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Abstract

:

Aluminum nitride (AlN) thin-film materials possess a wide energy gap; thus, they are suitable for use in various optoelectronic devices. In this study, AlN thin films were deposited using radio frequency magnetron sputtering with an Al sputtering target and N2 as the reactive gas. The N2 working gas flow rate was varied among 20, 30, and 40 sccm to optimize the AlN thin film growth. The optimal AlN thin film was produced with 40 sccm N2 flow at 500 W under 100% N2 gas and at 600 °C. The films were studied using X-ray diffraction and had (002) phase orientation. X-ray photoelectron spectroscopy was used to determine the atomic content of the optimal film to be Al, 32%; N, 52%; and O, 12% at 100 nm beneath the surface of the thin film. The film was also investigated through atomic force microscopy and had a root mean square roughness of 2.57 nm and a hardness of 76.21 GPa. Finally, in situ continual sputtering was used to produce a gallium nitride (GaN) layer on Si with the AlN thin film as a buffer layer. The AlN thin films investigated in this study have excellent material properties, and the proposed process could be a less expensive method of growing high-quality GaN thin films for various applications in GaN-based power transistors and Si integrated circuits.
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1. Introduction


Aluminum nitride (AlN) thin films have excellent material properties. They can be used in various advanced optoelectronic devices and can be integrated with high-power gallium nitride (GaN) transistors in Si-based integrated circuits. The superior material properties of AlN films include a wide energy bandgap of approximately 6.2 eV, high thermal conductivity (up to 320 W/mK), high thin-film resistivity (1011–1013 Ω cm), high breakdown field (5 MV/cm), good thermal stability, and a low thermal expansion coefficient. In addition, AlN films are promising candidates for applications in piezoelectric energy harvesting, thin-film bulk acoustic resonators, optoelectronics, short wavelength-light sources and detectors, sensors, and actuators [1,2,3,4,5,6].



An AlN thin-film layer can be deposited using various techniques, such as metal organic chemical vapor deposition (MOCVD) [7], molecular beam epitaxy (MBE) [8], dual-ion beam sputtering [9], and pulsed laser ablation [10]. The deposition parameters can be varied to study their effects on the material quality of AlN films. However, the techniques listed are expensive and require ultra-high vacuum and high growth temperatures.



Direct current (DC) and radio frequency (RF) sputtering [11] are inexpensive and can be performed at low temperatures; thus, they are suitable for fabricating microelectromechanical systems (MEMS) devices. By using multiple chambers, sequential in-line thin-film sputtering deposition for optoelectronic devices can be performed without breaking the vacuum, thereby decreasing oxidation and preventing the degradation of the device’s characteristics, which is consequently cost-effective and increases the production capacity of AlN-based optoelectronic devices. To grow high-quality (002) c-axis-oriented AlN thin films with smooth thin-film surfaces through reactive sputtering, supplying the kinetic energy by optimizing the sputtering parameters for the adatoms on the surface of the growing thin films is essential. AlN films with (002) c-axis orientation have a large electromechanical coupling coefficient and good piezoelectricity; these characteristics are useful in developing high-frequency devices, such as surface and bulk acoustic wave devices, used in mobile phones and other common communication devices [12].



Group III-nitride compound semiconductor materials have gradually attracted the attention of researchers for use in high-power electronic devices because of their excellent material properties, such as their high material energy bandgap, thermal and mechanical stability, superior electron saturation and peak velocities, high breakdown voltage and thermal conductivity, and excellent radiation hardness. In addition, group III-nitride compound semiconductor materials have wide and tunable material direct energy bandgaps of 6.2, 3.4, and 0.7–1.9 eV for AlN, GaN, and indium nitride (InN), respectively. InN and AlN can be alloyed with GaN to form ternary or quaternary compound semiconductor alloys, enabling the modulation of the energy gap of the design alloy material and the emission wavelength to meet the specific requirements of the optoelectronic device. AlN is often employed as an epitaxial buffer layer for the crystal growth of GaN films in GaN-based optoelectronic devices for applications in high-frequency microwave transistors or high-power electric vehicles because AlN and GaN films have similar thermal expansion coefficients, crystal structures, and lattice constants. Thus, the lattice mismatch degree between sapphire/Si substrates and GaN films is small, improving the performance of GaN-based optoelectronic devices [13,14,15].



Several key papers on the preparation of AlN thin films have been published. Iborra et al. [16] deposited highly c-axis-oriented AlN thin films by using RF reactive sputtering for MEMS applications through the modulation and optimization of the thin-film sputtering deposition parameters. Singh et al. [17] deposited AlN thin films over Mo/SiO2/Si substrate and varied the N2 flow rate to study its effect on the material qualities of AlN films. The films were characterized using techniques such as X-ray diffraction (XRD) for full width at half maximum (FWHM) studies, atomic force microscopy (AFM), and scanning electron microscopy. Finally, they fabricated a capacitor with a Mo–AlN–Mo structure and studied its capacitance; it had a dielectric constant of 8.89 with a capacitance value of 42 pF measured through the top electrode area of 400 × 400 μm2. Zhang et al. [18] deposited (002) c-axis AlN films over Si (111) and Si (100) substrates. In addition, they conducted extensive research on the modulation of the sputtering power from 200 to 500 W and discovered that the FWHM of the XRD diffraction could be decreased from 0.43° to 0.32°, indicating that the AlN film improved crystal quality. Medjani et al. [19] deposited AlN films on Si (100) by using RF magnetron sputtering in a mixed argon and nitrogen atmosphere with a negative substrate bias of −100 V at varying thin-film deposition temperatures of up to 800 °C. The results revealed that the deposition of AlN thin films at lower growth temperatures and with adequate substrate bias facilitated AlN film growth with the formation of the (002) plane parallel to the substrate surface. Kar et al. [20] studied the morphology and orientation of AlN films deposited over a p-type Si substrate in terms of the changes in sputtering pressure. As the sputtering pressure increased, the quality of the AlN (002) crystal improved, and a phase orientation change to (100) was observed at a growth pressure of 6 mTorr. As the sputtering pressure increased from 4.5 to 6 mTorr, the surface roughness increased from 1.56 to 3.24 nm, and the grain size decreased from 114 to 80 nm. Guo et al. [21] discussed the effects of varying RF power during the deposition of AlN films over a sapphire substrate and reported that the deposition rate and surface roughness of the AlN film increased and decreased, respectively, as the power was increased. In addition, they observed that the AlN film had a high optical transmission in both the visible and ultraviolet ranges. Consequently, they determined that increasing the RF sputtering power results in more crystal defects in AlN films.



A few studies have been conducted on the properties of AlN films deposited using RF sputtering. The relationship of sputtering growth pressure with the crystal quality and orientation of AlN films is clear. A decrease in pressure could cause the transition of AlN films from (100) to (002) phases and a decrease in the FWHM of the XRD rocking curve. Therefore, an in-depth study is required to optimize all the parameters required to obtain (002) AlN with superior crystal thin-film quality for use as a buffer layer to facilitate the crystal growth of GaN thin films. In this study, we deposited AlN thin films over Si substrate by using RF sputtering.



Several studies have been conducted on the epitaxial growth of GaN thin films over an AlN buffer layer for various applications. Studies have improved the understanding of the fabrication of AlGaN/GaN high–electron mobility transistors (HEMT). Improved devices, such as the HEMT, have been created because of the use of higher-performance methods of depositing GaN over AlN. Almost all research groups have fabricated the HEMT devices by using MBE or MOCVD for the subsequent deposition of layers [22,23]. Understanding the behavior of GaN and AlN layers on the Si substrate enables investigation into improving the properties through alternate vacuum deposition methods. Direct epitaxial growth of GaN on Si is challenging, primarily because of the high reactivity of the Si surface with N2 and group III species, as well as the high lattice mismatch between GaN and Si and the thermal expansion coefficient of GaN [24]. By using AlN as a buffer layer beneath GaN, the nucleation density of the islands can be increased. Therefore, studying the various aspects of deposition and the properties of AlN as a buffer layer over Si is necessary for GaN-based sputtering applications.



We explored the effects of deposition parameters, namely sputtering power, substrate temperature, and nitrogen flow ratio, on the crystallization characteristics of AlN thin films. We demonstrated the excellent crystallization characteristics of optimized (002) AlN films. In addition, we studied the deposition of GaN on Si (111) with AlN as a buffer layer. All the depositions were performed using RF sputtering without breaking vacuum.




2. Materials and Methods


The AlN thin films were deposited on p-type Si (111) substrates by using an RF sputtering system. The Si substrates were thoroughly cleaned using acetone, isopropyl alcohol, and distilled water, and the removal of native oxide was performed using buffered oxide etch. A 3″ Al target (99.999%) was used for the AlN thin-film sputtering deposition, with a working distance of 7 cm between the substrate and Al target. Before thin-film sputtering deposition, the growth chamber was evacuated to a base pressure of 4 × 10−6 Torr. During sputtering deposition, the working pressure was maintained at 3 mTorr, and the substrate holder was rotated at 10 RPM. Prior to thin-film sputtering deposition, pre-sputtering was performed for 20 min by using argon gas to clean the Al target, and pure nitrogen gas was then introduced to deposit 450 nm-thick AlN thin films.



In this study, four sets of AlN samples were prepared with different sputtering deposition conditions. The first set of AlN samples was sputter-deposited with a power of 300, 400, and 500 W to study the effect of sputtering power on the crystal quality of the AlN thin film; the substrate temperature was maintained at 600 ℃, and the total N flow rate was maintained at 40 sccm. Subsequently, the sputtering power was maintained at 500 W, and the nitrogen flow ratio was set to 50%, 75%, or 100% for the second set of AlN samples. The effect of the thin-film deposition temperature on the AlN crystal quality was studied in the third set of samples; elevated substrate temperatures between 400 and 800 °C were investigated. Finally, the total nitrogen flow was set between 20 and 40 sccm for the fourth set of AlN samples. By optimizing the sputtering parameters, (002)-orientated AlN thin films with superior crystal quality grown on Si (111) substrates were obtained.



Subsequently, GaN thin films were deposited on the AlN buffer layer on Si (111) substrate as Si/AlN/GaN. The depositions were performed in the same RF sputtering chamber without breaking the vacuum. After the AlN thin films were deposited over Si (111) substrate, 45 g of Ga ingots (8N) were melted into a custom holder that was used as the sputtering target. N2 gas was used as the reactive gas for the deposition of the GaN layer. The sputtering power was maintained at 100 W, the substrate temperature was 600 ℃, and pre-sputtering was performed for 5 min before the shutter was opened for Ga deposition. The N flow was maintained at 40 sccm. Finally, the Si/AlN/GaN stack was deposited using RF sputtering.



To measure and analyze the material quality of the AlN thin films, identification of crystalline phases and related crystal quality studies were performed using XRD (Bruker D8, Karlsruhe, Germany). A uTek Nanoview 1000 was used for AFM to study the morphology and surface roughness of the AlN thin films. The chemical composition of the AlN thin films was investigated using a PHI 5000 Versa Probe Ⅲ X-ray Photoelectron Spectroscopy unit (ULVAC-PHI). Nanoindentation (thin-film hardness) was studied using Hysitron TI 980 TriboIndenter with the maximum force maintained at 1 nN.




3. Results


3.1. XRD


3.1.1. Change in Sputtering Power and Nitrogen Flow Ratios


The XRD patterns for the first set of AlN thin films deposited with sputtering powers of 300, 400, and 500 W revealed a polycrystalline structure (Figure 1a) and were analyzed with reference to the AlN JCPDS card No. 25-1133.



Figure 1a reveals that increasing the sputtering power from 300 to 400 W caused the crystallographic phase of the AlN film to transition from the (100) to the (002) crystallographic orientation because of the high kinetic energy of the surface adatoms, resulting in the sputtering growth of (002)-orientated AlN film [24,25]. As the sputtering power was further increased to 500 W, the surface atoms of the AlN film received more energy, resulting in preferential crystal growth in the (002) direction; the intensity of the AlN sample deposited at 500 W had a three-fold increase in the intensity when compared to the other two samples as seen from Figure 1a. Studies have reported that sputtering growth parameters are key in the formation of the (100) phase and the phase transition to the (002) phase [26,27]. The XRD results for the first set of AlN films reveal that an increase in sputtering power considerably increases the growth of AlN thin films with a (002) orientation; therefore, 500 W was used for AlN thin film sputtering growth in subsequent experiments. Figure 1b presents the X-ray diffraction patterns of AlN films sputter-deposited using N2 flow ratios of 50%, 75%, and 100% at 500 W. The X-ray diffraction pattern in Figure 1b reveals that as the N2 flow ratio increases, the crystallographic orientation of the AlN film transitions from an AlN (100)- to (002)-preferential crystallographic orientation. Thus, the crystalline orientation of AlN films is affected by not only the sputtering power but also the N2 and Ar working gas ratio.



AlN (002) is considered the most favorable phase for AlN thin films for numerous reasons. In periodic bond chain (PBC) theory, a set of uninterrupted chains of strong bonds form a crystal lattice. The lattice is defined by its attachment energy E(att); that is, the amount of energy released per mole as a new layer is deposited on the crystal lattice. The growth rate of a thin film depends on both the sputtering power and N2 flow ratios. The XRD pattern result can be corroborated theoretically by considering the formation of Al–N bonds. Wurtzite AlN is typically formed in the (001), (100), and (101) phases. These are the slow-growing phases (or the flat phases) from the AlN PBC. (001) is considered a close-packed crystal. In general, as the N2 flow ratio increases, the crystals already formed with phase (001) receive more N2 atoms and tend to form new Al–N bonds. Bombardment by ions in the plasma results in the destruction of crystals with phases (101), (001), and (100) because the atoms adsorbed on the surface of the loosely packed crystals cause a transition to the (002) phase. The E(att) of N atoms is high for a 100% N2 flow ratio, and when N atoms reach a thin-film surface with the (001) phase, the formation of the (002) phase is enhanced. If N atoms are more numerous, the (002) growth rate is faster. This theoretical explanation is supported by the XRD plot; as both the sputtering power and N2 flow ratio increase, the (002) phase is increasingly preferred over the (100) phase [28].



Figure 1a,b clearly indicates the crystal orientation transitions from (100) to (002) when the sputtering power increased, and the N2 flow ratio was 100%. At a sputtering power of 500 W, sufficient kinetic energy was provided to form the (002) orientation; simultaneously, the N2 flow ratio was maintained at 100% to decrease the deposition rate, stabilizing the (002) orientation [29]. The sputtering power and N2 flow ratio were changed to identify the effects of increased sputtering power and N2 flow ratio for the deposition of AlN thin films with (002) crystal orientation; the optimal sputtering power and N2 flow ratio were 500 W and 100%, respectively. To produce AlN films with superior crystal quality, the optimal parameters of 500 W sputtering power and 100% N2 flow ratio were maintained in subsequent investigations.




3.1.2. Effects of Thin-Film Growth Temperature and N2 Flow Rate


Figure 2a presents the XRD patterns for AlN thin films on Si (111) substrates at various growth temperatures ranging from 400 to 800 °C. The predominant XRD peak was observed at 36°, corresponding to the AlN (002) phase. The XRD intensity of the AlN (002) peak increased as the deposition temperature increased from 400 to 600 °C but decreased at 700 °C and disappeared at 800 °C, indicating that at high temperatures, the AlN film deteriorated and had an amorphous structure. Thus, the XRD results reveal that 600 °C is the optimum growth temperature for AlN thin films.



At higher substrate temperatures, the energy of the thin-film surface adatoms increased, resulting in an increase in adatom mobility and surface diffusion length. The increase in adatom mobility and surface diffusion length facilitated the formation of the (002) orientation. As the temperature increased further to 700 °C, the desorption rate at the substrate surface further increased and decreased the formation of the (002) orientation, increasing the FWHM of (002) orientation [30]. The values of FWHM were calculated to be approximately 0.763°, 0.724°, 0.716°, and 0.914° for the AlN films grown at 400, 500, 600, and 700 °C, respectively. Further optimization, such as by varying the N2 flow, was performed at the optimal temperature of 600 °C.



Figure 2b presents the XRD pattern of AlN thin films deposited with N2 flow rates of 20, 30, and 40 sccm and sputtering power, N2 flow ratio, and growth temperature maintained at 500 W, 100%, and 600 °C, respectively. As the nitrogen flow rate increased, the chance of collision between N and Al atoms increased. Thus, the chemical bonding between N and Al also increased, and the formation of AlN films was consequently enhanced. As the nitrogen flow rate increased from 20 to 40 sccm, the XRD intensity also increased, indicating that the crystalline quality of the AlN thin film was improved.





3.2. X-ray Photoelectron Spectroscopy


Figure 3 presents the X-ray photoelectron spectroscopy (XPS) survey spectrum for AlN thin films sputter-deposited at N2 flow rates of 20, 30, and 40 sccm. The survey spectrum reveals the presence of O 1s and C 1s at 285 and 532 eV, respectively. The presence of C and O was attributed to atmospheric contamination and surface oxidation, respectively. The AlN film tends to form several surface oxides and hydrides, as has been reported in the literature [31,32]. The O and C may form because of various sample environments and conditions. The presence of Al 2s and 2p and N 1s can also be observed in the spectra. Thus, the survey spectrum demonstrates the formation of AlN, and the intensity of the N peak indicates that as the N2 flow rate increased, the concentration of N2 (i.e., the XPS intensity) increased.



Figure 4 presents the core level spectra of Al 2p, O 1s, and N 1s for the AlN thin films sputtered with N2 flow rates of 20, 30, and 40 sccm. The Al 2p core level peak reveals the nature of Al–N bonding in the film. Studies [32,33] have reported that the formation of the Al-N bond occurs at approximately 74.5–75 eV [33,34,35]. Gaussian fitting of the core level scans of our samples revealed Al 2p peaks at 74, 74.5, and 74.7 eV for the AlN films grown with N2 flow rates of 20, 30, and 40 sccm, respectively. The core level plots thus indicate the formation of AlN. The Al–O bond formed at 75.6 eV with respect to Al 2p, as revealed by the deconvoluted core level plot of Al 2p at 30 sccm. The Al–O bonds formed at 75, 75.6, and 75. 8 eV for N2 flow rates of 20, 30, and 40 sccm, respectively. Generally, AlN has more affinity to O, and O tends to be accommodated in the AlN structure, as reported in several studies [31,32]. The presence of O2 in the sample was primarily attributed to surface oxidation.



Core level N 1s peaks were studied to understand the formation of AlN. The results reveal that the core level peak of N 1s was centered around 397 eV; the peaks around 397 eV were deconvoluted to investigate Al–N–O bonding. The centered peak is consistent with results in the literature [32,33]. The deconvoluted data reveal the formation of Al–N at 397.2, 397.3, and 397. 4 eV for N2 flow rates of 20, 30, and 40 sccm, respectively. A weak peak was observed at 398.1 eV for Al–O [34,35,36]. The weak peak at 398.1 eV may also be due to surface oxidation.



The core level plots of O 1s reveal that the area under the peak is large and indicates greater O2 content in the samples. Al2O3 forms at 531.1 eV with respect to O [37]. The core level plots reveal that the O2 core level peak is centered around 532 eV. However, as the area under the curve increased, more O2 was observed in the thin films, indicating the formation of more Al–O bonds in the films [38,39,40]. The binding energy values from the core level plots of the O 1s and N 1s peaks indicate no formation of any oxynitride bonds; thus, AlN formed with some O2 atoms on the surface of the AlN thin-film layers [41,42,43].



Table 1 presents various atomic percentages (at%) of Al, N, and O observed in the AlN thin films. The surface level values were calculated using the following relation, and the at% at depth were obtained directly from the Casa XPS software (Version–2.3.25; CASA Pvt Ltd., Devon, United Kingdom):


  a t %   i =      A i     F i      ∑ i      A i     F i       



(1)




where Ai represents the area of the ith element and Fi is the relative sensitivity factor.



The percentage of N2 increased as the N2 flow rate increased. However, O2 content due to thin-film surface oxidation is unavoidable. The remaining at% comprises C that is present because of atmospheric contamination. The at% of Al, N, and O at the surface and at depths of 50 and 100 nm was also determined. As the N2 flow rate increased from 20 to 40 sccm, the at% of Al increased, indicating that the impurities present in the plasma during sputtering were reduced, leading to the formation of a superior AlN thin film. For the AlN thin films etched to 50 or 100 nm, the at% of Al and N increased, but that of O decreased, indicating a reduction in Al–O bonding and AlN thin films with increased purity. The presence of O on the surface was due to surface oxidation; however, the presence of O in the bulk must be investigated to achieve pure AlN thin films. The presence of O in the bulk may be due to impurities in the plasma, oxygen-related defect complexes, or oxygen point defects in AlN [44]. Oxygen affinity toward AlN is high, and thus, the formation of intermediate Al–O–N phases is inevitable. The intermediate Al–O–N phases were then transformed to AlN, Al2O3, or AlOxNy. VN (N vacancies) formed during sputtering; O attempted to occupy the N vacancies, forming Al–O bonds. A physical parameter might have helped O occupy VN. For example, O may have been released from the sputtering chamber walls during the experiment because of the cooling systems and moisture content of the chamber. Studies [45,46] have suggested various reasons for O in experimental AlN films produced through sophisticated methods such as MBE, MOCVD, or ALD. The presence of O during sputtering is thus not unexpected, particularly because the pressures in sputtering are significantly lower than those in other deposition techniques.



Figure 5 presents the depth analysis of the AlN thin films sputtering deposited at N2 flow rates of 20, 30, and 40 sccm. The surface O2 level of the AlN films can be attributed to oxidation. However, the bulk of the AlN increased N and decreased O content, indicating that sputter-grown AlN films have uniform Al–N bonding except for the surface level oxidation. Therefore, if the AlN film is used as a buffer layer for a subsequent GaN layer in the continual vacuum sputtering process, breakage of the vacuum of the sputtering system must be avoided to decrease the oxidation of the surface of the AlN film and prevent the degradation of GaN-based optoelectronic devices.




3.3. AFM


High-quality AlN films with flat surfaces are key to the fabrication of GaN-based devices. The surface roughness obtained is a root mean square (RMS) value calculated from AFM measurements. A study reported that the RMS roughness was lower under 100% N2 gas flow compared with an Ar–N mixed working gas flow because of the ion bombardment effect of the high-energy, high atomic mass argon ions if the other sputtering parameters were optimized. Therefore, modifying the total N2 flow rate to achieve a lighter or denser gas concentration was thought to improve the thin-film surface RMS value and grain density [47].



Figure 6 presents AFM images of AlN thin films deposited using RF sputtering at N2 flow rates of 20, 30, and 40 sccm. The two-dimensional (2D) AFM images revealed a dense thin film. Some surface areas of the AlN film contain elongated grains; the elongated grains are the most and least prevalent in the 20 and 40 sccm samples. The increase in the N flow rate resulted in denser nitrogen concentrations, decreasing the crystal size because gas scattering reduces the kinetic energy of the nitrogen atoms, reducing the deposition rate and resulting in a lower RMS value. Using a more reactive gas for sputtering may lead to the formation of a denser structure with fewer voids in the grain boundaries [48]. The RMS value decreased from 13.17 nm to 2.57 nm as the N2 flow rate increased from 20 to 40 sccm. Thus, denser (and thus superior) AlN thin films with a lower RMS value and more uniform grain size can be obtained by increasing the N2 flow rate [49].




3.4. Hardness Measurement


The mechanical properties of the AlN thin film were studied through nanoindentation. AlN thin films have strong chemical bonds and are thus highly stable and resistant to degradation, even under harsh conditions. However, a better understanding of the mechanical characteristics of AlN thin films in the nanoscale regime is required for various device applications [50].



Material hardness is linked to interatomic bond lengths and the amount of covalent bonding. Furthermore, the bond strength depends on stoichiometry, the vacancy concentration, and impurities in the lattice structure. The microstructural features of the grain size in metal and alloy films affect the hardness of the material in accordance with the Hall–Petch relation. This hardness relation is also valid for polycrystalline materials [43]. Nevertheless, hardness depends not only on grain size but also on texture, porosity, and residual stress, which are influenced by thin film deposition conditions. The dislocation mobility for nitrides grown at 1000 °C is low, so it is essential to note that the grain boundaries play an important role in determining the hardness of AlN thin films [51].



Figure 7 reveals that hardness increases for higher values of the N2 ratio ranging from 71.67 to 76.21 GPa. The obtained hardness values are somewhat higher than those reported in the literature [52]. Al–N bonding increases as the N concentration in the sample increases, increasing the hardness of the sample. If a gas mixture is used for AlN thin-film formation, the hardness on the sample is more evenly dispersed throughout the sample (without significant deviation); the hardness can be observed from the XRD results revealing evenly grown AlN (002). The reported studies have also reported that the effect of modified gas flow ratio has a direct impact on the thin-film hardness [53,54].




3.5. XRD and Photoluminescence Spectroscopy for Si/GaN and Si/AlN/GaN


AlN thin film produced with optimized sputtering parameters was used as the buffer layer for subsequent sputtering growth of GaN thin films on Si substrate; this Si/AlN/GaN thin film was compared with GaN sputtered directly on Si (Si/GaN). Figure 8 displays the XRD measurements for Si/GaN and Si/AlN/GaN and reveals GaN (002) and (103) phase orientations at 34° and 63°, respectively, for both samples. The obtained peaks formed in the hexagonal wurtzite phase and can be verified using the JCPDS card No. 01-089-7522. The intense and sharp peak at 34° indicates that the GaN crystals formed along the c-axis, confirming their (002) orientation [23]. A narrower GaN (002) peak, as indicated by a lower FWHM, indicates superior grain formation. The FWHMs for Si/GaN and Si/AlN/GaN were 3.99° and 1.03°, respectively. Thus, using AlN as a buffer layer improves GaN crystal formation.



XRD pole figures for the Si/AlN/GaN thin film structure are shown in Figure 9. The values corresponding to the GaN (002) and (103) at 34.3° and 62.6°, respectively, were used for the analysis, with the values of phi (Ψ) 0–360° and chi (χ) 0–75° for the measurement. The randomly oriented patterns from the pole figures for both GaN (002) and (103) suggest that the films are of polycrystalline nature. Since distinctive symmetric spots suggest the formation of crystalline orientation, further optimizations are needed on the stacking structure to improve the crystalline quality of the films [55,56].



Figure 10 presents the PL spectra of Si/GaN and Si/AlN/GaN thin-film structures obtained with a He–Cd laser at a wavelength of 325 nm, excitation power of 30 mW, and measurement temperature of 10 K. In the measurement, a 0.5-meter monochromator (iHR 550) was used to measure the signal using a cooled charge-coupled device. PL spectroscopy was used to investigate the energy bands, impurities, energy transitions, crystal quality, and defect types of the GaN samples. The near-band-edge emission (NBE; 365 nm) of the GaN thin films deposited through sputtering was investigated; the near-band-edge emission is critical for developing high-quality GaN films for different applications. The main peaks for Si/AlN/GaN and Si/GaN samples were observed at 3.37 and 3.36 eV, respectively. The peak at 3.3 eV generally corresponds to NBE in GaN thin films, which crystallize with a hexagonal structure. It can also be ascribed to the recombination of excitons bound to neutral donors [57]. The PL FWHM for Si/GaN was 29.1 meV, and that for Si/AlN/GaN was 24.2 meV. Thus, the Si/AlN/GaN sample has superior PL FWHM and intensity and using an AlN film grown with optimized sputtering conditions as a buffer layer can promote crystal growth and quality of subsequently sputtered GaN thin films [58,59]. The results thus reveal that the NBE luminescence properties of the GaN thin films are appreciable.



Several researchers working with MBE and MOCVD have achieved superior PL characteristics for GaN thin films on AlN/Si substrate, but the use of sputtering to grow GaN films on AlN has received less attention. Typically, AlN is sputtered, and GaN is deposited using MOCVD, but the entire stack is not sputtered continually without breaking the vacuum. The process of not breaking the vacuum for the deposition of such thin films can reduce the cost and simplify the process. Thus, the optimum growth conditions for c-axis (002) AlN thin films and their potential as a buffer layer for hexagonal GaN thin films grown by subsequent RF sputtering have excellent potential for applications.




3.6. Secondary Ion Mass Spectrometry Measurement


The SIMS depth profile with surface etching for the Si/AlN/GaN thin film structure can be seen in Figure 11, indicating the sputtering thin-film growth of the GaN layer on the Si substrate with the AlN buffer layer. The presence of C can be attributed to atmospheric contamination, as also seen from our XPS results, suggesting unintentional impurity doping in the GaN layer and accounting for the carrier transition of 3.37 eV as observed in the PL results.




3.7. Hall-Effect Measurements


The Si/AlN/GaN thin-film structures were studied for their electrical properties using Hall-effect measurement. The nature of the sample was found to be of n-type with the carrier concentration of 1.27 × 1015 cm−3. The mobility was around 196.8 cm2 V−1cm−1. Resistivity was 24.9 Ω cm. The n-type nature of GaN thin films can be attributed to the Ga interstitials [60].





4. Conclusions


In this study, AlN thin films were deposited using RF sputtering on Si substrates. First, AlN films were deposited with a power of 300, 400, and 500 W. Next, the nitrogen gas ratio was varied at 50%, 75%, or 100% to study the effects of the film formation. Finally, the deposition temperature varied from 400 to 800 °C. Optimizing the parameters revealed that (002) AlN was best formed at 500 W, 600 °C, and with 100% N. The N2 flow rate was then varied from 20 to 40 sccm. The XRD results for these samples revealed that the sample with 40 sccm of N2 had high AlN (002) crystal quality. XPS surface level spectra were used to identify Al, N, O, and C peaks. The compositional at% of the AlN thin-film surface was calculated to be Al, 27.6%; N, 22.6%; and O, 46.4% at a N2 flow rate of 40 sccm. AFM 2D images revealed highly dense grain formation, and the surface roughness decreased from 13.17 nm to 2.57 nm as the N2 flow rate increased from 20 to 40 sccm. Hardness measurements were performed on the AlN samples, and the hardness of the AlN sample that was deposited using the N2 flow rate of 40 sccm was 76.21 GPa. Moreover, Si/AlN/GaN stack and Si/GaN thin-film structures were deposited using RF sputtering, and the XRD results indicated the formation of GaN (002) in the stack and directly on the Si. The PL spectra revealed an NBE emission of 3.37 eV for the GaN/AlN/Si film, and its PL FWHM was 24.2 meV. The results indicate that the RF-sputtered AlN thin films grown at 500 W, 100% N2 flow ratio, 600 ℃, and 40 sccm N2 flow are suitable for use as a buffer layer for the growth of a subsequent GaN layer for use in novel wide bandgap optoelectronic devices.







Author Contributions


Conceptualization, W.-S.L.; methodology, S.-H.W.; validation, W.-S.L., B.G. and H.-C.K.; formal analysis, S.-H.W., B.G.; investigation, S.-H.W., C.-K.C., Y.-L.J. and L.-C.H.; data curation, W.-S.L.; writing—original draft preparation, B.G.; writing—review and editing, B.G. and W.-S.L.; supervision, W.-S.L.; project administration, W.-S.L.; funding acquisition, W.-S.L. All authors have read and agreed to the published version of the manuscript.




Funding


The authors are grateful to the Ministry of Science and Technology, Taiwan, for financial support under contracts [MOST 110-2221-E-155-045 -MY3], [MOST 110-2320-B-255-005-MY3], and [MOST 110-NU-E-155-001-NU]. The APC was funded by [MOST 110-2320-B-255-005-MY3].




Acknowledgments


The provision of research equipment by the Optical Sciences Centre at National Central University, Taiwan, is greatly appreciated.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Morkoç, H. Handbook of Nitride Semiconductors and Devices, Materials Properties, Physics and Growth; John Wiley & Sons: Hoboken, NJ, USA, 2009. [Google Scholar]

	



Pan, T.S.; Zhang, Y.; Huang, J.; Zeng, B.; Hong, D.H.; Wang, S.L.; Zeng, H.Z.; Gao, M.; Huang, W.; Lin, Y. Enhanced thermal conductivity of polycrystalline aluminum nitride thin films by optimizing the interface structure. J. Appl. Phys. 2012, 112, 044905. [Google Scholar] [CrossRef]

	



Romanczyk, B.; Li, W.; Guidry, M.; Hatui, N.; Krishna, A.; Wurm, C.; Keller, S.; Mishra, U.K. N-polar GaN-on-Sapphire deep recess HEMTs with high W-band power density. IEEE Electron Device Lett. 2020, 41, 1633–1636. [Google Scholar] [CrossRef]

	



Ishida, M.; Ueda, T.; Tanaka, T.; Ueda, D. GaN on Si technologies for power switching devices. IEEE Trans. Electron Devices 2013, 60, 3053–3059. [Google Scholar] [CrossRef]

	



Krishna, A.; Raj, A.; Hatui, N.; Keller, S.; Mishra, U.K. Demonstration of Acceptor-Like Traps at Positive Polarization Interfaces in Ga-Polar P-type (AlGaN/AlN)/GaN Superlattices. Crystals 2022, 12, 784. [Google Scholar] [CrossRef]

	



Krishna, A.; Raj, A.; Hatui, N.; Keller, S.; Denbaars, S.; Mishra, U.K. Acceptor traps as the source of holes in p-type N-polar GaN/(AlN/AlGaN) superlattices. Appl. Phys. Lett. 2022, 120, 132104. [Google Scholar] [CrossRef]

	



Barkad, H.A.; Soltani, A.; Mattalah, M.; Gerbedoen, J.C.; Rousseau, M.; de Jaeger, J.C.; BenMoussa, A.; Mortet, V.; Haenen, K.; Benbakhti, B.; et al. Design, fabrication and physical analysis of TiN/AlN deep UV photodiodes. J. Phys. D. Appl. Phys. 2010, 43, 465104–465108. [Google Scholar] [CrossRef]

	



Faria, F.A.; Nomoto, K.; Hu, Z.; Rouvimov, S.; Xing, H.; Jena, D. Low temperature AlN growth by MBE and its application in HEMTs. J. Cryst. Growth 2015, 425, 133–137. [Google Scholar] [CrossRef]

	



Han, S.; Chen, H.-Y.; Cheng, C.-H.; Lin, J.-H.; Shih, H.C. Aluminum nitride films synthesized by dual ion beam sputtering. J. Mater. Res. 2004, 19, 3521–3525. [Google Scholar] [CrossRef]

	



Sharma, A.K.; Thareja, R.K. Pulsed laser ablation of aluminum in the presence of nitrogen: Formation of aluminum nitride. J. Appl. Phys. 2000, 88, 7334–7338. [Google Scholar] [CrossRef]

	



Mednikarov, B.; Spasov, G.; Babeva, T. Aluminum Nitride layers prepared by DC/RF magnetron sputtering. J. Optoelectron. Adv. Mater. 2005, 7, 1421–1427. [Google Scholar]

	



Caliendo, C.; Imperaton, P.; Cianci, E. Structural, morphological, and acoustic properties of AlN thick films sputtered on Si (001) and Si (111) substrates at low temperature. Thin Solid Film. 2003, 441, 32–37. [Google Scholar] [CrossRef]

	



Keller, S.; Heikman, S.; Shen, L.; Smorchkova, I.; DenBaars, S.; Mishra, U. GaN–GaN junctions with ultrathin AlN interlayers: Expanding heterojunction design. Appl. Phys. Lett. 2002, 80, 4387–4389. [Google Scholar] [CrossRef]

	



Shen, L.; Heikman, S.; Moran, B.; Coffie, R.; Zhang, N.-Q.; Buttari, D.; Smorchkova, I.; Keller, S.; DenBaars, S.; Mishra, U. AlGaN/AlN/GaN high-power microwave HEMT. IEEE Electron Device Lett. 2001, 22, 457–459. [Google Scholar] [CrossRef]

	



Zambrano-Serrano, M.A.; Hernandez-Gutierrez, C.A.; de Melo, O.; Behar, M.; Salvador, G.-H.; Casallas-Moreno, Y.L.; Pedraza, A.P.; Hernandez-Robles, A.; Bahena, D.; Yee-Rendon, C.M. Effects of heavy Si doping on the structural and optical properties of n-GaN/AlN/Si (111) heterostructures. Mater. Res. Express 2022, 9, 065903. [Google Scholar] [CrossRef]

	



Iborra, E.; Olivares, J.; Clement, M.; Vergara, L.; Sanz-Hervás, A.; Sangrador, J. Piezoelectric properties and residual stress of sputtered AlN thin films for MEMS applications. Sens. Actuators A: Phys. 2004, 115, 501–507. [Google Scholar] [CrossRef]

	



Chauhan, S.S.; Joglekar, M.M.; Manhas, S.K. Influence of Process Parameters and Formation of Highly c-Axis Oriented AlN Thin Films on Mo by Reactive Sputtering. J. Electron. Mater. 2018, 47, 7520–7530. [Google Scholar] [CrossRef]

	



Zhang, J.X.; Cheng, H.; Chen, Y.Z.; Uddin, A.; Yuan, S.; Geng, S.J.; Zhang, S. Growth of AlN films on Si (100) and Si (111) substrates by reactive magnetron sputtering. Surf. Coat. Technol. 2005, 198, 68–73. [Google Scholar] [CrossRef]

	



Medjani, F.; Sanjinés, R.; Allidi, G.; Karimi, A. Effect of substrate temperature and bias voltage on the crystallite orientation in RF magnetron sputtered AlN thin films. Thin Solid Film. 2006, 515, 260–265. [Google Scholar] [CrossRef]

	



Kar, J.; Bose, G.; Tuli, S. A study on the interface and bulk charge density of AlN films with sputtering pressure. Vacuum 2006, 81, 494–498. [Google Scholar] [CrossRef]

	



Guo, Q.; Tanaka, T.; Nishio, M.; Ogawa, H. Growth properties of AlN films on sapphire substrates by reactive sputtering. Vacuum 2006, 80, 716–718. [Google Scholar] [CrossRef]

	



Yu, H.; Caliskan, D.; Ozbay, E. Growth of high crystalline quality semi-insulating GaN layers for high electron mobility transistor applications. J. Appl. Phys. 2006, 100, 033501. [Google Scholar] [CrossRef]

	



Semond, F.; Lorenzini, P.; Grandjean, N.; Massies, J. High-electron-mobility AlGaN/GaN heterostructures grown on Si (111) by molecular-beam epitaxy. Appl. Phys. Lett. 2001, 78, 335–337. [Google Scholar] [CrossRef]

	



Zamir, S.; Meyler, B.; Zolotoyabko, E.; Salzman, J. The effect of AlN buffer layer on GaN grown on (1 1 1)-oriented Si substrates by MOCVD. J. Cryst. Growth 2000, 218, 181–190. [Google Scholar] [CrossRef]

	



Taurino, A.; Signore, M.A.; Catalano, M.; Kim, M.J. (1 0 1) and (0 0 2) oriented AlN thin films deposited by sputtering, materials. Letters 2017, 200, 18–20. [Google Scholar]

	



Iqbal, A.; Mohd-Yasin, F. Reactive Sputtering of Aluminum Nitride (002) Thin Films for Piezoelectric Applications: A Review. Sensors 2018, 18, 1797. [Google Scholar] [CrossRef]

	



Ishihara, M.; Li, S.J.; Yumoto, H.; Akashi, K.; Ide, Y. Control of preferential orientation of AlN films prepared by the reactive sputtering method. Thin Solid Film. 1998, 316, 152–157. [Google Scholar] [CrossRef]

	



Cheng, H.E.; Lin, T.C.; Chen, W.C. Preparation of [0 0 2] oriented AlN thin films by mid frequency reactive sputtering technique. Thin Solid Film. 2003, 425, 85–89. [Google Scholar] [CrossRef]

	



Cheng, H.; Sun, Y.; Zhang, J.; Zhang, Y.; Yuan, S.; Hing, P. AlN films deposited under various nitrogen concentrations by RF reactive sputtering. J. Cryst. Growth 2003, 254, 46–54. [Google Scholar] [CrossRef]

	



Khan, S.; Shahid, M.; Mahmood, A.; Shah, A.; Ahmed, I.; Mehmood, M.; Alam, M. Texture of the nano-crystalline AlN thin films and the growth conditions in DC magnetron sputtering. Prog. Nat. Sci. Mater. Int. 2015, 25.4, 282–290. [Google Scholar] [CrossRef]

	



Alevli, M.; Ozgit, C.; Donmez, I.; Biyikli, N. Structural properties of AlN films deposited by plasma-enhanced atomic layer deposition at different growth temperatures. Phys. Status Solidi 2012, 209, 266–271. [Google Scholar] [CrossRef]

	



King, S.W.; Barnak, J.P.; Bremser, M.D.; Tracy, K.M.; Ronning, C.; Davis, R.F.; Nemanich, R.J. Cleaning of AlN and GaN surfaces. J. Appl. Phys. 1998, 84, 5248–5260. [Google Scholar] [CrossRef]

	



Chen, D.; Xu, D.; Wang, J.; Zhang, Y. Investigation of chemical etching of AlN film with different textures by x-ray photoelectron spectroscopy. J. Phys. D Appl. Phys. 2008, 41, 235303. [Google Scholar] [CrossRef]

	



Mccauley, J.W.; Krishnan, K.M.; Rai, R.S.; Thomas, G. (Eds.) Anion-Controlled Microstructures in the AIN-Al2O3System; Plenum Publishing Corporation: New York, NY, USA, 1988; pp. 577–590. [Google Scholar]

	



Van Tendeloo, G.; Faber, K.T.; Thomas, G. Characterization of AlN ceramics containing long period polytypes. J. Mater. Sci. 1983, 18, 525–532. [Google Scholar] [CrossRef]

	



Brien, V.; Pigeat, P. Correlation between the oxygen content and the morphology of AlN films grown by RF magnetron sputtering. J. Cryst. Growth 2008, 310, 3890–3895. [Google Scholar] [CrossRef]

	



Tabary, P.; Servant, C. Crystalline and microstructure study of the AlN–Al2O3 section in the Al–N–O system. I. Polytypes and -AlON spinel phase. J. Appl. Crystallogr. 1999, 32, 241–252. [Google Scholar] [CrossRef]

	



Kazan, M.; Rufflé, B.; Zgheib, C.; Masri, P. Oxygen behaviour in Aluminum nitride. Appl. Phys. 2005, 98, 103529. [Google Scholar] [CrossRef]

	



Youngman, R.A.; Harris, J.H. luminescence studies of oxygen-related defects in Aluminum nitride. J. Am. Ceram. Soc. 1990, 46, 3238–3246. [Google Scholar] [CrossRef]

	



Harris, J.H.; Youngman, R.A.; Teller, R.G. On the nature of the oxygen-related defect in Aluminum nitride. J. Mater. Res. 1990, 44128, 1763–1773. [Google Scholar] [CrossRef]

	



Liao, H.M. Surface composition of AlN powders studied by x-ray photoelectron spectroscopy and bremsstrahlung-excited Auger electron spectroscopy. J. Vac. Sci. Technol. A Vac. Surf. Film 1993, 11, 2681. [Google Scholar] [CrossRef]

	



García-Méndez, M.; Morales-Rodríguez, S.; Shaji, S.; Krishnan, B.; Bartolo-Pérez, P. Structural properties of AlN films with oxygen content deposited by reactive magnetron sputtering: XRD and XPS characterization. Surf. Rev. Lett. 2011, 18, 23–31. [Google Scholar] [CrossRef]

	



Jose, F.; Ramaseshan, R.; Dash, S.; Bera, S.; Tyagi, A.K.; Raj, B. Response of magnetron sputtered AlN films to controlled atmosphere annealing. J. Phys. D. Appl. Phys. 2010, 43, 075304. [Google Scholar] [CrossRef]

	



Zhang, Y. Characterization of as-received hydrophobic treated AlN powder using XPS. J. Mater. Sci. Lett. 2002, 21, 1603–1605. [Google Scholar] [CrossRef]

	



Gungor, N.; Alevli, M. Oxygen incorporation in AlN films grown by plasma-enhanced atomic layer deposition. J. Vac. Sci. Technol. A Vac. Surf. Film. 2022, 40, 022404. [Google Scholar] [CrossRef]

	



Rosenberger, L.; Baird, R.; McCullen, E.; Auner, G.; Shreve, G. XPS analysis of aluminum nitride films deposited by plasma source molecular beam epitaxy. Surface and Interface Analysis: An International Journal devoted to the development and application of techniques for the analysis of surfaces. Interfaces Thin Film. 2008, 40, 1254–1261. [Google Scholar]

	



Ababneh, A.; Schmid, U.; Hernando, J.; Sánchez-Rojas, J.L.; Seidel, H. The influence of sputter deposition parameters on piezoelectric and mechanical properties of AlN thin films. Mater. Sci. Eng. B 2010, 172, 253–258. [Google Scholar] [CrossRef]

	



Rille, E.; Zarwasch, R.; Pulker, H. Properties of reactively d.c.-magnetron-sputtered A1N thin films. Thin Solid Film. 1993, 228, 215–217. [Google Scholar] [CrossRef]

	



Dong, X.; Wu, Z.; Xu, X.; Wang, T.; Jiang, Y. Effects of duty cycle and oxygen flow rate on the formation and properties of vanadium oxide films deposited by pulsed reactive sputtering. Vacuum 2014, 104, 97–104. [Google Scholar] [CrossRef]

	



Manova, D.; Dimitrova, V.; Fukarek, W.; Karpuzovc, D. Investigation of D.C.-reactive magnetron-sputtered AlN thin films by electron microprobe analysis, X-ray photoelectron spectroscopy and polarised infra-red reflection. Surf. Coat. Technol. 1998, 106, 205–208. [Google Scholar] [CrossRef]

	



Thompson, C.V.; Carel, R. Stress and grain growth in thin films. J. Mech. Phys. Solids 1996, 44, 657. [Google Scholar] [CrossRef]

	



Wang, X.; Kolitsch, A.; Prokert, F.; Möller, W. Ion beam assisted deposition of AlN monolithic films and Al/AlN multilayers: A comparative study. Surf Coat Technol. 1998, 103–104, 334. [Google Scholar] [CrossRef]

	



Panda, P.; Ramaseshan, R.; Ravi, N.; Mangamma, G.; Jose, F.; Dash, S.; Suematsu, H. Reduction of residual stress in AlN thin films synthesized by magnetron sputtering technique. Mater. Chem. Phys. 2017, 200, 78–84. [Google Scholar] [CrossRef]

	



Oliveira, I.; Grigorov, K.; Maciel, H.; Massi, M.; Otani, C. High textured AlN thin films grown by RF magnetron sputtering; composition, structure, morphology and hardness. Vacuum 2004, 75, 331–338. [Google Scholar] [CrossRef]

	



Fu, J. A general approach to determine texture patterns using pole figure. J. Mater. Res. Technol. 2021, 14, 1284–1291. [Google Scholar] [CrossRef]

	



Serban, E.A.; Palisaitis, J.; Junaid, M.; Tengdelius, L.; Högberg, H.; Hultman, L.; Persson, P.O.Å.; Birch, J.; Hsiao, C.-L. Magnetron Sputter Epitaxy of High-Quality GaN Nanorods on Functional and Cost-Effective Templates/Substrates. Energies 2017, 10, 1322. [Google Scholar] [CrossRef]

	



Liu, W.-S.; Chang, Y.-L.; Chen, H.-Y. Growth of GaN thin film on amorphous glass substrate by direct-current pulse sputtering deposition technique. Coatings 2019, 9, 419. [Google Scholar] [CrossRef]

	



Qiu, X.; Segawa, Y.; Xue, Q.; Xue, Q.; Sakurai, T. Influence of threading dislocations on the near-band edge photoluminescence of wurtzite GaN thin films on SiC substrate. Appl. Phys. Lett. 2000, 77, 1316–1318. [Google Scholar] [CrossRef]

	



Steckl, A.; Deveajan, J.; Tran, C.; Stall, R. Growth and characterization of GaN thin films on SiC SOI substrates. J. Electron. Mater. 1997, 26, 217–223. [Google Scholar] [CrossRef]

	



Monish, M.; Nayak, C.; Sutar, D.S.; Jha, S.N. X-ray absorption study of defects in reactively sputtered GaN films displaying large variation of conductivity. Semicond. Sci. Technol. 2021, 36, 075019. [Google Scholar] [CrossRef]








[image: Micromachines 13 01546 g001 550] 





Figure 1. (a) XRD pattern of AlN (002) thin films deposited using sputtering powers of 300, 400, and 500 W. (b) XRD pattern of AlN (002) thin films deposited with nitrogen flow ratios of 50%, 75%, and 100% and a sputtering power of 500 W. 
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Figure 2. (a) XRD pattern of AlN (002) deposited at temperatures ranging from 400 to 800 °C, (b) XRD pattern of AlN (002) deposited by varying the nitrogen flow rate from 20 to 40 sccm. 
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Figure 3. XPS survey spectrum of AlN thin films sputtering deposited using N2 flow rate of (a) 20, (b) 30, and (c) 40 sccm. 






Figure 3. XPS survey spectrum of AlN thin films sputtering deposited using N2 flow rate of (a) 20, (b) 30, and (c) 40 sccm.



[image: Micromachines 13 01546 g003]







[image: Micromachines 13 01546 g004a 550][image: Micromachines 13 01546 g004b 550] 





Figure 4. XPS core level spectra for Al, N, and O for various N2 flow rates. 






Figure 4. XPS core level spectra for Al, N, and O for various N2 flow rates.



[image: Micromachines 13 01546 g004a][image: Micromachines 13 01546 g004b]







[image: Micromachines 13 01546 g005 550] 





Figure 5. Depth profile analysis for AlN thin film samples with N2 flow rates of (a) 20, (b) 30, and (c) 40 sccm. 






Figure 5. Depth profile analysis for AlN thin film samples with N2 flow rates of (a) 20, (b) 30, and (c) 40 sccm.



[image: Micromachines 13 01546 g005]







[image: Micromachines 13 01546 g006 550] 





Figure 6. Two-dimensional AFM images of AlN thin films deposited using RF sputtering with N2 flow rates of (a) 20, (b) 30, and (c) 40 sccm. 
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Figure 7. Hardness measurement plot of AlN thin films by varied N2 flow rate from 20 to 40 sccm. 
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Figure 8. XRD patterns for Si/GaN and Si/AlN/GaN thin films. 
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Figure 9. Pole figures for (002) and (103) Si/AlN/GaN stacked thin film structure. 






Figure 9. Pole figures for (002) and (103) Si/AlN/GaN stacked thin film structure.



[image: Micromachines 13 01546 g009]







[image: Micromachines 13 01546 g010 550] 





Figure 10. Photoluminescence spectra for Si/GaN and Si/AlN/GaN. 
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Figure 11. SIMS depth profile for the Si/AlN/GaN thin film structure. 
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Table 1. Various atomic percentages (at%) of elements identified in AlN thin films at the surface and at depths of 50 and 100 nm.
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Sample

	
Surface

	
50 nm (Depth)

	
100 nm (Depth)




	
Al

at%

	
N

at%

	
O

at%

	
Al

at%

	
N

at%

	
O

at%

	
Al

at%

	
N

at%

	
O

at%






	
N 20

	
15.1

	
10.1

	
72.4

	
24.4

	
40.5

	
25.1

	
25

	
40.4

	
24.6




	
N 30

	
21.1

	
12.6

	
62.3

	
26.9

	
43.8

	
20.5

	
26.8

	
44.5

	
21.7




	
N 40

	
27.6

	
22.6

	
46.4

	
31

	
50.5

	
15.6

	
32

	
52

	
12
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