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ABSTRACT
The advent of CMOS micromachining has introduced

new design rules for fabrication of integrated CMOS-MEMS
devices. This paper presents a context dependent DRC algo-
rithm to handle the issues related to pre-fabrication verifica-
tion of such layouts. In addition, problems related to density
control, specific to CMOS-MEMS designs, are discussed. An
automatic slotter which introduces MEMS-compatible slot
holes is presented and its capability demonstrated. Having
such verification and correction tools which address the needs
of integrated CMOS-MEMS designs will help reduce inte-
grated MEMS design time.

Keywords: DRC, slotting, CMOS micromachining, micro-
loading, slot hole shields, density requirement

INTRODUCTION
Layout verification in the form of Design Rule Checking

(DRC) has long been known in VLSI [1] and more recently in
MEMS [2]. With the advent of integrated CMOS-MEMS [3],
new issues related to CMOS micromachining have surfaced
necessitating the need for new DRC algorithms. The design
rules for MEMS areas of such layouts differ significantly from
those of the circuit areas. Hence the DRC algorithms for inte-
grated designs need to intelligently apply design rules to dif-
ferent parts of the layout by automatically differentiating the
MEMS and circuit areas. The use of the top metal layer to
define MEMS structures and protect circuit areas in CMOS
micromachining [3] results in large metal areas which need
slotting to minimize fabrication abnormalities [5]. Unlike slot-
ting in VLSI, the slot holes introduced in such integrated
designs need to be properly shielded by underlying metal lay-

ers to ensure that the circuits are protected from the microm
chining.

The prototype DRC and slotting algorithms discusse
here are designed for the high-aspect-ratio CMOS microm
chining process developed at Carnegie Mellon University [3
The process flow is shown in Figure 1. The standard CMO
process is followed by two etching steps to release the mic
structures.

MEMS-SPECIFIC DESIGN RULES
Varying mechanical and electrostatic requirements

MEMS result in a wide range of structure widths and inte
structure gaps which are etched differently, due to microloa
ing [6] [7] [8]. It was observed that the lateral etch depth wa
considerably lower for holes in plate areas compared to bea
beam gaps in the layout. A graph of undercut vs. inter-stru
ture space is shown in Figure 2(a). Figure 2(b) shows a be
which could not be released because of small inter-beam g
Similarly, the plate in Figure 2(c) could not be release
because of the small etch holes while Figure 2(d) shows
plate that was released.

Figure 1: Cross-section of CMOS micromachining process
[1]; (a) after standard CMOS process, (b) after anisotropic
etch, (c) on final release using isotropic etch
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Figure 2: (a) Graph showing undercut widths for variou
inter-structure spaces, (b) beam not released due to sm
spacing, (c) plate not released because of small etch hol
(d) released plate
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The graph in Figure 2(a) captures the context-dependent
design rules (Figure 3) for maximum structural width (A) and
minimum inter-structure gap (B). The minimum structural
width (A) arises from the fact that ion milling erodes the top
metal mask and effectively increases the variation in the over
etch of the beam. The minimum structural metal extension
rule (C) is needed to guarantee proper metal cover over the
regions to be protected from etching. This accounts for the
mask alignment errors. A minimum spacing to edge (D) is
needed for the polysilicon in the microstructures to prevent it
from being exposed to the etchants. A minimum circuits to
edge spacing rule (E) is needed to protect the circuits from
being etched away due to lateral etching. A maximum beam
length rule (F) helps reduce the effects of curl [9] on the
microstructures.

The most challenging aspect of design rule checking for
MEMS is its context dependent nature. While strict conserva-
tive rules can be used to avoid this dependence, it would seri-
ously limit the freedom of the MEMS designer. The prototype
DRC algorithm discussed here liberates the designer to opti-
mize the desired structure at the cost of algorithmic complex-
ity of the design rule checker.

DRC ALGORITHM
The release etch is dependent on the size, shape and spa-

tial distribution of the gaps. Though ideally the etching curve
in Figure 2(a) should be continuous, we model it using step
functions. Implementation of such step DRC rules are com-
mon in VLSI where rules differ for narrow and wide metal
areas. The geometry is divided into different areas depending
on the step curve, usingshrinkandbloat operations, and each
partition is saved into a separate derived layer (for e.g. the
non-plate regions for the discussed process can be partitioned
into small for width < 1.2µm, mediumfor width between 1.2
µm and 1.5µm and so on. There are a total of six partitions as
shown in Figure 2(a)). The derived layers are then checked
using the parameter corresponding to its size on the step
curve.

MEMS DRC has a further complication in having two
step curves which apply to the same layout. The choice of the
curve depends on whether the empty regions being checked lie
in a plate region or a non-plate region. The DRC algorithm

first separates out the MEMS area from the circuit area of t
layout using the maximum etch criterion defined by the etc
ing curve in Figure 2(a) (20µm for the process discussed). I
then generates agap layerby a geometricnot of the MEMS
area. This layer stores the area in which the etchant w
release the MEMS structures. The algorithm emulates
etching process by expanding the geometry of this layer
accordance to the curves in Figure 2(a). The layer is pa
tioned into plate and non-plate areas using feature recognit
like that in the extractor described in [10] [11]. The heuristic
takes into account the geometrical parameters of the gaps
those of the neighboring filled areas. The two areas are furt
subdivided into regions (referred to as bins) corresponding
the different steps in the graph in Figure 2(a). The geometry
each of these bins is then expanded to obtain the area tha
etchant entering it will release. The total released area is th
obtained by a geometricor of all such areas and is compare
with the original layout to verify the MEMS related design
rules. The flow of the DRC algorithm is shown in Figure 4
The DRC algorithm uses generic geometry manipulation pr
cedures like geometricand, or, shrink, bloat, etc., which are
available in any commercial VLSI-CAD tool. Since the com
plexity of such procedures are alwaysO(nlgn), the total time
complexity of the DRC algorithm is alsoO(nlgn), wheren is
the size of the geometry being considered.

SLOTTING
Deep submicron CMOS processes require slotting of t

metal layers [5]. This impacts the use of top metal layer as
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Figure 3:  Different design rules for CMOS micromachining
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Figure 4:  Flow diagram for DRC algorithm
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shield for the circuits in the CMOS-MEMS process [3]. A
greedy automatic slotter has been developed which reads in
the DRC rules and creates a minimal number of DRC-correct
slot holes to satisfy the density requirements of the process.
Metal shields are inserted under the slot holes in the top metal
layer to ensure that any circuitry under the slot remains pro-
tected from the micromachining. The shields are also electri-
cally connected to the top metal layer by vias to prevent
charge trapping.

The slotting algorithm uses predetermined grid to insert
slot holes. The size of the grid is defined by the density
requirement for the process. Hence the algorithm attempts to
insert slots whenever any metal area sufficiently overlaps a
grid element. The minimum area that is needed for overlap
will depend on the type of slot hole the slotter is trying to
implement. If the overlap area is rectangular in size then the
slot hole together with the under-metal shields, if necessary,
are inserted in the center of the overlap area. If the area is
polygonal in shape, a finer grid, which divides the original
grid into four equal subparts. Next, the overlap area with the

finer grid is obtained and if sufficient overlap is present then
slot hole is inserted in the center. The density parameter a
other design rule parameters required by the slotter are rea
from an user-defined technology file. Each of the metal laye
are slotted in a different loop starting from the topmost met
layer (metal3). In the process of slotting one layer, geome
is added to the underlying metal layers in the form of slo
shields. The shields inserted are shorted to the top grou
metal layer in order to avoid floating metal areas. This helps
accurate estimation of the extra parasitic capacitances ad
in the process of slotting.

For the metal layer being considered (say metal3), t
slotter first recognizes the potential areas for slotting by usi
generic procedures likeshrink, bloat, etc. It then tries to insert
slot holes in areas which are already covered by underly
metal layers. A density analysis is now used to find th
remaining areas that still need slotting. DRC separation ru
are then used to find the areas which can be slotted such th
slot-shield can be added using the next metal layer. Since
shield added needs to be connected to the top metal la
there should be enough area to insert the via on the me
shield. In the final iteration, slot holes with shields using th
last (metal1) layer are inserted. Such shields need to be c
nected to the top metal layer through the middle metal2 lay
and hence sufficient overlap with this shield and the oth
metal layers are needed to insert connecting vias. If such ov
lap area is not available, the slotter tries to create the overl
ping metal2 areas. Finally the areas that the slotter fails to s
are reported as DRC errors. These errors can be easily fixed
increasing the separation between the transistors in the cir
and rerunning the slotter. The overall flow for the algorithm
shown in Figure 5.

RESULTS

Example demonstrating the DRC algorithm
The context dependent nature of the DRC algorithm

demonstrated in the example shown in Figure 6. The errors
reported by the black lines. The DRC algorithm reports unr
leased plate area ((a) in Figure 6) because of small hole s
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Figure 5:  Flow diagram for slotting algorithm
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Figure 6:  Example demonstrating MEMS DRC cases
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However, it correctly predicts release of the fingers ((b) in
Figure 6) having gaps of same width as the holes in the plate
(w). The second set of fingers ((c) in Figure 6) were reported
to have DRC errors because the gaps had a width less than the
minimum required gap size (1.2µm). The structure (d) in
Figure 6 shows the step nature of the etch front. The amount
of etching predicted by the DRC algorithm is dependent on
the gap size in accordance to the graph in Figure 2(a).

Example demonstrating the slotter
Figure 7(a) shows a layout of a buffer circuit. The corre-

sponding slotted layout is shown in Figure 7(b). Three cases
of slot holes are used. First slot holes are added where other
metal layers exist to act as shields (Figure 7(c)). Next, slot
holes with metal2 under shields are added (Figure 7(d)).
Finally, metal1 is added to act as shields for more slot holes
(Figure 7(d)). The added metal1 is connected to top metal via
a sandwiched metal2 layer. Figure 7(d) also shows slotting
done in metal1.

CONCLUSION

A context dependent DRC algorithm has been presented
which addresses the issues of MEMS DRC. A greedy slotter
has also been presented which uses minimal MEMS-compati-

ble slot holes to address the density requirement of deep s
micron processes. The capability of the DRC algorithm a
the slotter have been demonstrated. Such a set of layout ve
cation and correction tools will enable error-free design
thereby avoiding loss of money and time in fabricating erron
ous layouts.
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