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Abstract

We developed a simulation tool for the three-din@ms orientation-dependent wet
etching of silicon, based on the “step flow modptbposed bySchréder[1]. Its
extension and its implementation in our simulatiool have been described in detalil
in [3,4]. Employing numerical simulation we coulérdonstrate the applicability of
the step flow model to complex three-dimensionalicitires. In this paper we
demonstrate the simulation of the etch processasithexemplary structures featuring
buried etch stop layers and polysilicon layers, #ma “virtual fabrication” of an
industrial sensor structure manufactured by meébslk micromachining.

1 Introduction

Orientation-dependent wet chemical etching is stk of the fundamental techniques
employed in silicon bulk micromachining. Howevérete are still unsolved problems
with the simulation of the process, and most ofdkailable simulation software are
specialized stand-alone programs, featuring no ddibg in general-purpose
topography simulation tools. But the fabrication pybgressively complex MEMS
structures often requires additional processeshiithree-dimensional structuring of
bulk silicon. Our physically-based simulation modal the cellular representation of
the etch body allows for a numerically robust arfficient three-dimensional
simulation. Furthermore it can easily be extendedhtorporate different materials
with diverse etching properties (orientation-deptdanisotropic, etch stop layers).

2 Numerical Modeling

The essential of the step-flow model is the expenital finding that the etch body in
the vicinity of underetched mask edges consiststepped sequences of terraces
formed by stable {111} planes. During the etch mexthe steplines move in <112>
direction. This mechanism may be conceived as pgealif stable {111} planes on
the surface in lateral direction [1,4]. The math&osh method used in our simulation
approach was originally developed for digital imagecessing and later adapted to
the purpose of efficient topography simulation [2,9he simulated region is
discretized in equally shaped volume elements I69elwhich are labeled by a
material index indicating their location inside outside the etch body. The time
evolution of the etch front is represented by temporal change of the material
indices of each cell. Further attributes are agzigo every cell to determine the etch
properties according to its crystallographic posit{step, step source, stable {111}-



plane). For every cellan equation of motion is set up to trace the looatof steps
and step sources during the simulation:

Flt+at)=r(t)+v (Atle @)

The direction of motiong is controlled by the crystallographic propertiéste cell

under consideration (e.g. <112>-direction for stapgonvex corners), and the step

velocity V; (step etch rate) is determined from experimengah d1,3,4]. Additional
equations are set up to determine the positionedls ¢ that are exposed by the
proceeding of the etch front:

Ft+at)=r(t)+g @)

The vectorg, giving the direction in which new steps are getegtas determined by

the crystallographic properties of céll The basic idea of the step flow model is
illustrated in figure 1 showing schematically asg@ection in the symmetry plane of
an underetched convex corner. The steps drawnria gtay at position 1 form a

slope indicated by the white line. In the next tistep, this line moves to position 1’

along the vectolV . The attributes of the cells at position 1 wesnsferred to the
cells at position 1’ and, additionally, new celi® anashed as steps along the step
generation vectoJ, at position 2. After etching the ground accordiagtte etch rate

\7{10(} the new etch front is obtained, as shown in tgbktrpart of figure 1.
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Figure 1: Left: Motion of a step along the etcherakctor V, and generation of

“new” cells forming the step. Right: New etch froatter removing the
etched cells.

3 Reaults

Multi-Layer Substrates

Silicon micromachining enables the fabrication aénmdevices which feature highly
perforated membranes as functional substructuigsrd-2 shows a schematic view
and an etch simulation of a micromachined filtedascribed in [6]. The polysilicon

layer and the boron-doped wells on top of the ailisubstrate form two perforated
membranes overlapping each other. The distance ekatwthe neighboring

membranes determines the maximum size of the femtighich are able to pass the



filter. This structure is a very interesting benentest for etch simulation, because
this device exhibits the unusual property thatlibeon-doped etch stop is spherically
shaped and not an approximately flat layer. It shtivat, by means of our simulation
method, all details of the geometrical shape offilker are correctly represented and
accurately resolved (fig. 2b).
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Figure 2: Micromachined filter consisting of two foeated membranes mounted in
a distance which is determined by the oxide laybeiween.
Schematic view (a) and etch simulation (b).

Although the etching of the polysilicon layer is ancritical step in the process
sequence, it can be included in the simulation maitbout causing much additional
computational expense. The complete simulation essgpl is an instructive
demonstration of the practicality of the method $andwich-like multi-layered etch
bodies.
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Figure 3: Simulation of a spring-mass system (phanoacceleration sensor).

As a further test of our simulation method, we ddeied the fabrication process of a
typical spring-mass system (cf. fig. 3, <100>-omeh wafer surface, process
parameter: KOH 33w%, 80°C), which is employed astred part of an acceleration
sensor [7]. The rather large seismic mass is saggeon the fixed frame by two
flexible beams. The processing of large and bullgvaible elements, which is the
typical application of bulk micromachining, requréong etching times, since the
substrate has to be etched in its whole thickneese, properly designed corner
compensation structures derived from realistic ftmns (as shown in [3,4], for
example) play an essential role to avoid wastehgd area. Additionally, an accurate
predictive simulation of the geometric shape offtegible beams provides a reliable
basis to keep the physical properties of the seesmment (stiffness, resonance
frequencies, etc.) within the specified boundsodérance. A fabrication process for
the <110>-oriented beams is schematically showfigimre. 4. At the beginning the



area of the beam is covered by a rectangular etshifeé fig. 4a). During the etching
process stable {111}-planes exhibiting the chaméstie slope of 54,7° develop (fig.
4a). In the next process step the masks on topbattdm of the beams are removed
and the top of the structure is again exposeddoetbhant (fig. 4b). In this way the
<100>-oriented wafer surface is etched and additiprthe stable {111}-planes are
eroded from the top (fig. 4c). After the perforatiof the wafer a free-standing beam
is formed by the <100>-oriented thin etched wafeface and areas with a slope of
approximately 22° (fig. 4d).
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Figure 4: Simulation sequence of the cross sedi@free standing beam.

4 Conclusion

It has been demonstrated that our simulation agprgaovides the capability of
considering the etching properties of various niateand structuring techniques and
allows for the predictive simulation and detailedalgsis of complex three
dimensional MEMS structures. Thus, it satisfiesibasquirements necessary for the
deliberate design of bulk-micromachined sensoraartdator elements.
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