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Abstract
The BELST process has been proposed and it has demonstrated the
capability to overcome anchoring and depth controlling issues in many
high-aspect-ratio micromaching (HARM) processes. However, the actuation
mechanisms are still restricted to in-plane motion only. In this study, a novel
fabrication process called BELST II has successfully been developed.
Moreover, the BELST II process was employed to fabricate a novel
electrostatic vertical comb actuator (VCA). Three advantages for this VCA
can be observed. First, through some exquisite designs the fabrication
process has no critical alignment and bonding problems. Secondly, the
relative vertical position between the moving and the stationary fingers can
be adjusted freely to optimize the performance of the VCA. Thirdly, both a
large mirror structure and trimmed torsional spring are available through this
process. Thus, improved performance regarding enlarged traveling distance
with reduced driving voltage can be obtained. In the application of the
BELST II process, various HARM devices were realized, such as an optical
scanner mirror and variable optical attenuator driven by the VCA.

1. Introduction
The out-of-plane angular motion plays a crucial role in
micromachined optical devices such as optical switches [1, 2]
and optical scanners [3, 4]. The out-of-plane angular motion
can be generated using different actuators, for instance, the
gap closing actuator, scratch-drive actuator, and the linear
comb actuator. The performance of these devices is limited
to the linear operating range and, in addition, a complicated
mechanism is required to transfer the in-plane motion to outof-plane motion. Moreover, another consideration during
design is to obtain a larger deflection angle as well as
smaller driving voltage. The vertical comb actuator (VCA)
is regarded as one of the most promising approaches to
provide large out-of-plane angular motion. The VCA has
been realized using various approaches, for instance, the
silicon-on-insulator (SOI) technique [5], the bonding approach
[6], and surface/bulk micromachining (SBM) technology [7].
High-aspect-ratio micromachining (HARM) processes have
0960-1317/04/020235+07$30.00

demonstrated their importance by offering even larger angular
motion as well as extremely large and stiff microstructures
[8–10]. However, these approaches may suffer from complex
fabrication procedures, which induce the alignment and gapexpending problems.
Due to good mechanical isotropy [11], simple process
steps, and low wafer cost, the fabrication of HARM structures
on (111) single-crystal silicon wafers has been studied
extensively [7, 12–14]. In addition, the lateral-silicon-etching
mechanism allows the fabrication of a thick, suspended
structure with an even surface on the (111) wafer. A novel
‘boron etch-stop assisted lateral silicon etching’(BELST)
process on the (111) wafer has been presented in [15].
The restrictions in the HARM process, including structure
thickness/width limitation, anchor induced design problem,
thickness uniformity, and sidewall conductivity problem, can
all be reduced using the BELST process. However, the
structures fabricated using the BELST process have uniform
thickness, and thus their motion in the in-plane direction is
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Figure 2. Schematic illustration of the torsional suspension.
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2. Design and analysis

in figure 1). The force is almost constant for the overlap
between regions from ‘a’ to ‘b’, where ‘b’ represents overlap
at half the thickness of the fingers. For the overlap larger
than half the finger thickness, the force promptly drops to
zero. The simulation results agree with the predictions in
[19]. Accordingly, the initial force is highly dependent on the
initial overlap of the opposing combs. In order to meet the
operating requirements of the VCA for different applications,
the initial overlap between moving and stationary comb fingers
should be adjustable. Meanwhile, larger comb finger thickness
is another consideration to enlarge the operating region of the
VCA.
To guarantee the VCA with pure out-of-plane angular
motion, the side sticking effect must be suppressed. To this
end, it is necessary to have precise alignment between moving
and stationary combs, i.e., patterning both combs in one mask.
Besides, the suspension shown in figure 2 should have much
larger torsional stiffness along the z-axis (in-plane direction)
kz than the y-axis (out-of-plane direction) ky. As shown in
figure 2, the out-of-plane torsional stiffness ky of the HARM
suspension (thickness > width) of thickness h, width b, and
length L can be expressed as [20]



b
1 b4
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− 3.36
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where G is the shear modulus of the material. In addition,
the in-plane torsional stiffness kz of the suspension can be
expressed as [20]

In general, the VCA consists of comb fingers and torsional
suspension, as shown in the upper part of figure 1. To figure
out the best design value for the ‘initial’ overlap of opposing
combs, MEMCAD [18] simulation for force values at different
initial overlaps was performed. The typical result is shown in
the lower part of figure 1, where the sizes for the VCA were set
to 40 µm in finger thickness, 5 µm in finger width, and 4 µm
in air gap. The electrostatic force approaches its maximum at
the position where the moving comb finger initially overlaps
with the stationary comb fingers (i.e., position ‘a’ indicated

2Ehb3
(2)
3L
where E is the Young’s modulus of the material. The stiffness
ratio K, which is the ratio of out-of-plane stiffness ky to the
in-plane stiffness kz , can be expressed as
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Since the parameters G and E are material constants, the
stiffness ratio K is only determined by the aspect ratio b/h.
The out-of-plane torsional stiffness ky of the suspension should
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Figure 1. The predicted electrostatic force in the vertical direction
as a function of the engagement of the comb electrodes (comb
thickness is 40 µm).

restricted. To enable the out-of-plane motion, the extended
BELST process has been proposed [16, 17]. Based on the
BELST process with some added steps and layout design,
VCAs can be realized within three masks.
In this paper, we rename the extended BELST process the
BELST II process, to distinguish it from the BELST process
that is only suitable for fabricating in-plane motion devices.
The BELST II process has demonstrated the possibility of
fabricating HARM VCAs on (111) silicon wafers without
expending finger gaps or increasing process complexity. More
detailed design issues, including HARM device fabrication
with different thickness, height-difference generation of VCA,
and layout design for better structure release, will be addressed
in this paper. Furthermore, two micromachined optical devices
driven by a VCA will be presented.
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Figure 4. Proposed design of the VCA.

be reduced to lower the driving voltage, whereas the in-plane
torsional stiffness kz of the suspension should be increased to
prevent side sticking. In other words, a smaller stiffness ratio
K is preferred in this design. Figure 3 shows the variation of
the stiffness ratio K with the aspect ratio b/h. It is evident that
a suspension with larger aspect ratio b/h is required to prevent
the VCA from side sticking. Thus, a smaller suspension
thickness h is preferred. To this end, the fabrication process
must have the ability to selectively trim the spring thickness
while the comb thickness remains unchanged to meet the thickcomb requirement for the VCA.
The expected HARM VCA design is schematically
illustrated in figure 4. This device can meet two critical
design issues to improve the performance of the VCA. The
first consideration is the relative position of the stationary and
moving electrodes. As indicated in figure 4, the height of the
stationary comb electrodes needs to be trimmed. Secondly, the
thickness of the suspension should be smaller than that of
the electrodes to decrease the driving voltage of the VCA.
In this regard, the thickness of the torsional suspension also
needs to be trimmed. To demonstrate the feasibility of the
BELST II process, the VCA in figure 4 has been fabricated.

In this section, we present the BELST II process. The
BELST II process is a modification of the BELST process,
and applicable to (111) silicon substrate [15]. Accordingly,
various merits in the BELST process have been employed
in the BELST II process, such as using the guarding wall
to control structure thickness and the boron etch-stop (BES)
post to firmly establish strong anchors. Three advantages can
be observed, including its non-complex process that has no
critical alignment problem [7, 21]: adjustable comb relative
position, available large mirror structure and trimmed torsional
spring. Moreover, a new trimming process combining BES
posts can not only extend the design of torsional bars but
also provide a promising way to fabricate the VCA. In the
application of the BELST II process, the VCA illustrated in
figure 4 was fabricated and then tested.
The typical process steps for the BELST II process are
shown in figure 5. This figure shows the process sequence to
fabricate a HARM VCA. As shown in figure 5(a), the process
began with boron diffusion on n-type (111) silicon wafer,
followed by a thin silicon nitride (SiNx) layer deposition.
After this, the first SiO2 layer was deposited by plasma
enhanced chemical vapor deposition (PECVD) and patterned
using buffered oxide etcher to serve as the trimming mask.
This mask defined the structures to be trimmed including
stationary comb electrodes and torsional suspensions as shown
in figure 4. The second SiO2 layer was then deposited on the
substrate. Figure 5(b) shows that the unwanted SiNx and SiO2
layers were removed by the reactive ion etching (RIE) process.
Thus, the planar shape of the VCA in figure 4 was defined.
Since the moving and stationary comb fingers were patterned
simultaneously in one mask, the misalignment problem was
prevented and a small comb gap was achieved. As shown
in figure 5(c), a thick photoresist (PR) layer was used to
define locations of the BES post to anchor the stationary comb
electrodes and bonding pads of the VCA. In summary, the
processes in figures 5(a)–(c) were employed to deposit and
pattern three etching masks.
After the etching masks were patterned, the depth of the
BES post was defined by the first deep reactive ion etching
(DRIE) process, as shown in figure 5(d). After stripping the
PR layer, another DRIE shown in figure 5(e) was carried out to
define the thickness of the VCA. The boron diffusion process
in figure 5(f ) was then conducted to provide sidewall boron
diffusion. This boron-doped silicon was exploited not only to
prevent the sidewall from etching in alkaline solution but also
to serve as a conducting layer and p–n–p junction isolation.
Figure 5(g) shows that the VCA was selectively trimmed
using the third DRIE, and hence the height of the stationary
electrodes was tuned to offer a better initial engagement
between the electrodes. Moreover, the thickness of the torsion
suspension was decreased in this step to reduce the driving
voltage. However, a thick and stiff structure, such as a mirror,
was still available. Finally, the VCA was released into alkaline
solution after an anisotropic lateral etching, as shown in
figure 5(h). In short, one wet etching and three DRIE
processes were employed in figures 5(d )–(h) to fabricate threedimensional HARM structures with various thicknesses. In
addition, the bonding process was not required.
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The releasing mechanism is different between (100) and
(111) silicon substrates. The hexagonal cavity shown in
figure 6 is formed by (111) sidewalls after undercutting an
opening on (111) silicon substrate. To establish a firm anchor,
the BES posts should be placed at the convex corner of the
hexagon that has been exploited in [1]. However, to release
a large area of a structure such as a mirror, the releasing
holes, as used in surface micromachining, have no effect
at all. The holes should be replaced by a long and slim
238

stripe. If the distance between the openings is small enough,
the adjacent hexagonal cavities will form convex corners.
Thus, the undercut process can be continued, and most of
the structure can be released. This effect has been used to
reduce the etching time while releasing a large area structure
such as a mirror. However, the regions (W × L) at both sides
of the structure cannot be undercut using this approach. In this
regard, the criteria W  D × Cot(70.53◦ ) must be fulfilled to
release this region, where D is the thickness of the substrate to
be removed, as shown in figure 6.
Figure 7 shows scanning electron microscopy (SEM)
micrographs of the fabricated VCA. As indicated in
figure 7(a), the hollow stationary comb finger is anchored to the
substrate at the center by the BES post. Figure 7(b) shows the
initial engagement between the trimmed stationary and moving
comb fingers. These results demonstrate that the operating
region of the VCA can be tuned by the thickness trimming
process of BELST II. The photograph in figure 8 shows the
torsional spring of the mirror. From the higher-magnification
micrograph, the trimming of the spring thickness can be clearly
seen. In the experiment, the thickness h of the torsional spring
was trimmed to range from 25 to 8 µm. Since the width b
of the torsional spring was 8 µm, the aspect ratio b/h was
tuned to range from 0.32 to 1. According to the theoretical
predication in figure 3, the stiffness ratio K decreased from 0.31
to 0.16. The trimmed torsional spring reveals the capability
of realizing a three-dimensional HARM structure using the
BELST II process, which can further reduce driving voltage
yet prevent the device from side sticking. Since the thickness
of the mirror plate was not trimmed, the mirror had a large
stiffness and its radius of curvature was around tens to a
hundred millimeters. In addition, the surface roughness of
the mirror was below 40 nm.
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4. Applications

Figure 8. SEM micrograph showing the trimmed torsional
suspension of the VCA.

As the first application, the optical scanner driven by the
VCA was designed and fabricated in this study, as shown
in figure 9. By using stripe-type etching holes, a mirror
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with an area of 500 × 500 µm2 can be released. With
VCAs at both sides, the mirror can be operated linearly by
applying push–pull voltage. The static characteristics of the
optical scanner driven by the VCA with direct-current (dc)
voltage were measured by optical interferometer. The typical
measured load–deflection relation of the torsional micromirror
is depicted in figure 10(a). This demonstrates that the torsional
micromirror has an optical scanning angle near 5◦ when driven
at 90 V. Various optical scanners driven by the VCA have
been reported in [4, 21–25]. By way of comparison with a
typical scanner fabricated using a SOI wafer [22], the optical
scanning angle was near 4◦ when driven at 80 V. Note that
no side-sticking phenomenon was observed during the driving
test. From figure 10(a) we can find that when the deflection
angle is larger than 3◦ , the variation of the angle with the
driving voltage no longer follows the quadratic relationship
predicted from analysis. One of the possible reasons is that the
VCA has reached its half-engagement, where its electrostatic
force begins to decrease as comb engagement increases.
This can further be improved by making the VCA with
larger position-independent range using the BELST process.
Another reason may come from the sidewall shrinkage of the
stationary finger due to the limited etch-stop ability of boron
diffusion. Increasing the doping time can also improve this
situation. Moreover, the dynamic characteristics of the VCA
driven by alternating current (ac) voltage were measured by
laser Doppler vibrometry. Figure 10(b) shows the frequency
response of the VCA when applying 20 Vpp. The peak at
4.1 kHz with a quality factor of 7 results from the resonance
of the structure, and the associated optical scanning angle was
240

35◦ . As a comparison, the optical scanning angle was 25◦
in [4]. In [4], additional wafer bonding and back-side deep
etching processes were required to fabricate the scanner. This
demonstrates that the proposed VCA has a low driving voltage
and a large angular displacement.
Another potential optical application of the VCA using
the BELST II process is demonstrated in figure 11. As shown
in figure 11(a), the combination of VCA and leverage was
devised to amplify the out-of-plane motion of the shutter, so
as to reflect or obstruct the light beam coming from the optical
fibers. The preliminary experimental results have shown that
the tip deflection of the shutter was more than 10 µm and
its resonant frequency ranged from 2 to 5 kHz. As shown in
figure 11(b), the fiber alignment rail was also available using
the BELST II process, and hence the 2 × 2 optical switch
and variable optical attenuator were realized. In conclusion,
various HARM devices driven by the VCA can also be realized
by the BELST II process.
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