

Growth dynamics of selective-area-grown rutile-type SnO2 on TiO2 (110) substrate
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We demonstrated selective-area growth of r-SnO2 on a SiO2-masked r-TiO2 (110) substrate. The heteroepitaxy on a window started with Volmer–Weber mode to grow islands with {100}-, {10}-, and {011}-faceted sidewalls, whose growth shapes were consistent with the rutile structure’s equilibrium shape. The islands coalesced each other to make flat (110) top surface on a striped window, and lateral overgrowth started after the complete coverage of the window. Cross-sectional transmission-electron-microscopy observation of the stripe revealed that misfit dislocations propagated perpendicularly to the facet planes by the image force effect and that the dislocation density reduced substantially in the wing regions.


Various wide-band-gap oxide semiconductors have been explored and investigated to fabricate cost-effective, functional, high-performance devices to meet the increasing demands of a low-energy-consumption, smart-information society.1,2) Recently, rutile-type (r-) metal oxides, such as r-GeO2, r-SnO2, and r-TiO2, have been re-evaluated as a new class of wide-band-gap semiconductors. r-GeO2 has recently emerged as an ultrawide-band-gap semiconductor with a direct band gap as high as 4.68 eV,3) which is comparable to the indirect band gap of β-Ga2O3 (4.43 eV4)). Furthermore, theoretical calculations predict that r-GeO2 has ambipolar dopability,5,6) electron and hole mobilities of 244–377 and 27–29 cm2V−1s−1, respectively,7) and a thermal conductivity of 37–58 Wm−1K−1,8) all of which are superior to those of β-Ga2O3 (unipolar dopability, approximately 200 cm2V−1s−1,9) and 10.9–27.0 Wm−1K−1,10) respectively). These physical properties of r-GeO2 suggest that it could be used in high-performance power-electronic and ultraviolet (UV)-optical devices.2)
Furthermore, high expectations for r-GeO2 provide r-SnO2 with an opportunity to play an important role. Previously, n-type unipolar r-SnO211) semiconductors have been employed in transparent conductive films,12) gas sensors,13) UV sensors,14) and thin-film transistors.15,16) In addition to these applications, r-SnO2 has been recently accepted as the terminal component of an r-GeO2-based solid solution to propose a novel rutile-type wide-band-gap semiconductor–alloy system17–20) due to its second-largest band gap of 3.6 eV21,22) among the rutile-type oxide semiconductors. Previously, we demonstrated that r-GexSn1xO2 alloy films could be epitaxially grown on r-TiO2 substrates across the whole composition range, allowing us to engineer the band gap between 3.8 and 4.4 eV.18) The result indicates that similar to the AlGaN and β-(AlxGa1x)2O3, the r-GexSn1xO2 alloy can be utilized to produce complicated heterojunction devices such as modulation-doped field-effect transistors.23,24) However, because the associated epitaxial growth techniques are still in their infancy, device-quality of this rutile-type oxide films cannot be produced from this rutile-type oxide. Therefore, it is beneficial to elucidate its growth mechanism to improve the film quality.
Although bulk single crystals of r-GeO2 and r-SnO2 have been grown by flux and vapor transport methods,6,25–33) these methods are still in a trial stage, making it difficult to produce low-cost, reliable substrates for epitaxy. Therefore, r-GeO2, r-SnO2, and their alloys are routinely heteroepitaxially grown on sapphire substrates11,17,20,34–38) or r-TiO2 substrates.18–20,39–43) As a result of large lattice mismatches between the films and substrates, high-density crystal defects such as dislocations are introduced into the films,11,18,34,36,39,41–43) deteriorating their electrical properties (particularly, the carrier mobility).36,41) Furthermore, such dislocations could form leakage-current paths, causing a premature breakdown of high-voltage devices. Therefore, the dislocation density in heteroepitaxial films should be reduced for such potential power-device applications.
Selective-area growth (SAG) or epitaxial lateral overgrowth (ELO) is an effective growth technique for improving the crystalline quality of heteroepitaxial films. As observed in the SAG/ELO of GaN and α-Ga2O3 on foreign substrates, the SAG/ELO is capable of bending the propagation direction of dislocations in accordance with the facet growth to reduce the dislocations.44–47) However, despite its demonstrated effectiveness, the SAG/ELO technique has never been attempted, to the best of our knowledge, for the heteroepitaxial growth of rutile-type oxide films. Herein, we demonstrate the SAG of r-SnO2 on an isostructural r-TiO2 (110) substrate and clarify SAG dynamics, including dislocation-propagation mechanisms of rutile-type oxides on lattice-mismatched substrates.
A SiO2 mask with circular or striped windows was prepared on a r-TiO2 (110) substrate. The (110) plane was chosen because energetically it is the most stable plane for rutile oxides. The calculated surface energy densities of major low-index crystal planes of r-GeO2, r-SnO2, and r-TiO2 follow the order of {110} < {100} < {011} < {001}.48–50) A SiO2 layer with a thickness of 100 nm was deposited on the substrate using plasma-enhanced chemical vapor deposition (CVD), with tetraethoxysilane as the precursor. The conventional photolithography, which uses buffered hydrogen fluoride as the etchant, was employed to fabricate patterned windows. Using acetone- and O2-plasma ashing, all traces of the photoresist were eliminated. The diameter of the circular windows was approximately 1.7 μm. The striped windows were along [001], [11], and [10], which represent three major in-plane directions on the (110) substrate surface. The widths of the striped windows were approximately 1.7 μm.
The SAG of r-SnO2 was performed using a hot-wall-type mist CVD. A SnCl2 (>99.9%)-dissolved aqueous solution with a small amount of hydrochloric acid additive (0.01-mol/L Sn concentration) was used as a reactant. Note that the hydrochloric acid was necessary to completely dissolve SnCl2 powder in the aqueous solution. The source aqueous solution was atomized using ultrasonic transducers. The precursor mist was supplied to a horizontal quartz reactor heated at 750°C using O2 gas through carrier and dilution lines at flow rates of 3.0 and 0.5 L/min, respectively. The SiO2-masked TiO2 substrate was placed face down in the quartz reactor to avoid polycrystal deposition on the mask surface. In this configuration, the growth rate of r-SnO2 was heterogeneous across its entire surface. However, the heterogeneity of the growth rate enabled a comprehensive understanding of the evolution of SAG r-SnO2 solely by observing a single sample. Notably, different growth rates cause different degrees of surface supersaturation. Therefore, the island density, the island size, and even the growth shape for the slow-growth-rate part may not exactly be the same as those for the past of the high-growth-rate part. However, our experimental method can still be effective to roughly understand the growth evolution. The crystal shape for the SAG r-SnO2 was examined using scanning electron microscopy (SEM). The dislocation distribution was visualized using transmission electron microscopy (TEM) with an acceleration voltage of 200 kV. The TEM specimen was prepared by deposition of a carbon protective layer and successive Ga focused-ion-beam milling.
We observed an isolated SAG r-SnO2 island to understand its growth shape. Figure 1 presents the SEM images of a SAG r-SnO2 island grown through the circular window. The hexagon-shape of the SAG island was produced by surrounding crystal facets. As indicated, the sidewall facets were determined to be {100}, {10}, and {011} because the geometry was closely similar to the equilibrium shape of an r-TiO2 crystal illustrated based on the Wulff construction.48) This result suggests that facet formation of the SAG r-SnO2 reflected the differences in the equilibrium surface energy densities of different planes of the rutile structure. It is important to note that {001} facets did not appear as sidewalls because {011} facets with lower surface energy densities developed preferentially.
[bookmark: _Hlk118285388]The evolution of the growth of SAG r-SnO2 on striped windows was further investigated. Figure 2 presents the SEM images of SAG r-SnO2 on striped windows along [001] acquired at various locations on the sample. The micrographs were categorized to facilitate understanding of the different growth stages. During the first stage of development, a 3D island nucleated on the window, and facet growth started. The observed facets are similar to those previously described. This island growth can be characterized by the Volmer–Weber growth mode, which is widely found in heteroepitaxy in large lattice-mismatch systems. A significant in-plane lattice mismatch of 3.1 and 7.7% along <10> and <001>51) probably prevented the creation of a 2D layer on the surface of r-TiO2 (110), allowing r-SnO2 clusters to form 3D islands. As the facet growth progressed, the islands merged to become larger, eventually covering the window areas, completely and ultimately leading to the formation of the SAG r-SnO2 stripe. It should be noted that r-SnO2 islands probably preferred covering the window area rather than growing laterally on the mask because of a high interface energy between r-SnO2 (110) and the mask surfaces. We also noticed that multiple coalescence of the 3D islands with various sizes gradually generated a flat (110) facet on top of each elongated r-SnO2 due to the small vertical growth rate ascribed to its lowest surface energy density. This surface flattening is also reported for the epitaxial growth of r-SnO2 layers on r-TiO2 (110) substrates by molecular beam epitaxy,40) in which initial 3D island growth transformed into a 2D layer growth at the end of the coalescence process. After the formation of the r-SnO2 stripe, finally, the lateral overgrowth started according to the continued facet growth.
The facet structures of SAG r-SnO2 stripes in various directions were evaluated. Figure 3 shows the SEM images of the r-SnO2 stripes along [001], [11], and [10]. The top surfaces of all stripes were formed with flat (110) facets. Although the sidewall morphologies of the stripes were dominated by {100}, {10}, and {011} facets, they were dependent on the stripe directions. The sidewalls were typically smooth when the stripe direction was parallel to [001] and [11], because a set of {100} and {10} facets and {011} facet that are parallel to the corresponding stripe directions formed as sidewall facets, as shown in Figs. 3(a) and 3(b), respectively. Note that the sidewalls of the stripes along [001] and [11] were not exactly smooth but contained defects (macro-steps and -kinks) probably at the boundaries of the coalesced islands. When the stripe direction was parallel to [10], which is not parallel to any of the dominant facets, {011} facets appeared to form zig-zag-shaped sidewalls (Fig. 3(c)). Therefore, the window direction should be [001] or <11> to create SAG r-SnO2 with relatively smooth sidewalls on the (110) substrate. If bisymmetrical wings are required, the direction should be [001].
[bookmark: _Hlk118228915][bookmark: _Hlk130549640]Finally, we investigated the dislocation behavior in the SAG r-SnO2 stripe by cross-sectional TEM observation. Here, the TEM was performed for an SAG r-SnO2 sample picked up from the stripe along [001] having sufficiently large wings on either side to reveal the lateral-overgrowth effect. Figure 4(a) shows the selected-area electron diffraction (SAED) pattern of the r-SnO2/r-TiO2 interface in the window area. The pattern of the diffraction spots of SAG r-SnO2 was comparable to, but slightly smaller than, that of the r-TiO2 substrate, indicating the full relaxation of the SAG r-SnO2. This relaxation can be attributed to the introduction of a significant number of dislocations emerging from the lattice-mismatched interface, as observed in the bright field (BF-) and dark field (DF-) TEM images in Figs. 4(b) and 4(c), respectively. The dislocation density in the region of the interface was measured to be as high as approximately 1011 cm2 using the Ham method.52) Additionally, we discovered that dislocations observed in the window and wing regions behave differently (see Fig. 4 (d)). Although the dislocations in the window region propagated along directions, including [110] (surface normal), [100], and [010] (inclined to the surface normal), the dislocations in the wing region propagated along [100] or [010] on the [10] or [10] sides, respectively. These different dislocation-propagation tendencies are perhaps owing to the results of the events that occurred in the window and mask regions, respectively, because dislocations tend to propagate perpendicular to the facet surfaces by the image force effect during facet growth for achieving the minimum energy.53,54) Considering the following growth progression, it is easy to understand the cross-sectional dislocation distribution. As the islands grew, dislocations in small islands with (110), (100), and (010) facets propagated perpendicular to these facets, or along [110], [100], and [010], respectively. The dislocation density along [110] gradually reduced as the islands coalesced with each other. However, a large majority of them still remained in the window region even after the formation of a single SAG r-SnO2 with an isosceles trapezoid profile defined by (110), (100), and (010) facets. Due to lateral overgrowth in the mask region, the wings gradually expanded with the (100) and (010) facets on the [10] and [10] sides, respectively. The fact that dislocations only propagated vertically during the lateral overgrowth to these (100) and (010) facets, resulted in the formation of dislocation-free zones beneath the dislocations in the respective wings. The dislocation density was estimated to be less than 5 × 108 cm2 on the basis that there was no dislocation in the larger dislocation-free zone on the [10] side, demonstrating a considerable decrease in dislocations. The dislocation-free regions remain too small for device applications; however, they could be enlarged with a continued growth, which should be our future work focusing on ELO. 
In conclusion, we demonstrated the SAG of r-SnO2 on a r-TiO2 (110) substrate to elucidate its growth dynamics. A systematic SEM and TEM analysis of SAG r-SnO2 on various window patterns at various growth phases yielded the following results: (i) The {100}, {10}, and {011} facets, which are all consistent with the equilibrium shape, were used to define the growth shape of the SAG islands. (ii) The early growth was characterized by the Volmer–Weber growth mode (island growth mode), which is reasonable by taking the large lattice mismatch into account. (iii) Several growth events occurred on the striped windows in the following order: the island growth; coalescence of the islands; formation of striped r-SnO2 at the end of the coalescence; and lateral overgrowth on the mask. (iv) During facet growth, dislocations propagate perpendicular to facet surfaces due to the image force effect. As a result, no-dislocation zones in the wing portions became visible. We believe that our results should serve as the foundation for further research into the SAG and ELO of rutile-type oxide semiconductors, such as r-GexSn1-xO2, even if the original research barely revealed the SAG characteristics of r-SnO2.
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Figure Captions
Fig. 1. Plane-view (left) and bird’s-eye-view (right) SEM micrographs of the SAG r-SnO2 island grown on the circular window. 

Fig. 2. Plane-view (above) and bird’s-eye-view (below) SEM images of SAG r-SnO2 on striped windows along [001], demonstrating growth progression (from left to right).

[bookmark: _Hlk118208694]Fig. 3. Plane-view (left) and bird’s-eye-view (right) SEM images of SAG r-SnO2 on striped windows along (a) [001], (b) [11], and (c) [10] directions. 

[bookmark: _Hlk129181928]Fig. 4. Summary of TEM observations of SAG r-SnO2 on a striped window along [001]. (a) SAED and (b) BF- and (c) DF-TEM images of the SAG r-SnO2/seed r-TiO2 interface along the [001] zone axis. The dislocations were more clearly visible in the DF image than in the BF image. (d) Schematic illustration of the TEM images ((b) and (c)) showing the mechanism of the dislocation distribution.
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