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ABSTRACT: High-quality piezoelectric thin films have
recently been in demand for mobile sensor applications. An
investigation was conducted to understand the improvements
in the piezoelectric and imprint characteristics of heavily Nb-
doped lead zirconate titanate thin films with an extensive range
of Nb content (up to 14 mol %) beyond the typical solid
solubility limit of Nb. The positive effects produced by the
unusual doping of Nb were realized by utilizing an in situ sputtering process that did not require a subsequent annealing and
poling procedure. An enhanced piezoelectric coefficient, −e31, of −12.87 C/m2 and a stronger shift in the coercive field, Ec,shift, of
∼20 kV/cm, which are ideally useful for mobile sensor applications, were obtained for the 12 mol % Nb-doped films deposited
on nonconventional buffer electrodes of Ir/TiW. The reduced oxygen vacancy concentration and preferred domain orientation
with a stronger piezoresponse induced by the Nb donor doping contributed to the enhancement of the piezoelectric properties.
Potential defect dipoles aligned by a residual stress gradient along columnar structures seemed to induce an internal electric field
in the Nb-doped films, leading to the preferred domain orientation, as well as the strong imprint behavior due to a clamping of
domain walls.
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■ INTRODUCTION

High-quality piezoelectric thin films and nanostructures have
been investigated for various energy-harvesting, sensing, and
actuating applications, including conventional transducer and
actuator devices.1−5 Especially, the interest in lead zirconate
titanate (Pb(Zr,Ti)O3, PZT) thin films has recently increased
because of the demand for higher-performance piezoelectric
thin-film-based devices for future mobile and automobile
applications.6−8 There are various processing techniques
available for the thin-film deposition of PZT. However, only
solution-based and sputter deposition processes have been
generally accepted as being competitive in manufacturing cost-
effective piezoelectric microelectromechanical system (MEMS)
devices.9−12 There have been a limited number of reports
dealing with high-quality PZT thin films prepared by
sputtering, even though the sputtering technique is preferred
over solution deposition for large-scale production.
Recently, a research group of the Fujifilm Co. reported that

Nb-doped PZT films on Ir/TiO2/SiO2/Si substrates demon-
strated a promising microactuating performance.9,10 Interest-
ingly, this performance was achieved without a poling process
because strong polarized states were obtained in the as-
deposited state produced using a radio frequency (RF)
magnetron sputtering technique. However, they did not
quantify the influence of the Nb-doping level on the
piezoelectric and imprint properties of the films. The origin
and mechanism of the in situ domain formation without a

subsequent annealing and poling procedure have not yet been
considered, even though in situ sputtering must be regarded as
a critical achievement for piezoelectric films. Initially, the effects
of the Nb doping in the PZT films were mostly limited to an
Nb content of less than 5−7 atom %, regardless of the
deposition technique.12,13 Most of those Nb-doped film studies
concluded that 1−2% of Nb, as the limit of solid solubility,
resulted in the best ferroelectric and piezoelectric performances
for PZT films, along with promising microstructures and least
pyrochlore formation.
The recent applications of PZT-based films have also covered

mobile sensing devices, including touch and gyro-sensors. The
requirements of mobile sensors commonly demand higher
charge and voltage sensitivities, which can be achieved with a
high transverse piezoelectric coefficient, e31, and an ideal
polarization−electric field behavior.14−16 However, a very
limited number of studies on the material aspects for mobile
sensors have been reported.
This work focused on in situ sputtered PZT thin films with

heavily doped Nb in the range of 8−14 atom % to demonstrate
for the first time the actual values of the piezoelectric constant
and imprint behavior and determine the origin of the unusual in
situ domain formation behavior. Again, the in situ processing
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did not require the subsequent annealing and poling procedure.
Unconventional combinations of Ir and TiW buffer electrodes
were examined. The reduced oxygen vacancy concentration and
preferred domain orientation with a strong piezoresponse
seemed to be responsible for the enhanced piezoelectric
properties. We believe that defect dipoles aligned by the
residual stress gradient along the columnar structures may have
induced the internal electric field in the Nb-doped films, leading
to the preferred domain orientation, as well as the strong
imprint behavior.

■ EXPERIMENTAL SECTION
Nb-doped PZT thin films with Pb(Zr0.52Ti0.48)1−xNbxO3 composi-
tions (PNZT; x = 0, 0.08, 0.10, 0.12, and 0.14) were deposited using
RF magnetron sputtering. The corresponding targets were fabricated
by the solid-state reaction of PbO (>99.9%; Coplosa, Spain), TiO2
(>99.9%; Kojundo, Japan), ZrO2 (>99.9%; GCM, Korea), and Nb2O5
(99.9%; Sigma-Aldrich Inc.) at 850 °C. After the uniaxial pressing of
the calcined powder to form a 2 in. pellet, the target was finally
sintered at 1000 °C for 4 h in a Pb atmosphere.
An Ir(200 nm)/TiW(20 nm)/SiO2(300 nm)/Si substrate was used

for the sputter deposition. The Ir and TiW layers were sequentially
deposited using DC sputtering. The sputtering of the PNZT films was
conducted at 150 W in an Ar atmosphere at 660 °C for 4 h to achieve
a film thickness of ∼2 μm. As a top electrode, Pt was deposited onto a
shadow mask using DC sputtering. As a reference, the effects of the
film thickness from 0.2 to 2.0 μm on the phase, microstructure,
polarization−electric field, and transverse piezoelectric coefficient are
demonstrated for the 12 mol % Nb-doped thin film in Figures S1−S4.
Crystal structures of the thin films were examined using an X-ray

diffractometer (XRD, Rigaku Ultima IV, Tokyo, Japan). Surface
microstructures were observed using field-emission scanning electron
microscopy (JEOL JSM-7001F; Tokyo, Japan). Cross-sectional
transmission electron microscopy (TEM) specimens were prepared
using a standard focused ion beam (FIB) technique. The detailed
microstructural investigations were performed using high-resolution

TEM (HRTEM; Tecnai G2 F30 S-Twin, FEI, Netherlands) equipped
with a high-angle annular dark-field (HAADF) detector and an X-ray
energy-dispersive spectrometer (EDS) system operating at 300 kV
with a 0.2 nm TEM point resolution. In a scanning transmission
electron microscopy (STEM) mode, the convergence angle of the
electron beam was 25 mrad and the collection angle was in the range
of 50−250 mrad. The final STEM HAADF resolution was 0.16 nm.
Ferroelectric hysteresis loops were measured using Precision Pro
(Radiant Technologies Inc., Albuquerque, NM). Piezoelectric force
microscopy (PFM, Bruker Nanoscope V multimode, Santa Barbara,
CA) was used to observe the domain structure of the as-deposited
films. Measurements of the piezoelectric constant, e31, were conducted
using a laser Doppler vibrometer (Polytec OFV-5000, Waldbronn,
Germany). It should be noted that all the electrical measurements
were conducted without using a poling process for the as-deposited
films.

■ RESULTS AND DISCUSSION

Figure 1a shows the XRD patterns of the PNZT thin films
containing different Nb contents. All of the thin films exhibit a
pure perovskite structure, except for the 14 mol % PNZT thin
film, which contains a minor pyrochlore phase of Pb2Nb2O7.
The solubility limit of Nb is likely 12−14 mol %. It is
interesting that the solid solubility level of Nb is greater than
the typical reported value of ∼2 mol % for PZT films processed
by solution deposition.17 The energetic nonequilibrium state
during sputtering likely allows for the accommodation of a
greater amount of niobium in the perovskite structure, as a
unique feature of the in situ sputtering process. It is also
noticeable that a greater incorporation of Nb tends to change
the preferred orientation of the crystals from the (100) growth
for the undoped films into a polycrystalline structure with the
strong development of (110)/(111)/(211) planes. The heavy
Nb doping seems to contribute to the random orientation, even
though the mechanism is unclear. This observation is different

Figure 1. (a) XRD patterns of heavily Nb-doped PZT thin films sputtered at 660 °C on Ir/TiW/SiO2/Si substrates. (b) Selected surface and cross-
sectional SEM images of PZT thin films containing 0, 12, and 14 mol % Nb, with a representative cross-section image of 12 mol % Nb-doped film.
(c) Polarization−electric (P−E) field hysteresis loop curves of PNZT thin films with different levels of Nb doping. Variations of (d) saturation
polarization, Ps, and (e) piezoelectric coefficient, −e31, depending on different levels of Nb doping in the sputtered PZT thin films.
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from that for the sputtered 13 mol % PNZT films reported by
Fujifilm, where a strong (100) orientation was observed.10 The
difference is believed to come from the prolonged deposition
time (∼4 h) used here because an identical Ir bottom electrode
was used in the reported study. A prolonged deposition time
provides a higher chance of random orientation upon crystal
growth. It was similarly reported that the incorporation of up to
8% Nb induced a random orientation after the annealing of
solution-prepared PZT films at 650 °C.17

Selected surface microstructures of the PNZT films are
presented in Figure 1b. Well-developed grain structures with
clear grain boundary regions are seen regardless of the Nb
content. The grain size distribution is quite uniform over all the
samples. The faceted feature of protruding grains at higher Nb-
doping levels suggests that the perovskite crystals were
sufficiently established with a polycrystalline structure. The
cross-sectional microstructure of the 12 mol % PNZT film is
also presented in Figure 1b, which shows very dense columnar
structures with clear interfaces between the film and the bottom
electrode.
Figure 1c shows the hysteresis P−E field curves of the

undoped and Nb-doped PZT thin films. The curves were
measured at a frequency of 1 kHz under an applied electric field
of 125 kV/cm after the fabrication of a metal−insulator−metal
sandwich structure utilizing a Pt top electrode. The variation of
the saturation polarization, Ps, is plotted in Figure 1d according

to the different Nb-doping levels. The loop shape and Ps are
dependent on the level of Nb doping. For example, Ps has a
maximum value of 40.21 μC/cm2 for the 12 mol % PNZT film,
compared to 21.41 μC/cm2 for the undoped PZT film. The
increased Ps value with Nb doping is partially associated with
the well-developed crystals, without the production of a
secondary pyrochlore phase.
Figure 1e also shows the dependence of piezoelectric

coefficient e31 on the Nb doping, which was measured using
a unimorph PNZT thin-film cantilever structure. The e31 value
was calculated from the displacement of the cantilever tip
caused by the converse piezoelectric effect by the applied AC
field as reported.18 The piezoelectric coefficient gradually
increased with increasing Nb content up to x = 0.12 and then
decreased for the 14 mol % PNZT film. The best e31 value of
−12.87 C/m2 was obtained for the 12 mol % PNZT film.
Although the thin films were not treated with a poling process,
the value was almost doubled compared to the value of −6.93
C/m2 for the undoped films. The reasons for the enhancement
of e31 will be discussed later on the basis of the XPS and PFM
results.
Cross-sectional TEM images of the undoped and 12% Nb-

doped PZT (thickness: 2 μm) thin films are given in Figure
2a,b, respectively. Both the undoped and the 12% Nb-doped
PZT thin films exhibit columnar structures. However, the
columnar structures in the 12 mol % Nb-doped PZT thin films

Figure 2. Cross-sectional HRTEM images of (a) undoped and (b) 12 mol % Nb-doped PZT thin films on an Ir/TiW/SiO2/Si substrate, with an
SAED pattern, showing the clear interfaces and distinct columnar grain structures. (c) FIB-induced cross-section STEM image of the 12 mol % Nb-
doped PZT film with the EDS elemental mapping images of Ir-Lα, Pb-Mα, Zr-Kα, Ti-Kα, Nb-Lα, and O-Kα, demonstrating the elemental
distribution across the film interior. The images were acquired from the two dotted red-line boxes with 517 × 566 nm2 (126 pixels in width and 138
pixels in height; 4.1 nm/pixel) in the top and bottom parts of the film.
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are densely packed compared with the structures in the
undoped thin films. The selected area electron diffraction
(SAED) pattern recorded at the columnar structure in the 12
mol % PNZT thin film shows the strong development of
(110)/(111)/(211) planes with a polycrystalline nature.
Changes in the aperture size to cover multiple grains and the
spot location did not reveal any difference in the crystal
orientation. Figure S5 demonstrates the SAED patterns
according to the change of the aperture size from 235 to 915
nm. The result matches exactly with the XRD patterns of
Figure 1a, where the distinct peaks of (110)/(111)/(211)
planes were observed.
Figure 2c shows a series of STEM-EDS images of a cross-

section of the 12 mol % PNZT film deposited on the Ir(200
nm)/TiW(20 nm)/SiO2(300 nm)/Si substrate. The sample

was prepared using a standard FIB technique. The EDS images
were obtained from the two sections of the film, that is, near
the surface and across the film/electrode interface. Even though
the precise quantitative analysis of elements is not pursued
here, no noticeable contrast changes in each element over the
cross-section of the film are evident in the high-resolution
mapping images. The film components of Pb, Zr, Ti, and Nb
seem to be quite uniform across the film area, whereas the
existence of Ir is clearly discernible in the electrode section.
Especially, no evidence of Nb segregation is found in the
columnar grain structure.
A detailed XPS analysis was performed to investigate the

effect of Nb doping on the oxygen vacancies and chemical state
of Pb. The effect of the Nb doping on the oxygen vacancies of
the films is clearly evidenced in the high-resolution XPS spectra

Figure 3. XPS spectra of undoped and 2 and 12 mol % Nb-doped PZT thin films in the specific binding energy regions corresponding to (a) O 1s
and (b) Pb 4f peaks, demonstrating the changes of chemical and defect states as assumed from the fitted curves.

Figure 4. (a) Local PRs of undoped and 12 mol % Nb-doped PZT thin films in terms of the vertical PFM amplitude (left side) and phase (right
side). (b) Variation of Ec,shift obtained from the P−E hysteresis loops of Figure 1c as the evidence of in situ domain formation. (c) Results of the
polarity reversal in the P−E curves of 12 mol % Nb-doped thin films. (d) Localized domain-switching behavior by the selective application of a
reverse electric field, indicating a strong domain locking in the case of Nb doping.
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of the O 1s signal and corresponding curve fitting, as shown in
Figure 3a. The spectrum was fitted using two peaks, wherein
the binding energy of 529.00 ± 1.00 eV corresponds to oxygen
in the PNZT lattice, including Pb−O, Ti−O, Zr−O, and Nb−
O bondings, whereas the binding energy of 532.00 ± 1.00 eV
originates from oxygen vacancies on the surface.19−21 A
significant decrease in the area of the peak related to the
oxygen vacancies was observed in the 12 mol % Nb-doped PZT
film. The reduction in the oxygen vacancy concentration is
primarily due to the addition of donor dopants at B sites.
The XPS spectra of the Pb 4f signal and the corresponding

curve fitting are shown in Figure 3b. The spectra of the Pb 4f
were deconvoluted into the peaks of Pb 4f7/2 and Pb 4f5/2. The
peaks were assigned to metallic Pb (Pb0) and Pb2+. The
undoped PZT film showed similar magnitudes for the metallic
Pb and Pb2+ peaks. The presence of metallic Pb is known to be
due to the ion-induced reduction of PbO to metallic Pb when
the films are etched using Ar ions.21,22 It is interesting to note
that the Pb2+ peak shifted toward a higher binding energy (from
138.09 to 138.45 eV) as the Nb-doping level increased, whereas
the metallic peak was not changed much (∼136.7 eV). The
energy shifts are assumed to be associated with the change in
the electron energy density around Pb due to the incorporation
of Nb into the lattice.23 It is generally known that the formation
of oxygen and lead vacancies is inevitable in PZT as a result of
Pb evaporation and through the Schottky equilibria (null →
VPb″ + VO

••).24 As previously confirmed, the oxygen vacancies
were reduced with the Nb doping. However, Pb vacancies still
exist in the film, as conjectured from the following equation

″ + ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯ ″ + +•• •V V V 2Nb 5OPb O
Nb doping

Pb Zr,Ti O

To minimize the internal energy of the system, therefore, it is
very likely that the dominant point defects, NbTi,Zr and VPb,
couple to create defect dipoles NbTi,Zr−VPb.
Figure 4a shows the variations in the piezoelectric response

(PR) amplitude (left side) and phase (right side) over the local
surface area of the undoped and 12 mol % Nb-doped PZT
films, measured using PFM incorporating a lock-in technique.
The PR amplitude and phase images, indicating the strength of
the PR and the direction of the domains, were mapped by
scanning the as-deposited films with an applied AC voltage
(driving amplitude: 4 V). In the PR phase images, a bright area
indicates an upward polarized state, whereas a dark area
corresponds to a downward polarized state. Randomly mixed
dark and bright areas are evident in the undoped PZT films,
suggesting that the orientation of the domains is not significant.
Compared to the PR amplitude image of the undoped PZT

film, brighter domains were observed in the 12 mol % Nb-
doped PZT film, indicating stronger PR strengths at the same
electric field. This strongly suggests the preferred domain
orientation induced by the Nb-driven in situ polarization of the
films upon sputtering, which is the origin of the enhanced
piezoelectricity.
Another critical feature of these curves is a strong imprint

behavior that can be defined using the shift in the average
absolute coercive fields of positive and negative Ec values, which
is expressed as Ec,shift. A higher value of Ec,shift indicates a larger
shift in the hysteresis curve from the center. The varying
tendency of the Ec,shift values obtained from the P−E curves of
Figure 1c is plotted as a function of the doping level of Nb, as
shown in Figure 4b. The Ec,shift values increased with an
increase in the Nb content up to 12% and then substantially
decreased with additional Nb doping, which suggests the
maximum imprint behavior at 12 mol % Nb doping. Many
researchers have attributed the origin of the imprint
phenomena to an internal electric field by defect dipoles, an
electric field at the surface, stress gradients driven by an
asymmetric electrode structure, a space charge field with charge
separation, and charge trapping at domain boundaries with
different work functions at the interface between the film and
the bottom electrode, as potential reasons for the loop
shift.25−29 In our study, the same top and bottom electrodes
were used for every sample, and the thickness of the thin films
was fairly uniform because the ∼2 μm thickness was sufficient
to ignore the effect of the electric field caused by trapped
charges in the surface layer.
To verify the presence of oriented domains driven by an

internal electric field in the Nb-doped films, the effect of reverse
polarity was tested for the 12 mol % Nb-doped PZT film, as
seen in Figure 4c. The hysteresis curve was shifted in the
opposite direction, with the same Ec,shift value. We also applied a
negative electric field of −10 V over a local square region after
poling the whole area with a positive voltage of +10 V, as seen
in Figure 4d. The comparison in PR phase images of the
undoped and 12 mol % Nb-doped PZT films indicates the 180°
domain-switching behavior under the applied DC bias only for
the undoped sample. This result clearly reveals that the
domains in the 12 mol % Nb-doped film were hardly switched,
suggesting the presence of a strong internal field pointing to the
bottom electrode. It facilitates the downward switching of
polarization but hinders the upward polarization rotation.
Therefore, the imprint behavior with Nb doping is here
assumed to be dominantly due to the internal electric field
produced by the potential defect dipoles.

Figure 5. Schematic illustration of the formation steps of internal electric fields driven by potential defect dipoles, which are induced by the in situ
sputtering of heavy Nb doping in PZT thin films: (a) random creation of defect dipoles during the in situ deposition processing, (b) the buildup of
an internal stress gradient during the intensive evolution of columnar grains, (c) the alignment of defect dipoles during the process of cooling to
minimize the internal energy, and (d) the ultimate production of internal electric fields settled at room temperature.
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We assume that these defect dipoles were aligned in one
direction while cooling down to room temperature after the in
situ deposition as a result of a residual stress gradient along the
columnar structure, as illustrated in Figure 5. Only this
assumption explains the strong domain locking during the in
situ processing. The formation of the residual stress gradient
might be expected from the cross-sectional TEM image of the
12 mol % Nb-doped PZT thin film, which clearly reveals the
presence of stacking faults in the columnar structures, as shown
in Figure 2b, because the main cause of stacking faults is known
to be related to the presence of internal stress. At first, defect
dipoles are randomly distributed during the film deposition
(Figure 5a). The residual stress gradient generates an internal
electric field (Es) pointing toward the top electrode (Figure
5b), as a result of the flexoelectric effect, as reported
elsewhere.30,31 This field influences the defect dipoles, as
schematically shown in Figure 5c. Hence, the randomly
distributed defect dipoles start aligning during the cooling
process (Figure 5c). As a result, a nonzero internal electric field
(Eint) is finally developed in the PNZT thin films, as illustrated
in Figure 5d. Conclusively, the internal electric field might be
responsible for the formation of in situ domains with the
preferred orientation and cause an adverse clamping of the
domain walls against the applied electric field, which is also
responsible for the dominant imprint behavior.
In addition, as seen in Figure S6, annealing of the 12 mol %

Nb-doped PZT thin films was conducted at 250 and 350 °C to
confirm the variations of the P−E hysteresis parameters after
the heat treatment. As expected, the hysteresis parameters were
not changed much after annealing, indicating that the strong
domain locking occurred by the in situ deposition process.
These minimal changes are very promising because more
versatile MEMS processing can be utilized without degradation
of the temperature-sensitive piezoelectric properties.

■ CONCLUSIONS

Unusually heavy doping of Nb in PZT thin films on an Ir/
TiW/SiO2/Si substrate was found to be successful in producing
improved piezoelectric properties and imprint behavior in the
P−E hysteresis curve by in situ sputtering without additional
annealing and poling processes. Doping with 12 mol % Nb
resulted in the best performance, that is, an −e31 value of
−12.87 C/m2 and Ec,shift of ∼20 kV/cm, whereas the overall
performance was dependent on the level of Nb doping. The
enhancements with heavy doping are attributed to the reduced
oxygen vacancy concentration and preferred domain orienta-
tion, with the stronger PR strength induced by the in situ
polarization during the sputter deposition. An investigation of
the localized domain-switching behaviors by reversing the
electric field in PR and P−E measurements revealed the
existence of an internal field that seemed to be responsible for
the in situ domain formation and the dominant imprint
behavior incurred by the doping of Nb. We believe that the
potential NbTi,Zr−VPb defect dipoles aligned by the residual
stress gradient along the columnar structures have induced the
strong internal electric field.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.7b02053.

(i) Film thickness effects of phase evolution and surface
microstructure, (ii) film thickness effects of P−E curves
and transverse piezoelectric coefficient, (iii) additional
TEM/SAED images, and (iv) changes of P−E loop
parameters after annealing (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: ycho@yonsei.ac.kr. Tel: 82-2-2123-5848.

ORCID
Yong Soo Cho: 0000-0002-1601-6395
Author Contributions
†C.S.H. and K.S.P. contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was financially supported by a grant (NRF-
2016M3A7B4910151) of the National Research Foundation
of Korea.

■ REFERENCES
(1) Zhu, X. N.; Gao, T. T.; Xu, X.; Liang, W. Z.; Lin, Y.; Chen, C.;
Chen, X. M. Piezoelectric and Dielectric Properties of Multilayered
BaTiO3/(Ba,Ca)TiO3/CaTiO3 Thin Films. ACS Appl. Mater. Interfaces
2016, 8, 22309−22315.
(2) Joshi, S.; Nayak, M. M.; Rajanna, K. Evaluation of Transverse
Piezoelectric Coefficient of ZnO Thin Films Deposited on Different
Flexible Substrates: A Comparative Study on the Vibration Sensing
Performance. ACS Appl. Mater. Interfaces 2014, 6, 7108−7116.
(3) Nguyen, M. D.; Yuan, H.; Houwman, E. P.; Dekkers, M.; Koster,
G.; ten Elshof, J. E.; Rijnders, G. Highly Oriented Growth of
Piezoelectric Thin Films on Silicon Using Two-Dimensional Nano-
sheets as Growth Template Layer. ACS Appl. Mater. Interfaces 2016, 8,
31120−31127.
(4) Wang, Z. L.; Song, J. Piezoelectric Nanogenerators Based on Zinc
Oxide Nanowire Arrays. Science 2006, 312, 242−245.
(5) Kang, H. B.; Chang, J.; Koh, K.; Lin, L.; Cho, Y. S. High Quality
Mn-Doped (Na,K)NbO3 Nanofibers for Flexible Piezoelectric Nano-
generators. ACS Appl. Mater. Interfaces 2014, 6, 10576−10582.
(6) Muralt, P. Recent Progress in Materials Issues for Piezoelectric
MEMS. J. Am. Ceram. Soc. 2008, 91, 1385−1396.
(7) Eom, C. B.; Trolier-McKinstry, S. Thin-film Piezoelectric MEMS.
MRS Bull. 2012, 37, 1007−1017.
(8) Smith, G. L.; Pulskamp, J. S.; Sanchez, L. M.; Potrepka, D. M.;
Proie, R. M.; Ivanov, T. G.; Rudy, R. Q.; Nothwang, W. D.; Bedair, S.
S.; Meyer, C. D.; Polcawich, R. G. PZT-Based Piezoelectric MEMS
Technology. J. Am. Ceram. Soc. 2012, 95, 1777−1792.
(9) Fujii, T.; Hishinuma, Y.; Mita, T.; Arakawa, T. Preparation of Nb
Doped PZT Film by RF Sputtering. Solid State Commun. 2009, 149,
1799−1802.
(10) Fujii, T.; Hishinuma, Y.; Mita, T.; Naono, T. Characterization of
Nb-doped Pb(Zr,Ti)O3 Films Deposited on Stainless Steel and Silicon
Substrates by RF-magnetron Sputtering for MEMS Applications. Sens.
Actuators, A 2010, 163, 220−225.
(11) Li, J.; Zhu, Z.; Lai, F. Thickness-Dependant Phase Transition
and Piezoelectric Response in Textured Nb-Doped Pb(Zr0.52Ti0.48)-
O3 Thin Films. J. Phys. Chem. C 2010, 114, 17796−17801.
(12) Souza, E. C. F.; Simoes, A. Z.; Cilense, M.; Longo, E.; Varela, J.
A. The Effect of Nb Doping on Ferroelectric Properties of PZT Thin
Films Prepared from Polymeric Precursors. Mater. Chem. Phys. 2004,
88, 155−159.
(13) Kwok, K. W.; Tsang, R. C. W.; Chan, H. L. W.; Choy, C. L.
Effects of Niobium Doping on Lead Zirconate Titanate Films

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b02053
ACS Appl. Mater. Interfaces 2017, 9, 18904−18910

18909

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02053/suppl_file/am7b02053_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsami.7b02053
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02053/suppl_file/am7b02053_si_001.pdf
mailto:ycho@yonsei.ac.kr
http://orcid.org/0000-0002-1601-6395
http://dx.doi.org/10.1021/acsami.7b02053


Deposited by a Sol-gel Route. J. Sol-Gel Sci. Technol. 2008, 47, 148−
153.
(14) Hindrichsen, C. G.; Lou-Moller, R.; Hansen, K.; Thomsen, E. V.
Advantages of PZT Thick Film for MEMS Sensor. Sens. Actuators, A
2010, 163, 9−14.
(15) Tadigadapa, S.; Mateti, K. Piezoelectric MEMS Sensors: State-
of-The-Art and Perspectives. Meas. Sci. Technol. 2009, 20, No. 092001.
(16) Baek, S. H.; Park, J.; Kim, D. M.; Aksyuk, V. A.; Das, R. R.; Bu,
S. D.; Felker, D. A.; Lettieri, J.; Vaithyanathan, V.; Bharadwaja, S. S. N.;
Bassiri-Gharb, N.; Chen, Y. B.; Sun, H. P.; Folkman, C. M.; Jang, H.
W.; Kreft, D. J.; Streiffer, S. K.; Ramesh, R.; Pan, X. Q.; Trolier-
McKinstry, S.; Schlom, D. G.; Rzchowski, M. S.; Blick, R. H.; Eom, C.
B. Giant Piezoelectricity on Si for Hyperactive MEMS. Science 2011,
334, 958−961.
(17) Klissurska, R. D.; Brooks, K. G.; Reaney, I. M.; Pawlaczyk, C.;
Kosec, M.; Setter, N. Effect of Nb Doping on the Microstructure of
Sol-gel-Derived PZT Thin Films. J. Am. Ceram. Soc. 1995, 78, 1513−
1520.
(18) Kanno, I.; Kotera, H.; Wasa, K. Measurement of Transverse
Piezoelectric Properties of PZT Thin Films. Sens. Actuators, A 2003,
107, 68−74.
(19) Zou, Q.; Ruda, H.; Yacobi, B. G.; Farrell, M. Microstructural
Characterization of Donor-Doped Lead Zirconate Titanate Films
Prepared by Sol-Gel Processing. Thin Solid Films 2002, 402, 65−70.
(20) Zhu, T. J.; Lu, L. X-Ray Diffraction and Photoelectron
Spectroscopic Studies of (001)-Oriented Pb(Zr0.52Ti0.48)O3 Thin
Films Prepared by Laser Ablation. J. Appl. Phys. 2004, 95, 241−247.
(21) Nonaka, K.; Akiyama, M.; Hagio, T.; Takase, A. Bulk
Photovoltaic Effect in Reduced/Oxidized Lead Lanthanum Titanate
Zirconate Ceramics. Jpn. J. Appl. Phys. 1995, 34, 2344−2349.
(22) Christie, A. B.; Sutherland, I.; Wails, J. M. An XPS Study of the
Angular Dependence of Preferential Sputtering and Ion-Induced
Reduction in Lead Oxide-Containing Glasses. Vacuum 1984, 34, 659−
662.
(23) Bozack, M. J.; Williams, J. R.; Ferraro, J. M.; Feng, Z. C.; Jones,
R. E., Jr. Physical Characterization of Pb1Zr0.2Ti0.803 Prepared by the
Sol-Gel Process. J. Electrochem. Soc. 1995, 142, 485−491.
(24) Zhang, Z.; Lu, L.; Shu, C.; Wu, P. Computational Investigation
of B-Site Donor Doping Effect on Fatigue Behavior of Lead Zirconate
Titanate. Appl. Phys. Lett. 2006, 89, No. 152909.
(25) Damjanovic, D. Ferroelectric, Dielectric and Piezoelectric
Properties of Ferroelectric Thin Films and Ceramics. Rep. Prog. Phys.
1998, 61, 1267−1324.
(26) Robels, U.; Arlt, G. Domain Wall Clamping in Ferroelectrics by
Orientation of Defects. J. Appl. Phys. 1993, 73, 3454−3460.
(27) Erdem, E.; Eichel, R. A.; Kungl, H.; Hoffmann, M. J.; Ozarowski,
A.; van Tol, J.; Brunel, L. C. Characterization of (FeZr,Ti′ − VO

••)•

Defect Dipoles in (La,Fe)-Codoped PZT52.5/47.5 Piezoelectric
Ceramics by Multifrequency Electron Paramagnetic Resonance
Spectroscopy. IEEE Trans. Ultrason. Eng. 2008, 55, 1061−1068.
(28) Grossmann, M.; Lohse, O.; Bolten, D.; Boettger, U.; Schneller,
T.; Waser, R. The Interface Screening Model as Origin of Imprint in
PbZrxTi1‑xO3 Thin Films. I. Dopant, Illumination, and Bias Depend-
ence. J. Appl. Phys. 2002, 92, 2680−2687.
(29) Kim, S. H.; Kim, D. J.; Hong, J. G.; Streiffer, S. K.; Kingon, A. I.
Imprint and Fatigue Properties of Chemical Solution Derived
Pb1‑xLax(ZryTi1‑y)1‑x/4O3 Thin Films. J. Mater. Res. 1999, 14, 1371−
1377.
(30) Gruverman, A.; Rodriguez, B. J.; Kingon, A. I.; Nemanich, R. J.;
Tagantsev, A. K.; Cross, J. S.; Tsukada, M. Mechanical Stress Effect on
Imprint Behavior of Integrated Ferroelectric Capacitors. Appl. Phys.
Lett. 2003, 83, 728−730.
(31) Lee, D.; Yoon, A.; Jang, S. Y.; Yoon, J.-G.; Chung, J.-S.; Kim, M.;
Scott, J. F.; Noh, T. W. Giant Flexoelectric Effect in Ferroelectric
Epitaxial Thin Films. Phys. Rev. Lett. 2011, 107, No. 057602.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b02053
ACS Appl. Mater. Interfaces 2017, 9, 18904−18910

18910

http://dx.doi.org/10.1021/acsami.7b02053

