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To investigate the relationship between the electromechanical response, d33, of doped ZnO and the dopant
ionic size, the chemical state and ionic size of Fe in Fe-ZnO films were modulated through doping with various
Fe concentrations and postannealing. We found that an enhanced d33 of more than 110 pC/N is obtained in
Fe-ZnO films when Fe3+ with an ionic radius of 0.64 Å substitutes for the Zn2+ �0.74 Å� site. The d33 �less
than 7 pC/N� is smaller than that of undoped ZnO films �11.6 pC/N� when Fe2+ �0.76 Å� substitutes for Zn2+.
The enhanced electromechanical response is ascribed to polarization rotation induced by the external electric
field. The microscopic origin is considered. Substitution of Fe3+ with smaller ionic size for Zn2+ results to the
easier rotation of noncollinear Fe-O1 bonds along the c axis under the applied field. Thus, the external electric
field needed for polarization rotation is smaller. When bigger Fe2+ substitutes for Zn2+, rotation of Fe-O1 bonds
becomes more difficult and thus the d33 is smaller. A general mechanism is derived. Doping ZnO with a small
ion produces enhanced electromechanical responses whereas doping ZnO with a big ion results in decreased
electromechanical responses. This mechanism is useful for guiding the design of new wurtzite semiconductors
with enhanced electromechanical responses.
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I. INTRODUCTION

Zinc oxide �ZnO�, a versatile material, has a growing
technological importance because its many favorable
properties.1,2 One of the distinctive properties of ZnO is it
exhibits the largest electromechanical response, d33, among
the known tetrahedral semiconductors,3 making it suitable
for devices in microelectromechanical and communication
systems.4 However, performances of the device might be re-
stricted by its relatively small d33 to some extent. As an
important parameter evaluating electromechanical response,
the d33 value of ZnO is �9.9 pC /N for a bulk and
�12.4 pC /N for an oriented film,5,6 which is approximately
one order of magnitude lower compared to common piezo-
electric perovskite ceramics. Unfortunately, the high toxicity
of lead in perovskite materials and the large lattice mismatch
with silicon limit their application.7 If the d33 of nontoxic and
simple-structured ZnO could be increased to be comparable
with perovskite piezoelectrics, ZnO can be used as a candi-
date for lead-free piezoelectric materials and the perfor-
mance of available ZnO-based devices can be qualitatively
improved. Interestingly, we have obtained 2.5 at. % V-doped
ZnO films �Zn0.975V0.025O� and 6 at. % Cr-doped ZnO films
�Zn0.94Cr0.06O� with maximum d33 values of �170 and
�120 pC /N, respectively.8,9 Using V-doped ZnO films as
the piezoelectric layer, we have fabricated surface acoustic
wave devices with improved performances.10 Similar elec-
tromechanical response improvement can also be found in
V-doped ZnO nanofibers.11 In our previous works, we have
also found that 2 at. % Cu-doped ZnO films have a d33 of
�13.6 pC /N, and Fe- and Co-doped ZnO films with the
same doping concentration have d33 values of �6 pC /N and
�11 pC /N, respectively.12 Thus, the question that immedi-
ately emerges is why ZnO films doped with moderate V, Cr,
and Cu have enhanced d33 values, whereas ZnO films doped
with 2 at. % Fe and Co have decreased d33. Although V, Cr,

and Cu dopants may improve crystallographic quality, and
thus enhance d33 more or less, because the undoped and V-,
Cr-, and Cu-doped ZnO films are highly oriented, this effect
becomes limited. Notably, V is in +5 oxidation state in
Zn0.975V0.025O and Cr is in +3 oxidation state in
Zn0.94Cr0.06O. Both V5+ �0.59 Å� and Cr3+ �0.63 Å� radii
are smaller than that of Zn2+ �0.74 Å�. In the corresponding
TM-doped ZnO, Cu, Fe, and Co exist at the chemical state of
+2. The sizes of Fe2+ �0.76 Å� and Co2+ �0.79 Å� are bigger
than that of Zn2+ but Cu2+ �0.72 Å� is a little smaller. There-
fore, one can hypothesize that the d33 value of ZnO could be
enhanced by doping it with a transition metal ion that is
smaller than that of Zn2+ whereas doping ZnO with a bigger
sized ion may decrease its d33. This mechanism, if correct,
would be useful for guiding the design of new semiconduc-
tors with enhanced electromechanical responses. The chemi-
cal state of Fe in Fe-ZnO may be different at different con-
ditions and Fe ionic size may be changed with a change of its
chemical state in Fe-ZnO. Therefore, we chose Fe-ZnO films
to verify this mechanism.

In this study, we report the tremendous difference in elec-
tromechanical response between Zn0.988Fe0.12O and
Zn1−xFexO �x�2.6 at. %� films. Postannealing in O2 and H2
ambience was performed to verify the relationship between
the electromechanical response of Fe-doped ZnO and the
size of the Fe ion.

II. EXPERIMENT

A series of Zn1−xFexO �x=0, 1.2, 2.6, 4, 5.6, and
7.4 at. %� films were deposited on Si �100� single-crystal
substrates by direct current reactive magnetron cosputtering
using a Zn target �99.99% purity, 120 mm diameter�. Several
Fe pieces �99.99% purity, 5 mm�2 mm� were added uni-
formly around the sputtering race track. In order to adjust the
concentration of Fe in the deposited films, the number of Fe
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pieces in the sputtering area was varied. Substrates were
placed parallel to the target surface at a distance of about 67
mm. The base pressure of the chamber was lower than 5
�10−4 Pa, and the working pressure was a mixture of Ar
�0.3 Pa� and O2 �0.5 Pa�, which were controlled by two dif-
ferent flow meters. Presputtering was performed for 15 min
to remove contaminations on the targets. The deposition rate
was 0.05 nm/s and the substrate temperature during deposi-
tion was 200 °C. The thickness of the samples was
�280 nm, as measured by a stylus profiler. The Fe concen-
tration was determined by induced coupled plasma atomic
emission spectroscopy and confirmed by x-ray fluorescence.
The microstructure of the films was characterized by x-ray
diffraction �XRD� using Cu K� radiation �40 kV, 200 mA�
with �=1.5408 Å. Fe L2,3 edge x-ray absorption spectrum
�XAS� and x-ray photoelectron spectroscopy �XPS� were
used to characterize the local environment of the Fe ion and
its chemical state in ZnO films.

III. RESULTS AND DISCUSSIONS

The XRD patterns of Zn1−xFexO �x=0, 1.2, 2.6, 4, 5.6,
and 7.4 at. %� films are shown in Fig. 1. A peak appears at
�34°, which corresponds to the �002� diffraction of the ZnO
hexagonal wurtzite structure. All films are single-phased
with a c-axis-preferred orientation, and no evidence of any
other Fe secondary phases and impurities are detected. Com-
pared with undoped ZnO films, there is a relative shift of the
�002� peak to a lower angle for Zn1−xFexO �x�2.6 at. %�,
whereas Zn0.988Fe0.12O has a relative shift of the �002� peak
to a higher angle. A similar peak shift has also been observed
in Co-doped ZnO and V-doped ZnO films.13,14 Changes in
the �002� diffraction peak indicate that Fe is incorporated
into the wurtzite lattice. In addition, the relative intensity of
the �002� diffraction peak decreases when Fe is doped into
ZnO films, indicating that Fe deteriorates crystal quality.

The valence of Fe in ZnO:Fe films was characterized by
XPS �Fig. 2�. The Fe 2p XPS spectrum of the Zn0.988Fe0.12O
film is different from that of Zn1−xFexO �x�2.6 at. %� films.
The Fe 2p1/2 and Fe 2p3/2 peaks in the Zn0.988Fe0.12O film are
located at 724.7 eV and 710.6 eV, respectively, which are
almost same as the values reported for Fe2O3:Fe 2p1/2 at
724.9 eV and Fe 2p3/2 at 710.7 eV.15 A shake-up contribution

at about 718.6 eV is consistent with available literature,
which also indicate that Fe has a +3 oxidation state.16 The
Fe 2p3/2 and Fe 2p1/2 signals in the Zn0.974Fe0.026O film are
centered at 709.6 eV and 722.7 eV, respectively, which are
very close to that of Fe2+ in FeO �709.30 eV for Fe 2p3/2 and
722.3 eV for Fe 2p1/2� according to the handbook of XPS
�Ref. 17� and previous reports.18 With increasing Fe concen-
tration, no significant change in chemical shift and signal
was found for Fe 2p1/2 and Fe 2p3/2. Based on the XPS re-
sults, Fe in the Zn0.988Fe0.12O film exists in the form of Fe3+,
whereas Fe chemical states in Zn1−xFexO �x�2.6 at. %�
films are believed to be Fe2+. The chemical state of Fe in
Fe-ZnO films changes from Fe3+ to Fe2+ with an increase in
the amount of Fe dopant, similar to that reported by other
studies.19,20

Fe L2,3 edge XAS obtained by the BL08U beam line of
the Shanghai Synchrotron Radiation Facility was used to
characterize the local environment and chemical states of Fe
ion in Fe-ZnO films. The XAS spectra are highly sensitive to
the valence state: an increase in the valence state of the tran-
sition metal ion by one causes a shift in the XAS L2,3 spectra
by 1 or more electron volt toward higher energies. The
Fe L2,3-edge XAS spectra of Zn0.974Fe0.026O, Zn0.988Fe0.012O,
and Zn0.974Fe0.026O annealed in O2 are shown in Fig. 3. All
Fe L2,3 line shapes are consistent with a tetrahedral coordi-
nation, as expected of Fe ions substituting for Zn in the ZnO

FIG. 1. �Color online� XRD patterns of Zn1−xFexO �x=0, 1.2,
2.6, 4, 5.6, and 7.4 at. %� films.

FIG. 2. �Color online� Fe 2p XPS spectra of Zn1−xFexO films
�x=1.2, 2.6, and 7.4 at. %�.

FIG. 3. �Color online� Room-temperature XAS spectra near
Fe L2,3 edges of Zn1−xFexO films �x=1.2 and 2.6 at. %� and
Zn0.974Fe0.026O films annealed in O2.
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wurtzite lattice.21 However, the XAS spectrum of
Zn0.974Fe0.026O is different from that of Zn0.988Fe0.12O.

Ferric oxide, which consists of trivalent Fe ions, is well
known to exclusively exhibit doublet peaks at both L2 and L3
edges in its XAS spectrum.22 The Zn0.988Fe0.12O film shows
a dominant peak near 710 eV, accompanied by double peaks
near 721 and 723 eV, which are characteristic of Fe3+ ions.
The XAS spectrum of Zn0.974Fe0.026O films does not show
any doublet peak at both L2 and L3 edges. Peak positions for
L2 and L3 edges are located at �708 eV and �720 eV,
respectively, and have slightly lower photon energies than
the corresponding L-edge peak position of Fe2O3. The line
shape and L-edge peak position of Zn0.974Fe0.026O films is
coincident with that of FeO, indicating that Fe has a +2
oxidation state in Zn0.974Fe0.026O films.23,24 The Fe L2,3-edge
XAS spectrum of Zn1−xFexO �x�2.6 at. %� is the same as
that of Zn0.974Fe0.026O �not shown in figure�. Therefore, Fe3+

substitutes for Zn when Fe doping concentration is below
1.2 at. %. When the Fe doping concentration is above
2.6 at. %, Fe2+ substitutes for Zn. From the above analysis
and the XPS and XRD results, one can conclude that Fe3+

successfully substitutes for the Zn2+ site in the Zn0.988Fe0.12O
film whereas in Zn1−xFexO �x�2.6 at. %� films, Fe2+ substi-
tutes for the Zn2+ site.

The electromechanical responses of films were character-
ized by a commercially available scanning probe microscope
�SPM, Seiko Instruments SPI4000 & SPA300HV�. Figure 4
shows the electromechanical response dependence of the ap-
plied voltage for Zn0.988Fe0.012O, Zn0.974Fe0.026O, and
Zn0.974Fe0.026O films annealed in O2. Figure 4�a� shows that
the Zn0.988Fe0.12O film has a typical well-shaped
displacement-voltage �D-V� butterfly loop with a displace-
ment maximum of �1.25 nm appearing at −8.9 V. This re-
sult shows a strain as high as 0.45% and indicates the ferro-
electric behavior of the Zn0.988Fe0.12O film. A similar
ferroelectricity has also been observed in Li-doped ZnO
systems.25–27 A similar ferroelectricity in Pb1−xGexTe and
PbSxTe1−x is ascribed to the following the phenomenon:
when the size of the dopant ion is smaller than the host ion,
the dopant ion can occupy off-center positions, thus locally
inducing electric dipoles and resulting in ferroelectric
behavior.28,29 Glinchuk et al.30 reported that the ferroelectric-
ity of nonperovskite semiconductors, such as ZnO:Li, Be,
and Mg, depends on a difference in the ionic size of the
impurity and the host lattice ion as well as on the doping
concentration. In the Zn0.988Fe0.012O film, smaller Fe3+ ions
substitutes for Zn2+ and occupies off-center positions, induc-
ing ferroelectricity.

Every point on the D-V curve is considered to contain
information about piezoelectric deformation under the corre-
sponding electric voltage. The electromechanical response
hysteresis loop �d33-V� can be calculated from the D-V curve
based on the law of converse piezoelectric effect. The d33-V
loop clearly shows that the Zn0.988Fe0.12O film is switchable
and ferroelectricity is retained �Fig. 4�a��. A maximum d33
value of �200 pC /N can also be found in Fig. 4�a�. Con-
sidering that SPM characterization is a local method, mea-
surements were conducted repeatedly on different points of
Zn0.988Fe0.12O films and an average d33 ��127 pC /N� was
obtained from over ten measurements. The value is compa-

rable to the d33 of some lead-free piezoelectric materials,
making this a sort of lead-free and biocompatible piezoelec-
tric material. The measured d33 of undoped ZnO films in our
work is 11.6 pC/N, which is in agreement with 12.4 pC/N for
a similarly oriented film.10 Thus, the average d33 value for
Zn0.988Fe0.12O films is about one order of magnitude larger
than that of undoped ZnO films. Although the improved
crystallographic quality can increase d33 value, the crystallo-
graphic quality of Zn0.988Fe0.12O is not as good as the un-
doped ZnO film �Fig. 1�. Therefore, the enhanced d33 of
Zn0.988Fe0.12O cannot be ascribed to crystallographic quality
improvement. A similar enhancement of the electromechani-
cal response has also been observed in V- and Cr-doped ZnO
systems.8,9,11

FIG. 4. �Color online� Displacement-Voltage �D-V� loop and the
corresponding electromechanical response curve: �a� Zn0.988Fe0.12O
film, �b� Zn0.974Fe0.026O film, and �c� Zn0.974Fe0.026O annealed in
O2.

ENHANCED ELECTROMECHANICAL RESPONSE OF Fe-… PHYSICAL REVIEW B 82, 014116 �2010�

014116-3



For the last two decades, the electromechanical responses
of ferroelectric and piezoelectric perovskite oxides have been
intensively studied.31,32 Park et al.33 reported that single-
crystal Pb�MgNb�O3-PbTiO3 �PMN-PT� and
Pb�ZnNb�O3-PbTiO3 �PZN-PT� solid solutions exhibit giant
electromechanical responses on the order of �2500 pC /N,
which is about one order of magnitude higher than that of
traditional piezoelectric ceramics. The enormous electrome-
chanical response is ascribed to polarization rotation. The
electric field applied noncollinearly along the pseudocubic
�001�, rather than in the rhombohedral �111� direction, causes
polarization to rotate with much less energy, leading to a
large strain response.33,34 In this study, Zn0.988Fe0.12O films
also show ferroelectricity so a similar mechanism can be
used to explain the remarkable electromechanical response in
Zn0.988Fe0.12O films. The phenomenological equation for d33
can be expressed via a factor linking electrostrictive
characteristics35

d33 = 2Qeff�0�rPs, �1�

where Qeff is the effective electrostriction coefficient; and Ps,
�0, and �r are the spontaneous polarization, the permittivity
of free space, and the relative permittivity, respectively. Fer-
roelectricity exists in Zn0.988Fe0.12O films, and the spontane-
ous polarization, Ps, is switchable, which results in a large
relative permittivity, �r.

36 Therefore, induced spontaneous
polarization by Fe3+ substitution in the Zn0.988Fe0.12O film
and the accompanying high permittivity are considered to be
mainly responsible for the large electromechanical response.

SPM characterizations were also performed on
Zn0.974Fe0.26O films and the electromechanical response de-
pendence of the applied voltage is shown in Fig. 4�b�. The
typical butterfly loop is not observed and the maximum dis-
placement is less than 0.04 nm. The average electromechani-
cal response of Zn0.974Fe0.26O films from 10 measurements is
7 pC/N, which is smaller than that of undoped ZnO films
�11.6 pC/N�. To systematically investigate the electrome-
chanical responses of Fe-doped ZnO films, SPM character-
izations were also performed on films with other Fe concen-
trations. Figure 5 shows the average electromechanical
response as a function of Fe concentration x in Zn1−xFexO
films. Except for a significant enhancement of electrome-

chanical response in Zn0.988Fe0.12O films, all electromechani-
cal responses in other Fe-doped ZnO films are smaller than
that of undoped ZnO films because of structural deterioration
�Fig. 1�.

To date, the similar crystallographic qualities of
Zn0.974Fe0.026O and Zn0.988Fe0.12O have been confusing be-
cause these have tremendously different electromechanical
responses. Apparently, there are some intrinsic factors that
result in a drastic difference in electromechanical response.
Unfortunately, unlike the electronic properties of ZnO,37,38

the electromechanical properties of these materials are
poorly understood. Dal Corso et al. and Hill and Waghmare39

reported piezoelectric constants �e33� under zero field but the
electromechanical coefficients �d33� are the response of strain
to a nonzero electric field. Karanth and Fu40 studied the mi-
croscopic origin of the large electromechanical response in
an undoped ZnO system under a nonzero electric field. They
proposed that the large electromechanical response of ZnO
originates from the strong coupling between strain and po-
larization. The dominant effect of the electric field in wurtz-
ite semiconductors does not elongate the polar chemical
bonds, as commonly believed. Rather, it serves to rotate the
noncollinear bonds along the polar c axis, i.e., Zn2-O1 bonds
�Fig. 6�, toward the direction of the applied field. This pro-
duces strain, which is the microscopic mechanism of a large
electromechanical response in undoped ZnO. This suggests
that the electromechanical response in wurtzite materials is
mainly governed by ease of bond bending and rotation. This
microscopic explanation also works in Fe-doped ZnO films
with consideration of the rotation of Fe-O1 bonds, in addi-
tion to Zn2-O1 bonds �Fig. 6�. Hence, the electromechanical
response of our samples is mainly determined by the ease of
Fe-O1 bond bending and rotation. In Zn0.988Fe0.12O films,
Fe3+ ions substitute for Zn2+ and the ionic radius of Fe3+

�0.64 Å� is smaller than that of Zn2+ �0.74 Å�, which makes
the switch of the Fe3+-O1 bond toward the c-axis convenient.
Moreover, Fe3+ has a higher positive charge than Zn2+ ions
and noncollinear Fe3+-O1 bonds have a stronger polarity
than Zn2-O1 ones. Hence, Fe3+-O1 bonds can rotate more
easily under an applied field than Zn2-O1 ones �Fig. 6�a��.
This subsequently results in a large electromechanical re-

FIG. 5. The average electromechanical response d33 as a func-
tion of Fe concentration x in Zn1−xFexO �x=0, 1.2, 2.6, 4, 5.6, and
7.4 at. %� films. FIG. 6. �Color online� The �2�2�1� supercell of Fe-doped

ZnO system: �a� Fe3+ substitutes for Zn2+ site and �b� Fe2+ substi-
tutes for Zn2+ site.
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sponse according to the prediction of Karanth. On the other
hand, Fe2+ ions substitute for Zn2+ in Zn0.974Fe0.026O films
and the ionic radius of Fe2+ �0.76 Å� is larger than that of
Zn2+ �Fig. 6�b��, which make the rotation of Fe2+-O1 bonds
become more difficult than that of Zn2-O1. This is the reason
why the electromechanical response is smaller than that of
undoped ZnO films. Thus, one viewpoint can be deduced;
the electromechanical response of ZnO can be enhanced
when smaller Fe3+, which has a higher positive charge, sub-
stitutes for Zn2+ and decreases when bigger Fe2+ substitutes
for Zn2+.

To further strengthen this argument, we modulated Fe
chemical states and ionic sizes in Zn1−xFexO �x=0, 1.2, and
2.6 at. %� films by a series of postannealing treatments at
500 °C for 60 min. Step 1, samples were annealed under O2.
Step 2, samples were annealed under H2. Step 3, samples
were again annealed under O2. The electromechanical re-
sponses of all samples after each step were measured by
SPM and the average electromechanical responses are shown
in Table I. Although all samples possess improved electro-
mechanical responses after the first step, as can be seen in
line 3 of Table I, the increase in the electromechanical re-
sponse of Zn0.974Fe0.026O is remarkable. Postannealing may
have improved the crystallographic quality and thus en-
hanced the electromechanical response more or less. Since
both undoped ZnO and Zn0.974Fe0.026O films are in the same
condition, this effect should be the same for undoped ZnO
and Zn0.974Fe0.026O films. However, the increase in electro-
mechanical response of Zn0.974Fe0.026O �120 pC/N� is one
order of magnitude larger than that of undoped ZnO �12.1
pC/N�. Therefore, an increase in electromechanical response
of Zn0.974Fe0.026O seems to result from some other factor
besides crystallographic quality improvement. Figure 4�c�
shows the electromechanical response dependence of the ap-
plied voltage for Zn0.974Fe0.026O film after Step 1. A typical
well-shaped displacement-voltage �D-V� butterfly loop indi-
cating the ferroelectric behavior of the Zn0.974Fe0.026O film
can be found in the figure. Hence, the enormous increase can
be ascribed to spontaneous polarizations and the accompany-
ing high permittivities. To investigate the changes in the
chemical state and ionic size of Fe in the Zn0.974Fe0.026O film
after Step 1, XPS measurement was performed. Figure 7
shows the Fe 2p spectrum of the as-deposited Zn0.974Fe0.026O
film after Step 1. The dominant chemical state of Fe ion
changes from Fe2+ to Fe3+. A similar change in Fe chemical
state can also be found in the Fe L2,3 edge XAS shown in
Fig. 3. Thus, after Step 1, Fe3+ substitutes for the Zn2+ site in
Zn0.974Fe0.026O films, and Fe ionic sizes become smaller than
that of Zn2+, which results in an easier rotation of the Fe-O1

bond �Fig. 6�a��. As a result, the electromechanical response
is significantly enhanced. On the other hand, after Step 2, the
electromechanical responses of Zn0.988Fe0.12O and
Zn0.974Fe0.026O films decrease dramatically, �Table I, line 4�.
From the Fe 2p XPS spectra shown in Fig. 8, the Fe2+ frac-
tion increases at the cost of the Fe3+ state, and the dominative
valence of the Fe ion changes from Fe3+ to Fe2+ in
Zn0.988Fe0.12O films after Step 2. Therefore, Fe2+ substitutes
for the Zn2+ site in the Zn0.988Fe0.12O film, and the Fe ionic
size becomes bigger than that of Zn2+, resulting in a difficult
rotation of the Fe-O1 bond. Accordingly, the electromechani-
cal response decreases significantly. After Step 3, the domi-
nant chemical state of Fe ion in Zn0.988Fe0.12O films returns
to Fe3+ �Fig. 8� and the electromechanical response is again
enhanced �Table I, line 5�. The electromechanical response
of the Zn0.974Fe0.026O film is also enhanced. Thus, the elec-
tromechanical response of ZnO can be enhanced when
smaller Fe3+ ions substitute for Zn2+ and decreased when
bigger Fe2+ ions substitute for Zn2+. This is a general mecha-
nism; that is, when smaller ions substitute for Zn2+ in ZnO,
they enhance electromechanical response, and when bigger
ions substitute for Zn2+ in ZnO, electromechanical responses
decrease. Such a principle can be used for guiding the design
of new wurtzite semiconductors with enhanced electrome-
chanical responses.

It is easy to use this general mechanism to explain the
question posed in the introduction. When moderate amounts

TABLE I. Electromechanical responses �pC/N� of Zn1−xFexO
�x=0, 1.2, and 2.6 at. %� films with a series of post treatments.

Post treatment x=0 x=1.2 at. % x=2.6 at. %

As deposited 11.6 127 7

Step 1 12.1 128 120

Step 2 11.8 9 7

Step 3 12 120 110

FIG. 7. �Color online� Fe 2p XPS spectra of Zn0.974Fe0.026O
films as deposited and after Step 1 treatment.

FIG. 8. �Color online� Fe 2p XPS spectra of Zn0.988Fe0.012O
films as deposited after Step 2 and after Step 3 treatment.
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of V, Cr, and Cu dope ZnO films, substitution of V5+

�0.59 Å�, Cr3+ �0.63 Å�, and Cu2+ �0.72 Å� for Zn2+

�0.74 Å� make the V-O1, Cr-O1, and Cu-O1 bonds rotate
easier in the direction of the applied field and enhance the
corresponding electromechanical responses. On the other
hand, when 2 at. % Fe- and Co-doped ZnO films, a bigger
ionic size in the Zn2+ site makes the rotation of the Fe-O1
and Co-O1 bonds difficult and decreases the electromechani-
cal response. Furthermore, the electromechanical responses
in TM-doped ZnO and in piezoelectric single-crystals
PMN-PT and PZN-PT have the same microscopic origin,
i.e., polarization rotation. This is the key to understanding
the electromechanical responses in tetrahedral semiconduc-
tors and in ferroelectric perovskites, which is significant in
bridging these two seemingly unrelated fields.

IV. CONCLUSION

In summary, we have developed a method of enhancing
the electromechanical response of Fe-doped ZnO films by
modulating the chemical state and ionic size of Fe dopant.
An enhanced electromechanical response as high as 127
pC/N is obtained in Zn0.988Fe0.12O films, whereas the elec-
tromechanical responses of Zn1−xFexO �x�2.6 at. %� films

are smaller than that of undoped ZnO films. After annealing
in O2, the electromechanical response of the Zn0.974Fe0.026O
film increases up to 120 pC/N and the dominant chemical
state of Fe changes from Fe2+ to Fe3+. On the other hand, the
electromechanical response of the Zn0.988Fe0.12O film de-
creases to 9 pC/N and the Fe2+ fraction increases at the cost
of the Fe3+ state when it is annealed in H2. The electrome-
chanical response of doped wurtzite semiconductors and the
ionic size of dopants is related in that the substitution of
smaller dopant ions for the host ones enhances the electro-
mechanical response and big dopant ion decrease the elec-
tromechanical response. The enhanced electromechanical re-
sponses make Fe-doped ZnO a promising candidate for lead-
free, environment-friendly, and biocompatible piezoelectric
materials.
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