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    Abstract


    Fe doped ZnO solid solution and its semiconductor thin films were prepared by sol-gel method. After aging and quenching, the films were characterized by X-ray diffraction (XRD) and atomic force microscopy (AFM). The elemental proportion was obtained by energy dispersive spectrometer (EDS) and the magnetic properties were measured by magnetic force microscope (MFM). The results show that iron doping can inhibit the growth of zinc oxide particles, and then increase the roughness of thin films. The results of MFM show that Fe doping can make non-magnetic ZnO semiconductors become dilute magnetic semiconductors. With the increasing amount of Fe doping, the distribution of magnetic domains and magnetic moments becomes more obvious.
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    Introduction


    With the development of spintronics, diluted magnetic semiconductors (DMSs), as the main research materials, have been extensively explored. DMSs have excellent magnetic, magneto-optic and magnetoelectronic properties, and have important applications in high-density nonvolatile memory, magnetic inductors, optical isolators, semiconductor integrated circuits, semiconductor lasers and spin quantum computers [1]. Zinc oxide is a multifunctional broadband semiconductor. Its band gap at room temperature is about 3.37 eV [2]. Because of its high melting point (1975 ℃) and high chemical and thermal stability, zinc oxide can be doped as a matrix to obtain thin magnetic semiconductor films, while zinc oxide single crystal films can be obtained at temperatures below 500 ℃ [3]. Therefore, the defects produced by high temperature preparation can be greatly reduced by high temperature quenching [4] As a wide band gap semiconductor, ZnO has shown more and more important research value and potential application value. There are many methods for preparing ZnO, such as precipitation [5], hydrothermal [6] and electrospinning [7]. Especially, sol-gel is a very promising method with the characteristics of high purity, good uniformity, fine particle size, low synthetic temperature and simple process equipment [8].


    The strong exchange between carriers and local magnetic moments changes the band structure and the behavior of carriers, which makes DMSs present many new physical phenomena [9]. The theory shows that the wide bandgap semiconductor ZnO may have a higher Curie temperature [10], which makes the ZnO-based DMS materials become one of the research hotspots. Shinde, et al. studied the electronic structure and magnetic properties of Ni-doped ZnO nanopowders. It was found that the different doping positions resulted in three different coupling states of ferromagnetism, antiferromagnetism and paramagnetism [11]. Presently, there are few theoretical studies on Fe-doped ZnO films [12].


    In this study, EDS and XRD were used to investigate the crystal structure and the proportion of atoms. MFM was used to study the surface roughness, magnetic domains and magnetic moments of Fe-doped ZnO thin film.


    Experimental Procedure


    All the reagents used in the experiments were in analytic grade (purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd) and used without further purification.


    Preparation of Fe-doped ZnO thin films


    ZnO sols were fabricated by sol-gel method using zinc acetate, anhydrous ethanol, and diethanolamine (DMA) as the solute, solvent, and sol stabilizer, respectively. In a typical procedure, zinc acetate was first dissolved in ethanol at 50 ℃, then DMA and a certain amount of iron acetate was slowly added into the solution under fierce stirring for an hour to form transparent Fe-doped ZnO mixed sols. The amount of iron acetate was controlled according to the molar ratio between ZnO and Fe. In the sol, the molar ratio of DMA to zinc acetate was kept at 1.0, and the Zn concentration was 0.5 M. Then Fe-doped ZnO thin films were prepared by a spin coating method on glass substrates for 30 sec with a spinning speed of 2000 rpm. The glass substrates were ultrasonically cleaned by ethanol, acetone, and distilled water for 30 min, respectively. After the spin coating, the resulting Fe-doped ZnO (x = 0, 1, 5, and 10 mol%) thin films were annealed at 500 ℃ in air for 1 h, which are marked with a, b, c and d, respectively.


    The crystal structure of Fe-doped ZnO thin films were determined by XRD (Bruker D8 advance; Germany) with Cu Ka radiation (1.54 Å) operating at 40 kV. The surface morphology and magnetic domains of the thin films were observed by MFM, (Bruker Dimension ICON, Nanoscope V) at a scan rate of 1.0 Hz with commercial CoCr coated silicon probe under ambient conditions (25 ℃). The tip radius, spring constant, and resonance frequency of the probe are less than 10 nm, 2.8 N/m, and 75 kHz, respectively.


    Results and Discussion


    The XRD patterns of ZnO thin films with different Fe content annealed at 500 ℃ are shown in Figure 1. The diffraction peaks of samples, which corresponded to (100), (002) and (101) of standard ZnO powder, indicating that the samples were polycrystalline hexagonal wurtzite structure (Zincite, JCPDS 36-1451). It can be seen that the half-peak width increases with the increase of Fe doping. According to Scheller's formula [13],


    D= kλ βcosθ                                                                                       (1)


    Where k = 0.9 is the shape factor, 𝜆 is the x-ray wavelength of Cu Kα radiation (1.54 Å), θ is the Bragg diffraction angle, and β is the full width at half maximum of the respective diffraction peak. The larger the half-peak width, the smaller the grain size, i.e. more small grains are produced, indicating that a certain amount of Fe can inhibit the grain growth of zinc oxide.


    EDS spectrum of as prepared Fe-doped ZnO thin films is shown in Figure 2, which reveals the atomic ratio of Zn and O in the products that is less than the stoichiometric ratio (1.2: 1), leading to the formation of oxygen vacancies. A relatively weak carbon and oxygen peaks in the spectrum probably originates from unavoidable surface contaminative carbon and surface-adsorption of oxygen on the surface of sample from exposure to air during sample preparing. After doping Fe atoms in ZnO, the atomic ratio of Zn to O is decreased to 1.18:1, 1.04:1 and 0.92:1, indicating that some Zn atomic lattice is replaced by Fe atom to form solid solution, which is consistent to the XRD analysis.


    Figure 3a, Figure 3b, Figure 3c and Figure 3d show two-dimensional (2D) AFM surface height morphologies of xFe-ZnO thin films (x = 0, 1, 5 and 10 mol%). The scanning area is 1 µm2. Each film was composed of many fine ZnO particles. Obviously, with the increasing Fe dopant contsent from 0, 1, 5 to 10 mol%, the average grain size of ZnO was decreased from 40, 30, 25 nm to 20 nm, which is conformed to the XRD results. Under each AFM image, the section of the white line in the image was shown, indicating that the surface roughness was decreased after iron doping. However, in Figure 3d, excess Fe doping will increase the surface roughness due to the phase separation.


    MFM is a kind of AFM, which scans magnetic samples with magnetic probes and detects the interaction between the probes and the samples to reconstruct the magnetic structure of the sample surface [14]. The samples were scanned by MFM with a scanning range of 1 µm2. Antimony-doped silicon magnetic probe coated with cobalt-chromium alloy was used. The resonance frequency and the elastic modulus of the probe was 75 kHz and 2.8 N m-1, respectively. When the magnetic disturbance between the tip and the sample is not considered, the formula for calculating the magnetic force of the sample can be obtained [15],


    F=-∇E= μ 0 ∫ ∇( M tip ⋅ H sample )d V tip = μ 0 ∫ ∇ ( M sample ⋅ H tip )d V sample                   (2)


    That is, the convolution of the tip magnetic moment Mtip with the sample stray magnetic field Hsample or the convolution of the sample magnetic moment Msample with the tip stray magnetic field Htip. The corresponding MFM detection signal is proportional to the vertical component of the magnetic gradient, ∂F ∂z . The vibration equation of the MFM probe is [16],


    m d 2 z( t ) d t 2 +my dz( t ) dt +( k 0 +Δkcos( ω m t ) )z( t )= F 0 cos( ω c t )                                     (3)


    Where z is the coordinate of the vibration direction of the probe, m is the effective mass of the probe, γ is the damping coefficient, k0 is the spring constant, ∆k is the variation of effective spring coefficient, ωc is the driving frequency of piezoelectric elements, ωm is the frequency of high frequency magnetic field, F0 is the driving force of piezoelectric oscillator. The MFM probe can be considered as point magnetic charge qtip, consequently,


    Δk= ∂ F m ∂z = ∂ ∂z q tip H z cos( ω m t )                                                             (4)


    Where Fm is the alternating magnetic force between the probe and the sample, Hz is the amplitude of high frequency magnetic field. By adjusting the driving frequency of piezoelectric element ωc to satisfy,


    ω c − ω m = ω 0                                                                                                     (5)


    Where ω0 is the resonance frequency of the probe, as a result, the vibration signal of the probe is [17],


    z( t )= F 0 mγ ω 0 sin( ω c t )+ F 0 Δk 2 ( mγ ω 0 ) 2 cos[ ( ω c − ω m )t ]                     (6)


    Figure 4 is the MFM height images of ZnO thin films with different Fe content. Obviously, the intrinsic zinc oxide has no domain and magnetic moment distribution. After a certain amount of iron doping, the distribution of domain and magnetic moment is obtained. With the increase of iron doping, its magnetism tends to increase, the bright and dark fringes of domain are more clearly visible, indicating that a certain amount of iron doping can make the non-magnetic zinc oxide semiconductor become dilute magnetic semiconductor. However, when the iron doping content reaches 10%, its magnetic properties decrease, which indicates that iron doping has a most suitable proportion and is less than 10%.


    Conclusions


    In summary, a certain amount of iron doping can inhibit the growth of zinc oxide particles, and then grow more small crystal particles. With the increase of iron doping content, its magnetism tends to increase. A certain amount of iron doping can make non-magnetic zinc oxide semiconductor become dilute magnetic semiconductor, but the magnetism enhanced by iron doping is limited, and the upper limit is less than 10% of iron doping content. The surface roughness of the films increases with the increase of iron doping, because the stable solid solution cannot be formed due to the separation of two phases.
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