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This study investigates Knudsen forces, which arise due to rarefied gas effects
around micro- and nanoscale structures [1]. These forces hold promise for
energy conversion systems and microelectromechanical systems (MEMS), where
momentum exchange at the gas-surface interface can be utilized for directed
motion. In this study, we aim to experimentally validate this phenomenon by
fabricating asymmetric microstructures designed to enhance Knudsen forces.
Using electron beam lithography and reactive ion etching (RIE), we created
periodic ratchet-like structures on silicon substrates, and the resulting
geometries were analyzed using scanning electron microscopy (SEM).
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Experimental

To fabricate the asymmetric micro/nano-scale surface structures, silicon (Si)
wafer samples were first diced into 20 mm x 20 mm pieces. Electron beam
lithography was then used to create parallel line patterns on the surface,
followed by dry etching using reactive ion etching (RIE) with the SAMCO
RIE-TONR system. The fabrication process aimed to create a ratchet-type
microstructure, which was identified as optimal for inducing Knudsen forces.
Achieving the required asymmetric geometry during etching necessitated tilting
the sample and implementing a shielding structure to control ion incidence
angles [2]. In our setup, the Si sample was placed on an aluminum wedge block
inclined at 45 degrees, while a second aluminum wedge block, also inclined at
45 degrees, served as the shielding structure (see Figure 1). The spacing
between these blocks was carefully adjusted to optimize ion trajectories and
ensure consistent anisotropic etching. Following several process refinements,
the optimal etching conditions were determined as a methane (CH,) flow rate of
50 sccm, a power of 100 W, a pressure of 5 Pa, and a duration of 10 minutes.
The resulting microstructure, as observed in SEM images, exhibited a periodic
ratchet-like pattern with a height of approximately 400 nm and a period of 800
nm.
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Results and Discussion

The surface micro/nano-structures fabricated via reactive ion etching were
examined using scanning electron microscopy (SEM) to evaluate their geometry
and uniformity. Figure 1 presents SEM images of surface structures at different
locations on the etched silicon sample, revealing variations in structural
morphology depending on position. Near the upper edge of the silicon sample,
the structures appear deeper while structures located further from the upper
edge exhibit a shallower geometry, confirming the influence of the shielding
setup. These observations indicate the need for further optimization of the
fabrication process. Key parameters to be refined include the etching
conditions, the geometry of the aluminum shielding block, and the thickness of
the electron beam resist. Future modifications will focus on improving the
uniformity of the tilted structures to enhance their effectiveness for Knudsen
force applications.
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Figure 1. Experimental set-up for reactive ion etching, and the resulting
microstructures at various locations.
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