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ABSTRACT 

We describe the design, fabrication, and operation of 
magnetically actuated micromirrors with electrostatic clamping in 
dual positions for fiber-optic switching applications. The mirrors 
are actuated by an off-chip electromagnet and can be individually 
addressed by electrostatic clamping either to the substrate surface 
or to the vertically etched sidewalls formed on a top-mounted 
(I 10)-silicon chip. We show that the positioning accuracy inherent 
in our approach makes it suitable for NxM optical switches. 

INTRODUCTION 

The growth of fiber-optic communications networks and the 

increased use of fiber-optics in sensing applications has created 
demand for low-loss, low-cost, reliable, and mass-producible fiber­
optic switches. Free-space optical switches are needed for multi­
mode fiber switching and for applications that require lower 
crosstalk than that provided by waveguide-based electro-optical 
switches. A significant opportunity exists for MEMS in the 
realization of low-cost free-space optical switches [1,2]. Batch­
processing and -assembly make MEMS especially suitable for 

large-scale switching applications such as NxM fiber-optic non­
blocking switches. A number of authors have described NxM 

switches based on silicon surface- and bulk-micromachining [3-6]. 
A MEMS design for an NxM switch is a matrix of 

micromirrors arranged in a crossbar configuration, as shown in 

Fig. I [3]. The mirrors are positioned at 45
° 

relative to the 
fiber/collimator arrays. Once flipped vertically, a mirror reflects 
the collimated output from an input fiber into an output fiber. 
Accuracy of the mirror angle in the vertical position is a major 
challenge to the efficacy of this design. Assuming that the 

fiber/collimator arrays are perfectly orthogonal, all mirrors must 
have the same vertical angle to achieve a low insertion loss. 
Reproducibly accurate positioning of the mirrors requires either the 
use of active positioning control or of mechanical stops. The latter 
design can be accomplished with less complexity, but may require 
several precise alignment steps during system assembly. We 
describe a design that only demands a single alignment step of the 
MEMS mirror assembly to the fiber/collimator arrays. 

OPTICAL DESIGN CONSIDERATIONS 

A major parameter describing an optical switch is its 
insertion loss. For the NxM crossbar switch shown in Fig. 1, 
separation between the fiber/collimator assemblies and 
misalignment of the mirrors both result in coupling losses. Fiber 
collimators (lenses) are used to expand the beam radius to JN.A., 
where f is the lens focal length and N.A. is the numerical aperture 
of the fiber. Use of these collimators reduces sensitivity to lateral 

misalignment of the fibers, so we can model coupling sensitivity as 
resulting only from separation and angular mismatch. 

mirror in vertical 
position 

N 

input 

fibers 

mirror in horizontal 
position 

M output fibers 

Figure 1. MEMS design concept for a 3x3 crossbar optical 
switching network. 

For a fiber placed at the focal plane of a lens, as shown in 
Fig. 2(a), the output beam has angular divergence alf, where a is 
the fiber core radius. As the beam traverses a distance s to another 
fiber/collimator assembly, the spot radius increases from (JN.A.) to 
(JN.A. + aslj), resulting in coupling loss between the two fibers. 
Loss due to angular misalignment is illustrated in Fig. 2(b). The 
image of a beam incident on the collimator at an angle 0 is 
projected onto the fiber end-face with a lateral translation relative 
to the fiber core. Nate that for reflection from a mirror, 0 is twice 
the angular misalignment of that mirror. Coupling loss due to 
angular mismatch is higher for fibers having smaller core radii 
because the lateral translation of the projected image is larger 
relative to the core radius. 

Detailed treatments of coupling loss between fibers due to 
separation, lateral misalignments, and angular mismatches have 
been used to model coupling in free-space optical interconnects 
[7 ,8]. The data in Fig. 3 were generated for typical parameters 
expected in a MEMS 3x3 switch array using analytical 
approximations developed by di Vita et. al. and Rossi in references 
7 and 8. Although our analysis is based upon expressions derived 
for multi-mode fibers, we also generate data for single-mode fibers 
to establish rough guidelines and evaluate tradeoffs for the design 
of a MEMS crossbar switch. The plots in Fig. 3 show coupling 
efficiency T] vs. 0 for two fibers with different core radii, each with 
two lenses of differing focal lengths. For the single-mode case, a 
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smaller core radius results in less beam spreading and higher
maximum efficiency. However, a smaller core radius also makes TJ
more sensitive to angular misalignments. For both fibers, a shorter
focal length results in lower sensitivity to angular mismatch;
however, the coupling loss at 0 = 0 is higher for shorter focal
lengths because of beam spreading. To use a longer focal M!ngth

cladding
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Figure 2. (a) Beam divergence for fiber/collimator assembly.
(b) Beam image projection is offset from core owing to angular
mismatch.
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Figure 3. Simulated approximate coupling efficiency vs.
angular mismatch for different fiber/collimator assemblies. 0 is 
twice the angular misalignment of the mirror. In all cases, N.A. 
= 0.1, and s = 1 cm. The fiber core radius is 25 WI: in the top 
graph and 5 µm in the bottom graph. 
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Figure 4. Torsion-bar-mounted magnetic mirror with (I /O)­
oriented silicon chip bonded on the base chip, shown in its 
horizantal and vertical position. 
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Figure 5. Cross section of mirror assembly.

(for improved coupling efficiency), a tighter angular tolerance
must be maintained. From the analysis summarized in Fig. 3, we
conclude that coupling is extremely sensitive to the beam angular
incidence. For example, for an insertion loss of 3 dB, the mirrors
in a typical MEMS 3x3 switch must be positioned with -0.15° 

accuracy for multi-mode fibers and -0.08° accuracy for single­
mode fibers.

DESIGN 

To control the vertical mirror angle precisely, we employ
electrostatic clamping of magnetically actuated torsion-bar­
mounted mirrors to vertical sidewalls of an anisotropically etched
(110)-silicon top-mounted structure. Previous work has
established that magnetically actuated mirrors can be clamped
electrostatically to the substrate [11,12]. In references 11 and 12,
mirrors were either torqued out of the substrate plane by an 
external electromagnet or selectively kept in the horizontal position
by applying a voltage between the mirrors and the substrate. In
this work, we introduce a vertical clamping structure, as shown in
Fig. 4, to fix the "mirror-up" position. We insure uniformity of the
vertical-mirror angle over the entire device by employing selective
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Figure 6. SEM image of KOH-etched (110)-silicon chip for 

electrostatic clamping of magnetic torsion mirrors. 

etching along the <110> crystal axis [9,10] to define the precise 
orientation of the vertical clamping electrodes. 

Vertical clamping also allows us to address individual 
mirrors in an NxM mirror matrix independently. Figure 4 shows 
the mirror in its two positions. A field (typically -300 Gauss) 
applied from an external magnet actuates the mirror between these 
two positions by applying a force on the magnetized nickel plate 
situated on the top portion of the mirror structure. An applied 
voltage (typically 15 to 25 V) can be used to clamp the mirror by 
electrostatic forces that exceed those from the magnetic field. 
Hence, every mirror can be individually switched between its two 
positions without disturbing any of the other mirrors. 

FABRICATION 

The mirror assembly is built up of two silicon chips: a 
(100)-silicon chip on which the surface-micromachined mirrors are 
fabricated, and a (110)-silicon chip containing via-holes with 
vertically etched sidewalls. The surface-micromachined mirrors 
consist of polycrystalline-silicon plates that are anchored to the 
substrate by two torsion flexures. The top parts of the plates are 
electroplated with nickel to interact with the magnetic field. Low­
stress silicon nitride electrically isolates the mirrors from the 
substrate. A more detailed description of mirror fabrication and 
actuation is provided by Judy et. al. [11,12]. 

The top-mounted (110)-silicon structure is formed by KOH

anisotropic etching. First, a radial pattern of rectangular openings 
at 0.05· increments along the wafer perimeter is defined in a 0.12 

Figure 7. A magnetic field that is not perfectly vertical can induce 
bending in vertically clamped mirrors. 

µm-thick silicon nitride etch mask. The exposed silicon is etched 
200 µm deep using KOH to produce a series of pits along the 
wafer perimeter. Those openings having edges parallel to the 
(111) planes give rise to pits having the minimum mask undercut
[13]. A second mask is aligned to the pits with minimal mask
undercut (and hence to the (111) planes) and used to define larger
openings in the silicon nitride. A subsequent KOH etch forms via
holes having vertical sidewalls. The etch is carried out using a
mixture of 30% KOH and water at 80 ·c, resulting in an etch rate
of -2.4 µm/min for the ( 110) planes and 100: I selectivity to the
perpendicular (111) planes. The bath is stirred and the wafers are
rotated 90· every 30 minutes to insure uniform etching across the
wafer. The degree of undercut below the silicon nitride etch mask
(due to etching of the (111) planes) is used to infer the uniformity
of the vertical-sidewall-angle (average deviation "" 0.015" across

wafer). Finally, the silicon nitride mask is removed and 160 nm of 
thermal oxide is grown on the wafer. Figure 6 is an SEM of a chip 
designed for a 2x2 switch. A stylus scan along the length of the 
sidewall reveals 300 nm irregularities that repeat every 0.5 mm. 
These steps are due to slight misalignment of the second mask to
the crystal [ 13].

To address the individual mirrors independently, mirrors in 
the vertical position must be unaffected by the switching of other 
mirrors. A problem arises when the field is not perfectly parallel 
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back-side of 
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(b) 
Figure 8. (a) Design to reduce effect of magnetic torque on 
vertically clamped mirrors. The electrodeposited nickel thickness 
has been exaggerated. (b) Mirror clamped vertically to (110)­
silicon structure. 
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Figure 9 and Table 1.

addressing. 

mirror l 
mirror 2 

Mirror 2 
Volta e 

on 
on 
on 

off 
on 
on 

Magnetic 
Field 

off 
on 
off 

on 
off 
off 

Mirror operation and individual 

to the vertical mirror position. In Fig. 7, the divergence of the 
external field is exaggerated to illustrate this effect. A non-parallel 
magnetic field induces a slight torque and resultant bending in 
vertically clamped mirrors, causing misalignment of the reflected 
beams. 

The design shown in Fig. 8(a) reduces bending effects on 
optical performance by mechanically isolating the reflecting 
surface from the nickel plates. The magnetically active portion of 
the mirror is connected to the rest of the structure by narrow 
support arms that isolate the mirror surface from the forces on the 
nickel plates when the mirror is clamped vertically. Mirrors of the 
design shown in Fig. 8(a) are shown clamped vertically in Fig. 
8(b). These mirrors show significantly smaller bending effects in 
response to non-vertical magnetic fields. For these prototype 
mirrors, reflection was taken directly from the silicon surface. 

MIRROR OPERATION 

Mirror switching, as shown in Fig. 9, is implemented by an 
off-chip electromagnet. Both substrates are kept at electrical 
ground and clamping voltages are applied to individual mirrors to 
hold them either in vertical or horizontal positions. We have found 
that ac voltages (typically square waves above 250 Hz) result in 
more reliable operation than does pure de clamping. The nature of 
this effect is under study. 

The mirrors are approximately l mm2, with 1100 x 400 x 10 
µm nickel plates and 15 x 500 x 1.9 µm torsion flexures. They are 
actuated by a -320 Gauss magnetic field and clamped with a 15 V 
amplitude 1 kHz square-wave. The vertical mirror angle (with the 
electromagnet off) for a single mirror was measured by monitoring 
the reflected beam with a position-sensitive photodetector and was 
found to be reproducible to within -0.04'. Switching rates are 
presently under study. 

In Fig. 9(a), both mirrors are clamped \jorizontally. The 
clamping voltage for mirror I is turned off and the electromagnet 

is turned on to swing it vertically. Next, the clamping voltage for 
mirror I is turned on and the electromagnet turned off (Fig. 9(b)). 
With mirror I clamped vertically, mirror 2 is flipped vertically and 
clamped (Fig. 9(c)). In Fig. 9(d), the voltage on mirror I is turned 
off and the torsion flexures force the mirror to the horizontal 
position. 

CONCLUSIONS 

We have demonstrated magnetically actuated micromirrors 
with electrostatic clamping in dual positions. Rough calculations 
show that fiber-optic switching applications require precise control 

of the mirror angle ($0.15° for multi-mode fibers and $0.08° for 
single-mode fibers to achieve 3 dB insertion loss). We have shown 
that employing vertically etched sidewalls of a top-mounted (110)­
silicon chip to electrostatically clamp the mirrors can achieve the 
positioning accuracy necessary for fiber-optic switching 
applications. The top-mounted bulk-machined chip also allows 
single-step parallel assembly of all mirrors in an NxM matrix. 
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