Reducing vertex radius of curvature for 100 nm-size square and triangular holes in GaN by shape modification
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We fabricated arrays of circular, square, and triangular air holes in GaN by the conventional method using the electron beam lithography and reactive ion etching. The vertex radius of curvature for the square and triangular holes was reduced by shape modification. The minimum vertex radius of curvature for the 100-nm-size square and triangular holes were 17 and 11 nm, respectively. 


1. Introduction
Photonic crystal (PhC) waveguides have great potential for miniaturization, low losses, and integration of photonic devices. Especially, optical waveguides using topological edge states enable reflectionless, unidirectional, and low-bending-loss propagation.1-5) Topological PhC structure prefers honeycomb arrays of equilateral triangular air holes.6-10) However, the topological PhCs suffer from nanofabrication with high accuracy. Fabricated polygonal air holes have finite vertex radii (r) of curvature. As the r of the triangular hole increases, the photonic band shifts to the longer wavelength side, and the photonic bandgap decreases or disappears, causing the leakage of light through topological edge transmission. For the wavelengths of 1550 and 710 nm, the r of the triangular holes must be less than 30 and 20 nm, respectively.11,12) The topological PhC waveguides at visible light wavelength require patterning with the smaller r than 20 nm. 
Electron beam lithography is available to fabricate nm-scale patterns. In electron beam lithography, the precision to transfer from a designed pattern to a resist depends on acceleration voltage (Vac), an electron dose (D), and the chemical properties of the resist and developer. Additionally, the collisions between incident electrons and resist molecules cause electron scattering, leading to beam broadening and proximity effects. 13,14) Proximity effect correction (PEC) can improve the critical dimension uniformity of the resist pattern. PEC methods mainly have two types of electron-dose and layout-shape modifications. 15) In dose-modification PEC, exposure dose locally varies according to the electron density distribution and the pattern area density. 16,17) In shape-modification PEC, the exposure shape varies according to the actual D at each point. Both modification PEC methods would contribute to the fabrication of highly accurate nm-scale resist patten. 
For the topological PhC waveguides in the visible light range, GaN is one of the most suitable materials due to the large bandgap energy of 3.4 eV and the commercially available large-scale wafer. The accurate transfer of patterns from the resist to a GaN layer requires a highly anisotropic etching of GaN. Photo-enhanced KOH etching, 18-20) hydrogen environment anisotropic thermal etching,11,21) and thermal TMAH etching22,23) are available to form anisotropic features for GaN. Compared to these chemical-based etchings, reactive ion etching (RIE) is more practical due to the process without heating, less crystal-orientation dependence, and high in-plane uniformity. For RIE of GaN, a SiO2 hard mask is preferable due to the high etching selectivity of GaN/SiO2 and SiO2/resist. The optimization of the SiO₂ film thickness (t) and D are significantly important for the nanofabrication of GaN. 
In this study, we fabricated arrays of circular, square, and triangular air holes in GaN by the conventional method using the electron beam lithography and RIE. The dose- and shape-modification PECs were used to reduce the r in the polygonal air holes.

2. Experimental procedure
The 3.3-m-thick unintentional doped (UID)-GaN layers were grown on a sapphire (0001) substrate by metal-organic chemical vapor deposition (MOCVD) (SR-2328HT-RR). TMGa and NH3 gas were used as precursors for gallium and nitrogen, respectively. The substrates were thermally cleaned for 10 min in a hydrogen atmosphere, followed by a simultaneous supply of TMGa and NH3 for GaN growth. High-purity H2 gas (99.9999%) was used as carrier gas. The molar flow rates of TMGa and NH3 gas were 102 μmol min−1 and 223 mmol min−1, respectively. The chamber pressure and growth temperature, which was estimated using a pyrometer, were 100 kPa and 1125oC, respectively. 
[bookmark: _Hlk197963591]We prepared SiO2 films with various thicknesses as a hard mask for etching the GaN layer. The SiO2 film was deposited by plasma CVD (PD-220NL) using the tetraethoxysilane (TEOS)/O2 mixture gas. The chamber pressure, bias power, and sample temperature were 80 Pa, 200 W, and 350oC, respectively. The flow rates of TEOS and O2 gases were 5 and 195 sccm, respectively. A positive resist (AR-P6200) with dilution rate of 4.0 was applied to transfer patterns of geometric shapes. After baking the 100-nm-thick uniform resist layer at 180oC for 5 min, a conductive polymer (ESPACER R300Z) was deposited to prevent the charging-induced pattern distortion. EBL was performed with various D using the ELS-F125 system operating at Vac of 125 kV, 1 nA beam current, and 2.2 nm step size. Incident electron beam correction was applied. After removing the conductive polymer by dipping the samples in ultrapure water for 10 sec, the exposed patterns were developed at 5 oC by Xylene, followed by rinsing in isopropanol for 30 sec. To transfer the resist pattern, the SiO2 films were patterned at room temperature by RIE (RIE-10NR) using CHF3 gas of 20 sccm in 2-3 Pa with RF power of 100 W. Through the SiO2 mask, the GaN layers were etched in a 300 nm depth by inductively coupled plasma RIE (PlasmaPro 100 ALE) using the Cl2/BCl3 mixture gas. The chamber pressure, bias power, and sample temperature were 0.5 Pa, 200 W, and 20oC, respectively. The flow rates of Cl2 and BCl3 gases were 40 and 10 sccm, respectively. The sidewall angle was 755o. The remaining SiO2 mask was removed by dipping in a 50% HF solution. After coating a Pt thin film by sputtering (MPS-1S) to prevent the charge-up, the resulting patterns of the GaN layer were observed by scanning electron microscopy (SEM) (SU-8020) at a 1.5 kV acceleration voltage. 
3. Results and discussion
3.1 Hole size
We define the difference between the area () of designed pattern and the area (Sa) of air holes etched in the GaN layer as an area ratio (). When the area of the observed holes equals to the area of the designed pattern, the  becomes 1, regardless of the hole shape. The area ratio of circular air holes with a radius of 50 nm for t = 60-140 nm is shown in Fig. 1 (a). The D was varied between 190 and 450 μC/cm2. For t < 100 nm, the ra increased with increasing the t. In the RIE of GaN, physical bombardment increases the etching rate of both SiO2 mask and GaN layer, reducing the GaN/SiO2 etching selectivity. 24-26) The SiO₂ mask erosion causes the transfer of the distorted pattern to the GaN layer, reducing the ra. The etching selectivity of GaN/SiO2 can be increased by reducing the bias power and the BCl3/Cl2 gas ratio and increasing sample temperature.24, 27-29) The high selectivity of GaN/SiO2 would reduce the t required for GaN etching, enabling the more precise transfer to the GaN layer. For t  100 nm, the high ra was obtained because the SiO₂ mask remained after GaN etching. This indicates that the GaN/SiO2 etching selectivity is ~3 in this etching condition. The ra slightly decreased with increasing the t. In the RIE of SiO₂, chemical reaction forms sloped sidewalls in the SiO₂ films.30-32) We suggest that the hole sizes at the bottom reduce with increasing the t, transferring the smaller mask pattern to the GaN layer. The chemical reaction would be suppressed by increasing the bias power and decreasing the chamber pressure,33) leading to the steep sidewall of the SiO₂ mask and the large ra. In these etching conditions of GaN and SiO2, the ra was the highest for t = 100 nm and D = 450 μC/cm2.Fig. 1: (a) Relation of area ratio for circular air holes with a diameter of 100 nm via SiO2 mask thickness. Electron dose varied between 190 and 450 C/cm2. (b) Relation of area ratio for square air holes with a side length of 100 nm via SiO2 mask thickness. Electron dose varied between 255 and 450 C/cm2. 

The area ratio of square air holes with a side length of 100 nm for t = 60-140 nm is shown in Fig. 1 (b). The D was varied between 255 and 450 μC/cm2. For t < 100 nm, the ra increased with increasing the t. For t = 100–120 nm, the  of circular and square holes increased with increasing the D. For low D, the designed pattern is incompletely transferred to the resist due to the underdose, 34,35) causing the small ra. For high D, the resist pattern is dominated by the energy deposition profile, which consists of the electron energy associated with forward scattering in the resist layer due to electron-electron interactions and backscattering from the SiO2 mask.14,36) Further away from the electron irradiation point, the energy density reduces, increasing the forward scattering. For the high Vac and thin resist, the range of forward scattering becomes small.13,35) At Vac = 125 kV and 100-nm-thick resist, the scattering width by forward scattering is within 8 nm (supplementary data). The ra increased with increasing the D, indicating the underexposure. The ra reached 0.8 for D = 450 μC/cm2.
The SEM images of the GaN layers for D = 224, 512, and 800 μC/cm2 are shown in Fig. 2 (a). The t was fixed at 120 nm. The D of 224 μC/cm2 formed distorted hole shapes and the small hole areas (ra < 1) due to the underdose, causing the transfer of the distorted pattern to the GaN layer. The D of 800 μC/cm2 formed the holes with large areas (ra > 1) and large curvature radius of polygon patterns due to the overdose, where excessive electron doses unintentionally react with the resist in regions beyond the designed pattern. For D = 512 μC/cm2, the circular, square, and triangular holes were formed with the size close to the designed patterns due to the resist profile with steep vertical edges. Fig. 2: (a) SEM images of circular, square, and triangular air holes for electron doses with 224, 512, and 800 C/cm2. The diameter of circular holes and the side length of square and triangular holes in designed pattern were 100 nm. (b) Relation of area ratio for circular, square, and triangular air holes via electron dose. The SiO2 mask thickness was 120 nm.

The area ratios of the circular, square, and triangular holes in GaN under D = 224-896 μC/cm2 are shown in Fig. 2 (b). The t was fixed at 120 nm. For 512 μC/cm2  D  800 μC/cm2, the of the circular, square, and triangular holes were close to 1, suggesting the moderate exposure. The  increased with increasing the D. For D > 800 μC/cm2, the  of the circular, square, and triangular holes were more than 1 due to the overdose, indicating an increase in the hole area. We found that the 100-nm-size air holes with the  close to the designed pattern were fabricated in GaN by using t = 100-120 nm and D = 512-800 μC/cm2. 

3.2 Hole shape
Fabricated polygon holes have finite vertex radii of curvature. Based on the model shown in Fig. 3 (a), we calculate the r of the fabricated air hole for a square pattern with side lengths of ld. From the SEM images, we determined the side lengths (a and b) of the circumscribed rectangle to the fabricated hole and the radius (Rs) of the circumscribed circle to the fabricated hole, where ls  is the distance between the center of the curvature circle and the center of the circumscribed circle. The calculated r of the air holes for square patterns with ld = 100 nm as a function of t = 60-140 nm is shown in Fig. 3 (b). The D was varied between 255 and 450 μC/cm2. The D had less effect on the r. For t < 100 nm, the r increased with increasing the t due to an increase of the hole size, while the r saturated for t  100 nm, in which the hole sizes were close to the size of the designed pattern. For t = 100-120 nm, the r was 232 nm. The large r results from not only suboptimum etching conditions for SiO2 and GaN, but also insufficient electron exposure at the vertex of the square holes. This suggests the limit of the dose-modification PEC method. 
To enhance the electron exposure at the vertex of square patterns, small auxiliary squares were added at all vertexes of the original square, as shown in Fig. 3 (c). 15,37) The sizes of the auxiliary squares were 0.1, 0.2, and 0.3 times the size of the original square. The D was varied between 325 and 700 μC/cm2. The D < 400 μC/cm2 formed the small hole areas due to the underdose. For 400 μC/cm2  D  700 μC/cm2, the expected hole size was obtained for all patterns. The r of the square pattern without shape modification was almost constant at 231 nm. For D  625 μC/cm2, the r increased with increasing the D due to the overdose, corresponding to the results of hole size. The r was reduced by adding 0.2-times auxiliary squares due to the enhanced electron exposure, while that was increased by adding 0.3-times auxiliary squares was ineffective due to the overdose. We found that the 100-nm-size square air holes with the  close to the designed pattern and the minimum r of 17 nm were fabricated in GaN at t = 120 nm and D = 400 μC/cm2 by adding 0.2-times auxiliary squares at the vertex.Fig. 3: (a) Schematic images of designed and fabricated square patterns. (b) Relation of curvature radius for square air holes with a diameter of 100 nm via SiO2 mask thickness. Electron dose varied between 255 and 450 C/cm2. (c) Schematic image of modified square pattern and relation of curvature radius for square air holes with a side length of 100 nm via electron dose. The SiO2 mask thickness was 120 nm. Electron dose varied between 325 and 700 C/cm2. "0.1 modification" represents data for square patterns where auxiliary shapes of 0.1 times the size of the original design were added to the vertex.

Based on the model shown in Fig. 4 (a), we calculate the r of the fabricated air hole for a designed equilateral triangular pattern with side lengths of ld. From the SEM images, we determined the radius (lt) of the circumscribed circle for the fabricated hole and the radius (Rt ) of the circumscribed circle for the ideal triangular hole. The calculated r of the air holes for triangular patterns with ld = 100 nm as a function of D = 250-700 μC/cm2 is shown in Fig. 4 (b). For 400 μC/cm2  D  700 μC/cm2, the expected hole size was obtained for all patterns. The r of the triangular holes was smaller than that of the square holes because of the smaller vertex angle. The r slightly increased with increasing the D. The r reduced with increasing the size of the auxiliary triangles due to the enhanced electron exposure at the vertex. We found that the 100-nm-size triangular air holes with the  close to the designed pattern and the minimum r of 11 nm were fabricated in GaN at t = 120 nm and D = 475 μC/cm2 by adding 0.2-times auxiliary triangles at the vertex.Fig. 4: (a) Schematic images of designed and fabricated equilateral triangular patterns. (b) Relation of curvature radius for triangular air holes with a side length of 100 nm via electron dose. The schematic image of modified triangular pattern is inserted. Electron dose varied between 250 and 700 C/cm2. "0.1 modification" represents data for square patterns where auxiliary shapes of 0.1 times the size of the original design were added to the vertex.

The SEM images of the circular, square, and triangular holes fabricated under the optimum conditions are shown in Fig. 5. We achieved the 100-nm-size circular holes with the ra of 10.1, the 100-nm-size square holes with the ra of 10.1 and the minimum r of 17 nm, and the 100-nm-size triangular holes with the ra of 10.1 and the minimum r of 11 nm, which is comparable to or less than the other reports. 11,38,39) The size and shape of the air holes were uniform in the 20 m 20 m area. This homogeneity of the air hole distribution can form the high-efficient topological PhC waveguides. In the simulation, the 100-nm-size triangular holes with the r of 11 nm can generate a topological edge state at red wavelength. However, the topological PhC waveguides at green and blue wavelength require the r < 10 nm (supplementary data). Further optimization of etching conditions and thinner hard masks are necessary for the high-efficiency topological PhC waveguides at visible light wavelength. 
Fig. 5: SEM images of circular, square, and triangular air holes, and topological PhC waveguide with honeycomb arrays. The circular holes were fabricated at t = 120 nm and D = 512 μC/cm2. The square holes were fabricated at t = 120 nm and D = 400 μC/cm2 by adding 0.2-times auxiliary squares at the vertex. The triangular holes were fabricated at t = 120 nm and D = 475 μC/cm2 by adding 0.3-times auxiliary triangles at the vertex. The diameter of circular holes and the side length of square and triangular holes in designed pattern were 100 nm.

4. Conclusions
We fabricated arrays of circular, square, and triangular air holes in GaN by the conventional method using the electron beam lithography and reactive ion etching. The vertex radius of curvature for the polygonal air holes was reduced by using the shape-modification PECs. We achieved the 100-nm-size circular holes with the ra of 10.1, the 100-nm-size square holes with the ra of 10.1 and the minimum r of 17 nm, and the 100-nm-size triangular holes with the ra of 10.1 and the minimum r of 11 nm. The modified triangular holes have enough high accuracy to generate a topological edge state at red wavelength.
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