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Figure 3. Vertical combdrives in Multi-level beam SOI-MEMS
technology [7]: (a) schematic cross-sections of SOI device layer
arranged to achieve 4 distinct modes of operation, such as bi-
directional rotation and pistoning. (b) a one-axis pure-rotation

actuator utilized in this work to enable two-axis scanners, utilizing
cross-section (i) from (a).

While our current approach utilizes rotators to produce the
actuation of the central micromirror, the design can also utilize pure
vertical actuators or piston actuators [9].

II. BACKGROUND AND DEVICE PRINCIPLES

A. SOI Vertical Actuators

Vertically staggered SOI combdrives perform well for single-
sided rotation applications [4]-[6] and demonstrate advantages of
SOI-MEMS for optical applications. However, in the previous
processes, no isolation is available between combdrive fingers in
either upper or lower combdrives, limiting devices to one-sided
rotation. Rotation of devices is accompanied by undesired
downward and lateral actuation due to the net electrostatic force,
undesirable for most applications. Also, the support beams are full
thickness SOI device layer beams which are stiff for torsion-rotation
and especially inadequate for pistoning. Lastly, the upper and lower
comb-finger sets are separated by the thickness of insulating oxide
(~ 1 um), requiring large biasing (pre-tilting) of devices before the
comb-fingers are adequately engaged. Pre-engagement of vertical
comb-fingers is highly desirable for well-behaved performance at
lower actuation voltages [13]. The fabrication process utilized in this
work, and detailed elsewhere [7], is a 4-mask process that alleviates
the above limitations, allowing various comb-finger arrangements,
as depicted in schematic cross-sections of Fig. 3. Namely: 1) all
combfingers are fabricated in the device layer allowing isolated
independently powered vertical combdrive sets. This enables
independent up- or down- pistoning and bi-directional rotation (Fig.
1); 2) comb-fingers are timed etched such that there is several
microns of pre-engagement (overlap), giving significantly better
performance at lower voltages; 3) support beams can be of any
desired thickness for lower-voltage operation, and optimized
rotation vs. pistoning compliance; 4) masks for etching of comb-
fingers are self- aligned by a single mask before any DRIE steps; 5)
structures are made in monolithic single-crystal silicon for
repeatable and reliable operation.
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Figure 4. Schematic of the etching process steps for the Multi-level
beam SOI-MEMS fabrication [7], utilized to fabricate the devices in
this work. In (a) all 4 masks are already applied.

B. Summary of Multi-level beam SOI-MEMS fabrication

The process is described in detail in [7], and will be
summarized here. The process requires four photolithography
masks — three for the desired 3-level beams as shown in Figs. 3 and
4, and one for the bulk backside etch. The latter, Backside mask
provides dry release for devices in the SOI device layer, as well as
space for rotation and vertical displacement of structures.

i)  SOI Wafer Preparation

The process begins by fabricating the 4” SOI wafers. One
wafer, intended for the SOI handle is double-side-polished with a
thickness of 3001 um. The second wafer which is to become the
device layer is an n-type wafer, standard thickness (525+25) um,
and single-side polished. A wet thermal oxide of 1 #m is grown on
both wafers. The oxide on the handle wafer’s side intended for
bonding is patterned before the bonding. Namely, after thermal
oxide of 1 um was grown on both wafers, the wafer intended for
SOI handle is patterned with mask Backup (Fig. 4) and the oxide is
etched down to silicon. After removing the photoresist mask and
thorough cleaning, the wafers are pre-bonded, annealed, and sent for
grinding and polishing to desired device layer thickness.

ii) Mask preparation and self-alignment methodology

On the finished SOI wafers, the two front-side masks (Fig. 2)
are prepared utilizing oxides of two thicknesses. The mask
preparation is arranged to provide self-alignment of both front-side
masks for high-performance vertical combdrives. In addition, due to
the fact that the Backup mask is already buried within the SOI
wafer, the mask preparation process requires that both of the front-
side masks be aligned to that buried layer. These steps are given in
detail in [7].

On the backside of the wafer, a single mask is employed and
aligned to the front-side features. This, fourth Backside mask is
applied with thick resist. Because the backside of the wafer also has
1.5 um of oxide from front-side preparation, the
oxide is etched to Si substrate, and the wafer is prepared for DRIE
steps as shown in Fig. 4.

iii) Backside DRIE

Backside etch process consists of multiple etches, as
illustrated in Fig. 4a-c. First DRIE is done until the etched trench
reaches the insulating oxide. This exposes the insulating oxide and
the buried Backup mask (Fig. 4b.) The insulating oxide is then
thinned (by timed oxide etch) ~1.2 yum which exposes the device
silicon layer in areas of buried Backup mask. The final backside



DRIE step shown is to perform the actual Backup DRIE into the
device layer. This etch is timed to leave a desired thickness of
Upper beams. In most cases we etched about 20 um of device layer
silicon such that the remaining Upper beam thickness would be ~30
pm. Lastly, the insulating oxide is fully removed from the backside.
iv) Front-side DRIE

The front-side DRIE steps are shown in Fig. 4d-f to better
understand the formation of vertical combdrives. First DRIE etches
through the device layer as shown in Fig. 4d. Then, oxide plasma
etch of ~0.8 um on the front side thins down oxide everywhere
removing the thinner oxide mask (Fig. 4e.) The second and final
DRIE is done until the devices are done, i.e. until the Lower beams
are lowered to desired height of 30 um. The final result is shown in
the schematic in Fig. 4f.

C. One-axis pure-rotation actuator

As described in the introduction, the basic building block for
the two-axis scanner is a one-axis rotating actuator with the
combfinger cross-section as depicted in Fig. 3a(i). As seen in Fig.
3b, each actuator is composed of opposing combfingers such that
UP actuation on one side and DOWN actuation on the other side
results in pure torque and no net vertical or lateral force.

The overlap area of combfingers on either side of the actuator
(Fig. 3a(i)) has opposing rates of area change in case of lateral or
vertical translation. However, during rotation (i.e. in the desired
mode,) overlap area increases on both sides and creates a nonzero
overall area change. Because the combfingers are rectangular in
their cross-sections, and start with initial overlap, as seen in Figure
3a, calculations of exact overlap areas during rotation are not as
simple as in the case of traditional lateral combdrives, or vertical
combdrives in pistoning mode. Therefore it is difficult to present
the desired quantity dA/d@ in closed-form. However that rate of
overlap area change with respect to rotation can be estimated to
within ~10% to be:
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where 1y is the distance of the rotor finger tip from the rotation axis,
and r, is the distance of the stator finger tip from the rotation axis
(Fig. 3a). Because the fingers are initially pre-engaged such that
linear operation from onset can be assumed [13], we can make a
further approximation, neglecting fringing field effects:
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where ¢, is air permittivity and g is the gap distance between
opposing combfingers. The factor 2 in (2) comes from the fact that
a combfinger has two sides which contribute to the capacitance. We
then plug (1) and (2) into the well-known torque equation,

2
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accounting for N combfingers in an actuator. Due to the complex
actuator geometry, a more precise numerical solution to dA/d@
should be used that accounts for the shape of the combfinger and
offsets in rotation axes. Fringing fields at the outer extents of the
finger travel results in capacitance greater than expected by simple
overlap area, making (2) less accurate. Rotation is an out-of-plane
motion and eventually causes fingertips to disengage. As
combfinger-tips pass through, the rate of area change decreases and
the vertical comb drive loses drive ability. Eventually, the rate
dA/d@ changes sign, i.e. the area begins to decrease (rotation
actually stops and any further voltage increase eventually crashes
combfingers laterally). This determines the maximum amount of
rotation. Combfinger thickness and combfinger length are the two
main parameters that determine this disengagement angle. The
simplest approximation for the maximum angle is thus simply
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Figure 5. Comparison of predicted and measured actuator rotation
as a function of dc actuation voltage. The calculated method more
accurately calculates overlap area, but does not account for fringe
fields. The measurements were performed on a one-axis rotating
actuator similar to Fig. 3b.

Opax=tan™ (S/r)=S/r, (Fig. 3a(i)). The trade-off is that the increased
length of the combfingers increases the available torque, but at the
same time limits the maximum available angle. Note that (3) is only
valid in the range from 0°<@ <@,,,, while beyond that numerical
methods have to be used.

The plots in Fig. 3 demonstrate the above discussion with
respect to a fabricated and measured one-axis micromirror device.
The device is similar to that in Fig. 3b and has identical function, but
uses twice as many combfingers and is designed with better pull-in
stability due to the torsional supports being spaced farther apart.
The device was fabricated in a 55 um device layer with 11 um
combfinger overlap, and stroke-distance S of 22 ym. The distance
11=127.5 pym. In the graph, the measured beam deflection data is
compared to analytically obtained data. The approximations above
in (1)-(3) significantly diverge from the actual measurements
beyond ~19° of beam deflection, as expected. A numerical
calculation of exact dA/d@ significantly improves the match with
measurement. It is also important to note that the actual mirror
rotation significantly exceeds the approximate limit given above as
S/r; which for this case is ~19.6° optical deflection.

III. DESIGN OF GIMBAL-LESS TWO-AXIS SCANNERS

As mentioned above in Sec. I, to achieve the goal of fast two-
axis scanning, we desired to combine multiple one-axis actuators
positioned orthogonally, and utilize mechanical linkages to allow
two-axis of rotation for a central micromirror. This proposed
solution is schematically shown in Fig. 1, and a fabricated
corresponding device in Fig. 2a. Specifically, two one-axis rotators
are utilized for each axis of the overall 2D scanner. For the x-axis,
actuators A and A’ are utilized, and for the y-axis, actuators B and
B’. The actuators are attached to the mirror through a set of
linkages and a mechanical rotation transformer, as depicted in Fig.
1b. Both actuators A and A’ in the figure rotate counter-clockwise
to produce rotation of the reflector about its central axis. By the
help of transformers and outside linkages, actuator rotation moves
inside linkages in opposite directions and rotates the mirror
clockwise. Since the outside and inside linkages experience the
same vertical motion on the transformer end, linkage rotation is
inversely proportional to its length. Therefore, the ratio of actuator
and mirror rotations can be scaled by changing the ratio of linkage
lengths. Main flexures effecting the characteristics are the actuator
suspension, inner linkages of the cross axis, and the transformer.
Longer transformers are more compliant, but add to the moment of
inertia.  As explained in Sec. IIC, vertical comb drive stroke is
limited by the device layer thickness. By scaling the linkage lengths
however, we can drive mirrors to rotation angles well beyond the
rotational range of actuators.
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Figure 6. Characterization of a device in static scanning. The
measurements show both the deflections of the micromirror reflector
as well as the deflections of the corresponding actuator pair. For
the x-axis, a gain of ~1.7 is observed - for smaller actuator
deflections, the mirror deflects 1.7 higher.
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Figure 7. Characterization of the fastest devices at resonant

frequencies, in resonant scanning, with a 100V bias. X-axis at 4.9
kHz, and y-axis at 6.52 kHz.

IV. DEVICE CHARACTERIZATION AND DISCUSSION

Devices of two types were fabricated, with the only difference
in the widths of the torsion beams, such that one type of device is
designed for faster operation, while the second type is designed for
lower voltage operation. Several devices of each kind were tested.
By electrically activating the proper pair of electrodes, different
actuation modes have been independently demonstrated. Firstly, to
characterize static deflection for each axis, the corresponding
actuator pairs (A and A’ for x-axis, and B and B’ for the y-axis)
were used in common mode (same voltage applied.) By observing
the deflection of a laser beam against a metric wall, we measured the
rotations of both the micromirror as well as the actuators which
reflect a small portion of the beam (the laser beam covers the entire
device.) A low-voltage device exhibited static optical beam
deflection about the x-axis to 10.8° and about the y-axis to 11.7°, for
<85 Vdc, as shown in Fig. 6. The actuator deflections show that the
x-axis has a gain of 1.7 and the y-axis of 1.0 as given by designed
linkage ratios (Fig. 2). For that device, lowest resonant frequencies
were 1.69 kHz for the x-axis and 2.43 kHz for the y-axis.

The fast type devices exhibited static optical deflection of the
x-axis up to 9.6° and of the y-axis up to 7.2° at voltages <275 Vdc,
and a lowest resonant frequency of 4.91 kHz and 6.52 kHz, for x-
axis and y-axis, respectively. In resonant scanning, the device

reaches large angles of deflection at significantly lower voltages as
plotted in Fig. 7.

The current generation of the devices has a design flaw that
prevented us from observing the expected larger angles, which
should be readily achievable with this methodology. Namely, the
failure mode in all cases of devices was due to lateral pull-in of the
actuator (in plane torsional instability,) and maximum angles as
discussed in Sec. [IC were not nearly reached.

In experiments where asymmetric voltages were applied,
pistoning effects were observed as well as rotation, though these
modes are currently being further characterized.

V. CONCLUSIONS

The present methodology is very promising for high speed and
large static deflection 2D scanning applications. It enables the
designer to significantly optimize independent component and
achieve desired overall performance. Namely, the actuators allow
static two-axis rotation of for micromirrors without need for
gimbals, or other specialized isolation methodology. The design
presented utilizes a combination of actuators for making
micromirrors capable of two-axis scanning as well as pistoning.
Symmetry in the design allows both axes to be compatible in terms
of both angular rotation and speed, which is highly desirable for
applications such as spiral scanning. The linear actuation the device
from onset greatly simplifies implementation of control.
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