore, the film texture and microstructure determine 
the hardness, stress, elastic, and piezoelectric properties. Therefore, control 
and tailoring the crystalline texture of ZnO thin films on demand is of crit-
ical importance toward the device-based applications.

in Figure 5.1(b), can be deposited to allow the excitation of a novel mode 

Common methods of varying the substrate tilt angle or the angle between 

c -
ered structure using SiO2 buffer layer, which was used to control the gener-
ation of the shear waves [74,75]. Shear waves with suppressed longitude 

Substrates and interlayer (or buffer layer) are considered as one impor-

substrate can directly determine the lattice mismatch and thermal expan-
sion mismatch, which results in different microstructures, morphologies and 
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c
generally grow faster on the special crystallographic surfaces than those on 

layer of ZnO has been used as a seed layer to direct the growth orientation 
[78,79]. Interlayers of silicon carbide (SiC), GaN, diamond, nanocrystalline 
diamond (NCD) or diamond-like carbon (DLC) on Si substrates has been 

FIGURE 5.1 Textures of the ZnO films on the silicon substrates (a) with columnar structure 
and (b) with tilted columnar structure measured using scanning electron microscopy (SEM).

as the key factors to successfully fabricate ZnO-based device in the process 

mismatch of the lattice and thermal expansion, which is affected by different 
growth conditions using various growth techniques. The quantity of the 
stress can be evaluated using the Stoney formula [84]. Take magnetron sput-
tering for instance, the compressive stresses often arise through bombard-

radio-frequency (RF) power, chamber pressure, and deposition rate. Large 

adhesion failure or delamination. This is one of the major obstacles in manu-
facturing ZnO-based devices with a high performance. Therefore, reduction 

-
mance ZnO-based devices. Recently, some strategies were adopted, such as 
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introducing the buffer layer or interlayer, using free-standing substrate or 
self-standing without substrates, annealing treatment, as well as the opti-
mization of the growth conditions [85,86]. New deposition technique such 
as high-target utilization sputtering (HiTUS) has also been developed to 

could exhibit a smooth surface morphology with 0.26-nm-high monolayer 
atomic steps [87]. In addition, good stoichiometric ratio, low defects, and 

-
ties. Thereafter, control and improvement of the crystallinity is fundamental. 
However, it is complicated to enhance the piezoelectric, optical, and elec-

FIGURE 5.2 Comparison of the stresses in ZnO films deposited using the HiTUS technique 
and normal magnetron sputtering (reprinted with permission from Ref. [84]).

5.2.2.2 GROWTH OF ZNO THIN FILMS

The growths of ZnO thin films have different characteristics due to the various 
external conditions, which can obviously change the growth dynamics and 
modulate the crystallizing process. Therefore, the properties of ZnO thin 
films are various and complicated due to the different growth mecha-
nisms using various techniques such as PVD, CVD, and wetting chemical 
methods. The balance among the surface free energies of the substrate, film 
materials, and their interfaces plays a remarkable role on the growth kinetics 
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contributed by the strains in ZnO thin films that were mainly formed by the 
lattice mismatch. When the total free energy of the interface and the film 
surface is equal to the free energy of the substrate surface, a layer-by-layer 

(2D) growth mode, nucleation of each new layer will only appear after the 
previous layer is completed. In the opposite case, if the interactions among 
adatoms are stronger than those of the adatoms within the surface, the three-
dimensional (3D) islands or clusters are formed to minimize the interfaces 

growth [90]. However, a common process is an intermediary of the 2D layer 

monolayers usually form first, and subsequently the layer-by-layer growth 
is transit to islands growth when the thickness of the layer reaches a crit-
ical value that is varied with the chemical and physical properties of the 
substrate and film. Furthermore, the three primary growth mechanism can 
be transformed due to the variations of the free energies and lattice param-
eters, which lead to different morphologies and microstructures in ZnO thin 
films [90]. Appropriate modification of the growth condition could well 
control the growth mode to prepare the ZnO thin films with special proper-
ties. For instance, ZnO quantum dots (QDs) were reported grown on SiO2

Krastanov growth [93]. ZnO QDs were self-assembled by a vapor-phase 
transport process, and ZnO nanodots with tunable optical properties were 
achieved on solid substrates in the islands growth mode [94].

PVD technologies are vacuum deposition methods that produce vapor-

They consist of sputtering, PLD, thermal evaporation, electron-beam evap-

involves a process beginning with the random nucleation and following 
-

cantly dependent upon the deposition parameters including the temperature 
and pressure, growth rate, and substrate surface conditions. This leads to 

effect) are exhibited from the atomic growth, which cannot be observed in 
bulk materials.

Sputtering, including direct current sputtering, RF magnetron sputtering 
and reactive sputtering, is a preferred and popular technique with advan-
tages of simplicity, good reproducibility, low cost, better adhesion, low 
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operating temperature, and compatibility with microelectronics and MEMS 

device fabrication. In the sputtering process, the energetic particles bombard 
on or beneath the surface of the target and generate a lot of atoms or ions 
that are transported and impinged onto the substrate. The chemical or phys-
ical adsorption of atoms or ions leads to the nucleation of. Subsequently, 
the sputtered atoms collide and diffuse among the ZnO crystal grains, and 

recrystallization. The correlations among the deposition parameters (e.g., 
chamber pressure, substrate temperature, sputter voltage, bias voltage, and 

Although magnetron sputtering is the most scalable method, plasma 

-
linity could be resulted due to the increase in the plasma density, which leads 

-

MEMS process. In order to resolve the above problem, a side arm has been 
developed to generate the plasma that can be launched into the chamber and 
further steered onto the target using an electromagnet in HiTUS [96,97]. 
Thus, the low Ar+

induced damage and better control of the roughness and stress for the ZnO 

PLD is a versatile technique that uses the high-power pulse laser beam 
to ablate and evaporate the surface of the target material. The vaporized 
materials subsequently form the plasma plume and are impinged onto the 

lower substrate temperatures and relative higher oxygen-partial pres-

and substrate to target distance [98,99]. High oxygen background pres-
sure normally results in compressive strain on sapphire and Si substrates, 
whereas the honeycomb-like morphology is formed at relative low pressure 
[100]. Thus, the deposition rate and the kinetic energy of ejected species 

background gas molecules and the ablated species. Owing to the different 
optimum regimes of oxygen pressure and substrate temperature, a two-step 
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buffer layer was deposited at a low pressure or low temperature, and then 

high temperature [101,102]. This method will reduces the surface roughness 

ScMgAlO4) with a close lattice match to ZnO can also improve the crystal-
linity and reduce the defect densities and increase the Hall mobility up to 
440 cm2·V ·s

1 0 1 1 1 0 0]
1 1 2 0] sapphire direction [105]. The strains in the in-plane direc-

tions are considered to be generated from the anisotropic lattice matching 
and thermal contraction of the sapphire substrate. In order to prepare the 

-

substrate [110]. Novel Aurora PLD method was also developed by applying 

substrate temperature and enhance the photoluminescence [111,112].
MBE is a vacuum atomic layer by atomic layer growth technique 

invented at the late 1960s [113]. The epitaxial growth is attributed to the 

of the reactions of the molecular or atomic beams on the heated crystalline 

offers real-time growth information to monitor, optimize, and control of the 
surface structures, lateral uniformity, and growth process [114]. The fraction 

evaporated zinc metal and oxygen (or dihydrogen dioxide, H2O2) generally 

MBE is complicated which involves the adsorption, desorption, surface 
diffusion, incorporation, and decomposition [114]. Furthermore, the growth 
rate, composition, and doping concentration are mainly dependent on the 
arrival rates of different species in the collimated beams.

the mismatch at the interface, resulting in the decrease in the strain and 
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R-plane, GaN, MgO, and ScAlMgO4 are most frequently used in the various 
2 0) 

1 2) Al2O3 and [1 1 2 0] Al2O3 with R-plane, and a 
low density of threading dislocations was observed in the [1 1 0 0] direction, 

SiC) were often used to solve the above problem [119]. An MgO buffer layer 

c-sapphire, resulting in the improvement of the crystallinity and reduction of 
the screw dislocation density of ZnO layers from 6.1 × 108 cm  to 8.1 × 105 
cm  [120]. Recent advance further showed that the thermal annealed MgO 
buffer layer can effectively control stress accumulation and produce a high-

The MBE growth allows accurate donor or acceptor in the desired thin 

with good reproducibility using MBE. The acceptor concentration larger 
than the unintentional donor concentration can be obtained via doping the 
elements such as N, P, As, and Sb, which is important to develop the ZnO-

are controversial due to their poor reproducibility and instability of elec-
tric properties in the acceptor-doped samples. Take ZnO:N for instance, it 
changed from p-type conductivity to n-type one after a few days and the 
lattice constants were relaxed to its undoped value [124]. The sputtered 

repeated measurements in the dark and recovered p-type with exposure to 
sunlight [125]. The slow transition from p- to n-type conductivity was tenta-
tively assigned to the acceptor migration from the substitutional to the inter-
stitial position [126,127].

CVD growth is a chemical process that involves the chemical reactions 
of the gaseous precursors that are delivered into the growth zone using 
the carrier gas, and the condensation and crystallization of the compounds 
onto the substrates. Various CVD techniques are categorized according to 
their operating pressure, such as atmospheric pressure CVD, Low-pres-
sure CVD, and ultrahigh vacuum CVD. Plasma processing was also used 
to enhance chemical reaction rates of the precursors, leading to the CVD 
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variants including the microwave plasma-assisted CVD, plasma-enhanced 
CVD, and remote plasma-enhanced CVD [128]. When the metalorganic 
species is used as the precursors, this method is known as the MOCVD. 

that exhibits the advantages of good reproducibility, uniform distribution 
over large area, availability of a wide variety of source materials, excellent 

ability to coat complex shapes [128].

using CVD on different substrates such as glass, sapphire, Si, Ge, GaAs, 
GaP, InP, GaN, and ZnO [129,130]. The (1 1 2 0) nonpolar a-plane ZnO 

1 2) r-sapphire substrates can be epitaxially grown, which 
was expected to fabricate the multimode SAW devices [131]. The pre-

reduction of the reactor pressure. Thus, alternative oxygen precursors have 
been proposed including iso-propanole, butanole, ozone, ethanol, or N2O 
[132,133]. The resolutions for above problem can also be performed by 
modifying the MOCVD system. The methods such as separating of metal-

time, and using horizontal or vertical reactors and high-speed rotation reac-

organic sources (e.g., zinc acetylacetonate, bis(acetylacetonato) zinc(II), 

advantages and limitations, they are popular and compatible with microelec-
tronics in the device-based application because they could meet the require-

not approach the requirements of the fabrication for the SAW devices in 
-

5.2.3 ZNO NANOSTRUCTURES

ZnO nanostructures are defined as the ZnO materials consisting of the struc-
tural elements with at least one dimension at nanoscale that ranges from 0.1 
to 100 nm. The individual ZnO nanostructure refers to the QD, nanopar-
ticle, nanowire, nanorod, nanotube, nanobelt, and nanoplatelet, whereas the 
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collections of the ZnO nanostructures normally are shown in forms of arrays, 
assembly, and hierarchical nanoarchitectures based on the above individual 
ZnO nanostructure. Considering the dimensions at nanoscale, the ZnO nano-
structures also are categorized as follows [5,66]:

zero dimension (0D) nanomaterials, for example, nanoparticle, nano-
cluster, nanocolloids, and nanocrystals;
one-dimension (1D) ones, for example, nanowire, nanorods, nano-
belt, and nanotube;
two-dimension (2D) ones, for example, nanoplatelet and nanodisk; 
and
hierarchical three-dimension (3D) nanoarchitectures, for example, 

-
flower, and brushed shape.

The physical and chemical properties of the ZnO nanostructures are 

microstructure, and this is different with the bulk ZnO materials. Therefore, 
controllable synthesis of the ZnO nanostructures with multiple functional-
ities offers the possibility of engineering and developing novel ZnO-based 
devices.

The unique effects of the ZnO nanostructures include size effect, surface 

electrical, and piezoelectric properties up to extremely wide regions for 

with quantum effect with the decrease in the size of the ZnO materials to 

of space in one, two, or three dimensions [141,142]. When the size of the 
ZnO materials reaches nanoscale the ratio of the surface to volume becomes 

is usually considered as the surface effect. It is crucial to the sensing appli-
cations. The feature of the ZnO nanomaterials in the quantum region is the 

quantum size effect of metals at nanoscale [142]. The continuous energy 
levels of the electronic structures are split into discrete energy levels. This 
effect can enhance the optical properties of ZnO nanostructures, for instance, 
it led to the increase in the band-gap energy of ZnO nanocrystals with the 
sizes ranging from 3 to 5.4 nm [141].
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5.2.3.1 0D ZNO NANOSTRUCTURES

ZnO QDs are typically thought as the 0D ZnO nanostructure. Their discrete 
energy levels are generated from the excitons confined by the 3D potential 
well when the dimensions of the ZnO QDs approach or become less than 
the exciton Bohr radius [142,143]. Many investigations were conducted to 
understand the excitonic properties of the ZnO QDs, as well as their influ-
ences on the optical properties. The exciton Bohr radius for the bulk ZnO is 

and quantum confinement effects have comparable strengths for the size 
ranging from 2 to 6 nm [144]. The quantum confinement of the ZnO QDs 
leads to the blue shift for the free exciton transition and size dependence of 
the coupling strength between electron and longitudinal optical phonon in 
the Raman analysis [145].

Recent advances of the growth of ZnO QDs have mainly been made 

changed the environment of the reaction solution including the temperature, 
the precursor concentration, pH value, and the surfactant forms the external 
factors that could modulate the size of the ZnO QDs, and subsequently 
resulting in their tunable optical properties. The obtained ZnO QDs have 
been used to label the cells with antibacterial activity, low cytotoxicity, and 

region of the light wavelength, the ZnO QDs were reported to be embedded 
in graphene, SiO2
allowed the applications of the ZnO QDs for the light-emitting devices, for 
example, the ZnO QDs wrapped in a shell of single-layer graphene could be 
made a white-light-emitting diode with a brightness of 798 cd·m . The blue-
light emitting ZnO QDs combined with biodegradable chitosan (N-acetyl-
glucosamine) were used for tumor-targeted drug delivery [153]. Owing to 
the surface effect, the ZnO QDs were also utilized as sensing materials that 
exhibited good response to the gas and UV light detections [154,155]. In 
addition, high-quality self-assemble ZnO QDs can be also grown using the 

The ZnO QDs are special nanoparticles with the size ranging from 
1 to 20 nm. When the size is larger than 20 nm and less than 100 nm, the 
normal ZnO nanoparticles could be stably synthesized using the wet chem-
ical method. The wet chemical method is a low-cost and environmentally 
friendly technique, which allows control of the shape, size and crystal phase 
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the ZnO nanoparticles could be synthesized by the preparation of ZnO sols 
in the liquid phase from homogeneous ethanolic solutions with precursors of 
sodium hydroxide and zinc acetate [159,160]. Thus, numerous studies were 
carried out to explore the growth mechanisms of ZnO nanoparticles with the 
variations of different solution parameters, which are expected to reproduc-

-
cations such as gas sensing, biosensing, bioimaging and photoelectronic 

-
-

dent on the size, and the toxicity becomes greater when the size is reduced. 
Therefore, an optimum design of the size range could improve the cancer 
cell electivity and minimize the toxicity against the normal body cells [164].

5.2.3.2 1D AND 2D ZNO NANOSTRUCTURES

1D ZnO nanostructures are the most attractive nanomaterials because of 
the easy control of the nucleation sites and the diverse device applications. 
As a typical 1D ZnO nanostructure, ZnO nanowires (or nanorods) has a 
large aspect ratio of the length to width. The physical properties are remark-
able changed with the reduction of the diameter. The Young’s modulus and 
effective piezoelectric constant of the ZnO nanowires are much large than 
those of the bulk ZnO based on the first-principle computation and experi-
mental measurements [165,166]. However, the structural defects in the ZnO 
nanowires could delay the response of the electromechanical coupling [167]. 
In order to grow high-quality ZnO nanowires, various techniques such as 
vapor phase transportation growth [168] and hydrothermal growth at low 
temperature [169,170] were developed to control the orientation, diameter, 
morphology, and position.

Vapor phase transportation growth normally consists of catalyst assisted 

which is one of the most popular techniques to synthesize the ZnO nanow-

because the growth parameters are tunable and controllable during the growth 
process [171]. The typical VLS growth begins with introducing liquid drop-
lets of a catalyst metal with nanosize on the substrate, where the vapor of the 

-
face direct the crystal growth to form ZnO nanowires [172]. The key factor 
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of growing ZnO nanowires is the size and physical properties of the metal 
catalyst which determines the size and positions of the ZnO nanowire. The 
minimization of the total free energy dominates the growth direction which 
is mainly contributed from the free energy of the interface between ZnO and 
metal catalyst. When the size of the metal catalysts is reduced, it is a chal-
lenging issue to grow ZnO nanowires with such a small diameter because the 

-
tial of the liquid alloy droplet. Different metal catalysts (e.g., Au, Ag, Cu, Ni, 
and Sn) were used to modify the growth directions and morphologies of the 

usually can be grown on the a-plane sapphire because of the nearly lattice 
match epitaxial growth that results in the vertical alignment of the nanow-
ires [175,176]. Some other substrates such as GaN, Al0.5Ga0.5N, and AlN also 
allow the vertically aligned growth of the ZnO nanowire beside the sapphire 
substrate [177]. Novel crawling growth of ZnO nanowires can be driven on 
(0 0 0 1) GaN with CVD due to the diffusion of Au from the primary Au-cata-
lyzed particle with large size [178]. Furthermore, the ZnO nanowires can only 
grow in the activated area with metal catalysts, which allows patterning of 
the metal catalysts arrays using various lithographical technologies including 

ZnO nanowire arrays with different patterns are controllably grown, which 
could serve as the highly appropriate device-based materials for the applica-

The nonlithographical technique using anodic aluminum oxide membranes 
as a mask can also pattern the Au catalyst on GaN substrate to prepare the 
ZnO nanowire arrays [184]. It is also noted that the introduction of metal 
catalysts leads to the impurity level in band gap that could degrade the optical 
properties, and the metal catalysts may be not compatible with the COMS 
process in the device fabrication [185]. Naturally considering of the cata-

thermal sublimation technique [186]. Another method without metal catalysts 
is MOCVD, which could also obtain the ZnO nanowires on sapphire with 
high optical quality [187].

Hydrothermal synthesis of the ZnO nanowires at low temperature is a 
popular growth technique in a solution phase, which has potential for wafer-
scale production to fabricate ZnO nanowire-based devices [188]. The ultra-
long ZnO nanowires are grown up to several micrometers with the growth 

nitrate and hexamethylenetetramine (HMTA) are often used to prepare the 
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ZnO nanowires on the ZnO-seeded substrates, with a typical growth process 
shown in Figure 5.3(e). The high water-soluble HMTA is decomposed to 
release the hydroxyl ions reacting with Zn2+ ions to form ZnO, and the 
ZnO seeds are nucleated and grown to be the nanowires. The mild reac-

-
tures, reaction times, pH values, surfactants, and substituting zinc acetate 
and ammonia for the precursors [6,189]. The morphologies of the resulting 
ZnO nanomaterials with various density and size could be changed from the 

like shape [190]. The hydrothermal synthesis of ZnO nanowires can also 

FIGURE 5.3 

transmission electron microscope for the ZnO nanowires (reprinted with permission from 
Refs. [168,188,238]).
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-
tion, the ZnO nanowires can also be prepared using the other wet chemical 

-
trochemical deposition assisted by the templates of nanoporous membranes 

ZnO nanobelts normally are long ribbons with a rectangular cross section 

important characteristics: noncentral symmetry and polar surfaces. They 
dominate the growth of novel structures of ZnO nanobelts by controlling 
of the growth rates along different directions. The nonpolar facets of {2 1 
1 0} and {0 1 1 0} have lower energies than the {0 0 0 1} facets, thus, the 
ZnO nanobelts dominated by the (0 0 0 1) polar surface will grow along the 
a-axis [199]. They bend and fold into shapes of nanoring, nanohelixes, and 
nanospring to achieve the minimized energy and neutralize the local polar 

nanobelts is perpendicular to the spiral axis for the structures of nanohelixes 
and nanospirals, and a seamless nanoring can be formed with a rotation of 
90° for the polarization [201]. The temperature is an important factor to 
determine the growth direction during the process of the thermal evapora-
tion growth. The ZnO nanobelts began to growing along [0 1 1 3] before 
the temperature reach 1475°C and subsequently switched to growing along 
[0 1 1 0] with the temperature stabilizing at 1475°C [202]. The effective 

d33) of the (0 0 0 1) surface of the ZnO nanobelt measured 
using piezoresponse force microscopy was found to be frequency-depen-
dent, which is much larger than that of the (0 0 0 1) surface of the bulk ZnO 

be enhanced for the ZnO nanobelts [204]. The lasing emission in PL spectra 
was also found for the ZnO nanobelts, and the sensing application of the 
ZnO nanobelts for detecting H2 and NO2 exhibited fast response and good 
repeatability [205,206].

ZnO disks and platelets at nanoscale are widely reported as the 2D 

method to synthesize the ZnO disks and platelet at nanoscale is solution 
phase growth including the microemulsion and hydrothermal growth. When 
the surfactant of sodium bis(2-ethylhexyl) sulfosuccinate was used during 
the preparation of an oil-in-water microemulsion, large-scale uniform ZnO 

increase in temperature from 70 to 90°C as shown in Figure 5.4(d and e) 
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[207]. If the growth along [0 0 0 1] direction of the wurtzite ZnO is strongly 
suppressed by the surfactant or capping reagent (e.g., polyacrylamide and 
ethylenediaminetetraacetic acid), the growth directions along six symmetric 
directions of ±[1 0 1 0], ±[1 1 0 0], and ±[0 1 1 0] are favored to form the 
hexagonal ZnO disk during the hydrothermal process. For instance, the ZnO 
disks and plates can be hydrothermally grown from the aqueous reaction of 
sodium nitrate and HMTA [208]. Hydrothermal growth of ZnO nanodisks 
with an average diameter of 150 nm and thickness of 40 nm were reported 
using ethylenediaminetetraacetic acid as an organic ligand [209]. Double 
surfactants of hexadecyltrimethylammonium bromide and sodium dodecyl 
sulfate recently are used to controllably grown the regular hexagonal twinned 
ZnO nanodisks [210]. The growth along [0 0 0 1] direction of the wurtzite 
ZnO was recovered without surfactants, then ZnO nanoplates were formed 
as shown in Figure 5.4(f) [211]. The mixtures of zinc oxide and graphite 
powders were used as source materials in vapor-phase transport method, 

in thickness [212].

FIGURE 5.4 Different shapes of the ZnO nanobelts: (a) nanoring [4] and (b) nanohelixes 
[200]; (c) the crystallographic orientation of a ZnO nanoring [4]; 2D ZnO nanostructures: 
(d) hexagonal disk [208], (e) hexagonal ring [208], and (f) platelet [211] (reprinted with 
permission from Refs. [200,208,211]).
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5.2.3.3 HIERARCHICAL ARCHITECTURES OF ZNO 
NANOSTRUCTURES

Hierarchical architectures of the ZnO nanostructures refer to the 3D struc-
tures with multiple levels that are uniformly arranged or constructed in 
order by the relatively low-dimension nanostructures. Figure 5.5 shows the 
commonly observed hierarchical ZnO nanostructures, which are catego-

-
archical ZnO nanostructure can be enhanced from the cooperative coupling 
of the multiple-level, multiple-dimension, and different compositions. They 
are stimulating lots of interest on the control of growing various hierarchical 
architectures, which are expected to be applied for the design and develop-

FIGURE 5.5 Hierarchical structured ZnO nanomaterials including (a) ordered porous 

Ordered porous ZnO nanostructures are normally fabricated using the 
template method. The templates can be formed using different materials 
including PS sphere, porous alumina membranes, colloidal crystals, Schiff-
base amine, liquid crystals, and ordered mesoporous carbon [213,217,218]. 

later, thus porous ZnO nanostructures are obtained. The pore size, pore 



ZnO Thin Films and Nanostructures for Acoustic  219

density, and periodicity are determined by the physical parameters of the 
template, for instance, the smaller PS sphere leads to the rapid reduction 
of the pore size. Some unique properties of the ordered porous ZnO nano-
structures are exhibited, such as superhydrophobicity and high surface area 
[219,220]. When the PS spheres with a size of 193 nm had been used as the 
template the products also were considered as inverted 3D photonic crystal 
structure which helps enhancing the optical property of ordered ZnO nano-
structures [221].

-

one is that the band gap of shell nanocrystals is larger than that of the core 

thickness of the shell [214]. When the ZnO nanocrystals were selected as the 
shell materials, they provide energy barriers with the different core nanoma-
terials such as FePt, Mn:ZnS, Zn, and oxides (e.g., Co3O4, Fe3O4, and TiO2) 

to be tuned via precisely controlling of the size, shape, and composition of 
the core. For instance, the strong violet PL at 425 nm from the ZnO shell 

ZnO shell thickness or annealing during the preparation process using laser 
-

ited a wide range of semiconducting, magnetic, and piezoelectric properties 
that were expected to modulate the material’s response to magnetic, elec-
trical, optical, and mechanical stimuli [225]. Considering that the nanopar-
ticles with ZnO shell often are applied as QDs system for the bioprobe, 

glutathione-functionalized as the time-resolved Förster resonance energy 
transfer (TR-FRET) bioprobes, which are sensitive to detect a trace amount 
of biomolecules [226]. When the ZnO nanocrystals were used as the core, 

2S, and CuS), and oxides (e.g., 

-

2
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rate in dye-sensitized solar cells. Owing to the relation of the conduction 
band potentials, the energy barrier hinders the reaction of electrons in core 
with the oxidized dye in electrode, resulting in the enhancement of the solar-

could be grown as quantum well heterostructures, which showed a high 

ZnO-doped MnO2
be used as supercapacitor electrodes, resulting in excellent electrical perfor-
mance (e.g., an area capacitance of 138.7 mF cm
of 1260.9 F g ) [234].

nanowire, nanorod, nanoplatelet, and nanodisk often serve as the petal, 

shown in Figure 5.5(e), which could be deposited on the FTO-covered glass 
acting as a photoanode of the dye-sensitized solar cell [215]. The nanowire 

-

solution-phase growth with low temperature is traditionally performed as a 
-

nitrite (or chloride) with sodium hydrate (or ammonia) are normally made 

assembled by nanoplatelets or nanodisks at a relatively high pressure in the 

nanostructures are partially driven from the interesting and aesthetic points 
of view, the functionality of these structures are one of the most attractive 

-

channels of electron transport from petals to the stem, which exhibited a 

nanorod arrays with comparable diameters and array densities in solar-cell 
applications [241,242].

Considering the common feature of the collections of the nanowires, 
namely, the ZnO nanowires are arranged in order around the core wire; brush-
like, tetrapod, dendritic, tree-like, and bunched nanowires are assigned to the 

3D branched ZnO nanostructures possess advantages of large surface area 
and direct transport pathway for charge carriers, which are applied for the 
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energy conversion and storage devices [216]. The strategies of growing the 
branched ZnO nanostructures are usually based on the techniques of sequen-
tial catalyst-assisted VLS and solution phase growth. The technique of 
catalyst-assisted VLS as described in the previous section of ZnO nanowire 
growth could be adopted to prepare the heterobranched structures. For 

were reported to grow either perpendicular to or slanted to all the facets of 
the core In2O3

2O3 nanostructures 

web-like structure with homoepitaxial interconnections at the branch-to-arm 
and branch-to-branch regions [245]. As for the solution phase growth, when 
the Au catalysts were used to assist the growth of ZnO nanowires, comb-like 
ZnO nanostructures were produced using the hydrothermal technique [246]. 

2
via hydrothermally growing highly dispersed ZnO nanorods on electrospun 
TiO2
observed via modulating the growth rate and controlling of the length-wise 
growth of the core nanowire and the branched growth during the hydro-

using upstanding ZnO nanowires for the dye-sensitized solar cell [248].
The growth methods of the hierarchical ZnO nanostructures are various, 

and there are many controllable factors during the synthesis process. The 
hierarchical nanostructure is sensitively changed due to the variations of 
the growth conditions, resulting in the different mechanism of the assembly 

-
chical structures to the properties of the ZnO materials still deserves study 
with in-depth; and good theory of the accurately controllable growth has not 
be elucidated. All the above issues are crucial for hierarchical ZnO nano-
structures in the various applications.

5.3 ENGINEERING AND DEVELOPMENT OF ZNO-BASED DEVICES

Engineering and development of ZnO-based devices is complicated as it 
involves accurately designing and modeling the desired device with a special 
configuration, preparing the ZnO materials with high quality, pretreating 
the ZnO materials, fabricating the device, characterizing the devices, and 
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optimizing the design and remodeling. Since the discovery of ZnO mate-
rials, each segment of the above process has been devoted with lots of efforts 
of science and technology.

Various novel ideas for designing and developing ZnO-based devices 

and nanostructures [6,10,12,21,100]. The ZnO associated devices are cate-
gorized as follows:

traditional microelectronic devices, for example, diode, transistor, 
and supercapacitors;
piezoelectric devices, for example, SAW device, TFBAR, thin film 
ultrasonic transducer, and self-power device (e.g., nanogenerator);
sensors, for example, gas and chemical sensor, biosensor, UV sensor, 
humidity sensor, wireless sensor, and strain sensor;
mirofluidic devices, for example, pump, mixer, ejector, and atomizer;
photoelectric devices, for example, solar cells, photoelectrochemical 
cells, and UV photodetector; and
optical devices, for example, optical resonator, UV laser and light-
emitting device.

The main goal of the engineering and development is to improve the 
performance of the ZnO-based device. The reproducibility, stability, sensi-

size and manufacturing cost also deserves attention to obtain the highly inte-
grated device. In order to realize these, multiple functionalities have been 

is one of the most interesting and attractive project, and the SAW micro-

cellular manipulation, biosensor, drug delivery, biomaterials synthesis, and 

performance and optimization of the acoustic properties [249]. The standard 
processing in technological details also ensures more reproducible for ZnO 
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for tracing different minor samples in air, bioliquid, and optical environ-
ment, the engineering and development of the ZnO-based sensors would 
be a complicated issue. When various ZnO-based sensors are designed, the 
high sensitivity, good selectivity, and strong stability are important factors 
to be pursued. The fundamental properties of the ZnO materials are needed 
to be optimized using different technologies including growth techniques, 
fabrication methods, and analytical techniques.

The following sections focus on the advances of the researches on the 

sensors.

5.4 ZNO ACOUSTIC WAVE DEVICES

The fundamental parameters such as the insertion loss, phase velocity of the 
acoustic wave, electromechanical coupling coefficient, and quality factor 
determine the performance of ZnO acoustic wave devices. In order to obtain 
high-performance ZnO acoustic wave devices, the following factors are 
necessary to be considered or improved:

High-quality piezoelectric materials normally contribute large elec-
tromechanical coupling coefficient. The stoichiometric ratio, cut 
direction, dielectric constant, and effective piezoelectric constant all 
have played important roles on the coupling coefficient of the bulk 
materials, whereas the piezoelectricity of ZnO thin films are also 
dependent on the film crystallinity including orientation, surface 
roughness, thickness, and substrates.
Pattern design of the electrodes is crucial to the excitation of the 
acoustic waves. Good structure of the electrode patterns significantly 
improves the characteristic of the relation between the resistance and 
frequency as well as the quality of the acoustic signal. For instance, 
the number of finger pairs, spatial periodicity, aperture, and distance 
of the two ports for the interdigital transducers (IDTs) could influence 
the intensity, frequency, and propagation direction of the acoustic 
waves.
As for fabricating the device, the physical properties of the electrode 
materials and the parameters of the configuration for the electrodes 
provide a complex impedance of the equivalent circuit. The compat-
ibility of the fabrication with silicon technologies is necessary. 
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Advanced lithography technique such as e-beam lithography could 
manufacture the high-frequency acoustic device with frequencies at 
GHz level.
A standard probe station could help to get accurate information of 
the device. The connection of the cables among equipment, bonding 
using different metal wires and the measurement skills are vital to the 
characterization of the acoustic wave devices.

Herein, ZnO acoustic wave devices mainly refer to the ZnO SAW device, 
ZnO TFBAR, and ZnO ultrasonic transducer.

5.4.1 SURFACE ACOUSTIC WAVE DEVICES

The ZnO SAW devices are mainly composed of filters, resonators, delay 
lines, and convolver. An IDT is two sets of connected metallic fingers that 
are interspaced between each other. A typical ZnO SAW filter has two ports 
of IDTs that are patterned on the ZnO substrates. The acoustic waves are 
excited from the input IDT by the applied electric signals, and subsequently 
the received acoustic waves at the output port are reconverted into electric 
signals. The acoustic properties of the device could be measured from the 
signals between the input port and output port, which allow the evaluation 
of the performance for the ZnO SAW device. Phase velocity (v) of SAW 
is related to the wavelength ( ) and resonant frequency (f). It is calculated 
based on the following equation:

 v =  (5.2)

where the wavelength, , corresponds to the spatial period of the fingers in 
IDT. The phase velocity is dependent on the thickness of the piezoelectric 
substrate. If the UV-based nanoimprint lithography is combined with lift-off 
processes, ultrahigh-frequency ZnO SAW device on silicon substrates could 
be fabricated that have operated resonance frequency at a range of about 

k2) is used to estimate the 

which is generally calculated using the following equation [251]:

 2

4
of f

Gk
N B

 (5.3)
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where N is the finger pairs, and G and B are the radiation conductance and 
susceptance at the central frequency, respectively. G and B can be measured 
from the Smith charts of the reflection coefficients at the central resonant 
frequency of the SAW signals. The strong electromechanical coupling 
normally leads to a large coupling coefficient, which is influenced by piezo-
electricity of the ZnO thin films and the fabrication processing.

In order to obtain a high-performance ZnO SAW device, some hurdles 
need to be overcome, including the thickness effect, substrate effect, and 
the second-order effects including the triple-transit effect, metallization ratio 

 diffractions, and bulk wave generations, etc.
The acoustic properties of the ZnO SAW device are dependent on the 

about 2700 m s  [252], whereas when the thickness is rapidly reduced, it 
leads to a decrease in the phase velocity of the SAW that could approach the 
Rayleigh velocity of the substrate material. This is caused by the stronger 
penetration of the SAW into the substrate and more energy localization in 
the substrate. The acoustic wave mode is also changed with the thickness 

as shown in Figure 5.6.

FIGURE 5.6 Phase velocities as a function of normalized thickness (reprinted with 
permission from Ref. [252]).
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Substrate effect means that the difference of the acoustic velocities 

is dependent on the acoustic properties of the substrate. The phase velocity 

is deposited on the substrate with high acoustic velocity such as sapphire, 

NCD and ultra-nanocrystalline diamond (UNCD), they have the highest 
SAW propagation velocity, largest elastic modulus, and lowest thermal 

showed that the acoustic energy can be limited within the ZnO and diamond 

, k2 of 

ppm °C  [257].
Second-order effects often hinder the formation of good acoustic signals. 

Tripe-transit effect is generated from the interference between acoustic 

the output IDT. The multipeaks in the form of spurious ripples are often 
observed for the frequency response of the higher order mode of the SAW. 
In order to minimize this effect, acoustic absorbers are generally used, and 

IDTs enable the reduction of this effect at the expense of the increased 
insertion loss [258]. The effect of metallization ratio is also necessary to 
be considered in the design and fabrication of the ZnO SAW device. The 

harmonic signals (e.g., frequency and insertion loss). The thickness of the 
-

trode thickness could lead to a distortion of the frequency response. SAW 
 diffractions are not circumvented due to the acoustic wave 

properties, thus, appropriately designed structures of the IDTs could mini-
mize this effect.

Recent advances of the ZnO SAW devices have shown that their perfor-
-

layer structures, designing of novel structures of the electrodes (e.g., curved 

Considering the bulk piezoelectric materials which have large coupling 
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3 and LiNbO3
deposited on top of them to fabricate the ZnO-layered SAW devices or 

75.7% and 14.8%, respectively, while the insertion loss decreases 20.3% 

densely packed vertical ZnO nanorods on silicon substrates was achieved 
using a chemical solution method, which was used to successfully fabricate 

5.4.2 FILM BULK ACOUSTIC RESONATOR

ZnO film bulk acoustic resonators (FBARs) are the devices that consist of a 
ZnO film sandwiched between two thin electrodes, which were first demon-
strated in 1980 [263]. The mechanical resonance is generated from the 
applied electric field on the input electrode. In order to enhance the resonant 
signals, the working piezoelectric unit of FBARs is isolated acoustically 
from the supporting substrates. Three types of the structures can be designed 
for the back electrodes of FBARs such as Bragg reflector type, air-gap type, 
and back trench. Considering the ZnO film with a definite acoustic velocity 
of V, the relation between the thickness (d), and resonant frequency (fn) is 
determined as follows [264]:

 ( 1)
2n

n Vf
d

 (5.4)

where the natural number, n, corresponds to different resonant modes [261]. 
This relation clearly shows a thickness effect for FBARs, e.g., the thinner 
ZnO film results in a higher resonant frequency.

The design of FBARs has less degrees of freedom than that of SAW 
devices because the frequency is only determined by the layer stack rather 
than by the lithography technique. The typical electrode materials are gold 
or aluminum and later Mo was proved to be good success in depositing 
low-stress electrodes. The performance of FBARs is simply evaluated from 

k2), quality factor, TCF, area 

to the utilization of the piezoelectric layer apart from the dead area between 
resonators in topology and area consumed by interconnects and packaging. 
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FBARs usually work in the range of a high frequency above 1 GHz, whereas 
the ZnO SAW devices have low resonant frequency, much lower than 2 
GHz. Therefore, FBARs exhibit many advantages of small base mass, high 

Comparing with those using a longitudinal wave, the damping of the 

FBARs is a good choice in its applications in liquid. Dual-mode ZnO FBARs 
with tilted c-axis orientation were investigated, which showed that material 
properties and bulk wave properties were are strongly dependent on the tilt 
angle. Pure thickness longitudinal modes was found at 0° and 65.4° for the 
ZnO FBARs, and pure thickness shear modes occur at 43° and 90° [265]. 

of 1.7% and quality factors of 312 in air and 192 in water [266]. Recent 

mode has a resonant frequency near 1.44 GHz and a Q-factor up to 360 in 
air and 310 in water, which reached the mass sensitivity of 670 Hz·cm2·ng  
and the high mass resolution of 0.06 ng·cm  [267]. Direct comparison of the 
gravimetric responsivities of ZnO-based FBARs and solidly mounted reso-
nators (SMRs) indicated that the FBARs’ mass responsivity was about 20% 

frequency at about 2 GHz, which was mainly due to the acoustic load at one 

5.4.3 ULTRASONIC TRANSDUCERS

are typically applied for nondestructive testing and biomedical imaging 

ZnO piezoelectric film, back electrode, and the matching layer on backing 
materials. The simplest single-element structure is the piston transducer. 
In the various designs of the ZnO ultrasonic transducers, the piezoelec-
tric properties of ZnO film, acoustic wave modes, electrode size, effects of 
backing and matching, and array configuration are considered to enhance 
the performance of ZnO ultrasonic transducers. The resonant frequency (f) 
in the thickness mode in influenced by the thickness of the ZnO film and 
their relation is described by the following equation [272]:
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 pnV
f

d
 (5.5)

where n is an odd integer; the lowest resonant frequency corresponds to n = 
1; Vp and d corresponds to the acoustic wave velocity and the thickness of 
the ZnO film. This relation indicates that the resonance only occurs when the 
thickness is equal to odd multiples of one-half wavelength of the acoustic 
wave.

as metal, silicon, pyrex-glass, and aluminum foil. Thin metal sheets (e.g., 
stainless steel, aluminum, and carbon steel) are used in the ZnO ultrasonic 
transducers which are widely used in the commercial ultrasonic transducers 

ultrasonic transducers in the very high frequency and ultrahigh frequency 
ranges, and theoretical analysis showed that with spurious-response-free, 

The direction of the ultrasonic wave could be focused by depositing the ZnO 

dome-shaped diaphragm has also been fabricated in the ZnO transducer for 
200 MHz cellular microstructure imaging [273]. High frequency ZnO trans-
ducers with single element have been extensively reported that could be oper-

large resonant frequency of 1 GHz as presented in Figure 5.7(b) [275].

FIGURE 5.7 Deposited ZnO films on the curved backing substrates: (a) sputtering ZnO 
film on the Al rods [272], (b) the acoustic lens-based ZnO transducer [275] (reprinted with 
permission from Refs. [272,275]).
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However, some issues need to be overcome such as poor resolution out 
of focal zone and limited frame rate. The scheme of linear arrays is a better 
way combining the technique of electronically sweeping a beam to solve 
above problem [276]. The shear mode ZnO ultrasonic transducers were 
also reported to be operated at a high frequency using the inclined ZnO 

accessed when the inclined angle changes at 41°. The c-axis zig-zag ZnO 

wave resonant frequencies and modes using the multilayered c-axis 23° tilted 

5.5 ZNO-BASED ACOUSTIC WAVE MICROFLUIDICS

SAW microfluidics provides a popular and attractive method for LOC system. 
Various fluidic phenomena can be observed that are applied to enrich the 
functionality of the microfluidic device. When the SAWs are refracted into 
the liquid, the acoustic energy is transferred mainly as fluidic kinetic energy 
in the liquid. The microfluidic actuation and manipulation depends on the 
coupling of the fluid with SAW, which provides the SAW-based microfluidic 
devices with advantages of simple, compactness, no moving parts, low-cost, 
highly biocompatibility, versatility, and easy integration [280].

Comparing with the bulk piezoelectric substrates (e.g., LiNbO3, LiTaO3, 

SAW devices, and tremendous efforts have been devoted to investigate the 

5.5.1 THEORY OF SAW-BASED MICROFLUIDICS

The Rayleigh SAW and its harmonics (e.g., Sezawa wave) are often excited 
on the ZnO SAW devices, which consist of a longitudinal and a vertically 
polarized shear component. When the Rayleigh SAW encounter a liquid (e.g., 
a droplet) on the propagation path it refracts into the liquid at a Rayleigh 
angle that is determined by the Snell law of diffraction, as shown in Figure 
5.8 [281]. The Rayleigh angle is calculated using the following formula:
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 l
R

s

arcsin c
c

 (5.6)

where cl and cs correspond to the velocity of the Rayleigh SAW wave in the 
liquid and substrate, respectively. For instance, when the Rayleigh wave on 
a ZnO SAW device is coupled into water liquid, the SAW velocity in water 
is 1490 m s , and that on the ZnO thin film is about 4200 m s , and the 
Rayleigh angle, R, is found to be 20.95°. Of course, the Rayleigh angle will 
be changed with the wetting property of the divers liquid.

FIGURE 5.8 Schematic illustration of the coupling between the Rayleigh SAW and a liquid 
droplet (reprinted with permission from Ref. [281]).

When the SAW propagates into the liquid, a net pressure gradient, P, is 
generated along the direction, which is described as following:

 

2
2

0
0

sP v  (5.7)

where 0  correspond to the liquid density and the slight density 
change due to the acoustic pressure. An effective force in the liquid is 
formed from the net pressure gradient. When the force is not large enough 
to deform the liquid shape, SAW-induced acoustic streaming occurs in 
liquid. The streaming pattern is significantly changed with the shape of the 
confined liquid (e.g., droplet), as well as the incident position, angle, and the 
operating frequency of the SAW [282]. The induced flow streaming in the 

-
tions, which are driven by an external acoustic force, F [283]:



232 Functional Materials and Electronics

 21( ) ,U U U F P U
t

 (5.8)

 ·U = 0 (5.9)

where U is the streaming velocity, P is the kinematic pressure,  is the kine-
matic viscosity, and F is the acoustic body force due to the presence of the 
sound source [283]. When the applied RF powers are less than a special 
value, the droplet can keep in its original shape without inducing significant 
distortion. Consequently, stress free boundary conditions can be applied at 

U· )U in Equation (5.9) was 
ignored, which gives a transient version of linearized hydrodynamic model. 
Equation (5.9) is simplified as following:

 210 F P U . (5.10)

Different flow patterns of the SAW induced acoustic streaming in liquid 
droplet can be simulated combining with the parameters of the SAW and 
liquid. The careful comparisons of streaming features induced by the SAWs 
from ZnO and LiNbO3 SAW devices are expected, which is thought to thor-
oughly expand SAW induced microfluidics to a more integrated platform for 
ZnO SAW microfluidic device.

When the applied RF powers are large enough to deform the shape of the 

asymmetry in these contact angles and the droplet size using the following 
formula [281]:

 t l
s LG t l2 sin cos cos

2
F R  (5.11)

where R is the radius of the droplet and LG

t and l correspond to the trailing edge and the leading edge of the droplet 
on the substrate [281]. This force can generate pumping, ejection, and atom-
ization at extremely large driven powers. These SAW-induced microflu-
idic phenomena are very complicated due to various boundary conditions, 
which results in only a few simulations on their nonlinear fluidic dynamics. 
Although many experimental investigations of the ZnO SAW microflu-
idics have been reported, the accurately theoretical analysis is still urgently 
needed to quantitatively reveal the influencing factors in the SAW induced 
microfluidics.
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5.5.2 ZNO-BASED MICROFLUIDIC MANIPULATION AND 
CONTROL

Using the Rayleigh SAWs excited from the ZnO SAW devices, various 
studies have demonstrated that the ZnO-based SAW could successfully 
manipulate the microfluid and particles in liquid and control the fluidic 
behaviors. Liquid droplets are the main targets that are mixed, pumped, 
ejected, and heated in the ZnO SAW microfluidics. This offers great poten-
tial for the increased throughput and scalability of the microfluidics systems. 
For instance, the droplet can be used as microreactors, which can be indi-
vidually streamed, mixed, pumped, ejected, and atomized.

5.5.2.1 MICROSTREAMING AND PARTICLE CONCENTRATION

The microstreaming induced by the SAWs is dependent on the coupling 
intensity of the SAWs with the liquid. The signal power, droplet position, 
aperture of the IDTs, and surface roughness could remarkably change the 
flow patterns in a droplet. When the droplet is placed on the propagation path 
of the SAW, a butterfly flow pattern with a double vortex pattern is resulted 
due to the symmetrical distribution of the acoustic energy in the droplet. The 
quadrupolar streaming patterns could be obtained when the single IDT is 
immersed in liquid and the bidirectional SAWs are excited.

The streaming velocity in the droplet was found to be linearly changed 
with the applied voltage of the RF signal, which ranges from 0.2 cm s  to 1 
cm s -
cient than the Rayleigh wave for the acoustic streaming. A smaller size of the 
droplet could obtain a larger velocity when the applied voltage was constant. 

the following equation [281]

 

2

2 th
s th

th

sin V V
F V V

V V
 (5.12)

where  corresponds to the 
constant of proportionality relating the input voltage to the temperature-
induced frequency shift [281]. The power fed into the acoustic wave has 
two effects including (1) increasing the amplitude of the acoustic wave and 
the force acting on the droplet; and (2) a shift in the resonant frequency 
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the acoustic induced streaming, Figure 5.9(b) indicates that a better effi-
ciency of streaming could be reached with a speed of 3.4 cm s  at a signal 
voltage of 9.5 V for a 10-mL droplet, as well as the linear relation between 
the streaming velocity and applied voltage [259].

FIGURE 5.9 The relation between the applied voltage and streaming velocity based on 
the ZnO film (a) on silicon substrate [281] and (b) on the flexible polyimide substrate [259] 
(reprinted with permission from Refs. [281,259]).

An asymmetric distribution of SAW radiation in the droplet results in 
the concentration of particles when a droplet with half contact area is placed 
on the propagation path. Figure 5.10(a) shows the concentration of the 
particles in droplet using a ZnO SAW device with resonance frequency of 
61.2 MHz. This phenomenon can be explained using the similar mechanism 
proposed from the particle concentration on LiNbO3 SAW device as shown 

FIGURE 5.10 (a) Concentration of the particles in droplet using a ZnO SAW device and 
(b) a mechanism of the particle concentration (reprinted with permission from Ref. [283]).
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in Figure 5.10(b) [283]. The surface friction hinders the streaming velocity at 
the bottom of the droplet to be reduced to zero. Thus, a secondary bulk circu-

the center stagnation point and takes the particles along with it; thus, the 
particles can be concentrated near the stagnation area.

5.5.2.2 MICROPUMPING AND LIQUID JETTING

When the RF signal with a high power is applied on the ZnO SAW device, 
an acoustic force in the droplet is large enough to move the droplet as a 
micropump. Significant liquid jetting from the original droplet has also been 
realized at relatively high powers. The surface wetting property of the ZnO 
film is hydrophilic, that is, the droplet could be stretched along the direc-
tion of the SAW propagation. Therefore, the surface treatments are often 
performed using the hydrophobic polymer layer (e.g., Teflon, CYTOP, or 
silanization).

The effects of the droplet volume on the pumping velocity of the droplet 

velocity increases exponentially with the input power. Based on the compar-

same droplet size when the acoustic driving force increases as shown in 
Figure 5.11(b). The pumping velocities are less than 1 cm s  as shown in 
Figure 5.11(a) when the UNCD has not been used. The enhancement of the 
pumping velocity using UNCD interlayer is a combination effect from (1) 

and (2) the retention of the SAWs near the surface of the devices. The high-

interlayer with a very low surface roughness can further reduce the dissipa-
tion of the acoustic energy into the Si substrate and reduce penetration depth 
of the Rayleigh wave into the Si substrate, resulting in a strong Rayleigh 
mode wave and the reduction of the propagation loss of the wave [254,256]. 

-
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FIGURE 5.11 
as a function of the input power and (b) pumping velocities of the droplets measured from 
different layered structures (reprinted with permission from Ref. [284]).

An empirical relation between the pumping velocity, Vpumping, and input 
power, P, was found to be the following relation [284]:

 pumping
PV ae  (5.13)

where a, b, and  are constants that are mainly dependent on the droplet 
volume, wetting properties of the surface, the liquid viscosity, and the 
acoustic property of the ZnO-based SAW devices.

FIGURE 5.12 
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surrounding media, the drop interface will be deformed, and a liquid jet in the 
form of an elongated beam was emanated from the free surface of the drop. 
Early reports of the liquid jetting using the ZnO acoustic wave devices are 
aiming to the inkjet printing, fuel and oil ejection, and biotechnology [12].

High-speed images provide the detailed process of the liquid ejection 

5.12. The maximum jetting angle is also dependent on the droplet volume. 
Figure 5.13 shows that the shape of the liquid beam changes with the time 
and droplet size due to the strong propagating loss of the acoustic radiation 
at the end of the extremely bent liquid beam.

FIGURE 5.13 Maximum jetting angle and beam shape change with the droplet size 
(reprinted with permission from Ref. [284]).

5.5.2.3 NEBULIZATION AND LIQUID HEATING

Nebulization is the generation of an aerosol of small solid particles or liquid 
droplets at micron and submicron scale. It is important to a wide range 
of the numerous applications such as internal combustion engines, drug-
delivery device, mass spectrometry, nanoparticle synthesis, agriculture, and 
cosmetics [280]. The nebulization or atomization has been reported using 
the ZnO-based SAW device [285]. Some characteristics of the nebulization 
on the ZnO SAW device are presented here. First, the substrate surface is 



238 Functional Materials and Electronics

hydrophilic and the frequencies of the Rayleigh SAWs are not large (e.g., 
-

volcano. Third, the droplet volume is very small (e.g., a few microliter or 
below) and the ejected satellite tiny droplets are not uniform in size. Figure 

acoustic pressure induces significant capillary waves on the surface of the 
liquid droplet that quickly becomes unstable. Some satellite droplets are 
ejected from the surface following with the generation of a significant mist 
in the vicinity of the top of the droplet.

FIGURE 5.14 Typical process of the nebulization on the surface of the ZnO-based SAW 
device (reprinted with permission from Ref. [285]).

Liquid heating is a thermal effect of the SAWs and widely exists in the 

shifts of the resonant frequency of a SAW device, which has an important 

SAW devices. The surface temperature of the SAW devices was changed 
with the applied voltage of the RF signal that is measured using a thermo-
couple. The temperature range was varied from room temperature to about 
120 in 1 min [281]. The thermal image in Figure 5.15(b) clearly shows that 
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the temperature near the IDT is higher than those in the other area of the 
SAW device due to the acoustic heating effect from SAW. The tempera-
ture variations are proportional to the applied power for the heating rate of 
the thermal effect in the ZnO SAW device. It is expected to improve the 

UNCD SAW device using a diamond layer [284]. The heat could damage the 
integrity of biological substances and decrease the bioactivity; however, the 
acoustic thermal effect of the SAW is a good option to assist the polymerase 
chain reaction (PCR) [286]. Well controlling the increase of the temperature 
in liquid may be an attractive application in SAW-assisted PCR for the ZnO 
SAW devices.

FIGURE 5.15 (a) Thermal effects of the ZnO SAW device and (b) IR images of the ZnO 
SAW device (reprinted with permission from Ref. [281]).

5.6 ZNO THIN FILMS AND NANOSTRUCTURES FOR SENSING 
APPLICATION

5.6.1 ZNO SAW SENSORS

ZnO thin films and nanostructures are extensively used for the SAW sensors 
as well as the other types of the sensors based on the resistance, field-effect 
transistor, thin-film transistor, and diode. For the principle of the SAW 
sensors, the SAW will be modulated on the path of the SAW propagation 
by the sensitive area because the physical properties of the sensing mate-
rials are changed by the adsorbed gas molecules, UV light, biological mole-
cules in liquid, or temperature. The responses of the ZnO SAW sensors are 
resulted in forms of the phase changes, reduction of the insertion loss, or 
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frequency variations. Furthermore, the perturbations in the velocity of the 
SAW may be caused from the variations of many parameters including mass 

m c), dielectric constant 
P), which is provided as following 

formula [287]:

 
1V V V V V V Vm c T

V V m c T P
 (5.14)

where the dominated factors for the SAW sensors are varied due to the 
changes in the sensing target. The performance of the sensors could be esti-
mated from the parameters such as the sensitivity, detect limit, selectivity, 
response time, recovery time, stability, and reproducibility.

-
tures are focused that mainly involve detecting gases, chemicals, UV lights, 
and biological molecules.

5.6.1.1 ZNO SAW GAS SENSORS

SAW gas sensors are the techniques that deposit a sensing layer on the SAW 
devices. The adsorbed gas molecules on the sensing layer could change the 
acoustic properties of the SAWs on the propagating path and subsequently 
the variations of the attenuation and velocity of the SAW occur. The pertur-
bation of the SAWs is remarkably dependent on the number of the adsorbed 
molecules and a large concentration of the gas results in strong modulation 
of the SAWs [284]. In order to improve the sensitivity, oscillation circuits 
are designed and a dual-device configuration is often adopted to reduce the 
interference of the environment (e.g., humidity and temperature). Some 
other factors also need to be considered in the sensor design and fabrication, 
such as acoustic vibration mode, substrates, geometry of the IDTs, and the 
sensing film depositions. Therefore, a good SAW gas sensor can be resulted 
from the depositing highly sensitive materials, a good compatibility, and 
integration of the sensor element with the detection system and appropriate 
analysis methods of the sensing data.

As for ZnO SAW gas sensors, they have two structural types: ZnO sensing 
layer on the SAW device and the sensing layer with different materials on 

-
structures is deposited on the surface of the piezoelectric substrates using 
various growth techniques. The ZnO nanorods were grown on a layered 
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3 SAW device using a liquid solution method for H2 
sensing; and sensor response was measured as 274 kHz toward 0.15% of H2 

on a commercial quartz Rayleigh SAW device operated at 433 MHz using an 
electrospray technique. This sensor exhibited responses to different volatile 
organic compounds such as acetone, trichloroethylene, chloroform, ethanol, 
n-propanol, and methanol vapor. It is expected to be applied for the sensor 
array for detecting different volatile organic compounds in a special envi-
ronment [289].

The different materials are used as the sensing layer on the ZnO SAW 
device, forming the second-type sensor design. A uniform nanostructured 
InOx 3, which served as a sensor that 
demonstrated a high sensitivity such as positive frequency shifts of 91 kHz 
for 2.125 ppm of NO2 and negative frequency shifts of 319 kHz for 1% of H2 
in synthetic air [260]. Platinum (Pt) and gold (Au) catalyst activated tungsten 
trioxide (WO3) selective layers were deposited on a 36° Y-cut LiTaO3 SAW 
devices for sensing hydrogen (H2) concentrations; and frequency shifts of 
705 and 118 kHz toward 1% of H2 in air could be approached, respectively 
[290]. A 150-nm WO3 sensing layer was introduced on the 36° YX LiTaO3-

ethanol in dry and humid air. It detected 500 ppm of ethanol in synthetic air 
with frequency shifts of 119, 90, and 86 kHz, corresponding to the relative 
humidity of 0%, 25%, and 50%, respectively [291]. Palladium (Pt)-coated 
ZnO nanorods were used as the selective layer that was prepared on the 
128°YX-LiNbO3 SAW device for hydrogen detection. The SAW sensor 
operated at a frequency of 145 MHz showed a frequency shift of 26 kHz for 
a hydrogen concentration variation of 6000 ppm at room temperature [292]. 
A bilayer SAW sensor with a layered structure of WO3 (about 50 nm) and 

3 substrate for hydrogen gas-
sensing application; the sensing results indicated that the frequency changes 
correlated very well with decreases of the bilayer structure resistance and 
the sensitivity was at a level of 2.4 kHz for 4% of hydrogen concentration in 
dry air [293]. The SAW device with new structures was also reported to be 
used as a gas sensor, for example, a ball-type SAW sensor was fabricated by 

showed that the sensor could detect H2 at a concentration of 20 ppm and 

could detect 20 ppm of H2 with an amplitude change of 0.4 dB, which indi-
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In order to improve the sensitivity of the ZnO SAW gas sensors, some 
assisted techniques are good options, for instance, exploring new sensing 
materials, designing a sensor array, etc. The selectivity of the ZnO SAW gas 
sensors are enhanced by adopting appropriate analytical methods including 
cluster analysis, factorial analysis and regression analysis [295]. Although 
the ZnO SAW gas sensors have good sensitivity, the selectivity still needs 
to be improved for the mixture of different gases because the metal or tran-

sensing layer is not active at room temperature, these sensors are normally 
operated at a high temperature, which limits the wide applications of the 
ZnO SAW devices in various extreme environments.

5.6.1.2 ZNO SAW UV SENSORS

The SAW UV sensor is to detect the UV light with a wavelength ranging 
from 400 to 10 nm. The UV-sensitive layer is grown on the SAW propagation 
path atop of the piezoelectric substrate. When the sensitive layer is exposed 

propagating SAW, thus, the insertion loss of the SAW device increases, and 
the acoustic velocity will be reduced.

SAW propagating path. A good photoresponse to the slight variation of the 

variations of the velocity and amplitude for the SAW signal can be exploited 
to monitor the physical variation of the sensing layer, surface, and interface of 
the multilayers among sensing layers and piezoelectric substrates. They are 

Typical ZnO-sensing layers have been deposited on the SAW UV sensors. 

V
interaction could be estimated by the following equations [297]:
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where V0 V, k2, Cs, and sh corresponds to the SAW velocity on free surface, 
SAW velocity difference, coupling coefficient, capacitance per unit length 
of the surface, and the sheet conductivity of the ZnO film, respectively. This 
indicates that a small downshift of the frequency results in a decrease of the 
phase velocity, and the amplitude change correspond to SAW attenuation 
under the UV irradiation. It also indicates that the coupling coefficient k2 is 
the key factor to influence the change of velocity and attenuation. A higher k2 
is desirable for a larger acoustoelectric effect and hence a higher sensitivity.

For ZnO SAW UV sensing, the Rayleigh-mode SAW devices can be 

sputter-deposited onto a LiNbO3 SAW device operated at 37 MHz, which 
exhibited a large frequency shift of 170 kHz when illuminated using 365-nm 
UV light with an intensity of 10 mW·cm  [300]. When the 71-nm-thick 

3
frequency of 36.3 MHz, its sensitivity could reach a low-level intensity of 
450 nW·cm

enhance the sensitivity of the UV SAW sensors from 25 Hz·(mW·cm )  
to 85 Hz·(mW·cm )
various morphologies of nanoparticles, nanorods, and nanowires have been 
grown on the Rayleigh mode SAW devices to enhance their photoconduc-

and third-mode harmonics has also been adopted to detect the low-intensity 
UV light [297,304]. A Mg:ZnO layer was introduced to isolate the semicon-

 when operated using the Sezawa mode 
SAW of 711.3 MHz [297]. A large frequency shift of 1.017 MHz could be 

 when 
the Sezawa mode SAW (with a frequency of 842.8 MHz) was used [298]. 
The response of the ZnO SAW UV sensors were often measured using a 
network analyzer. However, the ZnO SAW UV oscillator could be designed 

-
tivity [301].

Love mode SAW is a guided wave that is generated from a shear-hori-
zontal acoustic wave propagating in a guiding layer on top of the piezo-
electric substrate [261]. SAW device with a Love mode has a good sensi-
tivity to the mass change and photoconductivity variation for applications in 
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reported that did not generate any apparent response texposed using a 365 

growth conditions. This enables the sensitivity of the Love mode SAW UV 

SAW device under appropriate growth conditions. It is known that rotated 
k2) of 

0.11% and low dielectric constant of 4.5 [308,309]. However, the 36° Y-cut 
LiTaO3 possesses a large k2 of 4.7% and high dielectric constant of 47, which 

3 structure 

frequency shift approached ~150 kHz under a 254-nm illumination at the 
 [261]. The summarized performances of the 

ZnO SAW UV sensors are listed in Table 5.1.

5.6.1.3 ZNO SAW BIOSENSORS

SAW biosensors combine the SAW technique with the biological detector. 
They form the analytical devices for the analyte sensing based on the 
biochemical reaction, which could show selective and quantitative responses 
to the trace amounts of biological samples. SAW biosensors normally 
consist of the biochemical recognition component, SAW device coated with 
biospecific layer, and electronic component that process and amplify the 

-
ceptor that is designed from the interactions of the biomolecules with the 
target analyte, which is crucial to determining the functionality of the SAW 
biosensor. The SAW biosensor offers label-free detection of biomolecules 
and analysis of binding reactions. High selectivity of the SAW biosensor 
is based on the bioreceptor selectively interacting with the specific analyte 

-
more, the biochemical reactions in the SAW biosensors are categorized as 

the ZnO piezoelectric films. The ZnO film deposited on the SAW device 
allows the SAW propagating in this guiding layer and forms the Love mode 
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SAW device, which could reduce the acoustic loss into the liquid due to 
the confinement of the shear-horizontal wave in the guiding layer. Thus, 
the Love mode SAW is sensitively modulated by the changes of the sensor 
surface on the propagation path. The guiding layers are deposited using 
different materials, such as ZnO, polymer (e.g., polydimethylsiloxane and 
polymethylmethacrylate), SiO2, and Au [260]. The ZnO and SiO2 thin films 
were prepared on the 90° rotated ST-cut quartz SAW devices for immune 
sensing [314]. The measured mass sensitivity of the Love mode SAW device 
with ZnO layer was larger than that of with SiO2 layers, and a high sensi-
tivity of 950 cm2 g  was detected for the adsorption of rat immunoglob-
ulin G [314]. A highly sensitive Love mode SAW biosensor with a layered 

2
interleukin-6 (IL-6) [315]. Preliminary sensing measurements showed a 
successful detection of IL-6 protein with a low level when it was operated 

2

pg when the active areas were functionalized by immobilizing the mono-
clonal IL-6 antibody onto the ZnO biosensor surface [316]. Mn-doped 
ZnO multilayer structures were recently used to fabricate Love mode SAW 
biosensor for detecting blood sugar. The results showed that the reactions of 
the glucose oxidase with glucose are sensitive with 7.184 MHz mM  and 
stable for about 1 month [317].

Owing to the good integration of the ZnO SAW device with MEMS and 
COMS processes, novel designs of the ZnO SAW bionsensor were recently 
developed, for instance, COMS-SAW biosensor [318]. A SAW delay line 
biosensor was fabricated in standard CMOS technology for detecting cancer 

-
cated that the sensitivity reached 8.704 pg Hz  and a mass sensitivity of 
2810.25 m2 kg
as electrowetting on dielectrics, phononic crystal structure, and surface 
plasmon resonance, were also expected that would be combined with the 
ZnO SAW biosensors [12,15,286].

5.6.2 ZNO FBAR SENSORS

As a new, effective, and important acoustic sensor technique, the ZnO FBAR 
sensors could sensitively detect the chemical, biological, and optical varia-
tions from the adsorbed species because of their high performance such as 
the high quality factor and large operating frequency in the GHz regimes. 
The sensing principle of the ZnO FBAR sensors is similar to the sensor 
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using the commercial quartz crystal microbalances (QCMs) which operates 
in thickness shear mode [319]. The resonant frequency of the ZnO FBAR 
sensors is highly sensitive to the changes of mass, UV light, and biochemical 
reaction in the working area. This results that the ZnO FBAR sensors are 
superior to the QCM sensors due to the relatively low resonant frequencies 
(i.e., less than 100 MHz) for the latter, which provides the advantages with 
the ZnO and FBAR sensors such as high sensitivity, low hysteresis, label 
free, good selectivity, and excellent compatibility with the integrated circuit 
[320]. Therefore, the ZnO FBAR sensors have been widely applied for the 
mass sensor, biosensor, gas sensor, and UV sensor.

Owing to the high mass sensitivity, the ZnO FBAR sensor with a high 
operated frequency will be an alternative to the traditional QCM sensors. 
Typical mass sensing using the ZnO FBAR sensors is that mass loading 
materials are deposited layer by layer on the top electrode, and the sensi-

mass. Early work showed that the SMR-type FBAR sensors possessed 
a high sensitivity of 500 Hz·cm2 ng
higher than that of 0.057 Hz·cm2 ng  for the commercial 5 MHz QCM 
[321]. Combining with the CMOS technique, the ZnO FBAR oscillator 
array with a resonant frequency of 905 MHz could be fabricated for mass 
sensing, which exhibited a mass sensitivity of 328 Hz·cm2 ng  [322]. A 
ZnO FBAR sensor with a resonant frequency of 2.44 GHz was measured 
using a network analyzer and a probe station, which could achieve an 
excellent sensitivity of 3654 Hz·cm2 ng  for detecting the mass loading 
layers of titanium [319]. The further comparison of FBAR and QCM-D 
sensitivity showed that the larger resonant frequency of the ZnO FBAR 
could increase the sensitivity to the variations in the viscoelasticity of the 
adsorbent [323]. Based on the mass-loading effect, the ZnO FBAR sensor 
operated at 830 MHz in shear mode could detect the viscosity of the glyc-
erol solutions up to 10 mPa·s [324]. The ZnO FBARs with dual longitu-
dinal modes were designed and fabricated to parallel monitor the mass and 
temperature changes [325].

Based on the low damping of the bulk wave in liquid, biosensing is one 
of the important applications for the ZnO FBAR sensors. The backside of 
the silicon wafer was also etched using deep reactive ion etch to release the 
free-standing membrane. In the typical biosensing process, the antibodies 
were adsorbed or coated on the top electrode or the back membrane; the 

-
body on the working area. In order to keep the Q
damping, the channel or cavity structures are generally used to direct or 
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sensor [325].
There are three trends of the ZnO FBAR biosensors that are rapidly 

developed including the improvement of the sensitivity, enhancement of 

resonant frequency of 3.94 GHz was obtained [22]. It was used to detect 
the bio-immobilization mass and the mass of coupling protein up to 380 
and 630 pg, respectively, which corresponds to a sensitivity of 8970 Hz·cm2 
ng  [22]. Recent sensing investigation of adsorption and antigen binding 
behavior of monoclonal antibody showed that the ZnO FBAR biosensor 
operated at about 1.5 GHz could reach 2 kHz cm  ng  during the detection 

could be enhanced through increasing the sensing area using the nanomate-
rials (e.g., nanotips or nanowires) and selecting the shear mode bulk wave. A 

oxide (Mg x Zn x O) as piezoelectric material were reported to increase the 
mass sensitivity higher than 103 Hz·cm2 ng  for selectively immobilizing 
DNA [327]. Beside the longitudinal mode, the shear mode was used for the 

to 585 Hz·cm2 ng  [328].

FBAR biosensor to keep the quality factor up to 150 in the liquid environ-
ment [326]. The competitive adsorption and exchange behavior of proteins 
were monitored among the proteins of albumin (Alb), immunoglobulin 

for 1.35 ng cm  [329].
The ZnO FBAR biosensors are also used to detect the enzymatic reac-

N,N-diethyl-metatoluamide using a ZnO FBAR biosensor with a resonant 
frequency of about 1.5 GHz [326]. The sensing layer was made by immobi-
lizing the acetylcholinesterase enzyme on one of the faces of the shear mode 
ZnO FBAR resonator with a resonant frequency of 1.47 GHz and Q-factors 
of 411 in air and 298 in dimethylformamide liquid, which could detect the 
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organophosphorous pesticides with a very low concentration of 4.1 × 10  
M [330].

The gases can also be detected using the ZnO FBAR sensors at room 
temperature combining the sensing materials. For instance, a frequency 
downshift of 131 kHz was observed with a response time of 12 s under 
the exposure of 1.4 ppm [331]. The nerve gas could be monitored through 

SiO2  and 

of 2.39 GHz could capture hydrogen to reach a detection limit of 0.05% at 
room temperature [333].

As described previously about the fundamental properties, the photocon-

FBARs can be applied as the optical sensors to monitor the UV light and 
infrared (IR) light. The UV sensing with ZnO FBARs were demonstrated 
that the resonant frequency was increased under the exposure to the UV 
illumination [334]. The sensitivity could reach 9.8 kHz for the 365-nm UV 

 [334]. Further studies of the effects 
of temperature, relative humidity, and reducing gases on the UV response 
of ZnO-based FBAR showed that the response of the ZnO FBAR UV 
sensor degraded with the increases in the temperature and relative humidity; 
reducing the gases (e.g., acetone) also degraded the UV sensitivity [335]. 

-

, respectively. 
The sensing principle was explained based on the temperature-dependent 

-
nant frequency shifts [334].

5.7 SUMMARY AND FUTURE TRENDS

This chapter presents a comprehensive review of the ZnO thin films and 
nanostructures for the acoustic wave microfluidic and sensing applica-
tions. The fundamental properties of the ZnO thin film and nanostructures 
are dependent on the growth techniques and growth conditions. The good 
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piezoelectric ZnO thin films possess large electromechanical coupling 
coefficient that could be fabricated for the ZnO SAW devices with a better 
acoustic performance. The SAWs can be excited to mix, stream, pump, eject, 
and atomize the liquid. Therefore, the ZnO SAW devices are very attractive 
to be integrated into a LOC system where the SAWs can transport bioliq-
uids to the desired area, mix the extracted DNA or proteins, and detect the 
changes of the signals. The ZnO SAW devices in combination with different 
sensing layers could be also used to successfully detect the gas, UV light, 
and biochemicals with remarkable sensitivity.

great achievements and large success, the huge space of the research and 
development for future is still left. The multifunctional integration is prom-
ising for the ZnO SAW devices, such as combining with surface plasma 
resonance, electrowetting dielectrics, and phononic crystal structures. The 
novel design of the acoustic wave devices are interesting to enhance the 

various possible applications based on in-depth understanding the acoustic 

The ZnO FBAR sensor exhibited an excellent sensitivity for monitor 
the changes of the mass, bioreactions, gases, UV, and IR lights. The high 
resonant frequency and Q-factor are vital to the performance of the sensors, 
which will be improved with the new designs of the structures. The multiple 
functions are the future trends of the ZnO FBAR sensors highly integrated 
with different sensing materials and MEMS technique. However, some envi-
ronmental perturbations still need to be overcome such as the temperature, 
humidity, optical response and the vibration from the holders. The mecha-
nism of the special sensing processes is also not interpreted well when the 
physical parameters are monitored. The low cost, portable, high throughput, 
and miniature ZnO FBAR sensors are pursued with the development of the 
fabrication techniques in future.
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