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Abstract

:

For this study, polarity-controlled ZnO films were grown on lithium niobate (LiNbO3) substrates without buffer layers using the pulsed-laser deposition technique. The interfacial structure between the ZnO films and the LiNbO3 was inspected using high-resolution transmission electron microscopy (HR-TEM) measurements, and X-ray diffraction (XRD) measurements were performed to support these HR-TEM results. The polarity determination of the ZnO films was investigated using piezoresponse force microscopy (PFM) and a chemical-etching analysis. It was verified from the PFM and chemical-etching analyses that the ZnO film grown on the (+z) LiNbO3 was Zn-polar ZnO, while the O-polar ZnO occurred on the (-z) LiNbO3. Further, a possible mechanism of the interfacial atomic configuration between the ZnO on the (+z) LiNbO3 and that on the (-z) LiNbO3 was suggested. It appears that the electrostatic stability at the substrate surface determines the initial nucleation of the ZnO films, leading to the different polarities in the ZnO systems.
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1. Introduction


The controlling of the crystal polarity in wurtzite-structure semiconductors, such as ZnO and GaN, has been enormously exploited owing to the great importance of the effects on the crystal-growth modes, material property, impurity incorporation, surface stability, and electric polarization [1,2,3,4,5,6]. Moreover, polarity-controlled wurtzite semiconductors are very useful in optoelectronic device applications, such as sensors and actuators, light emitting diode (LED)s, and optical-wavelength converters due to their unique physical properties [7,8]. In recent years, considerable efforts regarding the control of the polarity of ZnO films have been undertaken, and various methods, such as that of the template layer [9,10], the nucleation of films with a doping-derived favorable polarity [11,12], and the application of an electric bias to the substrate, have been applied [13]. The techniques that have been used for the polarity control in previous studies, however, have been very complicated due to additional processes, such as the substrate treatment, the insertion of additional layers, and the necessity regarding special equipment; furthermore, these methods create crystalline defects that lead to disordered interfaces between the ZnO, buffer layer, and substrate, and they alsocause complications for the device applications [14]. The additional growth processes, defects, and dislocations can be minimized, and the polarity can also be controlled directly in the ZnO films using different-polarity ferroelectric-LiNbO3 substrates.



It is well known that closely-lattice-matched substrates are more suitable for the growth of epitaxial films. The lithium niobate (LiNbO3) (0001) symmetry is hexagonal with a lattice constant of 5.148 Å; therefore, the planar–lattice mismatch between ZnO and LiNbO3 is smaller (8.49%) than the value (15.53%) for the commonly used sapphire substrate [15]. In addition, different-polarity substrates, such as (+z) LiNbO3 and (-z) LiNbO3, are commercially available. Considering the previous perspectives, ZnO films were grown on (+z) LiNbO3 and (-z) LiNbO3 for this study to develop the polarity-control technique of the wurtzite-structure semiconductors according to the facile method. The deposition of ZnO epitaxial films without buffer layers on LiNbO3 (0001) substrates by pulsed-laser deposition with detailed parameters was studied [16]. Together with the growth of the ZnO films, the polarity determination of the ZnO films was investigated for various device applications. The material properties of the host material, ZnO, are sound, and many of the potential applications for optoelectronics [17,18] and spintronics [19] can be employed together with gallium nitride (GaN). A key bottleneck regarding the polarity control of ZnO films is the polarity-controlled crystallization in the facile method. To the authors’ knowledge, an exploration of the direct polarity-control growth in ZnO films for which different-polarity ferroelectric-LiNbO3 substrates are used has not been conducted by any research group.



The purpose of this study is the development of a novel technique for the polarity control in ZnO systems for which different-polarity ferroelectric-LiNbO3 substrates are applied. ZnO thin films were grown on (+z) LiNbO3 and (-z) LiNbO3 substrates using the pulsed-laser deposition (PLD) technique. The polarity determination of the samples was then analyzed using high-resolution transmission electron microscopy (HR-TEM), atomic force microscopy (AFM), X-ray diffraction (XRD), a chemical-etching method, and piezoresponse force microscopy (PFM) measurements. Furthermore, a possible mechanism of the interfacial atomic configuration between the ZnO on the (+z) LiNbO3 and the ZnO on the (-z) LiNbO3 is suggested.




2. Experimentals


The ZnO films were grown on the (0001) LiNbO3 substrates using a fully automated PLD system (Neocera, Pioneer 180, Beltsville, VA, USA). The undoped ZnO target was prepared using a conventional solid-state reaction at 1100 °C for which pure ZnO (99.999%) powders were employed. The KrF excimer laser (λ = 248 nm, pulse duration = 20 ns, pulse-repetition rate f = 5 Hz) was used for the target ablation. The laser was irradiated with a fluence of 2.66 J/cm2 on the target surface. The target-substrate distance was 5 cm. The background pressure of the growth chamber was approximately 10−8 Torr. The ZnO films were deposited at 600 °C under an O pressure of 4 mTorr. The film was grown for 50 min with a deposition rate of ~2.2 nm/min. The XRD studies were carried out using the Rigaku XRD-DMAX Rapid X-ray diffractometer (Rigaku Co., Tokyo, Japan) for the characterization of the crystallinity and the growth orientation. HR-TEM (Tecnai G2 F30 super-twin), conducted at 300 kV, was used to investigate the interfacial structure of the ZnO/(+z) LiNbO3 and the ZnO/(-z) LiNbO3. The TEM samples were prepared according to standard cross-sectional preparation procedure with a focus ion beam and mechanical thinning. The crystal polarity of the ZnO films was determined using a chemical-etching method and PFM measurements. The samples were etched in an HNO3 acid of 0.01% for 30 s. After the samples were cleaned in deionized water using an ultrasonic cleaner at 40 °C for 10 min, the AFM (Bruker- Nano N8 NEOS, Bruker Corp, Billerica, MA, USA) measurements in a non-contact mode were performed to analyze the surface morphology of the ZnO films before and after the etching. A commercial AFM system equipped with PFM modules (Bruker-Nano N8 NEOS) was used to investigate the local piezo-response polarization effect of the ZnO films in the contact mode with a load force of 10 nN. For the PFM measurements, the conductive Cr/Pt-coated Si tip (Budget sensors Multi75-G, Budget sensors, Sofia, Bulgaria) with a radius of less than 10 nm. The cantilever with a spring constant of 0.2 N/m and a resonant frequency of 13 kHz was used for both imaging (modulation voltage of 4.3 Vpp at 30 kHz) and for hysteresis loop measurement. For electrical connection of the samples, the backside of the samples was contacted to the AFM sample stage with carbon tape. An external AC modulation voltage superimposed a DC bias was applied between the sample and the grounded tip. The local piezoresponse loop was measured by PSIA XE-100 with a lock-in amplifier (Standard Research Systems) using the same probes.




3. Results and Discussion


3.1. Crystal-Structure Analysis


Figure 1 shows a cross-sectional HR-TEM micrograph of the ZnO films that were grown on the LiNbO3 for the inspection of the interfacial structure. Typical cross-sectional HR-TEM images of the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3 are illustrated in Figure 1a,b, respectively. As can be seen from the images, the surface of the ZnO films on (+z) LiNbO3 was smoother than that of the ZnO films on (-z) LiNbO3. The film thickness of the ZnO films was estimated at approximately 98 nm for the ZnO films on (+z) LiNbO3 and 85 nm for the ZnO films on (+z) LiNbO3. The interfacial structure showed drastic differences between the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3, as shown in Figure 1c,d. A clear interfacial layer with a well-ordered structure was obtained for the ZnO films grown on (+z) LiNbO3 (Figure 1c), while an unclear interface with a thin transition layer that was approximately 3 nm thick was formed for the ZnO films grown on (-z) LiNbO3 substrate (Figure 1d). These results imply that the atomic-stacking order along the growth direction of the ZnO films grown on the different-polarity LiNbO3 substrates is different leading to a different ZnO polarity. The insets of Figure 1c,d represents the selected-area diffraction pattern from the ZnO film on LiNbO3 for the examination of the lattice structure. Accordingly, the lattice was well-aligned without any distortion and the structure of the ZnO films was a single crystalline hexagon. From the results and the analysis, the orientation relationship between the ZnO and LiNbO3 was determined as follows:


    (  0001  )    Z n O   ∥  (  0001  )       LiNbO 3    and    [  1  1 ¯  00  ]    Z n O   ∥  [  1  2 ¯  10  ]     LiNbO 3    











To support and demonstrate the above HR-TEM results, XRD measurements were carried out for the ZnO films grown on LiNbO3. The XRD measurements of the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3 are presented in Figure S1 (see Figure S1 of Supplementary Materials). A dominant (002) peak at ~34° is observable in Figure S1a for both of the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3. The XRD peaks at 34.17° and 34.26° indicate that the thin films were grown along the c-axis orientation with a highly uniform wurtzite-lattice structure. Based on these peak positions, the lattice-constant c values were calculated as 5.23 Å and 5.25 Å for the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3, respectively. These results are consistent with the measured c parameter of the HR-TEM data. Figure S1b shows the ω-rocking curves of the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3. The FWHM (full width half medium) value of the ω-rocking curve was 0.58° for the ZnO films grown on (+z) LiNbO3 and 0.77° for the ZnO films grown on (-z) LiNbO3. The FWHM variations of the ZnO (002) peaks were in agreement with the HR-TEM results regarding the interface-structure difference between the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3.




3.2. The Polarity Determination


To investigate the polarity determination of the ZnO films grown on LiNbO3, chemical-etching studies were carried out. Figure 2 represents the AFM images of the ZnO films grown on LiNbO3 before and after the etching. The ZnO films of the opposite substrate polarities showed quite different surface morphologies under the same growth condition, as shown in Figure 2a,b. The surface of the ZnO films grown on (+z) LiNbO3 was smoother than that of the ZnO films grown on (-z) LiNbO3. The surface-roughness values were 6.94 nm and 9.20 nm for the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3, respectively. The post-etching surface-morphologies of the ZnO films grown on LiNbO3 are shown in Figure 2c,d. The surface of the ZnO films grown on (+z) LiNbO3 contained pits, while a rough surface with a hillock could be observed in the ZnO films grown on (-z) LiNbO3 due to the rapid etching rate. To verify the previous results, the bulk-ZnO samples were also subjected to the chemical-etching experiments under the same condition, compared with the etched ZnO films (see Figure S2 in Supplementary Materials), similar results were obtained. Regarding aspects of the ZnO polarity, such as the etching rate, the roughness and shape of the etched surface, similar results have been reported [20,21]. Therefore, the results and analyses indicate that the surface of the ZnO films on (+z) LiNbO3 is Zn-polar, while the surface of the ZnO films on (-z) LiNbO3 is O-polar.



To gain further insight into the previous results, the PFM measurement was performed to determine the polarity of the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3. The polarity of the wurtzite semiconductors, such as ZnO and GaN, was verified through a determination of the relative phase between the modulation voltage that was applied to the material and the material deformation, which depends on the sign of the piezoelectric coefficient (d33). The results showed deformations that were in-phase regarding the metal-cation polarity and out-of-phase for the anion polarity [22,23]. The topography, PFM-phase images, and histograms of the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3 are presented in Figure 3. Figure 3a,b shows the topography images of the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3, respectively. The PFM-phase images of the ZnO films grown on (+z) LiNbO3 and (-) LiNbO3 are shown in Figure 3c,d, respectively. Most of the grains of the ZnO films grown on (+z) LiNbO3 exhibited a dark contrast, while most of the grains of the ZnO films grown on (-z) LiNbO3 displayed a bright contrast, as shown in Figure 3c,d, respectively. The contrasts of the dark and bright domains correspond to the grains with the downward and upward spontaneous-polarization orientations, respectively. These results mean that the spontaneous polarization (Ps) in most of the grains for the ZnO films on (+z) LiNbO3 is downward, whereas the spontaneous-polarization orientation of most of the grains for the ZnO films on (-z) LiNbO3 is upward. To determine the statistical distribution of the local polarization in the ZnO films grown on the LiNbO3, the frequency of the local piezoresponse on the overall surface could be obtained from PFM images analysis using image-analysis software (SPIP) in the AFM system since the number of the points (pixels) on the PFM image corresponds to a given piezoresponse signal. Figure 3e,f represents the piezoresponse histograms that were taken from the PFM images of Figure 3c,d, respectively. Figure 3e shows the left-skewed histogram of the PFM image in the dark contrast of Figure 3c. From the peak-position analysis, the dark contrast was calculated as approximately 65.2%. On the contrary, the piezoresponse histogram of the PFM-image in Figure 3d shows the right-skewed distribution in the bright contrast, as shown in Figure 3f. The bright contrast was calculated as approximately 63.2%. These results and analyses provide clear evidence that the ZnO films on (+z) LiNbO3 formed the Zn-polar surface, while the O-polar surface of the ZnO films was produced on (-z) LiNbO3. Further, the PFM analysis supports the chemical-etching results.



Figure 4 displays the piezoelectric-response dependencies of the applied voltage for the ZnO films on (+z) LiNbO3 and (-z) LiNbO3 substrates. Figure 4a,b shows the piezoresponse histogram of the PFM-image recorded while the bias for the ZnO films was applied on (+z) LiNbO3 and (-z) LiNbO3, respectively. The 180° inversion at the coercive voltages with the hysteresis was observed in both of the ZnO films on (+z) LiNbO3 and (-z) LiNbO3. The phase change from −180° to 0° (Figure 4a) indicates a downward polarization (Zn-polar) for the ZnO film on (+z) LiNbO3, while the phase change from 0° to −180° (Figure 4b) revealed an upward polarization (O-polar) for the ZnO films on (-z) LiNbO3. A shift of the hysteresis loop was observed in both of the ZnO films on (+z) LiNbO3 and (-z) LiNbO3 substrates. These results can be explained by the imprint effect that is attributed to a built-in potential in the ZnO thin film [23]. Figure 4c,d exhibits well-shaped, effective d33 loops for the ZnO films on (+z) LiNbO3 and (-z) LiNbO3, respectively. The effective d33 values were 11.25 pm/V for the ZnO films on (+z) LiNbO3 and 15.94 pm/V for the ZnO films on (-z) LiNbO3, respectively. These values coincide with the previous reports about the piezoresponse of undoped ZnO films [24,25,26]. The typical D-V butterfly loop was obtained with displacement-maximum values of ~0.11 nm at ~3 V for the ZnO films on (+z) LiNbO3 and ~0.2 nm at 2.45 V for the ZnO films on (-z) LiNbO3, as shown in Figure 4e,f, respectively. The clear-opposite hysteresis characteristics and the nearly-symmetric loop shape of the piezoresponse indicate a polarity inversion [26] and high crystallinity of the ZnO films grown on the polarity-controlled LiNbO3. In addition, these results are in good agreement with the results of the HR-TEM, XRD, and chemical-etching analyses.




3.3. The Possible Mechanism


LiNbO3 can produce a pyroelectric effect, for which the spontaneous polarization changes as a function of the temperature [27]. Given the previous results, the LiNbO3 pyroelectric effect was employed to demonstrate the growth mechanism of the ZnO films grown using the pulsed-laser deposition technique. To simplify the model, it was assumed that the screening from the external molecules and ions was completely removed by the cleaning process, or by the heating at the PLD-growth temperature of 600 °C. When the LiNbO3 crystal heated up from room temperature to 600 °C, the Ps decrease resulted in the occurrence of further uncompensated screening charges on the surface. On the positive domain, the unscreened positive-polarization charge will generate a strong surface electric field. For the negative domain, the unscreened polarization charge is negative, causing the generation of an electric field directly toward the surface [28,29,30]. Figure 5a,b illustrates the schematics of the atomic arrangements of the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3, respectively. During the ZnO-film growth, the material plasma expanded away from the target surface as a plume that supplied the compensated charges to the surface of the LiNbO3 substrate, instantaneously. Consequently, the surface electric field formed by the unscreened polarization charges led to the absorption of the ionized atoms in ZnO with opposite polarity to surface polarization.



Once the neutralization was accomplished, the substrate no longer attracted the ionized atoms (Zn, O). Therefore, oxygen (O) atoms of Zn-polar ZnO formed the first layer on the (+z) LiNbO3 surface, and zinc (Zn) atoms of O-polar ZnO form the first layer on the (-z) LiNbO3 surface, and these did not change during the subsequent ZnO-epitaxial growth. Moreover, Saito annealed LiNbO3 at temperatures in the region from 500 to 1100 °C. In that case, the author proved the presence of a niobium (Nb) atomic layer on the positive surface by using coaxial impact–collision ion scattering spectroscopy (CICISS) to terminate the atomically smoothed surface [31].



Therefore, it is possible to conclude that the –O-Nb-O3 bridge is formed at the interface between the ZnO film and the (+z) LiNbO3 substrates, leading to the formation of the Zn-polar ZnO film, while the –Zn-O-Nb chemical bonding is formed at the interface between the ZnO film and the (-z) LiNbO3 substrate, leading to the formation of the O-polar ZnO film.





4. Conclusions


In summary, the polarity-controlled ZnO films were successfully grown on (0001) LiNbO3 using the pulsed-laser deposition technique. The cross-sectional image of the HR-TEM revealed that a clear interfacial layer with a well-ordered structure was obtained for the ZnO film that was grown on (+z) LiNbO3, while an unclear interface with a thin transition layer that was approximately 3 nm thick was formed for the ZnO film grown on the (-z) LiNbO3 substrate. According to PFM and chemical-etching analyses, the ZnO film grown on (+z) LiNbO3 was verified as Zn-polar ZnO, while the O-polar ZnO occurred on (-z) LiNbO3. Further, a possible mechanism of the interfacial atomic configuration between the ZnO films on (+z) LiNbO3 and (-z) LiNbO3 was suggested in the present paper. The two advantages of this new approach are as follows: 1) ZnO films with high crystalline quality can be grown without buffer layers on LiNbO3 due to a relatively low lattice mismatch. 2) The polarity of ZnO is directly and effectively controlled through the exploitation of the spontaneous polarity of the LiNbO3. Therefore, the results of the present study are valid for the polarity control of polar materials, thereby giving rise to a new approach for the modification of the material polarities in future optoelectronic and micromechanical devices.
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The following are available online at https://www.mdpi.com/2079-4991/10/2/380/s1. Figure S1: (a) The 2θ-ω scan of the XRD spectra of the ZnO/(+z) LiNbO3 and ZnO/(-z) LiNbO3 thin films. (b) The ω-rocking curves of the ZnO/(+z) LiNbO3 and ZnO/(-z) LiNbO3 thin films. Figure S2 AFM images of the Zn-polar and the O-polar in the bulk-ZnO samples. (a) Zn-polar of the ZnO bulk before the etching. (b) O-polar of the ZnO bulk before the etching. (c) Zn-polar of the ZnO bulk after the etching. (d) O-polar of the ZnO bulk after the etching.





Author Contributions


I.T.Y., J.W.L., N.C.T., and W.Y. contributed equally to the work. I.T.Y. and W.Y. designed the research and supervised the overall experimental work and the analysis. N.C.T. was involved in all parts of the experimental work and the characterization. J.W.L. contributed to the growth of the material and the data analysis. All of the authors discussed the results and contributed to the writing of the manuscript.




Funding


The authors acknowledge the support from National Research Foundation of Korea (NRF) grant funded by the Ministry of Science, ICT and Future Planning (MSIP) (No. NRF-2016R1C1B1014103, 2016R1A6A1A03012877, NRF-2016R1D1A1B03930992, 2019R1H1A1101857, and 2019R1A2C1002844) and by the Quantum-Functional Research Center (QSRC) of Dongguk University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, X.; Tomita, Y.; Roh, O.-H.; Ohsugi, M.; Che, S.-B.; Ishitani, Y.; Yoshikawa, A. Polarity control of ZnO films grown on nitrided c-sapphire by molecular-beam epitaxy. Appl. Phys. Lett. 2005, 86, 011921. [Google Scholar] [CrossRef]

	



Tampo, H.; Fons, P.; Yamada, A.; Kim, K.-K.; Shibata, H.; Matsubara, K.; Niki, S.; Yoshikawa, H.; Kanie, H. Determination of crystallographic polarity of ZnO layers. Appl. Phys. Lett. 2005, 87, 141904. [Google Scholar] [CrossRef]

	



Kobayashi, A.; Kawaguchi, Y.; Ohta, J.; Fujioka, H.; Fujiwara, K.; Ishii, A. Polarity control of GaN grown on ZnO (000-1) surfaces. Appl. Phys. Lett. 2006, 88, 181907. [Google Scholar] [CrossRef]

	



Guan, Z.P.; Cai, A.L.; Cabalu, J.S.; Porter, H.L.; Huang, S. Molecular beam epitaxy growth of GaN on C-terminated 6H–SiC (000-1) surface. Appl. Phys. Lett. 2000, 77, 2491. [Google Scholar] [CrossRef]

	



Monroy, E.; Sarigiannidou, E.; Fossard, F.; Gogneau, N.; Bellet-Amalric, E.; Rouvière, J.-L.; Monnoye, S.; Mank, H.; Daudin, B. Growth kinetics of N-face polarity GaN by plasma-assisted molecular-beam epitaxy. Appl. Phys. Lett. 2004, 84, 3684. [Google Scholar] [CrossRef]

	



Fichtenbaum, N.A.; Neufeld, C.J.; Schaake, C.; Wu, Y.; Wong, M.H.; Grundmann, M.; Keller, S.; Denbaars, S.P.; Speck, J.S.; Mishra, U.K. MOCVD regrowth of InGaN on N-polar and Ga-polar pillar and stripe nanostructures. Phys. Status Solidi B 2007, 244, 1802–1805. [Google Scholar] [CrossRef]

	



Ye, Z.-G. Handbook of Advanced Dielectric, Piezoelectric and Ferroelectric Materials; Woodhead Publishing: Cambridge, MA, USA, 2009. [Google Scholar]

	



Tovstonog, S.V.; Kurimura, S.; Kitamura, K. High power continuous-wave green light generation by quasiphase matching in Mg stoichiometric lithium tantalite. Appl. Phys. Lett. 2007, 90, 051115. [Google Scholar] [CrossRef]

	



Park, J.; Yamazaki, Y.; Iwanaga, M.; Ahn, S.; Jeon, H.; Fujiwara, T.; Yao, T. Second harmonic generation in periodically polarity-inverted zinc oxide. Opt. Express 2010, 18, 7851–7856. [Google Scholar] [CrossRef]

	



Sasaki, E.A.; Hara, W.; Matsuda, A.; Tateda, N.; Otaka, S.; Akiba, S.; Saito, K.; Yodo, T.; Yoshimoto, M. Buffer-enhanced room-temperature growth and characterization of epitaxial ZnO thin films. Appl. Phys. Lett. 2005, 86, 231911. [Google Scholar] [CrossRef]

	



Adachi, Y.; Ohashi, N.; Ohnishi, T.; Ohgaki, T.; Sakaguchi, I.; Haneda, H.; Lippmaa, M. Change in polarity of zinc oxide films grown on sapphire substrates without insertion of any buffer layer. J. Mater. Res. 2008, 23, 3269–3272. [Google Scholar] [CrossRef]

	



Adachi, Y.; Ohashi, N.; Ohgaki, T.; Ohnishi, T.; Sakaguchi, I.; Ueda, S.; Yoshikawa, H.; Kobayashi, K.; Williams, J.R.; Ogino, T. Polarity of heavily doped ZnO films grown on sapphire and SiO2 glass substrates by pulsed laser deposition. Thin Solid Films 2011, 519, 5875–5881. [Google Scholar] [CrossRef]

	



Williams, J.R.; Furukawa, H.; Adachi, Y.; Grachev, S.; Sondergard, E.; Ohashi, N. Polarity control of intrinsic ZnO films using substrate bias. Appl. Phys. Lett. 2013, 103, 042107. [Google Scholar] [CrossRef]

	



Wang, X.Q.; Sun, H.P.; Pan, X.Q. Effect of GaN interlayer on polarity control of epitaxial ZnO thin films grown by molecular beam epitaxy. Appl. Phys. Lett. 2010, 97, 151908. [Google Scholar] [CrossRef]

	



Yin, J.; Liu, Z.G.; Liu, H.; Wang, X.S.; Zhu, T.; Liu, J.M. The epitaxial growth of wurtzite ZnO films on LiNbO3 (0 0 0 1) substrates. J. Cryst. Growth 2000, 220, 281–285. [Google Scholar] [CrossRef]

	



Duclère, J.-R.; Novotny, M.; Meaneya, A.; O’Hairea, R.; McGlynna, E.; Henrya, M.O.; Mosniera, J.P. Properties of Li-, P- and N-doped ZnO thin films prepared by pulsed laser deposition. Superlattices Microstruct. 2005, 38, 397–405. [Google Scholar] [CrossRef]

	



Jiao, S.J.; Zhang, Z.Z.; Lu, Y.M.; Shen, D.Z.; Yao, B.; Zhang, J.Y.; Li, B.H.; Zhao, D.X.; Fan, X.W.; Tang, Z.K. ZnO p-n junction light-emitting diodes fabricated on sapphire substrates. Appl. Phys. Lett. 2006, 88, 031911. [Google Scholar] [CrossRef]

	



Wan, Q.; Li, Q.H.; Chen, Y.J.; Wang, T.H.; He, X.L.; Li, J.P.; Lin, C.L. Fabrication and ethanol sensing characteristics of ZnO nanowire gas sensors. Appl. Phys. Lett. 2004, 84, 3654. [Google Scholar] [CrossRef]

	



Lee, J.; Subramaniam, N.G.; Kowalik, I.A.; Nisar, J.; Lee, J.; Kwon, Y.; Lee, J.; Kang, T.; Peng, X.; Arvanitis, D.; et al. Towards a new class of heavy ion doped magnetic semiconductors for room temperature applications. Sci. Rep. 2015, 5, 17053. [Google Scholar] [CrossRef]

	



Mariano, A.N.; Hanneman, R.E. Crystallographic Polarity of Zn Crystals. J. Appl. Phys. 1963, 34, 384–388. [Google Scholar] [CrossRef]

	



Park, J.S.; Hong, S.K.; Minegishi, T.; Park, S.H.; Im, L.H.; Hanada, T.; Cho, M.W.; Yao, T.; Lee, J.W.; Lee, J.Y. Polarity control of ZnO on (0001) Al2O3 by Cr -compound intermediate layers. Appl. Phys. Lett. 2007, 90, 201907. [Google Scholar] [CrossRef]

	



Minj, A.; Cros, A.; Garro, N.; Colchero, J.; Auzelle, T.; Daudin, B. Assessment of Polarity in GaN Self-Assembled Nanowires by Electrical Force Microscopy. Nano Lett. 2015, 15, 6770–6776. [Google Scholar] [CrossRef] [PubMed]

	



Lee, E.G.; Wouters, D.J.; Willems, G.; Maes, H.E. Voltage shift and deformation in the hysteresis loop of Pb(Zr,Ti)O3 thin film by defects. Appl. Phys. Lett. 1996, 69, 1223. [Google Scholar] [CrossRef]

	



LI, C.P.; YANG, B.H. Local Piezoelectricity and Polarity Distribution of Preferred c-Axis-Oriented ZnO Film Investigated by Piezoresponse Force Microscopy. J. Electron. Mater. 2011, 40, 253–258. [Google Scholar] [CrossRef]

	



Christman, J.A.; Woolcott, R.R.; Kingon, A.I.; Nemanich, R.J. Piezoelectric measurements with atomic force microscopy. Appl. Phys. Lett. 1998, 73, 3851. [Google Scholar] [CrossRef]

	



Yang, Y.C.; Song, C.; Wang, X.H.; Zeng, F.; Pan, F. Giant piezoelectric d33 coefficient in ferroelectric vanadium doped ZnO films. Appl. Phys. Lett. 2008, 92, 012907. [Google Scholar] [CrossRef]

	



Park, J.S.; Minegishi, T.; Ahn, S.; Park, S.H.; Hong, S.K.; Jeon, H.; Im, I.H.; Chang, J.H.; Yao, T. Fabrication of periodically polarity-inverted ZnO structures on (0001) Al2O3. Thin Solid Films 2010, 518, 4117–4120. [Google Scholar] [CrossRef]

	



Weis, R.S.; Gaylord, T.K. Lithium niobate: Summary of physical properties and crystal structure. Appl. Phys. A 1985, 37, 191–203. [Google Scholar] [CrossRef]

	



Rosenman, G.; ShurYa, D.; Krasik, E.; Dunaevsky, A. Electron emission from ferroelectrics. J. Appl. Phys. 2000, 88, 6109–6161. [Google Scholar] [CrossRef]

	



Kim, D.W.; Bourim, E.M.; Jeong, S.H.; Yoo, I.K. Pyroelectric electron emissions and domain inversion of LiNbO3 single crystals. Phys. B 2004, 352, 200–205. [Google Scholar] [CrossRef]

	



Saito, A.; Matsumoto, H.; Ohnisi, S.; Akai-kasaya, M.; Kuwahara, Y.; Aono, M. Structure of Atomically Smoothed LiNbO3 (0001) Surface. Jpn. J. Appl. Phys. 2004, 43, 2057–2060. [Google Scholar] [CrossRef]








[image: Nanomaterials 10 00380 g001 550] 





Figure 1. The cross-sectional using high-resolution transmission electron microscopy (HR-TEM) image of the ZnO films grown on the lithium niobate (LiNbO3). (a) The cross-sectional TEM image of the ZnO films grown on (+z) LiNbO3 (a) and on (-z) LiNbO3 (b), respectively. The magnified cross-sectional image of the HR-TEM for the ZnO films grown on (+z) LiNbO3 (c) and (-z) LiNbO3 (d), respectively. The insets of Figure 1c,d show the selected-area diffraction pattern from the ZnO films and the LiNbO3, respectively. 
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Figure 2. The atomic force microscopy (AFM) images of the ZnO films grown on LiNbO3 before and after the etching. The surface-morphology images of the ZnO films grown on (+z) LiNbO3 before the etching (a) and (-z) LiNbO3 before the etching (b). (c). The surface-morphology images of the ZnO films grown on (+z) LiNbO3 after the etching (c) and (-z) LiNbO3 after the etching (d). 
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Figure 3. The topography, piezoresponse force microscopy (PFM)-phase images, and histograms of the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3. The topography images of the ZnO films grown on (+z) LiNbO3 (a) and (-z) LiNbO3 (b), respectively. The corresponding PFM-phase image of the ZnO films grown on (+z) LiNbO3 (c) and (-z) LiNbO3 (d), respectively. The piezoresponse histogram taken from the PFM images of the ZnO films grown on (+z) LiNbO3 (e) and (-z) LiNbO3 (f), respectively. 






Figure 3. The topography, piezoresponse force microscopy (PFM)-phase images, and histograms of the ZnO films grown on (+z) LiNbO3 and (-z) LiNbO3. The topography images of the ZnO films grown on (+z) LiNbO3 (a) and (-z) LiNbO3 (b), respectively. The corresponding PFM-phase image of the ZnO films grown on (+z) LiNbO3 (c) and (-z) LiNbO3 (d), respectively. The piezoresponse histogram taken from the PFM images of the ZnO films grown on (+z) LiNbO3 (e) and (-z) LiNbO3 (f), respectively.
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Figure 4. The hysteresis loop of the piezoelectric response for the ZnO films on (+z) LiNbO3 and (-z) LiNbO3, respectively. The phase-hysteresis loop of the ZnO films on (+z) LiNbO3 (a) and (-z) LiNbO3 (b), respectively. The effective piezoelectric-coefficient (d33) loop of the ZnO films on (+z) LiNbO3 (c) and (-z) LiNbO3 (d), respectively. The D-V butterfly loop of the ZnO films on (+z) LiNbO3 (e) and (-z) LiNbO3 (f), respectively. 
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Figure 5. Schematics of the atomic arrangements of the ZnO films grown on (+z) LiNbO3 (a) and (-z) LiNbO3 (b), resulting in Zn-polar ZnO and O-polar ZnO, respectively. 
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