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Crystallographic contributions to 
piezoelectric properties in pZt thin 
films
Goon tan1, Kazuki Maruyama1, Yuya Kanamitsu1, shintaro Nishioka1, Tomoatsu ozaki2, 
toshihito Umegaki1, Hirotaka Hida1 & Isaku Kanno1

We report on the correlated investigation between macroscopic piezoelectric properties and the 
microscopic deformation of crystal structures of both epitaxial and polycrystalline Pb(Zr,Ti)O3 (PZT) thin 
films grown on MgO and Si substrates, respectively. We observed the reversible elongation and contraction 
of lattice parameter under an applied electric field using synchrotron X-ray diffraction. The effective 
piezoelectric coefficients were estimated from the relationship between electric field and field-induced 
strain, and compared with those characterized by the macroscopic cantilever method. The electric field 
dependences of the piezoelectric coefficients obtained from both characterization were in good agreement 
with each other. The results also revealed large and nonlinear piezoelectric properties for the polycrystalline 
PZT thin film. The comparative discussion in this study provides valuable insights of crystallographic 
contributions and opens the way to improve the piezoelectricity in thin-film based piezoelectric devices.

Piezoelectric materials, such as lead zirconate titanate Pb(Zr,Ti)O3 (PZT) for example, provide the means to 
convert between mechanical and electrical energies that arise from direct and converse piezoelectric effects. For 
PZT, the composition in the morphotropic phase boundary (MPB), which is at the interface between tetragonal 
(P4mm) and rhombohedral (R3m) phases, provides superior dielectric and piezoelectric properties for a variety 
of technological applications1,2. PZT thin films have been widely investigated for their use in microelectrome-
chanical systems (MEMS) such as sensors, actuators, and energy harvesters3–10. It is well known that the piezo-
electric properties of PZT thin films are different from those of their bulk ceramics counterparts because their 
characteristics are affected by other factors, including film thickness, crystal orientation, and substrate dependent 
internal stresses11–13. Therefore, an investigation into the fundamental properties of PZT piezoelectric thin films 
is of great significance to improve MEMS devices.

Much efforts have focused on the origin of piezoelectric effect via in-situ characterization methods. Recently, 
we have developed a simple and precise method to measure the effective piezoelectric coefficients (e31,f) of PZT 
thin films using unimorph cantilevers14–17. The piezoelectric properties consist of intrinsic and extrinsic contri-
butions7. The intrinsic contribution is concerned with crystal lattice deformation (such as elongation and shrink-
age), while the extrinsic contribution originates from collective lattice distortions caused by domain rotations or 
phase transitions. Our previous report demonstrated that the piezoelectric properties of polycrystalline PZT thin 
films was larger than that of epitaxial PZT thin films16. In this study, to understand the crystallographic factors 
contributing to the macroscopic piezoelectric properties, we performed in-situ X-ray diffraction (XRD) meas-
urements18–24 on PZT thin films using a synchrotron radiation source. Here, we demonstrate one of the first com-
parative discussions that evaluates the macroscopic piezoelectric properties and the microscopic deformation of 
crystal structures of epitaxial and polycrystalline Pb(Zr,Ti)O3 (PZT) thin films. Our study quantitatively clarifies 
the crystallographic contributions needed to enhance piezoelectricity in thin-film based devices.

Results and Discussion
We prepared epitaxial PZT thin films on (001)Pt/MgO substrates and polycrystalline PZT thin films on (111)
Pt/Ti/SiO2/Si substrates. Both films were approximately 3 μm thick and were fabricated using rf-magnetron 
sputtering. The Zr/Ti ratio was approximately 52/48, which is near the MPB composition. The crystal struc-
tures were confirmed using conventional XRD analysis methods (Supplementary Section 1). The epitaxial and 

1Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe, 657-8501, Japan. 2Technology Research Institute of Osaka 
Prefecture, 2-7-1 Ayumino, Izumi city, Osaka, 594-1157, Japan. Correspondence and requests for materials should 
be addressed to I.K. (email: kanno@mech.kobe-u.ac.jp)

Received: 21 January 2019

Accepted: 3 May 2019

Published: xx xx xxxx

opeN

https://doi.org/10.1038/s41598-019-43869-1
mailto:kanno@mech.kobe-u.ac.jp


2Scientific RepoRts |          (2019) 9:7309  | https://doi.org/10.1038/s41598-019-43869-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

polycrystalline PZT thin films were both found at a c-axis orientation. For the PZT thin film grown on the MgO 
substrate, we could only observe the tetragonal spot in the reciprocal lattice map (Supplementary Fig. S1.1(b)). 
This result represents that the crystal phase was mainly tetragonal because of the large in-plane stress from the 
MgO substrate12.

In-situ XRD measurements were carried out using synchrotron radiation (λ = 0.1 nm) performed at beamlines 
BL19B2 and BL46XU in the SPring-8 synchrotron research facility, Japan. Figure 1(a) shows a schematic illus-
tration of the experimental setup for in-situ XRD measurements in the surface normal (out-of-plane) direction. 
Here, specimens were not subjected to electrical poling treatments before a measurement was taken. Note that 
the initial polarization direction of the as-deposited PZT thin film was in the thickness direction25, as depicted 
in Fig. 1(a). Hence, when a negative voltage was applied to the top Pt electrode, it corresponds to forward bias. 
First, we applied negative voltages (forward bias) up to −20 V for the 1st cycle, and then applied positive voltages 
(reverse bias) up to +20 V for the 2nd cycle. Figure 1(b,c) show the PZT 004 peak under varying DC voltages, 
and the variation in c-axis lattice parameter determined by the observed peak positions. As can be seen in the 
XRD pattern, the diffraction peaks shift toward lower angles with increasing negative voltage, and vice versa. In 
order to confirm the shifts were not resulted from the movement of the film surface, we also observed the XRD 
pattern for Pt electrode layer. We ascertained that the diffraction peak of Pt electrode remained unchanged under 
the applied voltage (Supplementary Fig. S2(a)). Therefore, the observed PZT peak shifts were caused only by the 
deformation of the PZT crystal lattice due to the converse piezoelectric effect. The relative changes in the c-axis 
lattice parameter as a function of electric field represents the reversible elongation and contraction of the crystal 
structure along the electric field bias magnitude and direction. We also observed a small PZT 400 tetragonal peak 
in the XRD pattern, which confirms the constancy in the peak position and peak area ratios between 004 and 400 
peaks (Supplementary Fig. S3(b,c)). This indicates an absence of a 90° domain rotation in the epitaxial PZT thin 
film. Therefore, the epitaxial PZT thin film was considered firmly clamped due to the large compressive stress 
from the MgO substrate12. An absence in domain rotation is also consistent with a previous study on epitaxial 
PZT thin films grown on CaF2 substrates18.

For in-plane measurements, the specimen was adjusted to the vertical position by χ-axial rotation, as illus-
trated in Fig. 2(a). We confirmed the synchrotron X-ray beam irradiated the entire PZT thin film as an MgO peak 
was observed to align in the direction of irradiation. Figure 2(b,c) display an XRD pattern of the in-plane PZT 200 
peak at various applied voltages, and the changes observed in the in-plane a-axis lattice parameter. We ascertained 
the reversible contraction and elongation behavior of the a-axis lattice parameter. The electric field dependence of 
the in-plane lattice parameter indicates the behavior opposite to that of out-of-plane case, as shown in Fig. 1(c). 
This result is consistent with the fact that when the out-of-plane crystal lattice is stretched along the forward 
electric field, the in-plane crystal lattice shrinks, and vice versa. Figure 3 shows the field-induced lattice strain 

Figure 1. (a) A schematic illustration of the experimental setup for out-of-plane XRD measurements under 
DC voltages. The arrows next to the crystal structure depict the direct relationships between polarization and 
applied electric field. (b) Out-of-plane XRD patterns of the epitaxial PZT thin film obtained at the PZT 004 peak 
under varying DC voltages. (c) Variation in c-axis lattice parameter as a function of electric field.

Figure 2. (a) A schematic illustration of the experimental setup for in-plane XRD measurements under varied 
DC voltages. (b) In-plane XRD patterns obtained at the PZT 200 peak under varying DC voltages. (c) Variation 
in a-axis lattice parameter as a function of electric field.
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calculated from the lattice variations. Both out-of-plane and in-plane strains exhibit a good linear dependence 
on the electric fields, suggesting an effect on the piezoelectric responses. The average strain ratio between the 
out-of-plane and in-plane lattice (Fig. 3) was approximately 0.36. This is similar to that of the literature value for 
Poisson’s ratio (vs = 0.39) in PZT thin films26.

Then, we investigated the polycrystalline PZT thin film on a Si substrate. The experimental setup was similar 
to that of the epitaxial PZT thin films. We also applied negative voltages (forward bias) of up to −20 V for the 
1st cycle, and positive voltages (reverse bias) of up to +20 V for the 2nd cycle. We confirmed the position of the 
Pt 111 peak remained unchanged under the applied voltages (Supplementary Fig. S2(b)). Figure 4(a) displays a 
synchrotron XRD θ–2θ pattern around the PZT 004 peak under varied DC voltages. As can be seen in Fig. 4(a), 
the polycrystalline PZT 004 peak is much broader in comparison to the epitaxial PZT peak (Fig. 1(b)). The broad 
peak also indicates the existence of a slight tetragonal P4mm 400 and 004 phase, as shown in the inset. Figure 4(a) 
reveals a clear shift in the diffraction peak for both positive and negative biases, and the peaks are shifted toward a 
higher angle only when applying a +5 V. Figure 4(b) shows the field-induced variation of the c-axis lattice param-
eter superimposed with the polarization-electric field (P-E) hysteresis loop measured at 1 kHz. The c-axis lattice 
parameter exhibits a butterfly curve that arises from the inverse polarization effect. This behavior is consistent 
with the coercive electric field determined from the P-E hysteresis loops. It should be noted that the coercive 
electric field of the polycrystalline PZT thin film is much smaller than that of the epitaxial PZT thin film. We also 
applied further forward and reverse biases for the 3rd and 4th cycles up to ±30 V and determined similar elonga-
tion and contraction behavior for the c-axis lattice parameter (Supplementary Fig. S4). Following the in-situ XRD 
measurements, we analyzed the domain structures and compared them to the as-deposited polycrystalline PZT 
thin film using scanning transmission electron microscopy (STEM). Dark field STEM images of the specimen 

Figure 3. Field-induced strain as a function of forward electric field.

Figure 4. (a) Out-of-plane XRD patterns of the polycrystalline PZT thin film at the PZT 004 peak under 
varying DC voltages. The inset shows fitted curves of PZT peaks of rhombohedral and tetragonal phases.  
(b) The variation in c-axis lattice parameter as a function of electric field, superimposed with the P-E hysteresis 
curve measured at 1 kHz.
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cross-sections were taken at the 001 reflection. Figure 5(a) displays columnar shaped grains and local domain 
configurations contained within the as-deposited film. Conversely in Fig. 5(b), the domain density was found to 
increase after 4 different voltage cycles (up to ±30 V) in the in-situ XRD measurements. An increase in domain 
density suggests that significant changes to the domain orientation or phase transition occurred through the 
applied voltages. The variation in domain structures indicates enhanced mobility of polarization direction for 
the polycrystalline PZT thin films at MPB composition. We also carried out in-plane XRD measurements for the 
polycrystalline PZT thin films. Unfortunately, we were unable to observe an effective peak shifts, possibly due to 
the random in-plane orientations inherent in polycrystalline films (Supplementary Fig. S1.2(b)).

Next, we compared the piezoelectric coefficients obtained from the in-situ XRD measurements with those 
evaluated by the cantilever method. The effective piezoelectric coefficients (d33,f) for the epitaxial and polycrystal-
line PZT thin films were estimated from the relationship between electric field and field-induced strain. We used 
the formula Δ = ×x d Ef33, , where Δx is the unit cell displacement that corresponds to the induced strain. The 
macroscopic piezoelectric coefficients (e31,f) of the PZT thin films were measured using the cantilever method as 
illustrated in Fig. 6(a). From the input voltage, Vin and the output displacement in the 3 (z-axis) direction, δout, we 
calculated e31,f using Eq. (1) as follows:
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where ES, hS and vs are the Young’s modulus, thickness, and Poisson’s ratio of the base substrate, respectively. 
Here, l denotes the length of the cantilever. The derivation of Eq. (1) is described in detail in our previous paper16. 
Figure 6(b) compares the piezoelectric coefficients for the epitaxial PZT thin film. In this case, the electric field 
dependency of |e31,f| was almost constant; at approximately 5.0 C/m2. We confirmed that the d33,f estimated from 
in-situ XRD measurements was also constant. The average d33,f value was found to be approximately 80 pm/V, 
which was similar to those of previous studies18,19. On the other hand, the piezoelectric coefficients of the poly-
crystalline PZT thin films placed a significant dependence on the applied electric field (Fig. 6(c)). The |e31,f| 
increased proportionally with the electric field and gradually plateaued at higher electric fields. This behavior 
is consistent with our previous study16. The |e31,f| value ranged from 6–14 C/m2, which was higher than that of 
the epitaxial PZT thin film. The estimated d33,f also presented a similar reliance on the electric field, as shown in 
Fig. 6(c). The d33,f value here ranged from 30–340 pm/V. This high, non-linear behavior was attributed to large 
extrinsic effects, such as field-induced phase transitions23,27,28 and incremental domain densities29. Our study 
demonstrates an increase in domain density via applied electric fields (Fig. 5(b)). This result suggests that the easy 
rotation of the polarization direction at the MPB region for polycrystalline PZT thin films plays an important role 
to induce high piezoelectric properties. The polarization rotation accompanied by a crystalline phase transition 
and domain reorientation has the potential to strongly enhance the macroscopic piezoelectric properties.

Figure 5. Dark field STEM images of (a) the as-deposited PZT thin film and (b) the thin film following in-situ 
XRD measurements after applied voltages cycles of up to ±30 V. The insets in (a,b) show the enlarged views.

Figure 6. (a) Schematic illustration of the setup for determining macroscopic piezoelectric coefficients (e31,f) 
using the cantilever method. (b) Comparison of piezoelectric coefficients for the epitaxial PZT thin film.  
(c) Comparison of piezoelectric coefficients for the polycrystalline PZT thin film.
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In summary, our study verifies the value of direct observations for crystallographic deformation through 
in-situ XRD measurements. Comparative discussions were also obtained with macroscopic piezoelectric coeffi-
cients using the cantilever method. The electric field dependences of the piezoelectric coefficients attained from 
both in-situ XRD results and the cantilever method agree well each other. Both evaluations indicate that the 
piezoelectric property of the polycrystalline PZT thin film was larger than that of the epitaxial PZT thin film. We 
infer that the enhanced macroscopic piezoelectric property of the polycrystalline PZT thin film is attributed to 
the easy rotation of the polarization direction, accompanied by a crystal phase transition and domain reorienta-
tion. This study highlights the importance of comparative discussions to improve the piezoelectric properties of 
piezoelectric thin films for the application of novel piezoelectric MEMS devices.

Methods
Pb(Zr,Ti)O3 (PZT) thin films with a Zr/Ti ratio of approximately 52/48 were prepared on (001)Pt/MgO and (111)
Pt/Ti/SiO2/Si substrates using the rf-magnetron sputtering system. To stabilize the PZT growth, 50 nm-seed 
layers of 10%-La doped PbTiO3 and SrRuO3 were deposited for Pt/MgO and Pt/Ti/SiO2/Si, respectively, before 
the deposition of the PZT thin films. The growth conditions of the PZT thin films were as follows: The substrate 
temperature was held at about 550 °C while the chamber pressure was kept at 0.3 Pa in a mixed gases of Ar/O2 
with the flow ratio of 39/1 sccm. The distance between substrate and target was 5 cm. The deposition rate was 
approximately 600 nm/h and resulting thickness was about 3 μm, measured by a stylus profiler (Dektak-8, Veeco). 
Before in-situ XRD measurements, the crystalline structures of the PZT thin films were characterized using a 
conventional XRD (CuKα radiation source, Rigaku).

The transverse piezoelectric coefficients (e31,f) of epitaxial and polycrystalline PZT thin films were measured 
using the cantilever method. After depositing large-area Pt top electrodes on the film surfaces, the substrates were 
diced into rectangular shapes. Then, we clamped one end of each specimen onto a vise and connected the top 
and bottom of the Pt electrodes to a power source. Next, we applied negative unipolar sinusoidal voltages from 
5 V to 20 V to the top electrode and measured the tip displacement of the cantilever through a Laser Doppler 
Vibrometer. Then, we measured the converse piezoelectric properties of the thin films at a frequency of 290 Hz, 
which was sufficiently lower than the resonance frequency. The ferroelectricity of the PZT thin films was con-
firmed by Sawyer-Tower circuit tests.

The in-situ XRD experiments were undertaken using synchrotron radiation with a 12.4 keV photon energy 
(λ = 0.1 nm) on the BL19B2 and BL46XU beamlines at the SPring-8 synchrotron research facility, Japan. DC 
voltages were applied during the in-situ XRD measurements and Au wires were bonded to the top and bottom of 
the Pt electrode layer. A DC power source was connected to the Au wires, which provided a constant DC electric 
field during the in-situ XRD measurement. Specimens were firmly fixed onto the stage with double sided tape. All 
the measurements were carried out at room temperature.

The samples prepared for STEM analysis were done so using Focused ion beam milling (Hitachi FB-2200). 
Then, domain observations were carried out using a spherical aberration corrected STEM (Hitachi HD-2700) 
microscope, operated at 200 kV.

References
 1. Jaffe, B., Roth, R. S. & Marzullo, S. Piezoelectric Properties of Lead Zirconate Titanate Solid-Solution Ceramics. J. Appl. Phys. 25, 

809–810 (1954).
 2. Du, X., Zheng, J., Belegundu, U. & Uchino, K. Crystal orientation dependence of piezoelectric properties of lead zirconate titanate 

near the morphotropic phase boundary. Appl. Phys. Lett. 72, 2421–2423 (1998).
 3. Defaÿ, E., Millon, C., Malhaire, C. & Barbier, D. PZT thin films integration for the realisation of a high sensitivity pressure 

microsensor based on a vibrating membrane. Sensors Actuators, A Phys. 99, 64–67 (2002).
 4. Hida, H., Morita, Y., Kurokawa, F., Tsujiura, Y. & Kanno, I. Simple millimeter-scale robot using Pb(Zr,Ti)O3 piezoelectric thin film 

actuator on titanium substrate. Microsyst. Technol. 22, 1429–1436 (2016).
 5. Muralt, P., Polcawich, R. G. & Trolier-McKinstry, S. Piezoelectric Thin Films for Sensors, Actuators, and Energy Harvesting. MRS 

Bull. 34, 658–664 (2009).
 6. Eom, C. B. & Trolier-McKinstry, S. Thin-film piezoelectric MEMS. MRS Bull. 37, 1007–1017 (2012).
 7. Funakubo, H. et al. Epitaxial PZT films for MEMS printing applications. MRS Bull. 37, 1030–1038 (2012).
 8. Kim, S. G., Priya, S. & Kanno, I. Piezoelectric MEMS for energy harvesting. MRS Bull. 37, 1039–1050 (2012).
 9. Jeon, Y. B., Sood, R., Jeong, J. H. & Kim, S. G. MEMS power generator with transverse mode thin film PZT. Sensors Actuators, A Phys. 

122, 16–22 (2005).
 10. Isarakorn, D. et al. The realization and performance of vibration energy harvesting MEMS devices based on an epitaxial piezoelectric 

thin film. Smart Mater. Struct. 20, 025015 (2011).
 11. Yokoyama, S. et al. Dependence of electrical properties of epitaxial Pb(Zr,Ti)O3 thick films on crystal orientation and Zr∕(Zr + Ti) 

ratio. J. Appl. Phys. 98, 094106 (2005).
 12. Kanno, I. et al. Crystallographic characterization of epitaxial Pb(Zr,Ti)O3 films with different Zr/Ti ratio grown by radio-frequency-

magnetron sputtering. J. Appl. Phys. 93, 4091–4096 (2003).
 13. Tomioka, K. et al. Composition dependence of piezoelectric properties of Pb(Zr,Ti)O3 films prepared by combinatorial sputtering 

composition dependence of piezoelectric properties of Pb(Zr,Ti)O3 films prepared by combinatorial sputtering. Jpn. J. Appl. Phys. 
51, 10–13 (2012).

 14. Kanno, I., Kotera, H. & Wasa, K. Measurement of transverse piezoelectric properties of PZT thin films. Sensors Actuators, A Phys. 
107, 68–74 (2003).

 15. Chun, D. M., Sato, M. & Kanno, I. Precise measurement of the transverse piezoelectric coefficient for thin films on anisotropic 
substrate. J. Appl. Phys. 113, 044111 (2013).

 16. Tsujiura, Y., Kawabe, S., Kurokawa, F., Hida, H. & Kanno, I. Comparison of effective transverse piezoelectric coefficients e31,f of 
Pb(Zr,Ti)O3 thin films between direct and converse piezoelectric effects. Jpn. J. Appl. Phys. 54, 1–8 (2015).

 17. Cheng, H., Ouyang, J. & Kanno, I. Probing domain switching dynamics in ferroelectric thick films by small field e 31,f piezoelectric 
measurement. Appl. Phys. Lett. 111, 022904 (2017).

 18. Fujisawa, T. et al. Direct observation of intrinsic piezoelectricity of Pb(Zr,Ti)O3 by time-resolved x-ray diffraction measurement 
using single-crystalline films. Appl. Phys. Lett. 105, 012905 (2014).

https://doi.org/10.1038/s41598-019-43869-1


6Scientific RepoRts |          (2019) 9:7309  | https://doi.org/10.1038/s41598-019-43869-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 19. Yamada, T., Yasumoto, J., Ito, D., Sakata, O. & Imai, Y. tetragonal Pb(Zr,Ti)O3 films Negligible substrate clamping effect on 
piezoelectric response in (111)-epitaxial tetragonal Pb(Zr,Ti)O3 films. 072012, 0–6 (2015).

 20. Nakajima, M. et al. Impact of pulse poling on static and dynamic ferroelastic-domain contributions in tetragonal Pb(Ti,Zr)O3 films 
determined by in-situ x-ray diffraction analysis. J. Appl. Phys. 116, 194102 (2014).

 21. Lee, K. S., Kim, Y. K., Baik, S., Kim, J. & Jung, I. I. S. In situobservation of ferroelectric 90°-domain switching in epitaxial Pb(Zr,Ti)
O3 thin films by synchrotron x-ray diffraction.pdf. Appl. Phys. Lett. 79, 2444–2446 (2001).

 22. Hinterstein, M. et al. Structural description of the macroscopic piezo- and ferroelectric properties of lead zirconate titanate. Phys. 
Rev. Lett. 107, 10–13 (2011).

 23. Kovacova, V. et al. Correlation between electric-field-induced phase transition and piezoelectricity in lead zirconate titanate films. 
Phys. Rev. B - Condens. Matter Mater. Phys. 90, 1–4 (2014).

 24. Davydok, A. et al. In situ X-ray diffraction studies on the piezoelectric response of PZT thin films. Thin Solid Films 603, 29–33 
(2016).

 25. Kanno, I., Fujii, S., Kamada, T. & Takayama, R. Piezoelectric properties of c-axis oriented Pb(Zr,Ti)O3 thin films. Appl. Phys. Lett. 
70, 1378–1380 (1997).

 26. Casset, F. et al. Young modulus and poisson ratio of PZT thin film by picosecond ultrasonics. IEEE Int. Ultrason. Symp. IUS 
2180–2183 (2012).

 27. Fu, H. & Cohen, R. E. Polarization rotation mechanism for ultrahigh electrochemical response in single-crystal piezoelectrocs. 
Nature 403, 281 (2000).

 28. Jo, W. et al. Evolving morphotropic phase boundary in lead-free (Bi1/2Na1/2)TiO3–BaTiO3 piezoceramics. J. Appl. Phys. 109, 014110 
(2011).

 29. Wada, S., Kakemoto, H. & Tsurumi, T. Enhanced piezoelectric properties of piezoelectric single crystals by domain engineering. 45, 
178–187 (2004).

Acknowledgements
The measurements were performed using the BL19B2 and BL46XU beamlines at SPring-8 and supported by 
Japan Synchrotron Radiation Research Institute with No. 2017A1553, No. 2017B1604 and No. 2018A1562 
proposals. This study was also supported by the JST-CREST (JPMJCR16Q4).

Author Contributions
I.K. conceived the research and planned the experiments. G.T., K.M., Y.K. and S.N. prepared the specimens and 
carried out the measurements. G.T. and I.K. performed XRD analysis and interpretation of the data. T.O. curried 
out the STEM experiments and analysis. T.U. and H.H. contributed to discussions and understanding of the data.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-43869-1.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-43869-1
https://doi.org/10.1038/s41598-019-43869-1
http://creativecommons.org/licenses/by/4.0/

	Crystallographic contributions to piezoelectric properties in PZT thin films
	Results and Discussion
	Methods
	Acknowledgements
	Figure 1 (a) A schematic illustration of the experimental setup for out-of-plane XRD measurements under DC voltages.
	Figure 2 (a) A schematic illustration of the experimental setup for in-plane XRD measurements under varied DC voltages.
	Figure 3 Field-induced strain as a function of forward electric field.
	Figure 4 (a) Out-of-plane XRD patterns of the polycrystalline PZT thin film at the PZT 004 peak under varying DC voltages.
	Figure 5 Dark field STEM images of (a) the as-deposited PZT thin film and (b) the thin film following in-situ XRD measurements after applied voltages cycles of up to ±30 V.
	Figure 6 (a) Schematic illustration of the setup for determining macroscopic piezoelectric coefficients (e31,f) using the cantilever method.




