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A solid-liquid-vapor mechanism for anisotropic silicon etching Martin O’Toole and John J. Bolanda兲 School of Chemistry and the Centre for Research on Adaptive Nanostructures and Nanodevices (CRANN), Trinity College Dublin, Dublin 2, Ireland



共Received 20 October 2008; accepted 2 December 2008; published online 30 December 2008兲 Here we report on a technique for anisotropic etching of silicon similar to the well established vapor-liquid-solid technique for the growth of semiconductor nanowires. By annealing a patterned gold line on a H terminated silicon surface, Si atoms diffuse into the Au to form a eutectic phase. Upon exposure to etchant gases the dissolved silicon reacts and desorbs from the eutectic phase causing additional silicon to diffuse from the substrate to re-establish the equilibrium eutectic composition. In this manner the patterned eutectic material becomes anisotropically etched into the silicon substrate, in a process we call solid liquid vapor etching. © 2008 American Institute of Physics. 关DOI: 10.1063/1.3055606兴 The recent explosion of interest in nanowires and other quasi-one-dimensional material systems can be directly traced back to development of the vapor-liquid-solid 共VLS兲 growth scheme developed by Wagner and Ellis.1 In the original scheme a low melting point or eutectic forming metal catalyst was used to decompose a precursor gas, which resulted in the catalyst becoming saturated with the growth material. Additional decomposition of precursor results in supersaturation of the eutectic materials and the subsequent expulsion of the growth material in the form of a nanowire whose cross-sectional dimensions are determined by dimensions of the metal catalyst particle. The liquid properties of the eutectic formed during the growth are believed to be important in enhancing the sticking coefficient of the growth precursor molecules and high surface mobility insures the nucleation and growth of single nanowires with excellent crystallinity. From an atomic perspective epitaxial growth has many similarities to etching. For example SiCl4, SiH2Cl2, and SiHCl3 are widely used in industry to both etch and grow silicon.2 In each case molecules from the gas phase absorb on a surface and undergo a surface chemical reaction that results in products that either absorb or desorb from the surface. The former results in silicon growth whereas the latter produces substrate etching. At present, anisotropically etched features on silicon are currently produced by lithographic based techniques whose limits are determined by the wavelength of light.3 There is significant interest in developing other etch methods, especially those that rely on template masks or materials that can be defined or assembled on the nanoscale. Here we report on a variation of the VLS growth method that provides a route to controlled anisotropic etching. We demonstrate this method for the case of silicon etching. The proposed solid-liquid-vapor 共SLV兲 method for anisotropic etching silicon exploits the same low temperature Au–Si eutectic phase, which was previously used in Si whisker and nanowire growth.1,4 Figure 1 shows the Au–Si phase diagram and the presence of a low melting point gold-rich eutectic phase. In the same way that silicon containing gases have an enhanced sticking coefficient on the liquid Au–Si droplet a兲
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thereby reducing the barrier to growth, we demonstrate that etchant gases also have a greater reactivity on the liquid droplet relative to the bulk, thereby reducing the barrier and facilitating localized etching. Continuous etchant adsorption will then deplete the gold/silicon droplet of silicon causing more silicon atoms from the substrate to dissolve into the droplet to restore the eutectic composition. The continuous diffusion of silicon into the gold creates etch pits as the gold sinks into the silicon. In this way the substrate is anisotropically etched at the site of the gold feature. Thus by patterning the gold it is therefore possible to transfer this pattern directly into the silicon substrate 共see Fig. 2兲. Initially, one might expect the etching to be fast as the etchant can adsorb on the droplet from all sides, but eventually the droplet confines itself in the hole created thus reducing the exposed surface area for etchant adsorption. The basic scheme is outlined in Fig. 2. To demonstrate SLV etching, experiments were carried out in a sealed tube furnace using a mixture of chlorine gas 共Messer 99.8%兲 and Nitrogen. A 5% Cl2 in N2 gas mixture was flowed through the tube at a pressure of 1 bar. Si共111兲 samples were prepared by HF dipping to produce hydrogen terminated substrates, which were subsequently patterned



FIG. 1. Gold silicon phase diagram showing the bulk eutectic composition. Note that the eutectic temperature is size dependent, exhibiting lower values at reduced dimensions. 93, 263107-1
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FIG. 2. 共Color online兲 Proposed mechanism for SLV 共Solid-Liquid-Vapor兲 etching of silicon.



with Au using electron beam lithography. Gold was evaporated onto these substrates at a pressure below 10−7 mbar and the deposition was monitored using a quartz crystal. These samples were then annealed in pure N2 for 1 h at temperatures above that of the gold silicon eutectic prior to exposure to halogen. Postexposure, the surface morphology was measured using atomic force microscopy 共AFM兲 and scanning electron microscopy. A series of experiments were performed on hydrogen terminated and oxide terminated substrates to elucidate the nature of the etching mechanism and the role of eutectic formation in the etching process. Upon annealing the lithographically patterned gold structures to 400– 450 ° C the eutectic forms, as is evidenced by the fact that the gold lines break up into a series of molten eutectic droplets. At this temperature the hydrogen termination is known to decompose5 thereby allowing the Si and Au to intermix facilitating eutectic formation. An AFM image of a fragmented gold line on a hydrogen terminated surface is shown in Fig. 3共a兲. The size of the droplets can be controlled by the annealing temperature and time.6 Exposing this surface to molecular chlorine at temperatures above the eutectic temperature caused the gold line to sink into the surface, resulting in the formation of trenches shown in Fig. 3共b兲. The SLV etched trenches in Fig. 3共b兲 are almost perfectly straight except for small indents indicated by the white arrows. These indents may be caused by variations in the size of the gold eutectic droplets or variations in the etch rate in different crystallographic directions 关see Fig. 3共b兲兴. The surface itself is covered with small triangular etch pits demonstrating that



FIG. 3. 共Color online兲 共a兲 AFM micrograph of annealed gold lines on H terminated Si共111兲 surface indicating eutectic formation. 共b兲 AFM micrograph of SLV etched surface after halogen exposure at 450 ° C. Note the triangular features cover the entire surface due to conventional etching. The white arrows point to defects along the SLV etched lines.
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FIG. 4. 共Color online兲 共a兲 SLV etched features found on tilted samples demonstrating eutectic flow. The Au line is positioned on the left side of this image. 共b兲 Gold silicide islands grown on gold nanowires annealed on Si共111兲 substrates. Note the well defined shape of the silicide that is epitaxially grown on the Si共111兲 substrate.



SLV etching has to compete with conventional surface etching under these etching conditions. The orientation of these triangular etched pits reflects the three fold symmetry of the Si共111兲 substrate. The base of the SLV etched trenches themselves are also roughened by this same etch process. Also note that the width of the etched features in Fig. 3共b兲 is somewhat wider than the original gold lines in Fig. 3共a兲. Once etching occurs and the gold silicon eutectic begins to recede into the silicon the unpassivated trench sidewalls become susceptible to conventional dry etching. This results in trench widths that are wider than the original gold lines. This is a well known problem and the semiconductor industry controls this by introducing small amounts of O2 that passivate the sidewalls during etching.2 Experiments performed on gold lines deposited on oxidized substrates did not reveal the formation of droplets at temperatures up to 450 ° C, indicating that the thin oxide 共2 nm兲 was sufficient to prevent the diffusion of Si or Au across the interfaces thus inhibiting the formation of the eutectic phase. Thus the hydrogen termination therefore plays an important role in that it is easily removed under etching conditions thereby allowing Au–Si intermixing and eutectic formation, all the while preventing oxide formation which is a barrier to SLV etching. Direct evidence for the formation of a molten eutectic during etching can be demonstrated by tilting the substrate during the etch process. Figure 4共a兲 shows eutectic droplets that have flowed from a large gold line 共left of image兲 creating trenches along the flow path. Often these trenches are found to terminate with what appears to be a eutectic droplet. This is consistent with earlier work of Kodambaka et al.7 who demonstrated that the gold silicon eutectic is highly mobile on surfaces. Temperature dependent variation in the composition of the molten alloy, including the formation of Au and Si rich silicides 共see Fig. 1兲, has a significant impact on the kinetics of the SLV etch process. At temperatures around the gold silicon eutectic temperature 共⬃359 ° C兲 the rate of SLV etching is limited by diffusion of silicon atoms from the substrate into the eutectic phase. As the diffusion is slow and rate limiting a competing surface silicide reaction can occur. It is well established that there are a number of gold-rich silicides8 phases of varying composition and crystal structure that exist rather close to eutectic composition of Au81.4Si18.6 and once formed these stoichiometric silicides are likely to impede SLV etching. Figure 4共b兲 shows gold silicide
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formation7 on Si共111兲. The triangular gold silicide structure was formed following annealing a gold nanowire at 370 ° C. The formation of triangular silicide islands on Si共111兲 was reported previously.9 Subsequent attempts to alter the composition of the silicide or by extended heating at the eutectic temperature failed to dissolve this feature. Once formed it was impossible to etch these features under a wide range of temperature and Cl2 flux conditions. Together, these results indicate that the formation of solid silicides represent a barrier to the formation of the molten eutectic and to SLV etching. The gold silicon eutectic itself is known to consist of three different components. At the interface between the gold and silicon there always exists a thin gold silicide layer.10 This layer is known to control the diffusion of silicon into the eutectic and hence the kinetics of SLV etching. Green and Bauer reported on the formation of silicides on gold surfaces and the diffusion kinetics across these layers.11 The bulk of the droplet is comprised of an alloy with composition close to that of the eutectic whereas the surface is covered in a silicon rich silicide phase.10,12 The latter is consistent with the Gibbs absorption rule since for a binary miscible liquid the component with the lower surface tension will segregate to the surface thereby lowering the overall surface tension of the liquid. Silicon’s surface tension is lower 关840 mN/ m T = 400 ° C 共Ref. 13兲兴 than gold 关1024 mN/ m T = 400 ° C 共Ref. 14兲兴 and as a result segregates to the surface of the alloy. This was confirmed recently by x-ray measurements of the eutectic alloy surface.10 The presence of this silicon rich surface layer is likely important for both VLS growth and indeed SLV etching. It is important to note that known silicide phases have compositions that have excess silicon content over that of the eutectic. These compositions range from Au81Si19 共just marginally silicon rich兲 to Au5Si2. Therefore great care must be taken during SLV etching in which nanoscale patterned gold is used as templates since the large excess of silicon atoms available can readily drive the formation of silicon rich silicide phases, which as we have demonstrated are not conducive to etching. At temperatures of ⬃450 ° C SLV etching occurred in preference to silicide formation on the Si共111兲 surface. As the temperature is increased silicon diffusion into the eutectic increases and SLV etching is kinetically favoured. However, further increasing the temperature leads to another competing reaction, that between and SLV etching and conventional surface etching. The latter is responsible for the triangular etch pits shown in Fig. 3共b兲.



The temperature required to achieve SLV etching was found to be higher than that for VLS growth.11,12,15 This is due to the fact that during VLS growth of silicon nanowires silicon dissolves into the gold from the gas phase to form the eutectic composition, while in our proposed SLV etching mechanism the eutectic is formed by covalently bonded silicon atoms from the bulk diffusing into the gold catalyst. The barrier for this latter process is expected to be significantly larger and etching requires continuous silicon dissolution into the liquid eutectic. Based on our observations this minimum temperature occurs at temperatures in the range of 400– 450 ° C. However, a careful balance of temperature and flow rate must be maintained to insure selective localized SLV etching over nonselective conventional etching. In conclusion, we have demonstrated the possibility of SLV anisotropic etching of silicon using etchant gases and gold templates. This method is quite general and may be applicable to a wide range of etchant gases and materials systems and is expected to have applications in nanoscale device patterning and fabrication. This work was supported by the Science Foundation Ireland under Grant No. 06/IN.1/I106. R. S. Wagner and W. C. Ellis, Appl. Phys. Lett. 4, 89 共1964兲. J. J. Cuomo, S. M. Rossnagel, and W. D. Westwood, Handbook of Plasma Processing Technology: Fundamentals, Etching, Deposition, and Surface Interactions (Materials Science and Process Technology) 共Noyes, Park Ridge, NJ, 1990兲, p. 203. 3 International Technology Roadmap for Semiconductors 2008. 4 A. P. Levitt, Whisker Technology 共Wiley, New York, 1970兲; A. M. Morales and C. M. Lieber, Science 279, 208 共1998兲. 5 J. J. Boland, Phys. Rev. Lett. 67, 2591 共1991兲. 6 N. Li, T. Y. Tan, and U. Gosele, Appl. Phys. Lett. 83, 1199 共2003兲. 7 S. Kodambaka, J. B. Hannon, F. M. Ross, and R. M. Tromp, Nature 共London兲 440, 69 共2006兲. 8 S. Chakrabortya, J. Kamilaa, B. Routa, B. Satpatia, P. V. Satyama, B. Sundaravelb, and B. N. Dev, Surf. Sci. 549, 149 共2004兲. 9 G. Kuri, K. Sekar, P. V. Satyam, B. Sundaravel, D. P. Mahapatra, and B. N. Dev, Surf. Sci. 339, 96 共1995兲. 10 O. G. Shpyrko, R. Streitel, V. S. K. Balagurusamy, A. Y. Grigoriev, M. Deutsch, B. M. Ocko, M. Meron, B. Lin, and P. S. Pershan, Science 313, 77 共2006兲. 11 A. K. Green and E. Bauer, J. Appl. Phys. 52, 5098 共1981兲. 12 R. Maboudian, N. Ferralis, and C. Carraro, J. Am. Chem. Soc. 130, 2681 共2008兲. 13 H. Fujii, T. Matsumoto, N. Hata, T. Nakano, M. Kohno, and K. Nogi, Metall. Mater. Trans. A 31A, 1585 共2000兲. 14 G. Lohoefer, I. Egry, and G. Jacobs, Phys. Rev. Lett. 75, 4043 共1995兲. 15 O. G. Shpyrko, R. Streitel, V. S. K. Balagurusamy, A. Y. Grigoriev, M. Deutsch, B. M. Ocko, M. Meron, B. Lin, and P. S. Pershantal, Phys. Rev. B 76, 245436 共2007兲; T. F. Young, J. F. Chang, Y. L. Yang, H. Y. Ueng, and T. C. Chang, Mater. Chem. Phys. 83, 199 共2004兲. 1 2
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