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Abstract

:

γ-phase aluminum oxide (γ-Al2O3) films are grown on MgO (100) wafers by metal organic chemical vapor deposition (MOCVD). Post-annealing process is conducted to study the influence of annealing temperature on the properties of the films. Structural analyses indicate that all the deposited and annealed films present a preferred growth orientation of γ-Al2O3 (220) along the MgO (200) direction. And the film annealed at 1100 °C exhibits the best film quality compared with those of the films grown and annealed at other temperatures. Scanning electron microscopy measurements also imply the best surface morphology for the γ-Al2O3 film annealed at 1100 °C, which is in good accordance with the structural analyses. Optical transmittance spectra show good transparency for all the deposited and annealed films in the visible wavelength region with an average transmittance value of 83.5%. The optical bandgaps are estimated to be in the range of 5.56–5.79 eV for the deposited and annealed films. Semiconductor films with high optical transmittance in the visible region as well as wide bandgaps are appropriate for the manufacture of transparent optoelectronic devices and ultraviolet optoelectronic devices.
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1. Introduction


Oxide semiconductor materials with wide bandgap have a wide range of applications in short-wavelength light-emitting devices, ultraviolet detectors, solar cells, and thin film transistors [1,2,3,4], which have aroused people’s research interest in recent years. Compared with traditional wide band gap oxide materials, such as ITO [5] and ZnO [6], aluminum oxide (Al2O3) has a wider band gap (~8.7 eV) and relatively stable physical and chemical properties [7]. In addition, Al2O3 also has the advantages of high relative hardness (Mohs scale, ~8.8), high breakdown field strength (6–8 MV/cm), high dielectric constant (~9), easy preparation, and low cost, which can be very suitable for manufacturing ultraviolet optoelectronic devices and transparent optoelectronic devices [8,9].



There are many polymorphs of Al2O3, such as α-phase (hexagonal) [10], γ-phase (cubic) [11], δ-phase (tetragonal or orthogonal) [12], θ-phase (monoclinic) [13] and κ-phase (orthogonal) [14], two of which are the most common crystal forms, γ-Al2O3 and α-Al2O3. The various phases can be converted to each other due to the differences in temperature and preparation methods [15], but almost all other phases are converted into α-Al2O3 at high temperatures above 1300 °C. Al2O3 is widely used in many fields. It can be used as abrasive materials and cutting tools and can also be applied to make high-temperature refractory materials and antireflection coatings on glass surfaces [16,17]. α-phase Al2O3 is usually applied as substrates for growing film materials [18,19]. γ-Al2O3 is also widely used, mainly as coatings, adsorbents, and soft abrasives [20,21]. It plays a more important role in the chemical industry and is often used as a catalyst support material for energy generation and storage [22]. In recent years, the preparations of Al2O3 thin films and their doped materials and the studies of their luminescence properties have attracted widespread interest. Al2O3 can emit fluorescence of different wavelengths through the doping of transition metal elements and rare earth elements [23,24] and has possible application prospects in the fields of optical communications, lasers, integrated optics, and panel displays [25,26].



The common preparation methods of Al2O3 film are including magnetron sputtering [27], plasma deposition [28], sol-gel [29], spray pyrolysis [30], electron beam evaporation [31], pulsed laser deposition [32] and metal organic chemical vapor deposition (MOCVD) [33]. MOCVD is a method of vapor phase epitaxial growth using organic metal thermal decomposition reaction. It has simple reaction equipment, wide growth temperature range, precise control of deposition parameters, and raw material gas which will not affect the film. Advantages such as obvious changes in doping concentration can be achieved along the film growth. Oxide films prepared by MOCVD are widely used in the electronics industry. Therefore, MOCVD method is applied in this work to grow Al2O3 films. The preparation temperature of the crystalline Al2O3 films is generally very high. It is reported in the literature that post-annealing is a very effective way to improve the performance of the film [34]. The structure and optical properties of the films can be greatly improved after annealing [35]. In view of the fact that the maximum deposition temperature of the MOCVD equipment applied in our experiment is below 750 °C, the substrate temperature for preparing the alumina films in the experiment is set to be 700 °C. And then the prepared samples are annealed subsequently. The impact of annealing temperature on the structural and optical properties of the Al2O3 films was studied systematically in this paper.




2. Experimental Details


The series of Al2O3 films were deposited using a homemade MOCVD system. The oxidant used in the work is O2 [purity: 99.999% (5N)]. The carrier gas is high-purity N2 (5N), which will be purified to 9N by an inert gas purifier before entering the system. The metalorganic (MO) source used in this experiment is trimethylaluminum (TMAl) [Al(CH3)3] with a purity of 6N, which is placed in a stainless steel source bottle in a cold trap. The gas transportation pipeline is made of high-quality stainless steel pipes polished inside and outside, connected by Swagelok VCR joints and special metal gaskets to ensure the airtightness of the gas pipeline. The flow of each pipeline gas is accurately controlled by a mass flow controller and an electrical pressure controller. The reaction chamber adopts a dual-air flow mode. The N2 carries MO steam from the side wall and flows into the top of the substrate, and the other N2 carries O2 into the reaction chamber through a nozzle from directly above the reaction chamber. This dual-air flow mode can not only suppress the thermal convection effect, but also press the reactants to the substrate, improving the deposition rate and film uniformity. The molar flow rate of MO steam is determined jointly by the vapor pressure of the organic source at a specific temperature, the pressure of the MO source bottle, and the flow of the carrier gas carrying the MO vapor. The MgO substrates were cut to the required size (10 mm × 10 mm) by a diamond cutter, then cleaned with an ultrasonic bath of acetone, alcohol, and deionized water, followed by blow-drying with nitrogen flow for use. Upon the growth process (5 h), the deposition temperature and chamber pressure were kept at 700 °C and 35 mbar, respectively. The molar flow rates of the TMAl and O2 were calculated as 2.3 × 10−6 and 2.23 × 10−3 mol/min. After the growth process, the films were taken out of the chamber and post-annealed under air in a tube furnace for 1 h at temperatures of 900, 1000, 1100 °C.



The crystal structure of the films was studied using X-ray diffraction measurement by a Rigaku D/max-rB diffractometer (Rigaku, Tokyo, JPN) with an X-ray wavelength of 1.5406 Å in the 2θ range of 10°–80°. The SEM measurements of the films were taken using FEI Nova Nano SEM-450 (Hillsboro, OR, USA) to study the surface morphology. The thickness of the samples was observed by cross-sectional SEM measurement. Chemical analysis was carried out by X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific ESCALAB 250 XI spectrometer (Waltham, MA, USA). Ultraviolet-visible (UV-VIS) transmission spectroscopy was conducted by using a TU-1901 double-beam UV-VIS spectrophotometer (General Analytical, Beijing, China) to analyze the optical properties of the films.




3. Results and Discussion


The chemical compositions of the Al2O3 films are investigated by XPS measurements. Figure 1a indicates the XPS survey-scan spectrum of the as-deposited Al2O3 film, where the binding energy peaks of C 1s, Al 2s, Al 2p, O 1s, O KLL can be observed. The energy peak of C 1s may be attributed to the adventitious hydrocarbon contamination or the carbon dioxide adsorption on the surface of the film. No signal of energy peaks of elements other than Al, O, C is detected, indicating that the prepared films are aluminum oxide films. The calibration of the peak position is commonly used by the reference of C 1s core level at a binding energy of 284.6 eV [36]. Spectra (b) and (c) are the high-resolution energy peaks of Al 2p and O 1s core levels. As can be seen in Figure 1b, the aluminum core level of Al 2p is located at 74.6 eV, being in accordance with the references related to Al2O3 [29,37]. Furthermore, the Al 2p peak presents a symmetrical spectrum without any obvious Al–Al peak, indicating the absence of dissociative Al ions in our as-deposited film. The O 1s core level shown in Figure 1c can be divided into two peaks by Gaussian fitting. The peak located at a low binding energy of 530.7 eV can be designated as Al–O bonding in Al2O3 lattice. While the other peak located at a high binding energy of 532.3 eV may be attributed to the presence of loosely bound oxygen of adsorbed carbonyl and/or carbon-oxygen compounds on the film surface [38]. Quantitative analyses are studied based on estimated areas of O 1s (fit peak of the low binding energy of 530.7 eV) and Al 2p core levels by the elemental sensitivity factor method. The atomic ratio of O and Al is determined as 1.56, which is consistent with the stoichiometry of pure Al2O3.



Figure 2 shows the XRD patterns of (Figure 2a) the as-grown aluminum oxide film and the post-annealed ones at different annealing temperatures of (Figure 2b) 900 °C, (Figure 2c) 1000 °C, and (Figure 2d) 1100 °C in air, respectively.



It can be seen from the patterns of all the deposited and annealed films, besides the diffraction peaks of the MgO (200) substrates, only signals corresponding to cubic γ-phase Al2O3 (JCPDS #50-0741) are detected with diffractions of (220), (200) and (440) planes. The intensity of the (200) and (440) peaks is rather weak compared with that of the (220) peak, and the (220) peak is the predominant reflection, as is revealed in the spectra. All the films present a preferential growth orientation of γ-Al2O3 (220) along the MgO (200) direction. Note that a slight shift towards lower angle direction of the (220) peak can be observed in Figure 2, implying a systematic lattice expansion, which is also reported previously [39,40]. As we all know, commonly, material has a certain flexibility. The lattice expansion may be attributed to the release of pressure stress in the inner part of the films after heat treatment. As for the annealed films, the intensity of the (220) peaks is more intense, and the full width at half maximum (FWHM) of (220) peaks are measured to be 0.915°, 0.537°, and 0.373°, corresponding to annealing temperatures of 900, 1000, and 1100 °C, respectively, which is rather smaller than that of as deposited film with a value of 1.038°. The FWHM is a reflection of the film crystallinity. Lower FWHM corresponds to higher film crystallinity. The decrease of the FWHM with the increasing annealing temperature reveals the improvement of the film crystallinity, which can be attributed to the recrystallization process in the films at high temperatures [41]. The average particle size (D) of the Al2O3 films is determined by Scherrer equation [42],


  D = k λ / b  cos θ   



(1)




where k is a crystalline shape-related constant and usually taken as 0.9, λ is the X-ray wavelength applied in the diffractometer (0.15406 nm), b is the FWHM of γ-Al2O3 (220) plane in radian, and θ is Bragg’s angle of the corresponding (220) peak. The variations of b and D values calculated using Al2O3 (220) plane as a function of annealing temperature are illustrated in Figure 3. As can be seen, the average grain size of the film presents a monotonous increase with the increasing annealing temperature, reaching a maximum value of 22.5 nm for the film annealed at 1100 °C. It is believed that the increase of the average particle size may be attributed to the coalescence of small grains caused by the increasing kinetic energy with the increasing annealing temperature. All the results reveal that the annealing process exhibits a prominent influence on the crystal structure of the film, and the sample annealed at the temperature of 1100 °C exhibits the best crystalline quality.



The surface morphologies of Al2O3 films are studied by SEM with top-view images. Images (a)–(d) of Figure 4 are corresponding to the as-deposited Al2O3 film and the ones post-annealed at 900, 1000, and 1100 °C, respectively. The inset shows the cross-sectional SEM image of the as-deposited Al2O3 film, where the thickness of the deposited film can be obtained to be about 180 nm. As shown in Figure 4a, a leaf-shaped structure is presented for the as-deposited Al2O3 film, exhibiting the coalescence of some small grains. For the annealed films at 900 and 1000 °C, illustrated in Figure 4b,c, the compact textures comprised of both large and small grains are revealed on the MgO substrates. The SEM image of the film annealed at 1100 °C, which is shown in Figure 4d, indicates the homogeneous and oriented grain growth with a clear and regular edge through the film. Closely packed polygonal-shaped grains with larger size have developed on top of the substrate. As clearly observed in the images, the average particle size increases with the increasing annealing temperature, which is consistent with the XRD analyses. The annealing temperature exhibits a remarkable influence on the surface morphology of Al2O3 films.



Figure 5a shows the transmittance spectra of the as-grown and post-annealed Al2O3 films at different temperatures. The mean values of optical transmittance for all the films in the visible wavelength region (380–800 nm) are calculated above 83.5%, which reveals their good optical transparency. The good transmittance exhibited supports the suitability of their applications as flat panel display devices. The oscillations observed in the transmittance spectra are the sign of the interference between two interfaces of air film and film substrate. The absorption edge of the film shifts toward the long wavelength direction with the increasing annealing temperature, indicating the narrowing of the optical bandgap (Eg). The absorption coefficient (α) is related with optical transmittance (T) by the equation [43],


  α =   ln [     1 − R    2  / T ]   / d  



(2)




where d is the thickness, R stands for the reflectance, which can be neglected (R << 1). The Eg dependence of the α is given by the Tauc equation [44],


       α h ν     2  = A    h ν  −  E g     



(3)




where hν indicates the incident photo energy, and A is a constant related to the band edge. Figure 5b shows the plot of (αhν)2 versus hν, where the Eg can be estimated at the crossing point between the line extrapolated from the linear part of the curve and hν-axis of the plot. The optical bandgaps are found to be 5.79, 5.73, 5.65, and 5.56 eV, corresponding to the as-grown and 900, 1000, and 1100 °C annealed samples, respectively. First-principles calculations indicate that the actual optical band gap of γ-phase Al2O3 film is much lower than the theoretical value [45,46]. Some researchers have reported the optical bandgap values of Al2O3 films as 5.36 eV [47], 5.50–5.63 eV [48,49], and 5.80–5.89 eV [30], which is in good accordance with the results obtained in this work. As can be seen, the Eg of the film decreases with the increase of the annealing temperature, which is consistent with the improvement of the structural properties of the film revealed in the XRD results. The explanation may be attributed to the sufficient energy supplied by thermal annealing which can cure the randomness of inner atoms into the films, increasing the degree of atomic ordering [50].




4. Conclusions


In general, MOCVD technique has been applied to grow γ-Al2O3 films on MgO (100) substrates, followed by post-annealing at temperatures of 900, 1000, and 1100 °C. XPS study confirmed the stoichiometry of pure Al2O3 without dissociative Al ions. The annealing temperature had a great impact on the structural and optical properties of the films. The best crystallization and surface morphology were observed at the annealing temperature of 1100 °C, with the maximum value of the average particle size of the films. All the films presented a preferred growth orientation of γ-Al2O3 (220)//MgO (200). The average transmittance of the as-grown and post-annealed γ-Al2O3 films in the visible region exceeded 83.5%. The optical bandgaps of the films are found to be ranging from 5.56 to 5.79 eV. Al2O3 film materials with fine performances can be used in many fields such as transparent photoelectrical devices, solar cells, flat panel displays, and UV light detectors.
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Figure 1. X-ray photoelectron spectroscopy (XPS) spectra of the as-deposited Al2O3 film: (a) survey spectrum, high-resolution spectra of (b) Al 2p and (c) O 1s. 
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Figure 2. XRD spectra of Al2O3 films of (a) the as-grown and post-annealed at temperatures of (b) 900 °C, (c) 1000 °C and (d) 1100 °C. 
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Figure 3. The full width at half maximum (b) and average grain size (D) values as a function of annealing temperature. 
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Figure 4. Top-view SEM images of (a) the as-deposited Al2O3 film, and post-annealed ones at temperatures of (b) 900 °C, (c) 1000 °C and (d) 1100 °C, with the cross-sectional SEM image of the as-deposited Al2O3 film in the inset. 
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Figure 5. (a) Optical transmittance spectra of the as-grown Al2O3 film and the post-annealed ones at temperatures of 900, 1000 and 1100 °C, (b) (αhν)2 vs. hν of the corresponding samples. 
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