α‑Al2O3/Ga2O3 superlattices coherently grown on r‑plane sapphire
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Abstract
10-period binary α‑Al2O3/Ga2O3 superlattices were fabricated on r-plane sapphire substrates by molecular beam epitaxy. By systematic variation of the α‑Ga2O3 thickness and evaluation through X-ray reflectivity and diffraction measurements and scanning transmission electron microscopy, we verified that the superlattice with the α‑Ga2O3 thickness up to ~1 nm had coherent interfaces without misfit dislocation in spite of the large lattice mismatches. This successful fabrication of coherent α‑Al2O3/Ga2O3 superlattices will encourages further development of α‑(AlxGa1-x)2O3-based heterostructures including superlattices.



Recently, not only β‑Ga2O3 but also α‑Ga2O3 has gained momentum as an emerging wide band gap semiconductor.1,2 Although being metastable, corundum-structured α‑Ga2O3 can be epitaxially stabilized on isostructural sapphire substrate,3,4 which allows various studies including epitaxial growth4–9 and impurity doping,7,10–12 leading to recent demonstration of field effect transistors13 and Schottky barrier didoes (SBDs)7,14. Surprisingly, SBDs fabricated using peeled α‑Ga2O3 layers from the substrate showed low on-resistances less than 1 mΩ cm2 regardless of high breakdown voltages nearly 1 kV, whose device performances are comparable to those of SiC- and β‑Ga2O3-based SBDs.7,14–16 These preliminary data encouraging future power electronic applications have made α‑Ga2O3 a focus of attention from semiconductor academia and industry.
	Along with the research and development of α‑Ga2O3 semiconductor, α‑(AlxGa1‑x)2O3 alloy and its heterostructures have also lured interests. Among the α‑Ga2O3-based alloy systems,14,17 α‑(AlxGa1-x)2O3 is considered to be the most suitable platform for fabricating high quality semiconductor heterostructures owing to the close ionic radii18 between 0.62 (Ga3+) and 0.535 Å (Al3+) and the availability of high quality sapphire substrates. Moreover, relatively strong quantum effects are expected in the α‑(AlxGa1‑x)2O3-based heterostructures because of the large difference in their bandgaps (8.8 and 5.3 eV for α‑Al2O3 and α‑Ga2O3, respectively)4,19, which regards the heterostructures attracting and worthy to investigate.
So far, there are some reports on α‑(AlxGa1-x)2O3-based alloy and its heterostructures. In 2010, growth of Nd-doped α‑(AlxGa1-x)2O3 epitaxial films with entire x was first reported by molecular beam epitaxy (MBE), where coherent growth was realized under x = 0.61.20 Later in 2012, mist chemical deposition (Mist-CVD) of undoped α‑(AlxGa1-x)2O3 films (0  x  0.81) was reported to show continuous tuning of the bandgap by optical absorption spectroscopy.21 Their group also reported enhanced thermal stability of α‑Ga2O3 by alloying with α‑Al2O3 in 2015.22 Moreover in 2016, an quasi-composition-graded buffer layer alternatively stacked with α‑(Al0.2Ga0.8)2O3 and α‑(Al0.9Ga0.1)2O3 layers was fabricated using Mist-CVD technique to reduce dislocations in the α‑Ga2O3 layer deposited thereon.23 Furthermore very recently in 2018, band discontinuities of the α‑Ga2O3/(AlxGa1-x)2O3 (0.1x0.8) heterojunction interfaces were revealed by using X-ray photoemission spectroscopy.24 These reports encourage the notion of α‑(AlxGa1‑x)2O3-based heterostructures, but there still needs much efforts to understand the heterostructures.
One of the subjects for the development of α‑(AlxGa1‑x)2O3-based heterostructures is to realize coherent α‑Al2O3/Ga2O3 superlattices (SLs). Because presence of the simple binary SLs comprised of the two end members guarantees fabrication of all the possible α‑(AlxGa1‑x)2O3-based heterostructures including SLs with entire x, aside from the limitation of each layer thickness to maintain the structural coherence. As for the critical thickness of the α‑Ga2O3 layer, a few literatures on detailed structural analysis for Ga2O3 epitaxial films directly grown on c- and a-plane sapphire substrates revealed that it is as small as ~1 nm,25,26 which is expected from large lattice mismatches (4.8 and 3.4% along a- and c-axis, respectively)27,28. This fact indicates the high possibility of realization of coherent α‑Al2O3/Ga2O3 SLs though the thickness of α‑Ga2O3 layer (dGa) is very small.
We, therefore, attempted to fabricate α‑Al2O3/Ga2O3 SLs with different dGa on sapphire substrates and investigate their layered structure and crystallinity systematically. The results in detail are given below.
10-period Al2O3/Ga2O3 SLs were fabricated directly on sapphire substrates by conventional plasma-assisted MBE. In this study, we used r-plane (011 (_)2) sapphire (Kyocera Corp.) as substrate because its face is known to facilitate homoepitaxial growth of α‑Al2O3.29 Prior to the growth these substrates were degreased by ultrasonic cleaning in acetone and methanol. Our growth was performed by supplying elemental metals of Ga and Al and oxygen radicals to the heated rotating substrate from conventional effusion cells and an inductively coupled plasma cell, respectively. The Ga and Al beam equivalent pressures were set at 0.9×10-7 and 1.89×10-6 Pa by regulating their cell temperatures at 716 and 1050°C, respectively. While the plasma cell was operated under an input RF power of 200 W and an O2 flow rate of 0.50 sccm. The substrate holder temperature was maintained at 560–580°C, which was monitored through a pyrometer. By controlling Ga and Al cell shutters, Ga2O3 and Al2O3 layers were alternately stacked to produce 10-period SLs. To evaluate the dependence of dGa, we prepared three SL samples labeled A, B, and C by changing a supply period of Ga beam (40, 80, and 120 s, respectively) under a constant Al beam supply period (270 s).
After each growth, reflection high-energy electron diffraction (RHEED) was performed to evaluate surface crystallinity, as shown in Fig. 1. In the case of samples A and B, streaky patterns with Kikuchi lines were observed, reflecting highly crystalline flat films. In contrast, a halo pattern was appeared for sample C, suggesting poor crystallinity of the top layer. The transition of the crystallinity is considered to be attributed to increase in dGa.
To determine the layer thicknesses of the SLs, X-ray reflectivity (XRR) measurement was carried out. Figure 2(a) shows XRR patterns for the SLs samples. In all the patterns, 8 short-period weaker peaks between long-period stronger ones were identified, which are consistent as the pattern of 10-period SL. From the reflectivity patterns, α‑Al2O3 layer thickness (dAl) and dGa were extracted by fitting multilayer model curves to the measured data [See dashed lines in Fig. 2 (a)]. Note that densities of α‑Al2O3 and α‑Ga2O3 layers in the models were set as those of bulk ones (DAl = 4.00 gcm‑3 and DGa = 6.47 gcm‑3, respectively) under the assumption that their unit cell volumes are irrelevant to the strain. The obtained dAl and dGa are summarized in Table 1. The roughly constant dAl of 5.8–6.1 nm and increased dGa from 0.5 to 1.3 nm in order from sample A to C reflect the designed Al and Ga metal supply periods in the growth. The corresponding growth rates were 1.3–1.4 and 0.65–0.75 nm/min for α‑Al2O3 and α‑Ga2O3 layers, respectively. We also list average Al compositions (xave) of the SLs, which are equivalent to the fraction of number of constituent atoms of the α‑Al2O3 layer in one period calculated as follows: 

, where S is an unit area and MAl and MGa are molecular weight of α‑Al2O3 and α‑Ga2O3, respectively. 
To further reveal crystallinity of the α‑Al2O3/Ga2O3 SLs, X-ray diffraction (XRD) measurement was conducted. Figures 2(b) and (c) show XRD θ-2θ patterns of the SLs in wide and narrow 2θ ranges, respectively. Only the reflection peaks attributed to 011 (_)2 and 022 (_)4 were recorded in the wide scan patterns, indicating successful epitaxial stabilization of the corundum phase [See Fig. 2(b)]. These peaks were consisted of zeroth order and higher order satellite peaks attributed to SL structures, as seen in the narrow scan patterns [See Fig. 2(b)]. In particular, for the samples A and B, 8 peaks between the zeroth order and the first order satellite peaks were clearly identified, showing relatively high crystallinity. On the other hand, no such fine structure was observed for the sample C owing to poor crystallinity. The full width at half maximums of 022 (_)4 rocking curves of the zeroth peaks were 230, 205, and 573 arcsec for samples A, B, and C, respectively. From the out-of-plane XRD analysis together with the RHEED observation, we speculated that lattice relaxation caused by the thicker dGa was responsible for the poor crystallinity of the sample C.
To evaluate structural coherency of the SLs, asymmetric reciprocal space maps were taken. Figure 3 shows XRD reciprocal space maps near 224 (_)6 spots of the SL samples. Zeroth order spots of all the SLs were detected near those of the substrates, but their positional relationships were different from sample to sample. The spots for samples A and B were on the same QX lines as those of the substrates, whereas the spot for sample C was partially displaced from the line. These results indicate that the fabricated α‑Al2O3/Ga2O3 SLs maintained structural coherence to the sapphire substrates up to dGa ~ 1 nm (Samples A and B), but relaxed when dGa surpassed ~ 1 nm (Sample C) owing to the large compressive strain in the α‑Ga2O3 layer. The critical thickness of ~ 1 nm is coincide with the reported value of single α‑Ga2O3 films on sapphire substrates.25,26 We also noticed that xave = 0.86 of sample C is much larger than x = 0.61 of the coherently grown α‑(AlxGa1-x)2O3 alloy film on sapphire substrate reported in Ref. 20. Therefore, dGa is more responsible for maintaining the coherency in α‑Al2O3/Ga2O3 SLs than xave. 
Finally, to directly observe the crystal lattices of the SL, cross-sectional scanning transmission electron microscopy (STEM) was performed for Sample B. For this purpose, a TEM specimen was prepared by conventional focused ion beam lift out technique. First, a 40 kV beam was employed to dig the both sides of the target position roughly, followed by making it thinner to be 100 nm thick with a 30 kV beam. The lamella TEM specimen with a thickness less than 70nm was obtained by further careful thinning with a 10 kV beam. Final gentle polishing with a 5kV beam for 60 s for each side resulted in minimizing the damage layer of the specimen. The acceleration voltage and viewing direction were 200 kV and [211 (__)0], respectively. As designed, 10-period α‑Al2O3 (brighter contrast)/Ga2O3 (darker contrast) SL structure was observed as shown in the bright-field (BF) STEM image [Fig. 4(a)]. In this image, lots of darker contrast areas spread from α‑Ga2O3 layers were also seen in the α‑Al2O3 layers, indicating strong strain in the lattices stemming from the interfaces. However, we did not find any trace of misfit dislocation near the interfaces as shown in the magnified BF and high-angle annular dark-field (HAADF) views [Figs. 4(b) and (c)]. Particularly in the HAADF-STEM image, where heavier (lighter) elements contribute to brighter (darker) contrast owing to the Z contrast rule,30 we clearly observed arrays of dumbbells consisting of metal atoms in the corundum structure [See Fig. 4(d)], and verified that in plane array of Al dumbbells (darker contrast) perfectly matched with those of Ga dumbbells (brighter contrast) at the interfaces. Note that image contrast of O atoms were not significantly seen because O atom is lighter than Al. These results mean coherent α‑Al2O3/Ga2O3 SLs without misfit dislocations can be fabricated in spite of the large mismatches.
In conclusion, in order to explore and encourage the study on α‑(AlxGa1‑x)2O3-alloy-based heterostructures, we fabricated α‑Al2O3/Ga2O3 model SLs for the first time on r-plane sapphire by MBE, and evaluated their layered and epitaxial structures using RHEED, XRR, XRD, and STEM techniques. We found that dGa was the most important parameter to maintain coherency of heterojunction interfaces and the critical thickness was as small as ~1 nm, whose value is roughly coincided with the reported thickness of the α-Ga2O3 interlayer existed at the interface of β-Ga2O3 thick film on sapphire substrate. Although the critical thickness of dGa in the binary SLs was small, it can be increased for α‑(AlxGa1‑x)2O3 (0 < x < 1) alloy-based heterostructures including SLs. We believe our provided results will contribute for further development of α‑(AlxGa1‑x)2O-based heterostructure studies.
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Figures

Fig. 1. RHEED patterns of the sample A, B, and C taken after the growth. The incident electron beam direction was [2 (_)110].



Fig. 2. X-ray θ-2θ scan patterns of the sample A, B, and C. Patterns of (a) show XRR, and those of (b) and (c) show XRD in wide and narrow scan ranges, respectively. Dashed lines in (a) were obtained by curve fitting under the assumption that densities of the α‑Al2O3 and α‑Ga2O3 layers are the same as those of bulk ones. Note that monochromatic Cu Kα1 radiation was used for XRR and XRD measurements.
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Fig. 3. XRD reciprocal space map in the vicinity of 224 (_)6 spots of the sample A, B, and C. Directions of QZ and QX are along 011 (_)2 and 21 (_)1 (_)0, respectively.



Fig. 4. (a) and (b) BF- and (c) HAADF-STEM images of the SL sample B with incident beam direction along [211 (__)0]. (b) and (c) are images from the same area. (d) Metal atom positions (circles) of the corundum structure around the unit cell (solid line). 


Table 1. Summary of each layer thickness and xave for the SL samples. 
	Sample
	dAl (nm)
	dGa (nm)
	dAl + dGa (nm)
	xave

	A
	5.8
	0.5
	6.3
	0.94

	B
	6.1
	1.0
	7.1
	0.89

	C
	6.0
	1.3
	7.3
	0.86
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