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Optimizing interferences of DUV lithography on SOI substrates for the rapid fabrication of sub-wavelength features

Introduction 30

Si nanowires (NW) are used in a variety of 31 applications, including the recent research on field-effect 32 transistor (FET) sensors, in particular on biosensors [START_REF] Stern | Label-free immunodetection with CMOS-compatible semiconducting nanowires[END_REF]-33 [START_REF] Adam | Highly sensitive silicon nanowire biosensor with novel liquid gate control for detection of specific single-stranded DNA molecules[END_REF], due to their high surface-to-volume ratio and electron Here, we present an alternative fabrication method of Si NWs from SOI substrates using DUV lithography. By taking advantage of in-plane interference and adjusting exposure parameters, it is possible to generate ridged resist features resulting in isolated twin NWs and to reach sub-wavelength CD. Interference between the incident wave and the reflected wave due to substrate reflectivity can generate vertical standing-wave roughness on resist sidewalls [START_REF] Wang | Small angle x-ray scattering measurements of lithographic patterns with sidewall roughness from vertical standing waves[END_REF] and is generally suppressed by adding a bottom anti-reflective coating (BARC) to the resist stack [START_REF] Selvaraja | Fabrication of photonic wire and crystal circuits in silicon-on-insulator using 193-nm optical lithography[END_REF]. In-plane interference is used in laser interference lithography (LIL) as a maskless technique to generate periodic nanodot or nanowire patterns on a large scale [START_REF] Prodan | Large-area two-dimensional 61 silicon photonic crystals for infrared light 62 fabricated with laser interference lithography[END_REF]- [START_REF] Bredikhin | Interference[END_REF]. In this study, isolated horizontal interference patterns were observed, inducing wave variations in the resist profile, and were exploited to split Si features into twin NWs. Nanowires with a CD down to 120 nm were successfully fabricated from 800 nm mask pattern in a single step, without any thinning process, by optimizing the exposure dose. This method allows fast prototyping and scalable fabrication of NWs and NRs without the 
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SOI

70

The feature shown in Figure 1awas 
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The morphology of resist features was investigated 91 using SEM with variable target width. 
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Based on all these results, it appears that an optimal 21 exposure dose can be determined to produce Si
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nanoribbons and nanowires from a single SOI substrate
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and using a single photolithography and etching process.

24

With our process parameters, this dose was fixed at 
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However, microscopy observations revealed that EBD had no positive effect on the resolution of resist patterns.

Similarly, PR was spin-coated at a higher rotation speed to lower the height of edge beads, with no effect on resist profile either. Therefore, uniformity of resist thickness does not seem to be a predominant cause of pattern splitting.

The most probable cause of the observed resist profile 

34mobility.

  Alternative structures like Si nanoribbons (NR) 35 can efficiently replace NWs in such sensing applications, 36 where lateral critical dimension (CD) is not a crucial 37 parameter [5]-[8]. Top-down fabricated Si NWs are 38 generally preferred over bottom-up NWs because of their 39 compatibility with CMOS technology. However, 40 achieving feature sizes of 100 nm and below is still 41 challenging without industry-grade equipment, and 42 generally requires costly e-beam lithography processes or 43 the combination of deep-UV (DUV) lithography with size 44 reduction methods. Methods for reducing the size of Si which are playing a growing role in advanced CMOS processes.

  need for expensive and time-consuming e-beam lithography. Extensive optical lithography numerical simulation is conducted by ATHENA's Optolith (Silvaco) in which the experimental process flow of fabrication is respected. The simulation results confirm that the air gap value (between the mask patterns and the photoresist surface), photoresist thickness and the mask patterns width are the key factors allowing the introduction of diffractions in the conventional DUV lithography process.

  substrates with 70-nm-thin single-crystal Si film and 145-nm-thin buried oxide were spin-coated by UV5 (Microchemicals) positive photoresist (PR) at 4000 rpm for an expected thickness of about 0.525 µm, and baked for 60 s at 130 °C. Substrates were aligned with a quartz/chrome mask holding linear patterns of widths 0.8, 1.0 and 1.3 µm using a Süss Microtech MJB4 mask aligner in vacuum contact mode. The samples were exposed for 1 s by a Hg/Xe deep-UV (DUV) source with a nominal power of 4 mW.cm -2 at wavelength 248 nm.For optimization purposes, as will be discussed further, the exposure time ranged from 0.9 to 2.6 s. A post-exposure bake was applied for 90 s at 130 °C before the samples were bathed in AZ326MIF developer and rinsed with DIW. The topmost Si film was etched by SF 6 reactive ionic etching (RIE) using a Corial 200 IL RIE, and etch depth was controlled by end-point detection 53 (EPD). Resist stripping was then conducted with AR300-54 76 remover and the surface was cleaned by oxygen Exposure parameters for DUV lithography were 58 initially adapted from standard Si processes to be used on 59 SOI substrates. Conformity of the resulting PR and Si 60 patterns to the target dimensions was controlled on bulk 61 Si substrates using the same parameters. However, on 62 SOI substrates, it is noticeable that resist patterns are not 63 correctly resolved. The overall footprint of the linear 64 patterns is wider than the expected 0.8, 1.0 and 1.3 µm. 65 As shown on Figure 1a and 1b, the resist features have 66 curved lateral walls, inclined with an angle of about 75° 67 with the surface, and a ridged cross-section split by a 68 groove in the middle.

Figure 1 .

 1 Figure 1. (a) Top-view SEM images of typical resist features obtained 85

Figure 2

 2 shows the 92 resist image of crossed linear mask patterns, which range

  93 from 0.8 to 2 µm in width. The exposure time was fixed 94 at 2 s to deliver a dose of 8 mJ.cm -2 . SEM images show 95 that the middle groove is almost absent from 2 µm patterns and becomes deeper and wider as the target width decreases, until the total splitting of the features under 1 µm. The peak resist thickness on isolated lines ranges from 0.5 µm for wide lines down to about 0.1 µm for split nanolignes. Regarding the measured width, 6 patterns of width 1.6 µm and more appear to be 7 transferred with high fidelity, whereas smaller patterns 8 generate a footprint of limit width 1.4 µm approximately.

9 11Figure 2 .

 92 Figure 2. Top-view SEM images of UV5 resist features formed on an SOI substrate from intersecting mask patterns, with a width ranging from 0.8 to 2.0
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 1415 The results presented above indicate that the resist profile varies non-linearly with the Cr mask pattern width at a set exposure dose. In this case, a critical target width between 1.0 and 1.2 µm represents the "splitting threshold" where the centre groove due to induced exposure is deep enough to reach the substrate. This threshold is illustrated as a dashed line in Figure2.The influence of exposure dose was also conducted to optimize process parameters. Several samples coated with PR of the same thickness were exposed for 1 to 2.6 s with a surface power density fixed at 4 mW.cm -2 . All other process parameters were identical between the samples and the resulting resist features after development was studied by SEM.
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Figure 3 .Figure 3

 33 Figure 3. Average measured critical dimension (CD) of resist features 32
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 455 Figure 4. (a) Side-view SEM images of resist features resulting from 1.3 µm (left) and 0.8 µm (right) mask patterns and the same exposure dose of 4 mJ.cm -2 . (b) SEM images of the resulting Si features after dry etching by SF6 RIE and before plasma cleaning.

Figure 6 .

 6 Figure 6.A statistical distribution of the different types of Si60

  each type of structure obtained from 65 a single SOI substrate and single exposure was evaluated 66 qualitatively, based on 144 patterns from each of the 67 three Cr line widths, and the results are reported in Figure

  68

6 . 2 resolved at all which means the resist was completely 3 washed 5 The observed differences for a single target width are 6 attributable to a thinner local resist film and divergence of 7 the 8 distribution of resist thickness across these patterns, 9 affecting the depth of the groove and thus the splitting 10 condition. This is consistent with observations on process 11 variations: it was observed that by increasing or 12 decreasing the development time, the proportion of 13 unresolved or nanoribbon patterns would increase 14 respectively, but the proportion of intermediary states 15 (

 62356789101112131415 It appears that 7 to 8 % of patterns with target width 69 0.8 or 1.0 µm are partially split (discontinuous), while 70 patterns with target width 1.3 µm display any 1 discontinuity. Among 0.8 µm patterns, 19 % are not away on that spot. The remaining 0.8 µm patterns 4 are composed of 41 % nanoribbons and 33 % nanowires. near-field light beam. There should be a continuous discontinuous and twin nanowires) would remain the 16 same. However, further accurate measurements of the 17 resist thickness would be required to confirm this 18 hypothesis.
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 4 Discussion 39 In this study, process conditions were determined by 40 adjusting mainly exposure time. This parameter affects 41 the effective development threshold of the photoresist, 42 whereas parameters that affect light intensity contrast -43 such as the initial resist thickness, top Si thickness and incident and reflected light. To evaluate the effect of 73 substrate reflectivity on the splitting of resist features, we 74 compared the previous results with samples treated with 75 BARC. SOI substrates were spin-coated with a DUV30 76 BARC (Brewer Science) at 3000 rpm for 45 s to form a 77 50 nm thin layer, which is the optimal thickness to negate 78 the reflectivity. BARC was baked for 45 s at 180 °C to be 79 stabilized before the PR was deposited. Positive PR was 80 deposited, exposed and developed following the standard 81 process described previously. Then, BARC and active Si 82 layers were etched using SF 6 RIE with an observed etch 83 rate ratio of 14:1. Visual inspection through optical 84 microscopy revealed similar irregular resist profiles to the 85 ones formed without BARC. It appears that the base 86 substrate reflectivity might not be the main cause of 87 pattern splitting, but rather the inhomogeneous 88 distribution of light intensity, and the interference of 89 laterally reflected light due to the photomask being 90 mostly clear. 91 92 Irregular resist profiles can be caused by low 93 uniformity of the film thickness, which is negatively 94 affected in the case of spin-coating on small and/or non-95 circular substrates. On the SOI dies that were used in this 96 study, we noticed that a resist edge bead is formed during 97 spin-coating and is particularly abrupt in the angles. This 98 artefact can induce an air gap between the resist film and 99 the photomask, despite the vacuum contact mode, thus 100 lowering the effective resolution depending on the 101 position along the substrate's surface. To assess the 102 influence on resist features, edge bead removal (EBD) 103 was attempted by locally dissolving the over thickness 104 around the edges of the SOI dies after spin-coating.

  is the diffraction of DUV light by chrome patterns under a critical width. According to the Huygens-Fresnel principle, obstruction of the beam by the metal edges of chrome patterns could generate new wavefronts, and constructive interference between the first diffraction orders could generate the ridged image in the resist profile. Moreover, even with perfect contact, lateral distribution of light intensity on the resist surface is inhomogeneous because the finite air gap thickness creates a diffraction pattern under the mask. However, the air gap could not be measured and further studied in these experiments.

Figure 7 . 1 Figure 9 .

 719 Figure 7.Simplified schematic cross-section view of the reflected and diffused light supposedly contributing to constructive interference under the mask patterns.
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 12 photoresist will get the appropriate energy to release the 15

buried oxide thicknesswere fixed. Indeed, identical

of the mask features (obstacle). Adding to that and
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Conclusion 59

In this paper, we report a fabrication process of Si