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Abstract

:

Plasma-enhanced atomic layer deposition was employed to grow aluminum nitride (AlN) thin films on Si (100), Si (111), and c-plane sapphire substrates at 250 °C. Trimethylaluminum and Ar/N2/H2 plasma were utilized as Al and N precursors, respectively. The properties of AlN thin films grown on various substrates were comparatively analyzed. The investigation revealed that the as-grown AlN thin films exhibit a hexagonal wurtzite structure with preferred c-axis orientation and were polycrystalline, regardless of the substrates. The sharp AlN/substrate interfaces of the as-grown AlN are indicated by the clearly resolved Kiessig fringes measured through X-ray reflectivity. The surface morphology analysis indicated that the AlN grown on sapphire displays the largest crystal grain size and surface roughness value. Additionally, AlN/Si (100) shows the highest refractive index at a wavelength of 532 nm. Compared to AlN/sapphire, AlN/Si has a lower wavelength with an extinction coefficient of zero, indicating that AlN/Si has higher transmittance in the visible range. Overall, the study offers valuable insights into the properties of AlN thin films and their potential applications in optoelectronic devices, and provides a new technical idea for realizing high-quality AlN thin films with sharp AlN/substrate interfaces and smooth surfaces.
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1. Introduction


Aluminum nitride (AlN) is a highly promising wide-bandgap semiconductor because of its excellent thermal conductivity (single crystal: 285 W/m·K), along with its superior chemical stability and electrical insulation, which makes it a highly attractive material for high-electron-mobility transistors, light-emitting diodes, and laser diodes [1,2,3,4]. AlN is often utilized as a buffer layer for gallium nitride (GaN) in semiconductor device fabrication, reducing defects by providing a smooth and compatible interface between the substrate and the GaN layer [5,6,7,8,9]. Molecular beam epitaxy, sputtering, and metal–organic chemical vapor deposition are conventional methods used to grow high-quality AlN epilayers [10,11,12,13]. In general, these methods require elevated temperatures to achieve high-quality films and ensure adequate throughput. Unfortunately, high process temperatures yield additional stresses on the film stacks, which are not suitable for the fabrication of AlN films for sensory applications [14]. Therefore, alternative approaches are required to control the thickness of AlN films at relatively low temperatures for these specific applications.



Atomic layer deposition (ALD) is an attractive alternative low-temperature technique for preparing AlN thin films [15,16,17,18,19,20]. The deposition process relies on chemical surface reactions triggered by sequential precursor dosing. Precursors in the vapor phase chemisorb onto the surface via self-limiting reactions, wherein only the monolayer reacts [21,22,23]. This feature enables deposition on structures with high aspect ratios, facilitating the formation of thin films. Therefore, the film thickness can be accurately regulated by adjusting the number of reaction cycles. Plasma-enhanced ALD (PEALD) is a modified version of the conventional ALD technique used for depositing thin films of various materials with precise control over their thickness and composition. In PEALD, a plasma source is used to generate reactive species that can react with the precursor molecules and facilitate the deposition process. The plasma can also provide energy to the growing film, leading to lower deposition temperature, improved film quality, and enhanced step coverage [20].



In the literature, ALD and PEALD of AlN thin films have been extensively studied [24,25,26,27,28,29,30,31]. Polycrystalline AlN films were produced via both ALD and PEALD. The roughness of AlN films increased with higher deposition temperature and thicker film [31]. Tarala et al. obtained crystalline AlN using PEALD at temperatures less than 300 °C [32]. Shih et al. used ALD to deposit high-quality single-crystal hexagonal AlN, employing in-situ treatment. When these films were grown on GaN, the researchers observed increased mobility and sheet electron concentration [33]. Legallais et al. reported that adjusting ion energy through substrate biasing during the PEALD process significantly improved the quality of AlN [34]. Kim et al. deposited AlN on a GaN substrate using thermal ALD, and studied the interfacial properties of the ALD-AlN/GaN interface [35,36]. Bui et al. investigated the growth behavior and optical properties of ALD-AlN, revealing an increase in the refractive index with increasing film thickness and growth temperature [26,37]. Schiliro et al. obtained AlN with a predominant crystallographic orientation along the c-axis, with excellent alignment on GaN-sapphire substrates, resulting in high-density two-dimensional electron gas formation at the interface [38]. However, there have been relatively few studies conducted on how substrates impact the properties of AlN deposited via PEALD.



This study aimed to investigate and compare the characteristics of AlN films formed on different substrates, including Si (111) c-plane sapphire and Si (100), via PEALD at a temperature of 250 °C. The as-grown AlN films were polycrystalline, with a clear preference for the (002) orientation. Additionally, the interfaces between the films and substrates were extremely sharp. Surface morphology analysis revealed that the crystal grain size and surface roughness were highest for AlN films grown on sapphire, while the refractive index was highest for AlN/Si (100) at a wavelength of 532 nm. AlN/Si had a lower extinction coefficient than AlN/sapphire, indicating higher transmittance in the visible range.




2. Experimental


The deposition of AlN thin films was carried out using a PEALD process in an Angstrom-dep III reactor. The nitrogen and gallium precursors were trimethylaluminum (TMA) and a gas mixture containing Ar, N2, and H2 with a 1:3:6 ratio, respectively. The Si and sapphire substrates used in our experiments were wafers with a diameter of 2 inches. Prior to the growth experiments, we cleaned the sapphire substrates sequentially in an ultrasonic bath with isopropanol and acetone, followed by methanol and deionized water, while the Si was cleaned using the RCA standard cleaning process. The reactor was loaded with these substrates immediately, and the base pressure of the process was tuned to around 0.15 Torr. Subsequently, the substrate chuck was resistively heated to the growth temperature and given 20 min to reach thermal equilibrium. To enhance the crystalline quality and eliminate possible nucleation delays, the deposition cycles were preceded by a nitridation process step under 60 W rf-plasma power. Ar/N2/H2 (1:3:6) plasma was applied for 30 s, and the gas flow was set to 5 sccm. Then, deposition of AlN was carried out using the optimized PEALD-AlN parameters reported in our previous work [39], where the details are as follows: 15 s plasma/25 s N2 purge /0.05 s TMA/25 s N2 purge. During the experiment, the substrate temperature was maintained at 250 °C, and a total of 500 growth cycles were conducted.



X-ray photoelectron spectroscopy (XPS) was utilized to obtain information about the elemental composition, chemical state, and bonding of the AlN films. The instrument used was an ESCALAB 250Xi, which used an Al Ka X-ray source that was monochromatized. Spectroscopic ellipsometry (SE) measurements were performed to determine the optical properties of the AlN films, covering the optical spectrum from 730 to 280 nm at an incidence angle of 70°. The spectra obtained from the measurements were analyzed to extract the thickness of the films. To assess the crystallinity of the GaN thin films, grazing incidence X-ray diffraction (GIXRD) was conducted. X-ray reflectometry (XRR) measurements were carried out to study the AlN/substrate interfacial property. Both GIXRD and XRR measurements are performed with a Smartlab system. The voltage and current were 40 kV and 30 mA, respectively. To enhance the intensity of X-rays diffracted from the thin film and avoid signals from the substrate, we conducted GIXRD measurements at a low grazing angle of 0.65°. Cross-sectional AlN was characterized using scanning electron microscopy (SEM, Zeiss supra55). The surface morphology of the samples was analyzed using the Micronano D-5A atomic force microscope (AFM) system. The scanning area was 1 × 1 um2.




3. Results and Discussion


GIXRD analysis was conducted to determine the crystalline nature of the AlN thin films, and the obtained patterns (see Figure 1) exhibited diffraction peaks corresponding to the (100), (002), (101), and (110) planes of the hexagonal wurtzite phase, based on PDF#25-1133, indicating no mixing of other phases such as cubic. The analysis suggests that polycrystalline hexagonal AlN (h-AlN) films were obtained, displaying a dominant (002) orientation, regardless of the substrate used. Previous studies have suggested that ALD-deposited AlN films tend to crystallize in the (100) orientation [40,41], and sputtered AlN films that are more frequently reported to have c-plane orientation [42,43]. To obtain a preferred orientation of (002), the surface atoms must undergo kinetic energy-driven rearrangement to achieve a configuration with the minimum surface energy. When considering the steric hindrance of methyl groups, the low-density (100) plane could be even more beneficial because the mobility of atoms is diminished in low-temperature. Alevli et al. reported that AlN films exhibit (100) preferred orientation when grown at a low temperature of 185 °C, and the predominance of the (002) orientation becomes more prominent for AlN synthesized at elevated temperatures growth conditions. However, the AlN with a preferred orientation of (002) in the present work may be attributed to highly reactive radicals produced by Ar/N2/H2 plasma. The diffraction patterns of AlN samples exhibit similarities, but there is a difference in peak intensities: The (002) peak intensity in AlN/Si (111) was observed to be comparatively greater than that in AlN/Si (100) and AlN/sapphire. The location and width of the AlN (002) reflections in GIXRD are summarized in Table 1.



The interplanar spacing, represented as “d”, which corresponds to the crystal planes associated with the 2θ angles observed in XRD patterns, can be calculated by utilizing Bragg’s equation for first-order diffraction [44]:


   2 dsin θ = n λ   








where d can be expressed in terms of Miller indices (h, k, and l), “λ” denotes the X-ray wavelength (0.1540598 nm), and “θ” represents the angle of incidence.



The lattice constants “a” and “c” of hexagonal AlN can be determined using the following equation:
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Using the (002) orientation, the lattice constants “c” for AlN/Si (100), AlN/Si (111), and AlN /sapphire were determined as 4.992 Å, 5.018 Å, and 4.999 Å, respectively. These values are slightly larger than the bulk AlN value of 4.981 Å [44], but consistent with previous reports on AlN grown by ALD [45]. The difference between the c-axis values of the as-grown AlN may be attributed to the mismatch in their crystal structures and thermal properties [46]. Using the (100) orientation, the lattice constants “a” for AlN/Si (100), AlN/Si (111), and AlN /sapphire were calculated as 3.105 Å, 3.100 Å, and 3.122 Å, respectively, which is comparable to the bulk AlN value of 3.111 Å [44]. The formation of defects during thin film growth could be one of the main reasons for the lattice constant variations. These defects can include dislocations, dislocation pile-ups, grain boundaries, and interface defects between the film and the substrate. These defects can have an impact on the crystal lattice structure of the thin film, resulting in changes in the lattice constants.



The disparities of lattice constants are related to film strain. In this case, the strains parallel to the c-axis [ε┴ = (cepi − c0)/c0] [47], for AlN grown on Si (100), Si (111), and sapphire, were determined to be 0.0022 GPa, 0.0074 Gpa, and 0.0036 GPa, respectively. This positive value indicates the presence of compressive strain, which means that the interplanar spacing along the c-axis is longer than that of unstrained AlN. The strains in the plane [ε// = (aepi − a0)/a0] were calculated as −0.0020 Gpa, −0.0030 Gpa and 0.0030 GPa, respectively. These negative values of ε// for AlN on Si suggest compressive strain in the in-plane directions, while the positive value for AlN on sapphire indicates tensile strain. This is because of the lattice mismatch of AlN between its substrates.



The average grain size of the sample was determined using the Scherrer equation [48], which relates the grain size (D) to the width of the peak at half of its maximum intensity (FWHM).


   D =     k λ     B   cos θ     








where D represents the average grain size (Å); k is the Scherrer constant, which is typically assumed to be 0.91, but may vary depending on the morphology of the crystal domains; λ is the X-ray wavelength, which depends on the type of X-ray used. In this study, the λ is 1.54058 Å (Cu Kα). B corresponds to the FWHM of the diffraction peak (radians), and θ represents the Bragg angle (radians). The average crystallite sizes for the (002) reflections of the AlN on Si (100), Si (111), and sapphire were calculated to be 146.86, 152.35, and 159.31 Å, respectively. The largest grain size of AlN/sapphire is indicated by the lowest FWHM of the (002) peak. Moreover, the average grain size of AlN/Si (111) was slightly larger than that of AlN/Si (100). Larger grain size usually relates to improved crystallinity [43].



The XRR results depicted in Figure 2 exhibit clear Kiessig fringes for all the AlN samples, suggesting the sharp interfaces between the AlN films and substrates. By fitting the oscillation period and amplitude, the film’s thickness and density can be calculated. The experimental data were analyzed using Globfit software with two-layer models, i.e., AlN/Si and AlN/sapphire. The XRR data presented in Figure 2a exhibit excellent agreement between the measured and simulated results for the AlN/Si (111) sample. The measured film thicknesses were 84 nm, 72 nm, and 68 nm for AlN on Si (100), Si (111), and sapphire substrates, respectively. The variation in film thicknesses for AlN deposited on different substrates suggests different growth rates on each substrate. The initial growth of ALD is strongly influenced by the outermost surface of the substrate, as it determines the nucleation and initial bonding during the growth process [19]. The first step of plasma treatment, in the experiment, refers to the process of introducing nitrogen atoms into the surface of a material. In the case of sapphire and Si surfaces, it is generally easier to nitride the Si surface compared to the sapphire surface. The main reason for this difference is the chemical nature of the two materials [49]. Si has a higher affinity for nitrogen compared to sapphire, resulting in more adsorption sites (or reactive groups) on the Si surface, which facilitates the subsequent AlN deposition. The critical angle (θc), a material-specific property mainly dependent on film density, is located at the first minima of the second derivative of the XRR intensity [50]. In Figure 2b–d, the θc of the as-grown AlN thin films are presented in the insets. The extracted critical angles for AlN on Si (100) and Si (111) substrates were 0.230° and 0.238°, respectively, while for AlN on sapphire, it was 0.242°; these are a little higher than the reported values [51]. These critical angle values align with prior research on this topic. In addition, density values calculated from the simulations revealed that AlN/sapphire exhibits a density of 3.01 g/cm3, which is lower than the bulk material’s mass density of 3.25 g/cm3, whereas those on Si (100) and Si (111) have densities of 2.81 and 2.86 g/cm3, respectively. These results match well with the values previously reported for AlN films produced using various deposition techniques, such as PEALD and magnetron sputtering [52,53]. The result also suggests that the substrate can influence the density of the deposited AlN film. The higher density of AlN on sapphire compared to that on Si can be attributed to the lattice mismatch and interfacial interactions between N plasma and the respective substrates. Sapphire has a closer lattice matching with AlN compared to Si, allowing for better deposition and stronger interfacial bonding. This leads to a more compact and dense structure in the AlN film on sapphire. The higher density of AlN on Si (111) compared to Si (100) can be attributed to the better matching of hexagonal AlN with the Si (111) plane, which possesses six-fold symmetry, compared to the Si (100) plane with four-fold symmetry.



The cross-sectional SEM micrograph of AlN/Si (100) is shown in Figure 3, revealing an AlN film thickness of around 85 nm. This value is consistent with the one obtained from XRR measurements. In addition, the AlN on Si (100) exhibits a uniform morphology and a flat interface. The surface features of the AlN were investigated by AFM, and the images are presented in Figure 4. The roughness of film surface is commonly assessed using the root-mean-square (RMS) value of the surface roughness [54]. The RMS surface roughness values for AlN deposited on Si (111), Si (100), and sapphire substrates were determined to be 0.95, 1.02, and 1.36 nm, respectively. The obtained results are below the values previously reported for ALD-grown AlN [41]. By comparing the RMS surface roughness values and average crystallite sizes (Table 1) for the different substrates, we can observe that the AlN film on sapphire substrate has the highest RMS surface roughness value (1.36 nm), and also has the highest average grain size (159.31 Å). In contrast, AlN films on Si (111) substrates have the smallest RMS surface roughness value (0.95 nm) and the smallest average grain size (152.35 Å). This implies that there is a positive correlation between RMS surface roughness and average grain size, indicating that films with larger grain size usually yield higher surface roughness. The effect of substrate on surface roughness and grain growth is mainly due to the difference of lattice mismatch between AlN and substrate. The lattice mismatch between AlN and substrates is summarized in Table 2. In this case, AlN films on sapphire substrate show the largest RMS surface roughness and average grain size, possibly due to the better lattice match between substrate and AlN, which favors the growth of larger grains. However, AlN films on Si (111) and Si (100) substrates show lower surface roughness and smaller average grain size, which may be due to poor lattice matching.



Figure 5 presents a depth profile analysis of the AlN/Si (100). The results demonstrate that the atomic percentages of Al and N remain relatively constant throughout the film thickness in the etching direction. The Al and N contents in most AlN films are 47.2% and 52.0%, respectively, indicating that the membrane components are basically at the stoichiometric ratio. AlN contains a slightly higher proportion of nitrogen compared to aluminum. The higher nitrogen content in AlN is a result of the initial nitridation process, which involves the plasma-assisted breakdown of nitrogen gas [55]. The deposition process at a low temperature does not lead to the significant integration of carbon-containing ligands from the precursors, as indicated by the very low amount of carbon (0.7%) in the film. The content of oxygen in AlN is 1.1%, which is lower than the reported results [56], indicating negligible oxygen contamination. The main source of the high oxygen and carbon detected on the surface is atmospheric contamination.



The optical constants of AlN, such as refractive index (n) and extinction coefficient (k), were analyzed using SE. Figure 6 shows the dependence of n and k on the wavelength, ranging from 275 to 826 nm. The measurements reveal that at a wavelength of 532 nm, the n values of AlN films on Si (100), Si (111), and sapphire substrates are 1.967, 1.958, and 1.941, respectively. These values are below the bulk value (n = 2.1 at 533 nm) for single-crystal quality, but are consistent with the reported values of ALD-grown AlN [52]. In this case, AlN on Si has a higher n than that grown on sapphire. The wavelength of k = 0, for AlN grown on both Si (100) and Si (111), is at 300 nm, with a rapid decrease between 275 and 300 nm. The zero of k value observed at higher wavelengths indicates that AlN/Si films remain transparent throughout the 300–826 nm range. Similarly, for AlN/sapphire, k decreases rapidly from 275 nm to 425 nm and becomes zero at 425 nm. Beyond this wavelength, k also remains at zero, indicating that AlN/sapphire films are transparent beyond a wavelength of 425 nm. These results suggest that AlN films grown on Si have a broader range of transparency wavelength than on sapphire substrates. The low absorption and high transparency are important factors for applications that require transparent materials in the ultraviolet range, such as photovoltaics, LEDs, and optical sensors. The transparency of the AlN films beyond these wavelengths also indicates that they may have potential for use as protective coatings or in optical devices that require high optical transparency in the visible range.




4. Conclusions


In conclusion, the properties of PEALD-AlN deposited on Si (100), Si (111), and c-plane sapphire substrates were comparatively investigated. The results reveal that the as-grown AlN thin films possess a hexagonal wurtzite structure and are characterized as polycrystalline, regardless of the substrate. There is a certain relationship between the RMS surface roughness value and the average grain size, in which a larger RMS value is usually associated with a larger average grain size. The study also reveals that AlN/Si (100) has the highest n value at 532 nm, while AlN/sapphire exhibits a lower n value. Importantly, AlN films on both Si and sapphire substrates have a k value of zero within the visible range, indicating an optical transparency in the visible range. These results suggest that AlN thin films have significant potential for optoelectronic applications where optical transparency is a critical factor. This work of obtaining AlN films with smooth surfaces and sharp AlN/substrate interfaces is essential for their use as buffer layers in heteroepitaxy GaN.
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Figure 1. GIXRD patterns of AlN films grown on Si (100), Si (111), and sapphire substrates at 250 °C. 
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Figure 2. (a) Kiessig fringes of AlN on Si (111): solid and dotted lines illustrate experimental and fitted data, respectively. (b–d) X-ray reflectometry spectra for AlN thin films grown on Si (100), Si (111), and sapphire substrates, respectively. 
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Figure 3. Cross-sectional SEM micrograph of the AlN film grown on Si (100). 
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Figure 4. AFM image of AlN thin films grown on Si (100), Si (111), and sapphire substrates, respectively. 
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Figure 5. XPS depth profile of AlN thin films grown on Si (100). 
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Figure 6. Refractive index and extinction coefficient of AlN films grown on different substrates as a function of wavelength. 
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Table 1. GIXRD results of AlN on different substrates, and the grain size of the samples by the Scherrer equation.
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	Substrates
	2θ (°)
	FWHM (°)
	c (Å)
	a (Å)
	Grain Size (Å)





	Si (100)
	35.941
	0.575
	4.992
	3.105
	146.86



	Si (111)
	35.755
	0.554
	5.018
	3.100
	152.35



	c-Al2O3
	35.899
	0.530
	4.999
	3.122
	159.31
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Table 2. The lattice parameters and lattice mismatch of AlN film and the substrates.
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	Materials
	AlN
	Sapphire
	Si





	Lattice

constant (Å)
	a = 3.111

b = 4.981
	a = 4.758

b = 12.99
	a = 5.431



	Lattice

Mismatch

(with AlN)
	——
	+13.2%
	−19.0%
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