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Abstract—Free-space micromachined optical-switching tech-
nology has emerged as a promising candidate for the large-scale
optical cross connects that are needed in next-generation
optical-transport networks. Although this technology has demon-
strated good optical performance, its ability to expand to the
required port-count while remaining within reasonable optical loss
budgets has yet to be demonstrated. In this paper, we theoretically
analyze the expandability of free-space micromachined optical
switches. The chief loss mechanisms—Gaussian-beam divergence
and angular misalignment—are analyzed both theoretically and
experimentally. We find that micromirror angular repeatability
in such a cross connect must be accurate within about 0.1,
and show that integrated mechanical structures are capable of
achieving this goal. These results in general suggest that free-space
micromachined optical-switching technology appears capable of
achieving the port-count required by core-transport networks
while remaining within cross-office optical-loss budgets.

Index Terms—Free-space, micromachines, micromirrors,
optical coupling, optical cross connects, optical switching.

I. INTRODUCTION

A S THE channel-count and bit-rate in wavelength-divi-
sion-multiplexed (WDM) transport systems has lurched

upward, and the demand for data-networking capacity has
grown, it becomes increasingly desirable to manage optical
networks at the wavelength level (OC-48 and beyond). Op-
tical-layer cross connects (OXC’s) with high port-count—on
the order of 1000—are emerging as the chief candidates for
achieving this.

This vision imposes stringent requirements on the OXC’s,
however, chiefly in the areas of port-count and loss budget.
Indeed, no optical technologies have yet demonstrated that
they can meet these challenges, leaving the field, at least in
the interim, to electronic switch fabrics. Recently, however,
free-space optical MEMS (micro-electro-mechanical systems)
technologies have begun to show promise for this application.
This is in large part due to the technology’s unique feature
of combining the merits of free-space optics and integrated
photonics. Moreover, the MEMS fabrication process allows
integration of optical, electrical, and mechanical structures
on a single chip, thus greatly enhancing the functionality of
MEMS–based OXC’s.
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Free-space MEMS-based optical switches have been demon-
strated in form [1], [2] and in slightly larger
prototypes [3]–[7]. These accomplishments have rapidly
revealed the intrinsically good optical quality of free-space in-
terconnects, particularly in the areas of crosstalk, polarization,
and wavelength-independence, and bit-rate transparency. The
demonstrated switching times are also well suited for the appli-
cations of OXC’s. However, the issue of tight optical-alignment
tolerances in free-space optics remains to be solved. In
particular, the divergence of optical beams with increasing
propagation distance, the angular misalignment of the optical
beam with respect to the receiving fibers, and the quality of the
micromirrors, all affect the expandability of free-space MEMS
OXC’s in ways that have not been systematically addressed.

In this paper, we present a theoretical analysis of the effect
of optical-beam divergence and angular misalignment on the
expandability of free-space OXC’s. The analysis is based on
general Gaussian-beam theory, and is therefore independent of
the underlying technologies used either for the switch fabrics or
for fiber packaging. Experimental measurements have also been
performed to support the theoretical analysis. These will be cov-
ered in Section II (Gaussian-beam divergence) and Section III
(angular dependence). In the free-space MEMS optical switches
that we have demonstrated, free-rotating hinged micromirrors
are utilized as the switching elements [4]. This approach elim-
inates the potential problem of long-term material memory and
fatigue when mirror actuation angle exceeds the material limi-
tation [8], both of which are significant issues in OXC’s used as
facilities switches, with configuration-holding-times that may
be measured in years. One pays for this advantage of free-ro-
tating hinge structures, however, in the form of decreased an-
gular precision. Here again, however, the integrated manufac-
ture of MEMS structures comes to the rescue. We demonstrate
enhanced mechanical designs for the free-rotating hinges and
micro-actuators that achieve better than 0.1angular precision.
The results are described in Section III. In Section IV, we present
means of improving mirror flatness and show that it is feasible to
achieve nearly flat micromirrors exhibiting high-optical quality.

II. EFFECTS OFGAUSSIAN-BEAM DIVERGENCE

A general representation of a matrix-type free-space
MEMS optical switch is shown in Fig. 1. Such a switch uti-
lizes reflection from switch mirrors that are rotated up to redirect
input optical beams to the desired output fibers. Fig. 2 shows a
scanning-electron micrograph (SEM) of an switch with
free-rotating micromirrors that we have demonstrated. The de-
vice was fabricated at Cronos Integrated Microsystems using
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Fig. 1. Schematic drawing of a free-space MEMS optical switch.

Fig. 2. Scanning electron micrograph (SEM) of an8�8MEMS optical switch.

the MUMPS process [9]. The collimated optical beams diverge
as they propagate through free space due to the finite emit-
ting beam aperture. This imposes fundamental limits on op-
tical coupling efficiency. We evaluate these limits using general
Gaussian-beam theory [10], so our analysis is independent of the
means used to produce the collimated beams (e.g., fibers with
attached GRIN lenses, or single-mode fibers with microlenses),
as well as the switch fabric geometries.

To begin, we define the system’s “emitting plane” and
“receiving plane” as the planes in which the optical beams
are emitted and received, respectively. The lowest-order mode
(TEM ) of a Gaussian-beam can be expressed as [10]

amplitude factor

longitudinal factor

radial phase (1)

where
propagation direction of the Gaussian-
beam;
distance from the axis of the Gaussian-
beam;

;
half-width at beam-waist.

is a parameter defined as

(2)

for free space. The divergence of the optical beam results in an
increase of the half-width with given by

(3)

and yields a curved wave-front whose radius is represented by

(4)

The coupling efficiency can be obtained by computing the
normalized overlap integral of the divergent Gaussian-beam
wave function at the receiver plane and the modal wave func-
tion of the receiving optics. Here, we restrict ourselves to the
situation of chief interest, in which both the emitting optics and
the receiving optics are identical, with only fundamental propa-
gating modes. Without angular misalignment,is expressed as

(5)

where the integral is taken over the aperture of the receiving op-
tics. The analysis here assumes a matrix-type free-space
MEMS optical switch, shown in Fig. 1, as an example. The al-
gorithm can also be applied to general beam-steering free-space
optical interconnection. The propagation distanceof the op-
tical beam is determined by the pitch between the micromirrors.
In our current designs, the pitchand the mirror radius obey
the approximate geometrical relation

m (6)

For the following simulations, it is assumed that the distance
from the emitting/receiving plane to the nearest mirror is/2.
The mirror radius is used as a variable for the simulations,
while the minimum Gaussian-beam width is related to
by , so that most of the optical beam can be cap-
tured by the mirrors. The wavelength is assumed to be 1.55m,
for comparison with experimental results. In fact, since these
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Fig. 3. Theoretical and experimental studies on loss versus propagation
distance with various mirror radii for free-space MEMS optical switches.

Fig. 4. Top-view of self-aligned polysilicon interchip bridging latches. Inset:
latch-structure detail.

switches are envisioned as residing in an opaque network, light
propagating through the OXC is likely be at 1.3m [11].

Fig. 3 plots calculated coupling loss versus number of mirror
pitches traversed through a free-space micromachined cross
connect. Coupling loss is seen to rise rapidly as the mirror
and beam size decrease, suggesting that beam-divergence is
the dominant factor in this region. However, it is an inherent
feature of these devices that larger mirrors imply longer prop-
agation paths. Therefore, the effect saturates for mirror radii

m.
To verify the simulation results, we measured coupling

losses through a cross connect built up from four
basic units. This was necessary due to foundry-imposed
chip-size limits of 1 cm [9]. In order to lock the four con-
stituent chips together, we employed self-aligned interchip
polysilicon bridging latches fabricated on the margins of
each chip. Fig. 4 depicts the polysilicon latches. Fig. 5
shows the assembled four-chip cross connect. The
switch-mirror radius is 150 m. The latching structures were
in fact used only for simulation purposes to provide first-order
alignment. The angular alignment between the latched chips
is not precise enough for optical-cross connect applications,
and individual alignment between the input and output fiber

Fig. 5. Top view of a16� 16 cross-connect built-up from four latched8� 8

chips, each occupying 1 cm.

collimators are required. The four-chip latched cross connect
provides a loss-measurement platform for switch size up to

when the fiber collimators are placed at the edge of the
latched switch fabric. For larger cross connect sizes, measured
losses were obtained by simply increasing the distance between
the switch mirror and the fiber collimators, as required by the
number of pitches that would need to be traversed. Measured
coupling results for various cross connect sizes are shown in
Fig. 3. Fiber-to-fiber losses of 2.9 dB were measured through
the longest path of the switch, while the measured loss
for the simulated switch is 6.9 dB. The experimental
results are seen to agree well with the theoretical analysis.

III. A NGULAR DEPENDENCE

A. Theory

The above results, while encouraging, capture only the prop-
erties of a cross connect that suffers divergence effects without
penalty from optical misalignment. The dependence of coupling
efficiency on angular misalignment of mirrors can be calculated
by performing a coordinate-transformation on the Gaussian op-
tical beam described above. We suppose that the angle of the
micromirror is misaligned by , resulting in an angular mis-
alignment of the optical beam, as shown in Fig. 6. Further-
more, we define the distance from the mirror to the emitting
plane and the transmitting plane asand , respectively. The
wave function of the optical beam after the micromirror now be-
comes

(7)
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Fig. 6. Drawing depicting angular misalignment of the optical beam with
respect to the receiving optics.

Fig. 7. Calculated additional loss due to angular misalignment for various
mirror radii.

The coordinate ( ) is related to the original ( ) coordi-
nate by

(8)

After substituting (8) into (7), the coupling efficiency can be
obtained by calculating the normalized overlap integral of the
optical beam wave function and the modal wave function of the
receiving optics over the aperture of the receiving optics at the
receiving plane ( ):

(9)

Fig. 7 shows the simulation results for the maximum addi-
tional loss due to angular misalignment (i.e., the additional loss
incurred by the longest path) in a switch. It can be
seen that larger optical beams, though less divergent, impose
tighter angular tolerances. To verify this theoretical result, loss
versus angular misalignment was measured using fiber collima-
tors emitting a beam with half-width m. Be-
tween these collimators, a commercial mirror was mounted on
a precision rotation stage with resolution of , and mea-
sured coupling loss was compared with calculations from (7) to
(9). The results are shown in Fig. 8. The quality of agreement
between the theoretical calculation and the experimental results

Fig. 8. Comparison between theoretical calculations and experimental results
for loss versus angular misalignment.

Fig. 9. SEM of the free-rotating hinged micromirror. Inset: pushrod detail.

suggests the validity of the coordinate-transformation computa-
tional approach described above.

B. Enhanced Micromechanical Registration Structures

The above results show that coupling efficiency is quite sen-
sitive to angular alignment; thus, mechanisms for ensuring pre-
cise angular control of the micromirrors is crucial in free-space
MEMS optical switches. The free-rotating micromirror in our
approach (see Fig. 9) consists of a mirror frame anchored on
the substrate by free-rotating hinges [12]. The mirror frame is
connected to a translation stage via pushrods and hinge joints.
Currently, scratch-drive actuators (SDA’s) [13] are employed to
move the translation stage. Both the inherent 0.75-m clearance
between the hinge pins and the hinge staples of the mechanism
and the uncertainty in the moving distance of the micro-actua-
tors will cause the angular misalignment of the micromirror.

We have developed mechanical alignment-enhancement
structures that register micromirror angular position inde-
pendently in the two orthogonal axes—and (defined in
Fig. 9). The angular uncertainty in is caused mainly by
the clearance in the fixed microhinges. The mirror frame has
a width of 450 m. Therefore, the maximum mirror-angular
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Fig. 10. SEM of a free-rotating hinged micromirror with push-bar structure
for hinge-position enhancement.

Fig. 11. Details of the microhinge and the push-bar.

Fig. 12. Measured horizontal angular variation with and without the push-bars.
The maximum variation is reduced from 0.056 to 0.034.

variation will be , which will cause
substantial coupling loss. To register the hinge-pin position
with precision surpassing the figure just mentioned, polysilicon
push-bars are integrated with the translation stage, as shown in
Fig. 10. As the translation stage moves forward, the push-bars
on both sides of the mirror frame also move forward, and

Fig. 13. (a) Conventional SDA design, where the stop position of the SDA is
not clearly defined and (b) improved SDA design. The stop position of the SDA
is clearly defined when the front-wall of the busing hits the stop block.

Fig. 14. Measured vertical angular variation. Circle: with improved SDA only.
Square: with improved SDA and HJE (hinge-joint enhancement).

eventually push the hinge pins against the front-side of the
hinge staples, thus eliminating the uncertainty in hinge-pin
position. The detailed structure is shown in Fig. 11.

To measure the improvement in angular repeatability, a mi-
cromirror fabricated with integrated push-bars was actuated re-
peatedly, and the mirror-angle was obtained by measuring the
position of the reflected optical beam spot at a screen 2-m away.
The same measurement was then repeated for a micromirror
without the push-bars. Fig. 12 shows the experimental results.
With the push-bars, the maximum variation is reduced from
0.056 to 0.034.

The vertical angular variation () depends mainly on three
variables: the clearance in the fixed microhinges, the clearance
in the hinge-joints at the pushrod endpoints, and the moving dis-
tance of the translation stage. The first variable is improved by
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(a) (b)

Fig. 15. (a) Layout of the original hinge joint. (b) Layout of the improved hinge joint. The hinge-pin position is restrained in the improved design.

the push-bar structures in Fig. 11, as described earlier. Neverthe-
less, without further improvement in the other two variables, a
vertical angular variation greater thancan be easily observed.
We propose two improvement schemes for the other two vari-
ables. They will be described in the following separately.

In the current designs where SDA’s are employed as micro-
actuators, the moving distance of the translation stage is mainly
determined by the traveling distance of the SDA’s. In conven-
tional SDA design where fabrication tolerance is considered, the
bushing of the SDA is located at a position 2m from the ad-
vancing edge of the SDA [see Fig. 13(a)]. The SDA travels until
it hits the stop block on the substrate. The most reliable way
to make a stop block with vertical side walls and without af-
fecting the flatness of the underlying silicon nitride layer is by
utilizing the poly-0 layer in the MUMPS process, which has a
thickness of m. The bushing is defined by the poly-2
layer atop the poly1–poly2-via in MUMPS process, which has
a nominal height of 0.75m. Since these two heights are com-
parable, and there are both fabrication uncertainties and height
variations of the SDA during actuation [13], the position where
the SDA comes to rest against the stop block varies. Experimen-
tally, various positions between A and B in Fig. 13(a) have been
observed.

In order to eliminate this uncertainty, an extended
poly1–poly2-via pattern is designed, as shown in Fig. 13(b).
This results in a real “L”-shaped SDA, such that the SDA
always stops when the front of the bushing hits the block. To
measure the improvement in angular precision, a micromirror
with this structure was actuated repeatedly, and the angular
variation was plotted as circular data points in Fig. 14. The
angular precision is improved from to through this
improved SDA design.

The third uncertainty in controlling the vertical angular pre-
cision is the clearance in the free-rotating hinge joints. An im-
proved free-rotating hinge joint was designed and found to min-
imize this effect. Fig. 15 shows the layout designs for the orig-
inal and the improved hinge joints. The translation stage is con-
nected to the poly1 layer, which has a thickness of 2m. The
clearance between the poly2 hinge staple and the substrate is
2.75 m. In the original hinge joint, the hinge pin has a uniform
width of 2 m. During actuation, the poly2 pushrod attached to
the hinge pin is allowed to rotate and slide freely in the 6-m m
slot on the poly1 translation plate. This motion causes the un-

certainty in the position of the hinge pin, and therefore the angle
of the pushrod and the micromirror.

In the improved design, the part of the hinge pin that is not
covered by the poly2 hinge staple has a width of 2.5m, while
the rest still remains 2 m to preserve its flexibility. As the
pushrod is rotated up, the hinge pin starts to touch the hinge
staple when the mirror angle approaches 90(pushrod angle

70 ). The pressure from the hinge staple presses the hinge pin
down and backward, thus preventing it from sliding. With this
hinge-joint enhancement (HJE) structure in addition to the im-
proved SDA described earlier, the maximum angular variation
is further reduced to , as shown in Fig. 14.

IV. I MPROVING MICROMIRRORFLATNESS

In free-space MEMS optical switches, any curvature of the
micromirrors affects the coupling efficiency dramatically. Al-
though concave micromirrors can be used as focusing mirrors,
the focal length and its repeatability is not easy to control during
fabrication. Furthermore, micromirrors at different positions
will require different focal lengths, which increases manufac-
turing complexity. Therefore, it is preferable to fabricate flat
micromirrors with radius of curvature as large as possible. For
the first-generation mirrors that were previously fabricated,
the default gold layer in MUMPS process was employed for
the reflecting mirror surface. This gold layer, with a thickness
of 5000 Å, was directly deposited on the 1.5-m-thick poly2
layer. The resulting thick gold-on-polysilicon slabs [Fig. 16(a)]
exhibited curvature due to the internal stress between the thick
gold coatings and the polysilicon layer. Fig. 17(a) shows a
profilometer interferogram for one such mirror. The mirror
surface is concave with a radius of curvature equal to 11.77 mm.

To solve this problem, we have employed the thick mirror
structure of Fig. 16(b). A phosphosilicate glass (PSG)
core is sandwiched between the 2-m-thick poly1 and the
1.5- m-thick poly2 layers, thus protecting it from the release
etchant used in surface-micromachining. While this does not
eliminate curvature entirely, it increases the radius of curvature
to 16.12 mm [Fig. 17(b)]. Further improvement is achieved by
depositing a thin layer of gold on the enhanced multilayer slab
in Fig. 16(b) after the device is fabricated, without using the
metallization of the MUMPS process itself. Fig. 17(c) shows
the surface profile and the interferogram with a 500-Å gold
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Fig. 16. Mirror-slab cross sections: (a) single-layer mirror slab and (b) improved structure achieving reduced mirror curvature via a phosphosilicate glass
(PSG)-in-polysilicon sandwich.

Fig. 17. Interferograms and surface profiles of micromirrors with: (a)
single-layer with 5000-Å gold coating, (b) multilayer with 5000-Å gold
coating, (c) multilayer with 500-Å gold coating, and (d) multilayer with 300-Å
gold coating.

coating. The radius of curvature is increased to 36.12 mm.
What is worth noting, however, is that the mirror-surface
profile also changes from concave to convex. This suggests an
optimum gold-layer thickness between 5000 and 500-Å, which
can balance the material stress and achieve a nearly flat mirror.
The surface-profile measurement of a thinner gold coating
(300 Å), shown in Fig. 17(d), with smaller radius of curvature
(25.66 mm) supports this conclusion. Using the thermal expan-
sion coefficient of the current materials and assuming these
materials are extremely flexible, the temperature dependence
of the radius-of-curvature is found to be
(mm), where is measured inC. To improve this, different
materials should be employed. The reflectivity of both 5000-
and 500-Å gold coating is 97% of a commercial gold mirror.
The 300-Å gold-coated mirror has only 52% reflectivity.
This structure is therefore expected to yield mirrors that are
nominally flat, with reflectivity 97%, for a gold thickness in
the bracketed region between 500 and 5000 Å.

V. SUMMARY

We have theoretically analyzed the expandability of
free-space MEMS optical switches by computing optical
coupling efficiency using Gaussian-beam representations
that are independent of the particular coupling optics em-
ployed. By incorporating a coordinate-transformation into the
Gaussian-beam description, without approximation, we have
also computed the effects of micromirror angular misalign-
ment. The theoretical models were found to agree well with
experimental measurements. Having thus characterized the
importance of angular alignment in these systems, we have
designed and demonstrated integrated mechanical structures
that substantially enhance the angular repeatability of the
micromirrors beyond limits that were observed in simple,
first-generation devices. The measurement results show that
angular precision better than can be achieved. Finally,
various material-layer structures have been investigated to
improve the flatness of the mirror surfaces. The results show
that it is possible to obtain nearly flat mirrors with good
optical quality. In view of the swift progress thus seen in
mitigating these problems, it appears that the main challenges
for free-space MEMS optical-switching technology are posed
not by fundamental physical limits in reaching the required
optical performance, but by practical reliability and packaging
concerns.
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