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In recent years, with the growing concerns on environmental protection and human health, new materials, such as lead-free
piezoelectric materials, have received increasing attention. So far, three types of lead-free piezoelectric systems have been
widely researched, i.e., perovskites, bismuth layer-structured ferroelectrics, and tungsten-bronze type ferroelectrics. This article
presents a new type of environmental friendly piezoelectric material with simple structure, the transition-metal(TM)-doped
ZnO. Through substituting Zn** site with small size ion, we obtained a series of TM-doped ZnO with giant piezoresponse, such
as Zn0'975V0‘0250 of 170 pC/N, Zn0‘94Cr0,060 of 120 pC/N, Zn0‘913Mn0‘0370 of 86 pC/N and Zno'gggFeoAsz of 127 pC/N The
tremendous piezoresponses are ascribed to the introduction of switchable spontaneous polarization and high permittivity in
TM-doped ZnO. The microscopic origin of giant piezoresponse is also discussed. Substitution of TM ion with small ionic size
for Zn** results in the easier rotation of noncollinear TM-O1 bonds along the ¢ axis under the applied field, which produces
large piezoelectric displacement and corresponding piezoresponse enhancement. Furthermore, it proposes a general rule to
guide the design of new wurtzite semiconductors with enhanced piezoresponses. That is, TM-dopant with ionic size smaller
than Zn?* substitutes for Zn* site will increase the piezoresponse of ZnO significantly. Finally, we discuss the improved per-
formances of some TM-doped ZnO based piezoelectric devices.
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1 Introduction

Piezoelectric materials are key materials for the fabrication
of various transducers, pressure sensors and actuators, pie-
zoelectric oscillator and actuators, transformer, surface
acoustic wave (SAW) and bulk acoustic wave (BAW) de-
vices, which are widely used in the fields of information,
energy, machinery, electronics and national defense [1-4].
Because of their excellent piezoelectric property, lead (Pb)
based piezoelectric materials, such as lead zirconate titanate
(PZT), is one of the most widely exploited and extensively
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used piezoelectric materials [5, 6]. However, Pb-based pie-
zoelectric materials have a critical disadvantage for their Pb
content is higher than 60% by weight. Pb is highly toxic and
its toxicity can be further enhanced due to its easy volatili-
zation during processing [7, 8]. Besides, its disposal is also
potentially environmentally toxic. Thus, the use and proc-
essing of Pb-based piezoelectric materials may contaminate
the environment and damage human health, which limit
their applications. With the raise of environmental con-
sciousness, lead-free piezoelectric materials have received
increasing attention and it is a prevailing trend that envi-
ronmental friendly lead-free piezoelectric materials will
replace Pb-based piezoelectric materials [9, 10]. Currently,
three types of lead-free piezoelectric materials are being
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considered as potential alternatives to Pb-based piezoelec-
tric materials for specific applications. They are perovskite
systems (bismuth sodium titanate [11], alkali niobates [12],
etc.), non-perovskites such as bismuth layer-structured
ferroelectrics (BLSF), and tungsten-bronze type ferroelec-
trics [13, 14]. However, they cannot match the overall
performance of Pb-based piezoelectric materials, and
moreover, the compositions and the structures of these
materials are complex, which may decrease the stability of
their property and increase the difficulty in application.
Zinc oxide (ZnQO) possesses non-centro-symmetric crys-
tal structure and exhibits piezoelectricity. As a piezoelectric
material, ZnO has various advantages. Firstly, it has the
strongest piezoelectric response among the tetrahedrally
bonded semiconductors [15]. Secondly, it is structurally
simple and easy to fabricate and magnetron sputtering
which is widely used in industry for mass production can
fabricate high quality ZnO films. Besides, ZnO film is
compatible with the semiconductor process. Therefore, ZnO
has been widely used as sensors and actuators in microelec-
tromechanical systems and as SAW and BAW devices in
communication field [16, 17]. However, the performance
improvement of piezoelectric device demands stronger pie-
zoelectric behavior and piezoresponse ds; as the important
parameter for evaluating piezoelectric property of ZnO de-
mands improvement. For ZnO bulk, the piezoresponse is
~9.9 pC/N [18] and for an oriented ZnO film, the piezore-
sponse is only ~12.4 pC/N [19], which is approximately one
or two orders of magnitude lower comparing with Pb-based
piezoelectric materials. If the piezoresponse of ZnO could
be increased and comparative to that of Pb-based piezoelec-
tric materials, the performances of available ZnO-based
piezoelectric devices would be improved significantly. Ad-
ditionally, the enhanced piezoelectricity could widely ex-
tend the application field of ZnO. Since ZnO not only pos-
sesses high piezoelectricity, but is environmental friendly
and abundant in raw materials, it can be used as a new type
of promising environmental friendly lead-free piezoelectric
materials to replace Pb-based piezoelectric materials.
Therefore, the enhancement of piezoelectric properties of
ZnO is of great significance. Many researchers have fo-
cused on pure ZnO film and attempted to improve its prop-
erties by optimizing the preparation conditions, but the re-
sults are not distinct [20-22]. Doping is a good method to
improve the piezoelectric properties of Pb-based piezoelec-
tric materials [23-27], and there are many successful exam-
ples to improve the properties of ZnO films by doping.
Doping with Al and Ga can improve the quality and con-
ductivity of ZnO films [28, 29]. Co-doping can induce the
room-temperature ferromagnetism in Co-doped ZnO films
[30-35]. Doping with V, Cu and Ag can improve the pho-
toluminescence properties of ZnO films [36-38]. Moreover,
one can optimize the properties of ZnO and even obtain the
electro-optic, magneto-optic, acousto-electronic and acous-
to-optic properties of ZnO via doping [39]. In the past few
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few years, we have tried to modify ZnO films by transition-
metal (TM)-doping and successfully improved its piezore-
sponse. We obtained doped-ZnO with giant piezoresponse,
Zn0,975V0,025O of 170pC/N [40], Zn0‘94Cr0‘060 of 120pC/N
[41], ZI]()‘913M1'1()A087O of 86 pC/N and ZnoAgggFeo‘sz of 127
pC/N [42, 43]. The macroscopic and microscopic mecha-
nisms were studied by systematical experiments and
characterizations. We proposed a general rule describing the
impact of doping on the piezoresponse of ZnO films. That is,
when the doped ion substitutes for Zn** site, doping ZnO
with a small ion can produce enhanced piezoresponse whe-
reas doping ZnO with a big ion results in a decreased
piezoresponse. This rule is useful for guiding the design of
new wurtzite semiconductors with enhanced piezoresponses.
The modified ZnO films with high piezoresponses can be
used as environmental friendly lead-free piezoelectric mate-
rials, and the rule provides a new way for seeking environ-
mental friendly lead-free piezoelectric materials, which
would be a stimulant for growing research on this subject.
This has motivated us to come up with a review article with
the hope that it would not only give further inspiration to
the researchers who have been already working on ZnO
films and devices, but also draw the attention of researchers
who work on traditional lead-free piezoelectric materials as
well as other researchers. In this article, we comprehen-
sively present the effects of various dopants on the piezore-
sponse of ZnO films. Recent progress in doped ZnO based
piezoelectric devices is also discussed.

2 Experimental procedure

2.1 Film growth of TM-doped ZnO

Doped ZnO films are generally deposited by pulsed laser
deposition (PLD) [44—48], magnetron co-sputtering [49-55],
including direct current (DC) reactive and radio-frequency
(RF), molecular beam epitaxy (MBE) [56-60], chemical
vapor deposition [61, 62] and sol-gel methods [63-67]. It is
known that piezoelectricity is related to the crystallographic
quality of ZnO films and high c-axis orientation can lead to
good piezoelectricity of ZnO films [68-72]. However, there
is no conclusion on which deposition method is the best for
fabricating piezoelectric ZnO films. Owing to low-cost,
high efficiency, easy control, and the production of uniform
films of large size, magnetron sputtering is not only used in
labs but also widely used in industry for ZnO films growing.

The choice of substrate for growing ZnO piezoelectric
films depends on the characterization and the application of
ZnO films after deposition. Due to its low mismatch with
the film, Al,03(001) is suitable for fabricating ZnO piezo-
electric films of high crystallinity [73]. Besides, with high
SAW phase velocity, it is also suitable for the fabrication of
ZnO based thin film SAW devices with high frequency.
There are also other substrates for fabricating ZnO based
thin film high frequency SAW devices, such as diamond,
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diamond-like carbon films, SiC [74-77]. Other substrates
suitable for the deposition of TM-doped ZnO films are Si
[78, 791, AIN/Si [80, 81], SiO»/Si [82-84], and LiNbOs
[85].

Generally, piezoelectric devices require ZnO films of
high quality and high resistivity. To achieve the requirement,
one effective method to fabricate TM-doped ZnO films is to
select pure metal targets of Zn and TM with abundant oxy-
gen. The relative sputtering area of TM chips or pieces at-
tached around the sputtering race track of Zn target is ad-
justed to control the TM composition in TM-doped ZnO
films. In general, the doping concentration is no more than
12 at.% for higher concentration may deteriorate the crystal
quality of ZnO films, which will decrease the piezoelectric
properties. The working gas is a mixture of argon and oxy-
gen at various pressures, which can greatly affect the local
structure, the electric properties and piezoelectric properties
of ZnO films. It is found that high oxygen partial pressure
can result in high resistivity of TM-doped ZnO films, which
is suitable for piezoelectric application. The thickness of the
samples can be determined by the characterization and the
application of ZnO films after deposition. Other experiment
conditions should be optimized for fabricating high quality,
high resistivity and high piezoelectricity of the films.

2.2 Characterization techniques

To understand the local structure and corresponding piezo-
electric behavior of TM-doped ZnO, and to accurately de-
tect the chemical information for doping elements at very
low concentration, highly sensitive characterization tech-
niques are critical. After deposition, the accurate content of
TM in samples can be characterized by X-ray fluorescence
(XRF), energy-dispersive X-ray spectroscopy (EDS) and
inductively coupled plasma (ICP) atomic emission spec-
troscopy. The structure and crystalline quality of the films
can be characterized by X-ray diffraction (XRD) in the
Bragg-Brentano and rocking curve. The state and site of
doping elements can be predicted by comparing the posi-
tions of diffraction peaks between doped and undoped ZnO
films [86-88]. High-resolution transmission electron mi-
croscopy (HRTEM) imaging, selected area diffraction
(SAD) and field-emission scanning electron microscopy
(FE-SEM) can be used to identify interface bonding, to
study structural characteristics, and to observe the surface
morphology and whether small nanoclusters are present in
the films. X-ray photoelectron spectroscopy (XPS) can be
used to determine the valence state of the specific element
[89-92].

X-ray absorption spectroscopy (XAS), including TM
K-edge [93-97], TM L-edge and its interpretation are used
to elucidate the local structure [98—105]. This technique is
recently attracting increasing interest due to its promise of
providing local chemical information for complex materials
and its sensitivity to subtle differences in local environment,
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which is helpful for a better understanding of the changes of
the local environment and the piezoelectricity. If the state of
a trace amount of TM dopant cannot be determined using a
single characterization technique, we can use several dif-
ferent methods to investigate the local TM structure.

As mentioned above, an important parameter for evalu-
ating the piezoelectricity of ZnO films is piezoresponse ds3,
and there are various methods for measuring and calculating
its piezoresponse value [106—-109]. One of the best methods
is to use atomic force microscopy (AFM) to detect small
piezoelectric displacements when an electric field is applied
on ZnO films, and the piezoresponse magnitude can be cal-
culated based on the converse piezoelectric effect [106].
During the measurements, it can apply a conductive rho-
dium coated silicon cantilever with a spring constant of 1.9
N/m, a resonant frequency of 28 kHz, and an integrated tip
of about 10 nm in diameter. A stiff cantilever was used to
get a large indentation force ensuring that the measurement
was in the so-called strong-indentation regime and the pie-
zoresponse was dominated by the d3; of ZnO films [110].

3 Effects of TM-doping on the local structure
and piezoresponse of ZnO films

3.1 V-substitution-induced ferroelectric and enhanced
piezoresponse of Zn,_.V,O films

During the last decade, researchers have observed that dop-
ing can induce some anomalous properties in binary com-
pounds with simple structure. For instance, spontaneous
polarization were found in doped binary compounds
Pb,_,Ge, Te, Zn(Cd,_Te, Zn,_LiO, Zn, . MgO, and
7Zn,Cd;_S [111-115]. We also observed the ferroelectric
behavior in Zngg75V.0250 films [51]. It is well known that
most ferroelectric materials have a strong piezoresponse,
and since Zngg75Vo0250O films possess ferroelectricity, it
may have a strong piezoresponse. The dependence of pie-
zoelectric displacement on applied voltage was character-
ized and the typical displacement-applied voltage (D-V)
loop is shown in Figure 1. As is shown, a typical well-
shaped D-V butterfly loop is obtained in the film with a
maximum displacement of ~1.1 nm appearing at —8 V. This
result displays a strain as high as 0.48% and indicates the
ferroelectric behavior of the film.

It is evident that every point on the D-V loop contains
information about the piezoelectric displacement under the
applied voltage. Piezoresponse ds; can be calculated via the
law of converse piezoelectric effect:

The piezoresponse hysteresis loop is obtained by calculating
the piezoresponse from the D-V curve based on eq. (1), as
shown in Figure 1, where the piezoresponse hysteresis loop
clearly shows that the Zngy75V(0250 film is switchable and
ferroelectricity is retained. A piezoresponse ds; value of
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Figure 1 A representative D-V curve and the piezoresponse hysteresis
IOOP of Zno_g75V0_025O films.

~170 pC/N is also obtained in Zngg75V 0250 film, which is
one order of magnitude larger than that of pure ZnO films.

It is well known that the properties of materials depend
on their microstructures. Since the piezoresponse of
Zn(975V0.025s0 films was enhanced significantly, the micro-
structure might be improved. Figure 2 displays the micro-
structure  characterization obtained for pure and
714975V .0250 films. From Figure 2(a), only (002) and (004)
peaks that reflect ZnO wurtzite structure can be seen in the
two patterns, which suggests a strong c-axis preferred ori-
entation. Besides, no reflections of V metal and second
phases of V were detected, thus the presence of metallic V
or clusters of V oxides can be excluded under the detection
limit of XRD. The inset of Figure 2(a) shows a comparison
of (002) peaks of pure ZnO and Zng 975V 250 films. A rela-
tive shift to a higher angle can be seen, implying V incor-
poration into the wurtzite lattice. Generally, when TM ion
with ionic size smaller than that of Zn** substitutes for Zn**
site in ZnO films, (002) peak would shift to a higher angle.

To more clearly observe the microstructure of ZnO films,
Figure 2(b) shows the cross-sectional HRTEM image and
SAD of Zng975V0.0250 films. As can been seen, V metal and
V-rich clusters are absent throughout the overall film. En-
ergy-dispersive x-ray spectroscopic (EDXS) data taken at a
number of locations throughout the specimen reveal a uni-
form solid solution of V dissolved in ZnO, with V concen-
tration keeping ~2.5 at.%. The inset of Figure 2(b) shows
the SAD pattern of the film, which confirms that
Zny975V 0250 film exhibits perfect preferred orientation. A
representative (002) crystal grain marked by two arrows in
Figure 2(b) shows that the grain is pillarlike and the diame-
ter is ~16 nm.

XRD and HRTEM characterizations show that V-doping
can improve the crystallographic quality of ZnO films,
which would enhance the piezoresponse. However, since
both pure and doped samples are highly oriented, this effect
should be limited. Therefore, there are some intrinsic factors
which couple with the piezoresponse strongly inducing the
drastic difference.
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Figure 2 Microstructure characterization of ZnO:V films. (a) XRD pat-
terns of pure ZnO and Zngg75V.0250 films. The inset shows a comparison
of (002) reflections of the two films; (b) HRTEM image of Zngg75V.0250
films. The inset is the SAD pattern of the films.

In order to seek the origin of the giant piezoresponse, we
used V K-edge X-ray absorption near-edge structure
(XANES) spectrum to investigate the chemical state and
local environment of V dopants in the lattice and Figure 3
shows the corresponding absorption spectrum. A distin-
guishable pre-edge peak (marked 1) can be found in the
figure, which is ascribed to a 1s—3d transition. One can
also find a main absorption (marked 2), which is due to a 1s
—4p transition [116]. Additionally, the spectrum also ex-
hibits a weak shoulder on the low-energy side of the main
peak which has been assigned as the 1s—4p shakedown
transition [117]. Wong et al. [118] reported that the position
of the pre-edge peak varies linearly with the valence state of
the absorbing vanadium atom and that the intensity contains
information about its local environment. The position of
peak 1 is ~5469.8 eV, which indicates a valence state of +5.
On the other hand, 1s—3d dipole transitions are strictly
forbidden for a site with the inversion symmetry like octa-
hedrally coordinated position. With the symmetry lowering,
the intensity increases. A peak, whose intensity is compara-
ble with an edge jump, can be obtained for a tetrahedral
coordination. The pre-edge peak in the experimental curve
is sharp, indicating that V is tetrahedrally coordinated [119].
Thus, through qualitative analysis of the XANES, we have
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Figure 3 Experimental and calculated V K-edge XANES spectra for
Zn0.975V0.0250 films.

found that V with tetrahedrally coordinate substitutes for
Zn* in 5+ state.

In order to find out the specific site of V>* in ZnO films,
V K-edge XANES spectra have been calculated via the full
multiple-scattering theory using the ab-initio method. As
shown in Figure 3, three main features (peaks 1, 2 and 3)
match the experimental curve to a certain extent by simply
replacing the central Zn by V in a designed V-doped ZnO
cluster. However, the relative heights of peaks 2 and 3 are
different from those of the experimental spectrum, and there
is a much lower pre-edge peak compared to the experimen-
tal spectrum. Constriction of local VO, units (C) and dis-
placement of V>* jon from the cell center (D) were then
introduced as parameters in the calculation. Introduction of
VO, constriction and V" displacement improved the simi-
larity of the simulative curve to the experimental curve.
When the VO, constriction is 10% and V>* displacement is
0.15 A, the closest simulation is obtained. This accurate
replication of the characteristics of the experimental spec-
trum implies that V" displacement likely occurs and is
responsible for ferroelectricity in the ZnO:V system. It is
therefore concluded that V>* ionic displacement is responsi-
ble for the ferroelectricity in ZnO:V system.

As discussed above, one can find that switchable spon-
taneous polarization (P;), i.e., ferroelectricity emerges in
ZnO films because of V-doping. Since pure ZnO is
noncentrosymmetric and possesses non-switchable P;, the
addition of V can either modify already existing P, of ZnO
by making it switchable or create additional component of
P,. It is well-known that piezoresponse ds; in the
ferroelectrics with centrosymmetric paraelectric phase can
be expressed as follows [120]:
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where Q. is the effective electrostriction coefficient, and &
andg, are the permittivity of free space and relative permit-
tivity, respectively. From this equation, one can find that the
piezoresponse in ferroelectrics is directly dependent on P
via a factor linking the electrostrictive characteristics and
the dielectric constants. As discussed above, the switchable
P, emerges in ZnO films via V-doping, thus the piezore-
sponse d3; would be enhanced. Moreover, & of the V-doped
ZnO films was determined to be in the range of 18-23 by
dielectric measurements with respect to ~9 for pure ZnO
samples. The improvement of & is considered to be the in-
duce of P [121], which also enhances the piezoresponse
according to eq. (2). Therefore, from the macroscopic point
of view, the giant piezoresponse in ZnO:V films is consid-
ered to be the emergence of switchable spontaneous polari-
zation as well as the relatively high permittivity.

From the microscopic point of view, the dominant effect
of the electric field in wurtzite semiconductors is to rotate
the bonds that are non-collinear with the polar c-axis, i.e.,
Zn2-01 bonds (see Figure 4), toward the direction of ap-
plied field and thus producing strain [122]. And thus the
piezoresponse in wurtzite materials is mainly governed by
the ease of bond bending and rotation. Similarly, the pie-
zoresponse of V-doped ZnO films is mainly governed by
the ease of V—O1 bond bending and rotation. Since V°* ion
has a higher positive charge than Zn>* ion and the ionic size
of V¥ (0.59 A)is smaller than that of Zn** (0.74 A), the
non-collinear V-O1 bonds ought to have a stronger polarity
than Zn2-0O1 bonds and hence can rotate more easily in an
applied field, which produces large piezoelectric displace-
ment and enhances corresponding piezoresponse.

Figure 4 (2x2x1) supercell of V-doped ZnO system.
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The piezoresponses of ZnO:V films with various V con-
tent have been systematically investigated, as shown in
Table 1. The piezoresponses for bulk ZnO and the nanobelts
are ~9.9 and ~26.7 pC/N, respectively. The piezoresponse
enhanced significantly with V-doping and reaches a peak
value of ~170 pC/N, which is about 13 times larger than
that of pure ZnO film (11.8 pC/N). The intriguing piezo-
electric property means that V-doped ZnO is promising
candidates for piezoelectric devices, such as sensors, actua-
tors, transducers and so on. Enhanced piezoresponse is
comparable with that of Pb-based piezoelectric materials,
thus V-doped ZnO can be considered as potentially alterna-
tive to Pb-based piezoelectric materials. Interestingly, the
enhanced piezoresponse not only appears in V-doped ZnO
films, but also exists in V-doped ZnO nanofibers [123].

3.2 Piezoresponse enhancement in ZnO:Cr films

Cr’* ion has a higher positive charge than Zn”* ion and the
ionic size of Cr'* (0.63 A) is smaller than that of Zn**, which
is similar to V>* ion. Therefore, it is of significance to in-
vestigate the effect of Cr-doping on the piezoresponse of
ZnO films.

The chemical state and the local environment of the do-
pants in ZnO lattice are critical for the piezoresponse of
doped-ZnO. XPS was used to study the chemical state of Cr
in ZnO:Cr films and the corresponding spectra are shown in
Figure 5(a). The Zn LMM Auger lines interfere with the
more intense Cr 2p;;, lines in the XPS spectra. The core
level binding energy for Cr 2p;, primary peaks locates at
~577.4 eV, which is very close to the reported binding en-
ergy 577.0-577.2 eV of Cr’* states [124], indicating that Cr
dopants are incorporated into the ZnO lattice as Cr’* ion. No
apparent change in the Cr binding energy is observed with
increasing Cr doping content, indicating that the chemical
state Cr ion has not changed under the doping-content of
9 at.%.

XANES was used to study the specific local environment
of Cr dopants and the normalized Cr K-edge absorption
spectrum of Zng ¢,Cr O film is shown in Figure 5(b). The
presence of the pre-edge peak (marked A) implies a tetra-
hedral environment of the X-ray absorbing transition metals,
which coincides well with the fourfold coordination of sub-
stitutional Cr atoms in wurtzite ZnO. Comparing the peak

Table 1 Piezoresponses of Zn;_,V,O films, ZnO bulk and ZnO nanobelts

Sample d33 (pC/N) Sample d33 (pC/N)
ZnO bulk 9.9 Znp.99Vo010 12.3
Oriented ZnO film 124 710,985V 0.0150 56
ZnO nanobelts 26.7 Zny.05V.020 82
Pure ZnO film 11.8 710,975V 0.0250 170
Zn.995V 0.00s0 12 Zng.97V0.030 95
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Figure 5 Chemical state and local environment charatcterization of
Cr-dopant. (a) Cr 2p core level regions of Zng os1Cro0190, Zng94Cry060 and
Zny91Crp 000 films; (b) experimental and simulated Cr K-edge XANES
spectra of Zng ¢;Cry 09O film.

numbers and positions, the absorption spectrum of
7Zn¢.91Cr 000 film is different from those of Cr, Cr,03, CrO,,
and CrOj; [125], indicating that Cr dopants do not exist as
metal or oxide clusters. Cr K-edge XANES spectra have
been calculated via the full multiple-scattering theory using
ab initio method, in which Cr dopants are modeled as Cr**
to substitute for Zn** site [126]. Comparing the experiment
and calculated spectra, one can find that the three feature
peaks are fitted very well, revealing that Cr’* indeed substi-
tutes for the Zn" site.

The dependence of piezoelectric displacement on the ap-
plied voltage was measured and the corresponding D-V loop
is shown in Figure 6. One can see that a typical D-V
butterfly curve is obtained with a maximum displacement of
~0.9 nm appearing at -9 V. This result displays a strain as
high as 0.6% and indicates the ferroelectric behavior of the
films. The piezoresponse-applied voltage loop calculated
from the D-V curve based on the law of converse piezoelec-
tric effect clearly shows that the Zng¢4CroosO film is
switchable and ferroelectricity is retained. This phenome-
non is similar to that previously observed in V-doped ZnO
films. The relative permittivity of Zngg,Cr O film is also
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Figure 6 A representative D-V curve and the piezoresponse hysteresis
loop of Zng ¢4Cr 06O films.

alike, which is determined to be ~18 by dielectric measure-
ments with respect to ~9 for pure ZnO films. Thus, from the
macroscopic point of view, the maximum piezoresponse
value of 120 pC/N in ZnggsCropsO film arises from the
higher relative permittivity and the emergence of P in ZnO
films due to Cr-doping. From the microscopic point of view,
Cr’* with smaller ionic size and higher positive charge sub-
stitutes for Zn** site in ZnO:Cr films, which makes the
non-collinear Cr—O1 bonds rotate more easily to the applied
field than Zn2—-O1 bonds, producing large piezoelectric dis-
placement and enhanced piezoresponse.

3.3 Effects of Mn content on the piezoresponse of
ZnO:Mn films

So faI, we have obtained Zn0,975V0,025O and Zn0,94Cr0,06O
films with piezoresponse values of ~170 and ~120 pC/N,
respectively, which are more than ten times larger than that
of pure ZnO films. The piezoresponses of these doped-ZnO
films are comparable with that of lead-free piezoelectric
ceramics, such as bismuth sodium titanate and alkali nio-
bates, which have been widely studied in the last few dec-
ades. However, we also found that 2 at.% Cu-doped ZnO
films have a piezoresponses of ~13.6 pC/N, and that Fe- and
Co-doped ZnO films with the same doping concentration
have piezoresponses values of ~6 pC/N and ~11 pC/N, re-
spectively. Thereby, a question emerges immediately: Why
can ZnO films doped with moderate V, Cr and Cu have en-
hanced piezoresponses values whereas ZnO films doped
with 2 at.% Fe and Co have decreased piezoresponses.
There are two possibilities, one is that only some dopants
like V, Cr, and Cu could improve the piezoresponse of ZnO,
while other elements like Fe, Co would decrease its pie-
zoresponse; the other is that there is a general rule describ-
ing the impact of doping on the piezoresponse of ZnO films.
To answer this question, ZnO:Mn films with various
Mn-doping content were investigated.

The piezoresponses of Zn;_,Mn,O are presented in Table 2.
One can find that the piezoresponses of Znj¢7sMng 3,0 and
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Table 2 Piezoresponses of Zn,_,Mn,O films

Sample dz3 (pC/N) Sample dz3 (pCIN)
Pure ZnO film 12.1 7Zn4,913Mng 03,0 86
Zn.975Mng,0220 10.5 Zno.g0sMng 19sO 72
Zn.95:Mng,0430 8.2 ZnyssMng 1,0 53
Zn0.931Mng 9690 38

Zn( 952Mny 0450 films are smaller than that of pure ZnO film.
When x > 4.8 at%, the piezoresponse increases rapidly with
increasing x. The maximum piezoresponse value of ~86
pC/N is obtained in Znj¢;3Mn 0g70 film, which is compara-
ble to some lead-free piezoelectric materials and can be
considered as a lead-free and biocompatible piezoelectric
material. As x exceeds 8.7 at%, the piezoresponse decreases,
which may result from structural deterioration by
over-doping, but the value is still much greater than that of
pure ZnO fims.

To study the macroscopic reasons of piezoresponse dif-
ference among Zn; ,Mn,O films, the D-V curves and the
corresponding piezoresponse-applied voltage loops were
measured, as shown in Figure 7. As can be seen, the typical
D-V butterfly loop can be found in Figures 7(b) and (c),
which indicates that P, emerges in Zngg3MngosO and
Znj913Mng 03,0 films, and the corresponding permittivity
would be higher in both films, which results in the en-
hancement of piezoresponses according to eq. (2). However,
the typical D-V butterfly loop is absent in ZnggspMng 450
films as shown in Figure 7(a) and the maximum displace-
ment is less than 0.16 nm, which indicates a small piezore-
sponse.

To investigate the influence of Mn content on the pie-
zoresponse of Mn-doped ZnO films from a microscopic
point of view, Mn L;-edge XAS spectra were measured,
which are shown in Figure 8. It is known that the XAS at
the Mn L;-edge determines the 3d occupancy of Mn ion and
hence provides the valence states of Mn ion [127]. As the
chemical state changes from Mn** to Mn®>* and Mn*, the
L;-edge shifts toward higher energy and the spectral shape
changes significantly. As shown in the figure, all the sam-
ples exhibit multiple absorption peaks between 640 eV and
646 eV, excluding the possibility of Mn impurities which
does not display multiple structures [128]. A distinct XAS
fingerprint of divalent Mn ion appears in ZnggspMng 430
films, which indicates that the chemical state of Mn in
Zn0,955Mng 450 films is Mn>*. However, as for Zn,_Mn,0
(x = 6.9 at% and 8.7 at%) films, the XAS L;-edge shifts to
higher energy and the line shape changes significantly,
which is attributed to the existence of mixed valence states
of Mn™ and Mn* [129]. Using the crystal field symmetry
to investigate the local environment of Mn in all films care-
fully, we found that Mn** substitutes for Zn** when x < 4.8
at% and the mixed valence states of Mn**/Mn** substitutes
for Zn** when x > 6.9 at%.



428 PanF, et al.

20
0.16
10
£ : z
E o012 o 5
= =
€ 008} 10 B
g g
& 7]
& 004 20 £
[=] N
2
0.00 30 &
s L s s L —40
-8 -4 0 4 8
Applied voltage (V)
60
06 f(b) Zn,,,,Mn, O
E 04 2
g ° ° 3
—— [}
& 30 ©
k. 60 ©
) 2
& 00 g0 &
{-12
-0.2 i n i i 0
8 -4 0 4 8
Applied voltage (V)
0.8 | (©) Zn46:5Mn 6,0 1100
- le 2
E 5 5
E =3
= o g
g 1
g ©
[=% o
w N
fa 100 @
e &
150

Applied voltage (V)

Figure 7 D-V curves and the corresponding piezoresponse loops of
Zn-Mn,O films. (a) Zno.s52Mno050; (b) Zng.931Mno.0690; (€) Zno.913Mng,0570.

Mn L -edge
;‘, Zny ;5Mny ;O
c
2
[=8
g ZnDQNM"DDEBO
=]
<
Zn:)952mn90dﬂo
1 1 1 1 1
638 640 642 644 646
Energy (eV)
Figure 8 Room-temperature XAS spectra near Mn Lj-edges of

Zn;_,Mn,O films (x = 4.8 at%, 6.9 at%, 8.7 at%).

Sci China Tech Sci

February (2012) Vol.55 No.2

The piezoresponse of Mn-doped ZnO films is mainly
governed by the ease of Mn—O1 bond bending and rotation.
When x > 6.9 at%, Mn substitutes Zn as Mn>*/Mn* and the
jonic radius of Mn**/Mn*" (0.66 A/0.60 A) is smaller than
that of Zn** (0.74 A), which makes the Mn-O1 bonds
switch toward the applied field direction conveniently.
Moreover, Mn**/Mn** have higher positive charge than Zn**
ion and the noncollinear Mn—O1 bonds have stronger polar-
ity than Zn2-O1 ones. Hereby, Mn—O1 bonds can rotate
more easily under applied field than Zn2-O1 ones, which
results in large piezoelectric displacement and the corre-
sponding piezoresponse enhances. However, when x > 8.7
at%, the crystal quality is deteriorated greatly by Mn over-
doping, and thus d3; decreases. On the other hand, Mn sub-
stitutes Zn as Mn>* when x < 4.8 at% and the ionic radius of
Mn2* (0.80 10\) is larger than that of Zn2+, which makes the
rotation of Mn**~O1 bonds more difficult than that of
Zn2-01, and thus the piezoresponse is smaller than that of
undoped ZnO films.

Therefore, we not only obtained Zng ¢13Mny 570 films with
enhanced piezoresponse, but also obtained Znggs,Mng 430
films with decreased piezoresponse. Thus, the first possibility
can be precluded and there is a general rule describing the
impact of doping on the piezoresponse of ZnO films.

4 General rule describing the impact of doping
on the piezoresponse of ZnO films

So far, we have investigated various TM-doped ZnO films
(TM = Fe, Co, Cu, V, Cr and Mn), Table 3 shows the pa-
rameters of dopants and the corresponding piezoresponses
of TM-doped ZnO films. As shown by the table, V is in +5
oxidation state in Zngo75Vo0250 and Cr is in +3 oxidation
state in Zng0,Cro 06O. The ionic size of both V>* and Cr** is
smaller than that of Zn®*, and the corresponding piezore-
sponse are more than ten times larger than that of pure ZnO
films. In corresponding TM-doped ZnO, Cu, Fe, and Co
exist at the chemical state of +2. The sizes of Fe’* and Co**
are bigger than that of Zn** but Cu®* is a little smaller, and
the piezoresponse of Fe- and Co-doped ZnO films are
smaller than that of pure ZnO films while the piezoresponse
of Cu-doped ZnO films is a little bigger than that of pure
ZnO films. In Mn-doped ZnO films, when Mn*" with bigger
jonic size substitutes for Zn®" site, the piezoresponse is
smaller than that of pure ZnO films, while Mn®>"/Mn*" with
higher positive charge and smaller ionic size substitutes for
Zn*" site, the piezoresponse is much higher than that of pure
ZnO films. Therefore, via studying the relationship between
dopant ionic size and the piezoresponse values, we pro-
posed a general rule describing the impact of doping on the
piezoresponse of ZnO films. That is, when the doped ion
substitutes for Zn** site, ZnO doped with a small ion pro-
duces enhanced piezoresponse whereas ZnO doped with a
big ion results in a decreased piezoresponse. This general
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Table 3 The parameters of dopants and corresponding piezoresponses of TM-doped ZnO films

Dopant Doping content (at.%) Chemical state Tonic size (A) ds3 (pC/N)
Fe 2 Fe** substitutes for Zn*" 0.76 6
Co 2 Co”" substitutes for Zn>* 0.79 11
Mn 4.8 Mn?" substitutes for Zn** 0.80 8.2
Mn 8.7 Mn’**/Mn** substitutes for Zn** 0.66/0.60 86
\Y 2.5 V™" substitutes for Zn>* 0.59 170
Cr 6 Cr'" substitutes for Zn** 0.63 120
Cu 2 Cu’* substitutes for Zn** 0.72 13.6
rule, if correct, would be useful for guiding the design of 180F — zn__Fe O 1.4
new semiconductors with enhanced electromechanical re- ~ 120l B 7 112
sponses. The chemical state of Fe in Fe-doped ZnO can be (f{ 60 L 'g
different on different conditions and Fe ionic size can be Tg' ok \ g
changed with the change of its chemical state in ZnO:Fe s ok o . g
[130, 131]. Therefore, we used various Fe-doping contents § 120 _.._f X =
and the annealing treatments to verify this rule. o % a
The structural characterization indicates that the crystal . _;jz N

quality of Zngg7FepoeO films is similar to that of
Zng 9gsFeg 01,0 films, while their piezoresponses are of tre-
mendous difference. The D-V curve and the corresponding
piezoresponse loops of ZngggsFeo o0 film are shown in
Figure 9. From Figure 9, one can find that the film has a
typical well-shaped D-V butterfly loop with a displacement
maximum of ~1.25 nm appearing at —8.9 V. The corre-
sponding piezoresponse loop clearly shows that the
Zng gsFeq 01,0 film is switchable and ferroelectricity is re-
tained. A giant piezoresponse as high as of 200 pC/N can be
found in Figure 9. Based on eq. (2), the macroscopic origin
of the giant piezoresponse is the emergence of P and the
corresponding high permittivity in ZnggoggFe 020 films.
Figure 10 shows the D-V curve and corresponding piezore-
sponse loops of Zngg74Fen 6O films. It is found that the
typical butterfly loop is not observed in the figure and the
maximum displacement is less than 0.04 nm. The piezore-
sponse of Zngg74Feq 0260 films is 7 pC/N, which is smaller
than that of undoped ZnO films. From the XPS and XAS
results, it is found that Fe** ion substitutes for Zn*" in
7Zng 9g3Fe.0120 films, and the ionic size of Fe*t (0.64 A) is
smaller than that of Zn**, which makes the switch of the
Fe**-O1 bond toward the applied field direction convenient.
Moreover, Fe’* has a higher positive charge than Zn** ion
and noncollinear Fe**-O1 bonds have a stronger polarity
than Zn2-O1 ones. Hence, Fe**-O1 bonds can rotate more
easily under an applied field than Zn2-O1 ones, which pro-
duces large piezoelectric displacement and enhances the
piezoresponse. Whereas, Fe®* ion substitutes for Zn®* in
Znge74Feq 0060 films and the ionic size of Fe’* (0.76 A) is
larger than that of Zn2+, which makes the rotation of
Fe**-01 bonds become more difficult than that of Zn2-O1.
And the piezoelectric displacement is small and the corre-
sponding piezoresponse is smaller than that of pure ZnO
films.
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Applied voltage (V)

Figure 9 D-V loop and corresponding piezoresponse curve of ZngogsFeq 0120
film.
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Figure 10 D-V loop and corresponding piezoresponse curve of Zngg74Feq 060
films.

An interesting question is emerged: How would the pie-
zoresponse of ZnO:Fe films be changed if the valence and
the ionic size of Fe dopant in ZnO films change? Hereby,
we modulated Fe chemical states and ionic sizes in
Zn,_Fe, O (x=0, 1.2, and 2.6 at.%) films by a series of
post-annealing treatments. After the post-annealing, the
piezoresponses of all the samples were measured and the
corresponding values were shown in Table 4.

Although the piezoresponses of all the samples are im-
proved after annealing in O, environment, the increase in
the piezoresponse of Zngg74Feq 02O is remarkable. Post-
annealing may improve the crystallographic quality and
thus enhance the piezoresponse. Since both pure ZnO and
Zng974Fe 0260 films are in the same annealing condition,
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Table 4 The changes of piezoresponses (pC/N) after a series of post-
treatments

Post-treatment Pure ZnO Zng933Fe0.0120 7Zng 974F€( 0260
As deposited 11.6 127 7

O, annealed 12.1 128 120

H, annealed 11.8 9 7

this effect should be the same for pure ZnO and Zng g974Fe( 0260
films. However, the piezoresponse of Znggr4FensO (120
pC/N) is one order of magnitude larger than that of undoped
7ZnO (12.1 pC/N). Therefore, the tremendous improvement in
the piezoresponse of Zngg7FegnsO seems to result from
some intrinsic factor except for the crystallographic quality
improvement. The D-V loop of Zng¢74Feq 0260 films after an-
nealing in O, environment is shown in Figure 11. A typical
well-shaped D-V butterfly loop can be seen, indicating the
ferroelectric behavior of the Zng¢74Fe 06O film. Therefore,
the tremendous improvement of piezoresponse can be as-
cribed to switchable spontaneous polarizations and the ac-
companying high permittivities.

XAS was used to investigate the changes in the chemical
state and ionic size of Fe in the Zng¢74Feq 0260 film after O,
annealing, and the corresponding Fe L, ;-edge XAS spectra
are shown in Figure 12. The two Fe L, ; line shapes are con-
sistent with a tetrahedral coordination, as expected of Fe ion
substituting for Zn in the ZnO [132]. However, the XAS
spectra of Zng¢74Feq 0260 before and after O, annealing are
different, indicating the different chemical states of Fe ion.
Fe L, and L; edges of Zngg74Feg 06O films as deposited are
located at ~708 eV and ~720 eV, respectively, and the line
shape and L-edge peak position are coincident with those of
Fe* [133, 134], indicating that Fe has a +2 oxidation state
in Zng¢74Fep 060 films. After O, annealing, the film shows a
dominant peak near 710 eV, accompanied by double peaks
near 721 and 723 eV, which are characteristic of Fe** ion
[135]. Therefore, the dominant chemical state of Fe ion
changes from Fe’* to Fe®* after O, annealing. Fe™ ion has a
smaller ionic size and higher positive charge, and thus
Fe**-O1 bonds can rotate more easily under an applied field
than Zn,-O, ones, which produces large piezoelectric dis-
placement and the piezoresponse enhanced.

On the other hand, the piezoresponse of ZnggggFe( 0120
films decreases dramatically after H, annealing as shown in
Table 4. XPS was used to study the changes of Fe chemical
state and ionic size in ZnggggFen 20 film after H, annealing,
and the corresponding Fe 2p XPS spectra are shown in Fig-
ure 13. Fe 2p, and 2p;, peaks in ZngoggFep o120 films as
deposited are located at 724.7 eV and 710.6 eV, respec-
tively, which are similar to the values reported for Fe,O5:Fe
2p1p at 724.9 eV and Fe 2p;5, at 710.7 eV [136]. The spec-
trum shows a shake-up contribution at about 718.6 eV,
which indicates that Fe has a +3 oxidation state [137]. After
H, annealing, Fe 2p;,, and 2p,), signals of the films are cen-
tered at 709.6 eV and 722.7 eV, respectively, which are very
close to those of Fe* (709.30 eV for Fe 2p;,and 722.3 eV
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Figure 11 D-V loop and corresponding piezoresponse curve of
7Zn.974Fe).0260 films after O, annealing.
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Figure 12 Room-temperature XAS spectra near Fe L,; edges of
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Figure 13 Fe 2p XPS spectra of ZngossFe 0120 films as deposited and
after H, annealing.

for Fe 2p,;) [138]. Therefore, the dominant chemical state
of Fe ion in ZngegsFeg o120 films changes from Fe®* to Fe**
after H, annealing. The ionic size of Fe** ion is bigger than
that of Zn>*, and thus it is more difficult for Fe**-O1 bonds
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to rotate to the applied field than Zn,-O, ones. And the pie-
zoelectric displacement is small, resulting in the decrease of
the piezoresponse.

Through investigating Fe-doped ZnO films and the
post-annealing, we verified that the piezoresponse of
doped-ZnO films depends on the ionic size and the positive
charge of the dopant. When smaller ions substitute for Zn**
in ZnO, they can enhance the piezoresponse, and when big-
ger ions substitute for Zn** in ZnO, the piezoresponse can
decrease. This general rule can be used for guiding the de-
sign of new wurtzite semiconductors with enhanced pie-
zoresponses. Besides, the enhanced piezoresponse of doped-
ZnO 1is comparable with that of widely studied lead-free
piezoelectric ceramics. Furthermore, ZnO is structurally
simple and easy to fabricate; it is safe and nontoxic and
compatible with the semiconductor process. Therefore,
doped ZnO with enhanced piezoresponse can be used as a
new type of environmental friendly lead-free piezoelectric
materials. And the general rule proposes a new way for
seeking lead-free piezoelectric materials.

S TM-doped ZnO based piezoelectric devices

Because of its advantages, especially the excellent piezo-
electricity, ZnO thin film has been widely used in industrial
piezoelectric devices, such as actuators, resonators, oscilla-
tor, SAW and BAW devices. The performances of piezo-
electric device strongly depend on the properties of ZnO
films. So far, some researchers have fabricated various
TM-doped ZnO based piezoelectric devices and reported
the performances of these devices.

5.1 Filtering performance improvement in ZnO:V/
diamond surface acoustic wave filters

SAW devices have been widely used in communication
systems and sensors [139, 140]. The rapid development of
high-speed and large-volume communication systems has
increased the demand of high-frequency filters with
low-loss and high piezoelectric coupling coefficient K*
[71, 141, 142]. Piezoresponse is the key property to de-
termine the insertion loss and K> of ZnO based SAW filters.
We used ZnO:V films with enhanced piezoresponse as the
piezoelectric material to fabricate high frequency diamond
SAW filters and undoped ZnO films were used as contras-
tive device [143].

Interdigital transducers (IDTs) with the width and space
of 600 nm was fabricated using electron-beam lithography
(EBL) followed by reactive ion etching (RIE) process. Fig-
ure 14(a) shows the SEM photograph of the whole IDTs
configuration. It is found that fine IDTs patterns were
formed on ZnO/diamond layered structure. Figure 14(b)
shows the atomic force microscopy (AFM) characteriza-
tions of IDTs patterned on the layered structure. As is
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shown, IDTs fingers have sharp edges, regular thicknesses
of 80 nm and regular width of approximately 600 nm. The
IDTs on both undoped and ZnO:V films had the same
structure and were developed under the same conditions,
thus the different performance of the devices should result
from the piezoelectric materials.

Table 5 shows the filtering performance parameters of
both kinds of devices. One can find that the K* value of
ZnO:V devices is on the order of 2.9%, which is higher than
that of undoped ZnO devices of 1.6%. ZnO:V films possess
a piezoresponse of 115 pC/N, which is one order of magni-
tude higher than that of undoped ZnO films (11.3 pC/N).
Therefore, the efficiency of the energy conversion from the
electric RF signal into the SAW would be higher, and the K*
value for ZnO:V films would be higher.

Besides, the insertion loss of ZnO:V film device is small-
er than that of undoped ZnO film device. The K* of ZnO:V
filters is higher, so the energy loss would be lower. Moreo-
ver, ZnO:V films possess better crystallinity and smoother
surface than undoped ZnO films, thus the loss caused by
piezoelectric materials is lower and correspondingly the

(a)

Figure 14 Images of IDTs fabricated on the layered structure (a) SEM
photograph of the whole IDTs (b) AFM image of partial IDTs.

Table 5 Filtering performance parameters of the two kinds of devices

Insertion Central

. 2

Device K loss (dB)  frequency (GHz) a5 (pC/N)
Pure ZnO device 1.6% 31.6 4.16 11.3
ZnO:V device 2.9% 20.8 4.16 115
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insertion loss of the device is lower. Hereby, ZnO:V films
are more preferable for the SAW filters. Besides SAW
filters, we suggest that the improved properties of V-doped
ZnO could also make it a promising candidate for sensors,
actuators, and transducers.

5.2 ZnO:Mg based piezoelectric devices

Comparing with ZnO, MgO has higher longitudinal and
transverse acoustic velocities. Although MgO is a non-pie-
zoelectric material, Zn;_,Mg,O crystal retains the wurtzite
structure and possesses piezoelectricity for the range of Mg
composition below approximately 35% [144]. It is reported
that the acoustic velocity increases whereas the K* decreases
with increasing Mg content in piezoelectric Zn; Mg,O
films [145]. Therefore, SAW properties can be tailored by
controlling Mg content, or using ZnO/Zn,_Mg,O multilayer
structures. This tailor technology increases the design
flexibility of the low-loss and high frequency SAW devices.
Since the Zn; Mg, O is wide bandgap semiconductor and
the SAW properties can be tailored, it is a new piezoelectric
material for making novel integrated acoustic-optic and
acoustic-electronic devices [146].

Walter et al. used Zn,_,Mg,O to fabricate Love wave
filter on ST-cut quartz. They pointed out that K> does not
decay when Mg content is small and temperature coefficient
of frequency (TCF) declines from +30 to +0.44 ppm/°C at
1.5 mol% Mg-doped ZnO films [147]. Chang et al. [85, 148]
used Zn,_,Mg,O to fabricate Love wave sensor. They found
that small Mg-doping content would produce a small crys-
tallite size and a rough surface which increase the phase
shift, i.e. sensitivity, of the Love wave sensor. However,
high Mg-doping content produces too much rough surface
which inhibits the propagation of the Love wave and makes
the sensitivity decrease instead. Therefore, it is promising to
obtain the high sensitivity of Love wave devices for sensing
applications based on Zn,_Mg,O by adjusting Mg content.

5.3 Other metal-doped ZnO based piezoelectric devices

Some other metals, such as Ni, Cu and Ca, were also used
as dopants in ZnO, and the corresponding doped ZnO based
piezoelectric devices were reported. Ni-doped ZnO film has
high resistivity of over 10°Q cm [149], which is preferable
for fabricating high frequency SAW filters with low inser-
tion loss and high stability. It is reported that the preferable
Ni content is between 1 and 2 wt%. Lee et al. have fabri-
cated SAW devices on Cu-doped ZnO films and they
pointed out that the devices using Cu-doped ZnO films have
higher K*and lower insertion loss compared with those de-
vices using undoped films [150]. Such performance im-
provement of the devices is considered to be related to the
desirable c-axis preferred orientation and high electrical
resistivity in ZnO:Cu films. Water et al. reported that the
sensitivity of ZnO based Love wave sensor increases with
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doping of moderate content of Ca due to the increase of
surface roughness [151]. However, the K? decreases due to
the disordering of crystalline structure and radiation loss
from the rough surface. Therefore, via controlling Ca con-
tent, one can obtain a suitable ZnO guiding layer for Love
wave sensor applications.

6 Conclusions and outlook

In conclusion, ZnO is modified by TM-doping and through
choosing appropriate TM-dopant with moderate doping
content. It is found that the piezoresponse of ZnO can be
enhanced dramatically. The tremendous piezoresponse of
doped ZnO films is due to the emergence of P, and the cor-
responding high & from the macroscopic point of view. And
the microscopic origin of the giant piezoresponse is that the
doped ion with smaller ionic size substitutes for Zn2+, which
produces large piezoelectric displacement under the applied
field and improves the corresponding piezoresponse sig-
nificantly. The performances of ZnO based piezoelectric
devices can be tailored by doping, and TM-doped ZnO is
promising for the application of piezoelectric devices. We
also put forward a general rule describing the impact of
doping on the piezoresponse of ZnO films. That is, when
the doped ion substitutes for Zn** site, doping ZnO with a
small ion produces enhanced piezoresponse whereas doping
ZnO with a big ion results in decreased piezoresponse. This
rule is useful for guiding the design of new wurtzite semi-
conductors with enhanced piezoresponses. ZnO is structur-
ally simple and easy to fabricate; it is safe and nontoxic and
compatible with the semiconductor process. Therefore,
doped ZnO with enhanced piezoresponse can be used as a
new type of environmental friendly lead-free piezoelectric
materials. And the general rule proposes a new way for
seeking lead-free piezoelectric materials. The giant pie-
zoresponse could also make TM-doped ZnO a promising
candidate for piezoelectric devices, such as sensors, actua-
tors, and transducers. The SAW devices fabricated on
TM-doped ZnO films possess low insertion loss and a large
K?, which is preferable for fabricating SAW devices with
high frequency and high performance.
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