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Abstract

:

Zn1-xNixO nanorod arrays were prepared on Si substrates by magnetron sputtering and hydrothermal methods at 100 °C. We studied the effects of doped concentration and hydrothermal growth conditions on the crystal structure, morphology, photoluminescence, and magnetic properties of Zn1-xNixO nanorod arrays. The research results show that the Zn1-xNixO nanorod have the hexagonal wurtzite structure without the appearance of the second phase, and all samples have a highly preferred orientation of a (002) crystal face. The Zn1-xNixO nanorod arrays exhibit obvious room temperature ferromagnetism with saturation magnetization at 4.2 × 10−4 emu/g, the residual magnetization is 1.3 × 10−4 emu/g and the coercive field is 502 Oe, and also excellent luminescent properties with seven times greater luminous intensity than that of ZnO nanorod arrays. The redshift of the ultraviolet emission peak was found by Ni2+ doping. We further explained the source and essence of the magnetic properties of Zn1-xNixO nanorod arrays and deemed that the magnetic moment mainly comes from the hybrid electron exchange of O 2p and Ni 3d state.
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1. Introduction


Metal oxide semiconductor materials with a good optical, electrical, and chemical stability are studied deeply in application aspects of energy storage, photoelectrochemistry, and sensors [1,2,3,4]. People are devoted to the study of nano-photoelectric materials related to ZnO, and ZnO-based diluted magnetic semiconductors (DMSs) are an important branch of many research fields. Since the Dietl group [5] proposed the room temperature ferromagnetism of transition metal doped ZnO in their early theoretical work, doped ZnO has attracted widespread attention. This kind of material has been predicted to have great application prospects in spin Field Effect Transistor (FET), spin Light Emitting Diode (LED), and spin Resonant Tunneling Diode (RTD) because of their unique properties in magneto-optic and magneto-electric fields [5,6,7,8,9,10,11]. In recent decades, the application of ZnO-based diluted magnetic semiconductor materials with a wide bandgap in spintronics has attracted much attention from relevant international research fields [12,13,14,15,16,17,18]. Ni-doped ZnO is one of the most widely studied systems, and highly oriented and ordered ZnO nanomaterials are very important in spintronics and magnetic applications [19,20,21,22,23]. The applications in spintronics make a request for the ability of couple electron charges and spin degrees of freedom. Therefore, the magnetic order is particularly important at room temperature. Due to carrier-mediated exchange interaction, transition metal elements are doped in a ZnO wide bandgap semiconductor, which makes it exhibit ferromagnetic ordering at room temperature. Many other structures of 3d transition metal (TM) ions (Co2+, Mn2+, Cr2+, Nd2+) doped ZnO materials have been extensively studied [24,25,26,27,28,29,30,31], but the research on Ni-doped ZnO nanorod arrays is very limited, stimulating our research interest.



Ando et al. [32] used the MCD (magnetic circular dichroism) method to study and confirm that the 3d TM ions (Mn2+, Co2+, Ni2+, Cu2+) doped ZnO showed the function of ferromagnetism by sp2d electron magnetic exchange. Wei et al. [33] synthesized Zn1-xNixO polymorphic crystals by hydrothermal method with 0.62 wt% Ni2+ doped concentration and studied room-temperature ferromagnetism. Miao et al. [34] synthesized Zn1-xNixO columnar crystals by the hydrothermal method and indicated that the materials presented a weak paramagnetism at room temperature. Zhou et al. [35] synthesized Zn1-xNixO nanocombs by CVD method and concluded that the samples showed superparaferromagnetism at room temperature, which was attributed to O defects. Liu et al. [36] prepared ZnO nanorods on glass by hydrothermal method and explained that the samples showed good optical properties. Samanta et al. [37] prepared Zn1-xNixO nanoparticles by the chemical synthesis method, and the results proved the existence of sample magnetism and the coupling between dielectric properties and magnetoelectricity (ME). Although the experiments and theories have obtained certain achievements, the magnetic and optical properties of Zn1-xNixO nanomaterials still exist many disputes. Pal et al. [38] found that the absorption spectra of samples occurs a blueshift when the concentration of Zn1-xNixO is 3 wt%. The above research results are contrary to those of Abdel-Wahab et al. [39].



To clarify the source and essence of magnetic and optical properties of Zn1-xNixO nanomaterials, Zn1-xNixO nanorod arrays were successfully synthesized by magnetron sputtering and hydrothermal method at low temperature. The morphology, structure, elemental proportions, and optical and magnetic properties of the samples were characterized and analyzed by scan electron microscope (SEM), X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), photoluminescence (PL) spectra, and magnetic-hysteresis curves (M-H curves). In addition, the electronic structure of the magnetic and optical properties of Zn1-xNixO nanorods arrays were systematically studied by the spin polarization density functional theory, and the magnetic coupling mechanism and magnetic source of Zn1-xNixO nanorods arrays were analyzed, so as to provide an experimental and theoretical basis for the experimental preparation of high quality and high temperature superconductivity (Tc) ZnO magnetic nanorods materials.




2. Experiment


2.1. Experimental Design


In our experiment, Zn1-xNixO nanorod arrays were fabricated by magnetron sputtering and the hydrothermal method. First, the silicon substrates were cleaned by ultrasound for 15 min with acetone, ethanol, and deionized water in turn. The first step was to prepare seed layers on monocrystalline silicon substrates by magnetron sputtering and calcine them. The second step was to mix the original solution with cobalt acetate solution of different content and mix it with magnetic stirring for 30 min to form precursor solution. The third step was to prepare vertically aligned Zn1-xNixO on monocrystalline silicon substrates with seed layers by hydrothermal synthesis. The precursor solution was loaded into the reactor and kept in a 100 °C temperature incubator for 3 h. After the reaction, the single crystal silicon wafer was washed three times with deionized water and alcohol in turn and then dried at 40 °C for characterization. The specific process parameters are shown in Table 1.




2.2. Characterization Methods


The crystal phase of the Zn1-xNixO nanorod arrays was investigated by an X-ray diffractometer (XRD, Bruker Advance D8, Bruker Corporation, Karlsruhe, Germany) using Cu Kα radiation operated at 40 kV and 30 mA in the diffraction angle range of 20–80° with a scanning rate of 6 deg/min and a step size of 0.02°. X-ray photoelectron spectroscopy (XPS, AXIS ULTRA, Kratos Corporation, Kyoto, Japan) characterizations were performed on a photoelectron spectrometer with a monochromatized Al Kα X-ray source. The morphologies and structures were characterized using scanning electron microscopy (SEM, Carl Zeiss SIGMA, Carle Zeiss Corporation, Jena, Germany) were performed at 3 kV. Energy dispersive X-ray spectroscopy (EDX) analysis was performed using an EDAX SDD detector (EDX, JSM-6390A, NEC Electronics Corporation, Kyoto, Japan). The photoluminescence (PL) spectra of Zn1-xNixO nanorod arrays were recorded by a Fluoromax-4 spectrophotometer (Horiba Jobin-Yvon, Horiba, Paris, France) in the wavelength range 325–625 nm with a 325 nm excitation wavelength. The magnetic properties were characterized and analyzed with the Quantum Design PPMS-9 (Quantum Design Corporation, San Diego, CA, America) completely liquid-free comprehensive physical properties measurement system.





3. Results and Discussions


3.1. Phase Analysis


Figure 1 shows the XRD (a) and EDX map (b) of Zn1-xNixO nanorod arrays. The crystallographic properties and purity of Zn1-xNixO nanorod arrays are clearly observed in Figure 1. The diffraction peaks of samples with different doped concentrations appear at 2θ = 34.2°, 36.5°, 47.5°, 63.7°, and 67.8° respectively, which are consistent with the hexagonal wurtzite structure of standard ZnO (No. JPCD80-0074) (P36mc, a = b = 3.2489 Å, c = 5.2049 Å). The second-phase and Ni clusters were not found in Zn1-xNixO nanorod arrays, which indicate that the structure of the doped samples was ZnO wurtzite with complete crystallization. The basic structure of the matrix did not change with the Ni2+ doping. The Zn1-xNixO nanorod arrays with a high purity and single phase were obtained by experiments. Especially, XRD shows that the dominant peak (002) was at the position of 2θ = 34.2° and the full width half maximum (FWHM) = 0.6. It shows that the growth of grains in the seed layer was preferential along the (002) crystal face. With the help of the Sherrer formula (D=Kγ/Bcosθ) [40], the grain size of the samples can be determined, in which K is Sheller constant (0.89), D is grain size, γ is the wavelength of X-ray Cu-Kα radiation (1.5406), B is the FWHM of each peak, and θ is the Bragg diffraction angle. Compared with our previous work [41], the (002) peak intensity of Zn1-xNixO nanorod arrays was larger, which indicates that the crystallinity of Zn1-xNixO nanorod arrays was greatly increased. With the increase of the Ni2+ doped concentration, the (002) peak intensity increased as a whole. The form of Ni2+-O2- requires higher energy. However, the energy provided by the form of Zn2+-O2- is not enough to form a Ni2+-O2- bond. At this time, the energy changes from the surface to the interior of the crystal lattice and then generates residual stress. However, the radius of Zn2+ (0.74Å) [42] is larger than that of Ni2+ (0.69Å). The lattice parameters will inevitably decrease when Zn2+ replaces by Ni2+. Thus the intensity of the diffraction peak of Zn1-xNixO nanorod arrays increase further and the FWHM (B) decreases. It is concluded that the grain size (D) increases when θ is a fixed value from the Sherrer formula.



Table 2 shows the percentage of elements corresponding to the EDX spectrum of the sample (as shown in Figure 1). Among the Zn1-xNixO nanorod arrays, the Ni atoms content accounts for 0.14% of the total content, which is much less than the theoretical doped content. It shows that there is a loss of atoms and deposition of a small part of Ni atoms in the hydrothermal reaction process. The total content of Zn atoms and Ni atoms does not meet the stoichiometric ratio. The content of O atoms is much higher than that of Zn atoms, which indicates that there are a large number of Zn or O vacancies in the samples. This is also consistent with the results of the ferromagnetic part attributed to Zn or O vacancies.




3.2. XPS Analysis


The XPS spectrum was applied to confirm the element composition of Zn1-xNixO nanorod arrays, and explain further Ni2+ substitute for Zn2+. The survey spectra (in Figure 2a) illustrates that Zn1-xNixO contains Zn, O, and Ni elements. The high resolution XPS spectra for Ni, Zn, O, and C are shown in Figure 2b–e respectively. The high resolution spectrum shown in Figure 2b presents the binding energy 866.99 eV of Ni 2p states in Zn1-xNixO nanorod arrays. The result confirms the presence of Ni in the form of Ni 2p and does not present with the metallic form or metal oxides forms (NiO, Ni2O3, etc.), which is consistent with the XRD results. Figure 2c shows the binding energy of Zn 2p states in ZnO, which reveals 1021.79 for 2p3/2 and 1044.84 for 2p1/2 states. The peak at 529.26 eV (shown in Figure 2d) is attributed O 1s of Zn1-xNixO. The peak of C 1s states of Zn1-xNixO (shown in Figure 2e) is observed at 284.77 eV. As a result, the XPS analysis confirmed Ni in the form of Ni 2p oxidation state.




3.3. Morphology Analysis


Figure 3 is the SEM spectrum of Zn1-xNixO nanorod arrays (Figure 3a-e) and ZnO nanorod arrays (Figure 3f). It is observed that the Zn1-xNixO nanorod arrays are perpendicular to the substrate and exhibit a hexagonal nanorod structure, which has an obvious conical growth advantage of a positive pole (0001) and good orientation. This is consistent with the XRD results. The average diameter of Zn1-xNixO nanorod arrays is about 180–256 nm. Compared with the experimental results of ZnO nanorod arrays (as shown in Figure 3f) [41], it was found that the morphology uniformity of the Zn1-xNixO nanorod arrays was poor and the grain size was reduced. However, with the increase of Ni2+ doped concentration, it can be observed that the hexagonal shape of the samples tended to be more obvious and the grain size increased obviously. When the content of Ni2+ is 3 wt%, the morphology showed a good hexagonal shape, and the conical growth trend disappeared. Through the analysis of the growth mechanism [43,44], it can be seen that there were two different growth faces and three different growth directions in the growth process of ZnO crystal. The growth direction of C axis was much faster than that of the other two faces. The C axis was the sixth symmetric axis of the ZnO crystal. The growth speed of the other two faces was the same, which makes the top of the ZnO crystal appear as an obvious conical shape. Therefore, the content of 3 wt% Ni2+ might have inhibited the growth rate of the C-axis to some extent and kept the growth rates of the three crystal faces consistent. The intensity of the (002) crystal face was larger than that of the (003) crystal face and other crystal faces, which is consistent with the XRD results. In a word, the average diameter of Zn1-xNixO nanorod arrays increased with increasing the Ni2+ doped content but was significantly smaller than that of ZnO nanorod arrays, because the radius of Zn2+ (0.74Å) [42] was larger than that of Ni2+ (0.69Å). The crystal lattice parameters inevitably decreased and the grain diameter was affected when Ni2+ substituted for Zn2+.




3.4. Optical Performance Analysis


Figure 4 shows the photoluminescence spectra of Zn1-xNixO nanorod arrays. It can be seen from the spectra that the emission spectra of the samples were mainly UV emission peaks at 370 nm and a broad yellow-green defect level (DL) band ranging from 475 to 650 nm centered at 560 nm. Compared with the experimental results of ZnO nanorod arrays (as shown in sample 0 in Figure 4) [41], the luminous intensity of Zn1-xNixO nanorod arrays was seven times greater than that of ZnO nanorod arrays, which indicates that the formation of Ni2+-O2− could effectively promote the luminescence of samples in the UV region. However, the intensity of the UV emission seemed to decrease as the concentration of Ni2+ increased. The luminescence intensity of Zn1-xNixO with 2 wt% Ni2+ doping in the UV and yellow-green region were the highest. The luminescence of samples in the UV region is generally interpreted as the recombination of free excitons (electron and hole pair) through an exciton-exciton disordered collision process, and the luminescence intensity depends on the density of free excitons [45]. The luminescence of samples in the visible region is generally interpreted as a reason of defects [46,47]. The Ni2+ doping can increase the defect of samples, which promote the recombination of excitons and increase the luminescence intensity. However, it requires higher energy when the Ni2+ enters the crystal lattice to form Ni2+-O2− bond, so the amount of Ni2+-O2− bond in the crystal lattice is very small, and the increase of defects can also cause the quenching of excitons [48]. As a result, the PL intensity at 550–600 nm of sample 3 was the lowest, it may be that a lot of defects of sample 3 caused the maximum quenching of excitons. The luminescence peak of the Zn1-xNixO nanorod arrays (shown in Figure 4) occurred as a redshift of ~2 nm compared with ZnO nanorod arrays prepared with the same process conditions (shown in Table 1), which is mainly attributed to the enhancement of the superexchange of Ni2+ with O2− in ZnO nanorod arrays. The superexchange interaction increased the binding of exciton, which lead to a further ultraviolet luminescence peak redshift. The results studied by Yuan [49], He et al. [50], and others also show this phenomenon. We can see that the intensity of luminescence peak of Zn1-xNixO nanorod arrays was higher than that of ZnO nanorod arrays in the ultraviolet region and lower than that of ZnO nanorod arrays in the visible region. With the gradual increase of the Ni-doped amount, the intensity of the luminescence of samples increased first and then decreased, which indicates that the doping of Ni greatly improved the luminescence characteristics of ZnO nanorod arrays, and the mechanism of luminescence changed mainly from defect luminescence to intrinsic luminescence.



Therefore, the excellent optical properties of Zn1-xNixO nanorod arrays in near-band edge luminescence and defect luminescence in visible regions play an important role in explaining the magnetic properties that originate from orbital electron coupling and O vacancy, respectively.




3.5. Magnetic Properties Analysis


The room temperature magnetization curve (M-H curve) of Zn1-xNixO nanorod arrays were recorded with the change of the external magnetic field in Figure 5. It can be seen from Figure 5a that the room temperature hysteresis loop—without deducting the diamagnetism of the silicon substrate—showed a positive susceptibility when the external magnetic field was +/−5000 (Oe) and a negative susceptibility when the external magnetic field was beyond +/−5000 (Oe), which indicates that the diamagnetism at room temperature may be caused by the negative counteraction between the diamagnetism and saturation magnetization of silicon substrates. Figure 5b shows that Zn1-xNixO nanorod arrays had obvious room-temperature ferromagnetism behavior. The saturation magnetization was 4.2 × 10−4 emu/g, the residual magnetization was 1.3 × 10−4 emu/g, and the coercive field (Hc) was 502 Oe. Xu et al. [51] synthesized Zn1-xNixO nanoparticles via a low-temperature hydrothermal method, and the results show that Hc is only 139.59 Oe. Pal et al. [38] synthesized Zn1-xNixO (x = 0, 0.03 and 0.05) nanoparticles (NPs) by a ball milling technique and the room temperature magnetic measurements exhibit the hysteresis loop with Hc of 260 Oe. For magnetic materials used in memory/storage industry, Hc over 350 Oe under RT condition is the ideal standard [52]. Although the samples exhibited a strong coercive field, which is much larger than the standard level, the saturation magnetization was relatively weak. The results are consistent with the weak magnetic properties of Ni-doped ZnO arrays studied by Samanta et al. [37].



The Ni2+ doped ZnO nanomaterials already obtained room temperature ferromagnetism (RTFM). However, there are controversial opinions concerning the origin of RTFM, the different doped forms and the inconsistency of measurement results. Pal et al. [38] showed that ferromagnetic behavior depends on many parameters, including the concentration and distribution type of transition metal ions, defect concentration, n-type doping, p-type doping, and particle morphology. Ponnusamy et al. [53] believed that Zn vacancy (VZn) and bound magnetic polaron formed by nearby Mn2+ interacted to form high-saturated magnetic intensity. Some people believe that the ferromagnetism behavior is attributed to the formation of some nanoscale nickel-related secondary phases, such as Ni precipitation and NiO. In our experimental results, XRD results show that the NiO phase does not appear, which mainly is attributed to the antiferromagnetism of NiO at 520 K Neel temperature [35,54]. In addition, when Ni2+ with the same valence as Zn2+ enters the ZnO crystal lattice, it cannot introduce carriers, and ZnO can only interact with other acceptor defects. As a cation, Ni2+ has an effect on the cation percolation threshold in ZnO nanorod arrays. When the content of Ni2+ increases to the threshold value, Ni atoms can come close to each other, and super-exchange interactions between Ni2+ ions will increase the contribution to the magnetism of the samples [55]. The ferromagnetic behavior of Zn1-xNixO nanorod arrays could be considered as the exchange interaction between the free delocalized carriers (hole or electron) or the localized d-spins on the Ni ions [56]. However, according to the results of the PL, M-H curves, and EDX, the content of Zn atoms is much higher than that of O atoms in the samples, which indicates that large Zn interstitials and O vacancies existed in samples. It can be inferred that the ferromagnetism of Zn1-xNixO nanorod arrays is mainly attributed to the bound magnetic polaron (BMP) produced by the coupling between the O atoms, defects, and the Ni2+ 3d orbital electron around them [57,58,59].



A strong coercive field was detected in Zn1-xNixO nanorod arrays, which indicates that the sample has a strong resistance to demagnetization, which can further improve the application of the material in magnetic storage media. The research results also confirm the application value of Zn1-xNixO nanorod arrays in permanent magnet materials, such as hard disks and disk tapes.





4. Conclusions


In this paper, Zn1-xNixO nanorod arrays were prepared successfully by hydrothermal synthesis and magnetron sputtering method. The results show that Zn1-xNixO nanorod arrays with strong crystallinity kept the hexagonal wurtzite structure well. The morphology of the samples was dense and uniform, and the grain size increased obviously. The Zn1-xNixO nanorod arrays exhibited obvious room temperature ferromagnetism with a strong coercive field and also excellent luminescent properties with seven times greater luminous intensity than that of ZnO nanorod arrays. Therefore, Zn1-xNixO nanorod arrays with excellent optical and hard magnetism properties are the significant basis for further research on diluted magnetic semiconductor materials and devices applying for magnetic storage media.







Author Contributions


Writing-original draft preparation, and formal analysis, W.W.; validation, S.H. (Shoulong Hui); writing-review and editing, and project administration, F.Z; visualization, X.W.; methodology, S.Z. (Shuili Zhang); supervision, J.F. and W.Z.




Funding


This research was funded by the National Natural Science Foundation of China (61664008), the National Natural Science Foundation of Shaanxi Province (2017JM6102), the National College Training Program of Innovation and Entrepreneurship for Undergraduates (201910719007), the Scientific and Technological Innovation Team (2017CXTD-01) and the project of production, learning and research cooperation (2017cxy05).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yang, Y.; Niu, S.; Han, D.; Liu, T.; Wang, G.; Li, Y. Progress in developing metal oxide nanomaterials for photoelectrochemical water splitting. Adv. Energy Mater. 2017, 7, 1700555. [Google Scholar] [CrossRef]

	



Cai, L.; Ren, F.; Wang, M.; Cai, G.; Chen, Y.; Liu, Y.; Shen, S.; Guo, L. V ions implanted ZnO nanorod arrays for photoelectrochemical water splitting under visible light. Int. J. Hydrog. Energy 2015, 40, 1394–1401. [Google Scholar] [CrossRef]

	



Zhu, L.; Zeng, W. Room-temperature gas sensing of ZnO-based gas sensor: A review. Sensor. Actuat. Phys. 2017, 267, 242–261. [Google Scholar] [CrossRef]

	



Kamat, P.V. Photophysical, photochemical and photocatalytic aspects of metal nanoparticles. J. Phys. Chem. B 2002, 106, 7729–7744. [Google Scholar] [CrossRef]

	



Dietl, T.; Ohno, H.; Matsukura, F.; Cibert, J.; Ferrand, D. Zener model description of ferromagnetism in zinc-blende magnetic semiconductors. Science 2000, 287, 1019–1022. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, Y.J.; Murakami, M.; Shono, T.J.; Hasegawa, T.Y.; Fukumura, T.T.; Kawasaki, M.S.; Ahmet, P.; Chikyow, T.H.; Koshihara, S.Y.; Koinuma, H.O. Room-temperature ferromagnetism in transparent transition metal-doped titanium dioxide. Science 2001, 291, 8542856. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, P.; Gupta, A.; Rao, K.V.; Owens, F.J.; Sharma, R.; Ahuja, R.J.; Guillen, J.M.O.; Johansson, B.J.; Gehring, G.A. Ferromagnetism above room temperature in bulk and transparent thin films of Mn-doped ZnO. Nat. Mater. 2003, 2, 673–677. [Google Scholar] [CrossRef]

	



Dietl, T. Dilute magnetic semiconductors: functional ferromagnets. Nat. Mater. 2003, 2, 646. [Google Scholar] [CrossRef]

	



Chiba, D.; Yamanouchi, M.; Matsukura, F.; Ohno, H. Electrical manipulation of magnetization reversal in a ferromagnetic semiconductor. Science 2003, 301, 943. [Google Scholar] [CrossRef]

	



Park, Y.D.; Hanbicki, A.T.; Erwin, S.C.; Hellberg, C.S.; Sullivan, J.M.; Mattson, J.E.; Ambrose, T.F.; Wilson, A.; Spanos, G.; Jonker, B.T. A group-IV ferromagnetic semiconductor: MnxGe1-x. Science 2002, 295, 651. [Google Scholar] [CrossRef]

	



Ohno, H. Making nonmagnetic semiconductors ferromagnetic. Science 1998, 281, 951. [Google Scholar] [CrossRef] [PubMed]

	



Basri, S.H.; AbdMajid, W.H.; Talik, N.A.; Sarjidan, M.A.M. Tailoring electronics structure, electrical and magnetic properties of synthesized transition metal (Ni)-doped ZnO thin film. J. Alloy. Compd. 2018, 769, 640–648. [Google Scholar] [CrossRef]

	



Ozgür, M.; Hofstetter, D.; Morkoç, H. ZnO devices and applications: A review of current status and future prospects. Proc. IEEE 2010, 98, 1255–1268. [Google Scholar] [CrossRef]

	



Klingshirn, C. ZnO: from basics towards applications. Phys. Stat. Solidi 2007, 244, 3027–30733. [Google Scholar] [CrossRef]

	



Nomura, K.; Ohta, H.; Ueda, K.; Kamiya, T.; Hirano, M.; Hosono, H. Thin-film transistor fabricated in single-crystalline transparent oxide semiconductor. Science 2003, 300, 1269–1272. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.J.; Yu, M.H.; Zhou, W.L. Fabrication of Mn-doped ZnO diluted magnetic semiconductor nanostructures by chemical vapor deposition. Appl. Phys. 2006, 99, 08M119. [Google Scholar] [CrossRef]

	



Lin, Y.; Jiang, D.; Lin, F.; Shi, W.; Ma, X. Fe-doped ZnO magnetic semiconductor by mechanical alloying. J. Alloy. Compd. 2007, 436, 30–33. [Google Scholar] [CrossRef]

	



Javed, I.; Tariq, J.; Yu, R.H. Effect of Co doping on morphology, optical and magnetic properties of ZnO 1-D nanostructures. J. Mater. Sci.: Matet. Electron. 2013, 24, 4393–4398. [Google Scholar]

	



Vassieres, L. Growth of arrayed nanorods and nanowires of ZnO from aqueous solutions. Adv. Mater. 2003, 15, 464. [Google Scholar] [CrossRef]

	



Williams, G.; Hunt, M.; Boehm, B.; May, A.; Taverne, M.; Ho, D.; Giblin, S.; Read, D.; Allenspach, R.; Ladak, S. Two-photon lithography for 3D magnetic nanostructure fabrication. Nano Research 2018, 11, 845–854. [Google Scholar] [CrossRef]

	



Parkin, S.S.P.; Hayashi, M.; Thomas, L. Magnetic domain-wall racetrack memory. Science 2008, 320, 190–194. [Google Scholar] [CrossRef] [PubMed]

	



Da Col, S.; Jamet, S.; Rougemaille, N.; Locatelli, A.; Mentes, T.O.; Burgos, B.S.; Afid, R.; Darques, M.; Cagnon, L.; Toussaint, J.C.; et al. Observation of bloch-point domainwalls in cylindrical magnetic nanowires. Phys. Rev. B 2014, 89, 180405. [Google Scholar] [CrossRef]

	



Ivanov, Y.P.; Chuvilin, A.; Vivas, L.G.; Kosel, J.; Chubykalo-Fesenko, O.; Vázquez, M. Single crystalline cylindrical nanowires-toward dense 3D arrays of magnetic vortices. Sci. Rep. 2016, 6, 23844. [Google Scholar] [CrossRef] [PubMed]

	



Chang, Y.Q.; Luo, X.H.; Xu, X.Y.; Li, L.; Chen, J.P.; Wang, R.M.; Yu, D.P. Synthesis, characterization and magnetic property measurements of Zn1-xMnxO nanoparticles via vapor phase growth. Chin. Phys. Lett. 2003, 20, 2058–2060. [Google Scholar]

	



RoyV, A.L.; Djurii, A.B.; Liu, H.; Zhang, X.X.; Leung, Y.H.; Xie, M.H.; Gao, J.; Lui, H.F.; Surya, C. Magnetic properties of Mn doped ZnO tetrapod structures. Appl. Phys. Lett. 2004, 84, 756–758. [Google Scholar]

	



Norton, D.P.; Pearton, S.J.; Hebard, A.F.; Theodoropoulou, N.; Boatner, L.A.; Wilson, R.G. Ferromagnetism in Mn-implanted ZnO: Sn single crystals. Appl. Phys. Lett. 2003, 82, 239–241. [Google Scholar] [CrossRef]

	



Ip, K.; Frazier, R.M.; Heo, Y.W.; Norton, D.P.; Abernathy, C.R.; Pearton, S.J.; Zavada, J.M.; Kelly, J.; Rairigh, R.; Hebard, A.F.; et al. Ferromagnetism in Mn- and Co-implanted ZnO nanorods. J. Vac. Sci. Technol. 2003, 21, 1476. [Google Scholar] [CrossRef]

	



Jung, S.W.; An, S.J.; Yi, G.C.; Jung, C.U.; Lee, S.I.; Cho, S. Ferromagnetic properties of Zn1-xMnxO epitaxial thin films. Appl. Phys. Lett. 2002, 80, 4561–4563. [Google Scholar] [CrossRef]

	



Chang, Y.Q.; Wang, D.B.; Luo, X.H.; Xu, X.Y.; Chen, X.H.; Li, L.; Chen, C.P.; Wang, R.M.; Xu, J.; Yu, D.P. Synthesis, optical and magnetic properties of diluted magnetic semiconductorzn1-xMnxO nanowires via vapor phase growth. Appl. Phys. Lett. 2003, 83, 4020. [Google Scholar] [CrossRef]

	



Chang, Y.Q.; Xu, X.Y.; Luo, X.H.; Long, Y.; Ye, R.C. Magnetic properties of diluted magnetic semiconductor Zn1-xMnxO nanowires. Chin. Phys. Lett. 2005, 22, 991–994. [Google Scholar]

	



Wang, D.D.; Chen, Q.; Xing, G.Z.; Yi, J.B.; Bakaul, S.R.; Ding, J.; Wang, J.L.; Wu, T. Robust room-temperature ferromagnetism with giant anisotropy in Nd-doped ZnO nanowire arrays. Nano Lett. 2012, 12, 3994–4000. [Google Scholar] [CrossRef] [PubMed]

	



Ando, K.; Saito, H.; Zheng, W.J.; Fukumura, T. Magneto-optical properties of ZnO-based diluted magnetic semiconductors. J. Appl. Phys. 2001, 89, 7284. [Google Scholar] [CrossRef]

	



Wei, Z.R.; Liu, C.; Li, J.; Lin, L.; Zheng, Y.B.; Ge, S.Y.; Zhang, H.W.; Dou, J.H. Hydrothermal synthesis of Zn1-xCoxO diluted magnetic semiconductors. J. Synth. Cryst. 2006, 35. [Google Scholar]

	



Miao, H.Y.; Li, H.Q.; Tan, G.Q.; An, B.J.; Wei, Y.X. Hydrothermal synthesis of Zn1-xCrxO diluted magnetic semiconductors. J. Inorg. Mater. 2008, 23. [Google Scholar] [CrossRef]

	



Zhou, S.M.; Yuan, H.L.; Liu, L.S.; Chen, X.L.; Lou, S.Y.; Hao, Y.M.; Yuan, R.J.; Li, N. Magnetic properties of Ni-doped ZnO nano combs by CVD approach. Nanoscale Res. Lett. 2010, 5, 1284–1288. [Google Scholar]

	



Liu, Y.M.; Wang, T.; Sun, X.; Fang, Q.Q.; Lv, Q.R.; Song, X.P.; Sun, Z.Q. Structural and photoluminescent properties of Ni doped ZnO nanorod arrays prepared by hydrothermal method. Appl. Surf. Sci. 2011, 257, 6540–6545. [Google Scholar] [CrossRef]

	



Samanta, A.; Goswami, M.N.; Mahapatra, P.K. Magnetic and electric properties of Ni-doped ZnO nanoparticles exhibit diluted magnetic semiconductor in nature. J. Alloy. Compd. 2018, 730, 399–407. [Google Scholar] [CrossRef]

	



Pal, B.; Sarkar, D.; Giri, P.K. Structural, optical, and magnetic properties of Ni doped ZnO nanoparticles: Correlation of magnetic moment with defect density. Appl. Surf. Sci. 2015, 356, 804–811. [Google Scholar] [CrossRef]

	



Abdel-Wahab, M.S.; Jilani, A.; Yahia, I.S.; Al-Ghamdi, A.A. Enhanced the photocatalytic activity of Ni-doped ZnO thin films: Morphological, optical and XPS analysis. Superlattice. Microst. 2016, 94, 108–118. [Google Scholar] [CrossRef]

	



SankarGanesh, R.; Durgadevi, E.; Navaneethan, M.; Patil, V.L.; Ponnusamy, S.; Muthamizhchelvan, C.; Kawasaki, S.; Patil, P.S.; Hayakawa, Y. Controlled synthesis of Ni-doped ZnO hexagonal microdiscs and their gas sensing properties at low temperature. Chem. Phys. Lett. 2017, 689, 92–99. [Google Scholar]

	



Wang, W.; Zhang, F.C.; Zhou, Q.; Wang, X.Y.; Zhang, S.L. Fabrication and optical property of ZnO nanorod arrays by hydrothermal method. Ferroelectrics 2018, 540. in print. [Google Scholar]

	



Ohtomo, A.; Kawasaki, M.; Koida, T.; Masabuchi, K.; Koinuma, H.; Sakurai, Y.; Yoshida, Y.; Yasuda, T.; Segawa, Y. MgxZn1-xO as a II–VI widegap semiconductor alloy. Appl. Phys. Lett. 1998, 72, 2466. [Google Scholar] [CrossRef]

	



Meng, Y.C.; Zhou, Z.H.; Wu, Y.P.; Wang, D.; Huang, Y. Preparation and growth mechanism of ZnO nanorods by low temperature hydrothermal method. J.Xiamen Univ. (Nat. Sci. Edition) 2012, 51, 60–65. [Google Scholar]

	



Zhang, H.; Yang, D.R.; Ji, Y.J.; Ma, X.Y.; Xu, J.; Que, D.L. Low temperature synthesis of flowerlike ZnO nanostructures by cetyltrimethyl-ammonium bromide-assisted hydrothermal process. J. Phys. Chem. B 2004, 108, 3955–3958. [Google Scholar] [CrossRef]

	



Yan, X.L.; Hu, D.; Li, H.S.; Li, L.X.; Chong, X.Y.; Wang, Y.D. Nanostructure and optical properties of M doped ZnO (M¼Ni, Mn) thin films prepared by solegel process. Phys. B 2011, 406, 3956–3962. [Google Scholar] [CrossRef]

	



Hu, P.; Han, N.; Zhang, D.; Ho, J.C.; Chen, Y. Highly formaldehyde-sensitive, transition-metal doped ZnO nanorods prepared by plasma-enhanced chemical vapor deposition. Sensor. Actuat. B 2012, 69, 74–80. [Google Scholar] [CrossRef]

	



Singh, A.K.; Thool, G.S.; Bangal, P.R.; Madhavendra, S.S.; Singh, S.P. Low temperature Mn doped ZnO nanorod array: Synthesis and its photoluminescence behavior. Ind. Eng. Chem. Res. 2014, 53, 9383–9390. [Google Scholar] [CrossRef]

	



Hang, L.M. Fabrication and properties of rod-like ZnO-based diluted magnetic semiconductors. Ph.D. Thesis, Xi’an Institute of Optical Precision Machinery, Xi’an, China, 2012. [Google Scholar]

	



Yuan, M.X. Preparation, doping and characterization of Zinc oxide nanorod arrays. Master’s Thesis, Jilin University, Changchun, China, 2009. [Google Scholar]

	



He, J.H.; Lao, C.S.; Chen, L.J.; Davidovic, D.; Wang, Z.L. Large-scale Ni-doped ZnO nanowire arrays and electrical and optical properties. J. Am. Chem. Soc. 2005, 127, 16376–16377. [Google Scholar] [CrossRef]

	



Xu, K.; Liu, C.Z.; Chen, R.; Fang, X.X.; Wu, X.L.; Liu, J. Structural and room temperature ferromagnetic properties of Ni doped ZnO nanoparticles via low-temperature hydrothermal method. Phys. B 2016, 502, 155–159. [Google Scholar] [CrossRef]

	



Lee, J.J.; Xing, G.Z.; Yi, J.B.; Chen, T.; Ionescu, M.; Li, S. Tailoring the coercivity in ferromagnetic ZnO thin films by 3d and 4f elements codoping. Appl. Phys. Lett. 2014, 104, 012405. [Google Scholar] [CrossRef]

	



Ponnusamy, R.; Selvaraj, S.C.; Ramachandran, M.; Murugan, P.; Nambissan, P.M.G.; Sivasubramanian, D. Diverse spectroscopic studies and first-principles investigations of the zinc vacancy mediated ferromagnetism in Mn-doped ZnO nanoparticles. Cryst. Growth Des. 2016, 16, 3656–3668. [Google Scholar] [CrossRef]

	



Cheng, C.W.; Xu, G.Y.; Zhang, H.Q.; Luo, Y. Hydrothermal synthesis Ni-doped ZnO nanorods with room-temperature ferromagnetism. Mater. Lett. 2008, 62, 1617–1620. [Google Scholar] [CrossRef]

	



Gao, F.; Tan, L.X.; Wu, Z.H.; Liu, X.Y. Microstructural and optical properties of ZnO/(Ni) thin films prepared by DC magnetron sputtering. J. Alloy. Compd. 2009, 484, 489–493. [Google Scholar] [CrossRef]

	



Wu, D.W.; Yang, M.; Huang, Z.B.; Yin, G.F.; Liao, X.M.; Kang, Y.Q.; Chen, X.F.; Wang, H. Preparation and properties of Ni-doped ZnO rod arrays from aqueous solution. J. Colloid Interface Sci. 2009, 330, 380–385. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, S.M.; Wang, P.; Li, S.; Zhang, B.; Gong, H.C.; Du, Z.L. Ferromagnetism from Co-doped ZnO nanocantilevers above room temperature. Chin. Phys. Lett. 2008, 25, 4446. [Google Scholar]

	



El-Hilo, M.; Dakhel, A.A.; Ali-Mohamed, A.Y. Room temperature ferromagnetism in nanocrystalline Ni-doped ZnO synthesized by co-precipitation. J. Magn. Magn. Mater. 2009, 321, 2279–2283. [Google Scholar] [CrossRef]

	



Xing, G.Z.; Wang, D.D.; Yi, J.B.; Yang, L.L.; Gao, M.; He, M.; Yang, J.H.; Ding, J.; Sum, T.C.; Wu, T. Correlated d0 ferromagnetism and photoluminescence in undoped ZnO nanowires. Appl. Phys. Lett. 2010, 96, 112511. [Google Scholar] [CrossRef]








[image: Micromachines 10 00622 g001 550] 





Figure 1. XRD (a) and EDX (b) of Zn1-xNixO nanorod arrays. 
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Figure 2. XPS of Zn1-xNixO nanorod arrays: (a) Survey spectra, (b) Ni 2p, (c) Zn 2p, (d) O 1s, and (e) C 1s core-level spectra. 
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Figure 3. SEM of Zn1-xNixO nanorod arrays. (a) 1 wt% Ni2+, (b) 2 wt% Ni2+, (c) 3 wt% Ni2+, (d) 4 wt% Ni2+, (e) 5 wt% Ni2+ and (f) 0 wt% Ni2+. 
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Figure 4. Photoluminescence (PL) of Zn1-xNixO nanorod arrays. 
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Figure 5. Room temperature M-H curve of Zn1-xNixO nanorod arrays. (a) Without deducting the diamagnetism of silicon substrate; (b) room temperature M-H curve after deducting the diamagnetism of silicon substrate. 
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Table 1. Processing parameters of Zn1-xNixO nanorod arrays with different concentrations.
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	Factors
	OH−/Zn2+
	Zn2+ Concentration (mol/L)
	Temperature (°C)
	Ni2+ Doped Amount (%)
	Time (h)





	Sample 0
	10
	0.125
	100
	0
	3



	Sample 1
	10
	0.125
	100
	1
	3



	Sample 2
	10
	0.125
	100
	2
	3



	Sample 3
	10
	0.125
	100
	3
	3



	Sample 4
	10
	0.125
	100
	4
	3



	Sample 5
	10
	0.125
	100
	5
	3
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Table 2. The percentage of elements of Zn1-xNixO nanorod arrays.






Table 2. The percentage of elements of Zn1-xNixO nanorod arrays.





	Factors
	O Atom%
	Zn Atom%
	Ni Atom%
	O/Zn Ratio





	Content
	20.97%
	50.57%
	0.14%
	0.414











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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