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Abstract—In this work, monolithically cascaded one-axis mi-
cromirrors driven by angular vertical comb drives are designed
and fabricated. Using W-shaped folded-beam optics, we demon-
strate two-axis scanning covering +6.0° two-dimensional area at
resonant modes of 7.5 kHz, 17 V for a fast-scanning mirror and
1.2 kHz, =7 V for a slow-scanning mirror. The experimental re-
sults satisfy the requirements for a surveying instrument.

Index Terms—Angular vertical comb drive, micromirror, op-
tical scanner, silicon-on-insulator (SOI) wafer.

I. INTRODUCTION

WO-AXIS laser-beam steering systems have been used in

many optical instruments to perform target search, beam
alignment, area sensing, or image display. Currently, cascaded
acoustooptic deflectors are used in many optical surveying in-
struments. Microelectromechanical systems (MEMS) scanners
are very attractive candidates for replacing those scanners. They
offer many advantages, including lower power consumption,
smaller size, and potentially lower cost. Both two-axis and cas-
caded one-axis MEMS scanners have been reported. Two-axis
scanners offer simpler design of optical systems and more com-
pact footprints [1]-[4]. On the other hand, cascaded one-axis
scanners offer better mechanical isolation between individual
scanning axes, simpler electrical interconnections, simpler fab-
rication processes, and potentially lower cost. While the foot-
print of the scanning module is slightly larger, the overall system
size (see Fig. 1) remains comparable to those using two-axis
scanners. In this paper, we will focus on the cascaded one-axis
scanners approach.

Several cascaded micromachined mirror devices have been
studied for MEMS confocal microscope and scanning display
applications [5]-[9]. Optical surveying instruments require mir-
rors with reasonably large scan range (~ & 6° mechanical), high
resonant frequencies (5—10 kHz for the fast axis), large radius of
curvature, and low supply voltage (<50 V). From the packaging
point of view, it is also desirable to have the two cascaded scan-
ners monolithically fabricated on a single chip. Vertical comb
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Fig. 1. Schematic illustration of a two-axis micromirror scanner implemented
in a surveying instrument.

drive actuators are attractive for for this application because of
the large torque [10]-[12].

In this paper, we report on a two-axis MEMS scanner
comprising two cascaded one-axis micromirrors for optical
surveying instrument applications. The two orthogonal one-axis
scanners are monolithically integrated on a silicon-on-insulator
(SOI) wafer. We employ angular vertical comb drive (AVC)
[4], [13]-[16] actuators for our scanners. It also has a sim-
pler fabrication process, and the comb fingers are inherently
self-aligned, since they are patterned in a one-step etching
process. We have achieved a resonant scanning with +6° scan
range in both axes. The drive voltages are +17 V (at 7.5 kHz)
and £7 V (at 1.2 kHz) for the fast and slow axes, respectively.
DC scanning for the slow axis has also been demonstrated
(£6° mechanical at 45 V).

II. IMPLEMENTATION OF THE MICROMIRRORS
A. Application and Requirements for the Scanners

The schematic of the optical scanning system in a surveying
instrument is shown in Fig. 1. It consists of a laser diode, an
imaging lens, a two-axis scanner, a turning mirror, and a colli-
mating lens. We employ a W-shaped folded-beam configuration
for our cascaded one-axis scanners so that both MEMS scanners
can be integrated on the same wafer.

The target, a highly reflective surface consisting of corner
cubes, is located several meters to several kilometers away
from the instruments. The required scanning angular range is
relatively small, on the order of a few degrees. The angular
divergence of the measurement laser beam is typically a few
milliradians or narrower. Hence, the target search system needs
to resolve several tens of spots in the entire scan range. Raster
scanning has been used because the laser beam needs to search
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Fig. 2. Schematic illustration of the optical system for two-axis scanning,
by using a monolithically cascaded pair of a fast-scanning mirror and a

slow-scanning mirror.

SlowScan.Mirror

FastScan.Mirror

L

Ed

6.0mm

Fig. 3. Schematic top view of chip design.

the entire area within the field of view to find the target. A
combination of fast- and slow-scanning deflectors has been
employed. However, when the target is closer to the surveying
instrument, coarser scanning can find the target. A fast scanner
with higher searching rate (approximately over 30 Hz) is de-
sired to track the target. Actuation voltage under 50 V is desired
because inexpensive electrical drivers are readily available.

B. Optical Design

The two-axis scanning optical system is illustrated in Fig. 2.
The optical system includes a fixed mirror and the combina-
tion of a fast-scanning mirror and a slow-scanning mirror, both
of which are monolithically fabricated on an SOI wafer. The
W-shaped folded-beam geometry allows two-axis scanning in a
compact volume. Fig. 3 shows the schematic of the scanner chip
(top view). The rotational axes of the mirror pair are perpendic-
ular to each other.

In our design, the spacing between the fast-scanning mirror
and the slow-scanning mirror is 6.0 mm. The fast-scan-
ning scanner has a circular shape with 0.4-mm diameter.
The slow-scanning mirror has an elongated shape (0.4 mm
% 2.5 mm with circular corners) to accommodate the walkoff of
the light beam caused by the first scanner (1.9 mm). The fixed
mirror is positioned at 3.0 mm above the scanning mirrors. In
the optical system, a laser beam (wavelength A = 690 nm,
output power = 1 mW) illuminates on the fast-scanning mirror
at 45° and is focused on the fixed mirror. The numerical
aperture (NA) of the focused beam is designed to be 0.015. The
fixed mirror directs the beam to the slow-scanning mirror. The
output beam is collimated by a lens with 50-mm focal length.
The size of the outgoing beam is D = 1.5 mm in diameter.
We designed the scanners to have beam deflection up to 6.0°
and the outgoing beam after the collimating lens up to +£0.5°.
To achieve +6.0° optical deflection, the fast-scanning mirror
must mechanically tilt sin™" (cos (45°) sin (£6°)) ~ £4.2°

Movable Combs

Fixed Combs

Fig. 4. Schematic illustration of the fundamental architecture of the
AVC-driven micromirror.

because of the 45° illumination. The slow-scanning mirror only
needs £3.0° mechanical angle to achieve £6.0° optical angle.
Since beam divergence is A/D = 0.46 = 0.026°, the number
of resolvable spots of the scanning system is calculated to be
1°/0.026° = 38.

III. MICROMIRROR SCANNERS
A. Theory

The structure of the micromirrors is schematically shown in
Fig. 4. The mirror plate is supported by two torsion beam springs
with dimensions of ¢ (thickness), w (width, w < t), and [
(Iength). The spring constant is estimated by [17]

3
L P 1)
™ 2w

k=
3l
where G is shear modulus of the spring material. Taking into
account the geometries of the movable part, we can estimate the
mass moment of inertia

I=Iy+1Ic+1Io @

where I is the moment of inertia of the mirror plate, I~ is that
of movable comb fingers, and I is from the other structures in
the movable body. The resonant frequency of torsion mode is

calculated by
1 [k
= —4/=. 3
/ 27r\/; )

AVC actuators are placed on both sides of the torsion axis.
When the dc bias voltage V is applied to the AVC actuators, the
mirror tilts by an angle € due to the torque between fingers. This
torque can be written as

() = V2 o0

2 0

where C is capacitance between movable combs and fixed
combs in AVC actuators. The rotational angle 6 is calculated by

“

T(6) = k9. 5)

The capacitance C' can be estimated by the geometry of the
AVC actuators such as number of comb pairs N, comb finger
length L, gap spacing between combs, and initial comb angle.
To estimate 9C/08 accurately and efficiently, we use a hybrid
approach that combines a two-dimensional (2-D) finite-element
method (FEM) and one-dimensional (1-D) analytical integra-
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Fig. 5. Mechanical mirror angle versus initial comb angle. In this simulation,
mirror size is 0.4 mm in diameter and 25 pm in thickness. Resonant frequency
is kept at 7.5 kHz. Applied bias voltage is 50 V. The actuator is composed of
three AVC units in each side of the mirror, i.e., 12 units in the device. The AVC
unit has 13 fingers 5 pm wide, 25 pm thick, and 3 gm in gap spacing. Comb
finger length in the AVC actuator is 59 pm (filled circles), 109 pm (unfilled
circles), 159 pm (squares), or 219 pm (triangles). Spacing from AVC hinge to
rotation axis of the mirror is 101 pm.

tion [15], [16], instead of a full three-dimensional (3-D) numer-
ical analysis. The hybrid analysis is suitable for AVC actuators
and dramatically reduces the computation time.

B. Simulation for AVC Actuator Design

The geometries and dimensions of the AVC actuator affect
the torque and the moment of the inertia of the movable body.
The mass moment of inertia of the movable comb fingers is pro-
portional to Ne L. To keep the resonant frequency constant
at the desired value, the spring constant should also be pro-
portional to N¢L¢c>. On the other hand, the torque generated
by the AVC actuators is approximately proportional to N¢ L2
[16]. Thus, under the constant resonant frequency condition, the
mirror angle 6 is independent of the number of comb finger pairs
N¢ when N¢ is large and the moment of inertia is dominated by
that of the fingers. The mirror angle at a fixed bias voltage will
increase initially with L when the monment of inertia mainly
comes from the mirror, and then decrease with L at long finger
lengths. There is an optimum L¢ for a given mirror dimension.

We find the optimum initial comb angle at a specific applied
voltage by using the theory described in Section III-A. Fig. 5
shows the calculated mirror tilt angle at 50-V bias versus the ini-
tial comb angle for a variety of finger lengths. The resonant fre-
quency is fixed at 7.5 kHz for all designs. There is an optimum
initial comb angle for every comb finger length. At this optimum
angle, the mirror rotation is larger for longer finger lengths, but
the tolerance of initial comb angle variation becomes tighter.
Similarly, Fig. 6 shows the calculated mirror angle at 50-V bias
versus the number of AVC units for several combinations of
comb finger length and initial comb angles. Each AVC unit has
13 comb fingers with a width of 5 ym, a thickness of 25 pm,
and a gap spacing of 3 pm. Indeed, the mirror rotation angle
saturates when mass moment of inertia becomes dominated by
the comb fingers. We can see from this simulation that a longer
comb finger does not always perform better. We designed the
comb finger length and initial comb angles, considering the sim-
ulation as well as the footprint of the AVC actuators.

[} L 4
) 1.5F Resonant Frequency : 7.5 kHz ( fixed ) ]
é R “F| comb Finger Length : A219um, =159 um, | 4
So L 0109 ym, @ 59 pm. | |
= L 4
@
NG 1.0 -

> = -
= L J
T W [ J
Lw L 4
& 05f :
< - 4
3} L 4
[}
E = -

0.0 ’ v
0 10 20

Number of AVC units

Fig. 6. Mechanical mirror angle versus number of AVC units. In this
simulation, mirror size is 0.4 mm in diameter and 25 p#m in thickness. Resonant
frequency is kept at 7.5 kHz. Applied bias voltage is 50 V. The AVC unit
has 13 fingers 5 pm wide, 25 pm thick, and 3 um in gap spacing. Comb
finger length and initial comb angle in the AVC actuator is 59 pm, 9.5° (filled
circles), 109 pm, 8.0° (unfilled circles), 159 pm, 6.5° (squares), or 219 pm,
5.5° (triangles) respectively. Spacing from AVC hinge to rotation axis of the
mirror is 101 gm.

TABLE 1
DESIGN PARAMETERS OF THE MIRRORS

Fast Scan. Mirror Slow Scan. Mirror

Circular Elongated Circular

0.4 mm X 2.5 mm

Shape of mirror

Size of mirror
Thickness of

0.4 mm in diameter

mirror, springs, and combs 25 pm
Length of springs 75 um
Length of comb fingers 109 um
Width of comb fingers Sum
Gap of combs 3 um
Initial comb angles 6 - 8 degrees

C. Mirror Design

The fast-scanning mirror is driven at its resonant frequency
(5-10 kHz). The slow-scanning mirror is designed to operate
in dc mode. However, we can also drive it at resonant mode
for coarse two-axis scanning when the target is close to the in-
strument and occupies a large angular area. For full raster scan-
ning, the typical scanning frequency is 150 kHz, which is much
smaller than the resonant frequency of the slow-scanning mirror.
The design parameters of both scanning mirrors are summarized
in Table L.

IV. FABRICATION OF THE MICROMIRRORS
A. Fabrication Process

We fabricated both mirrors monolithically on an SOI wafer
with 25-pum-thick device layer, 2-pm-thick buried oxide, and
400-pm-thick substrate. The fabrication process of the mirrors
is outlined in Fig. 7.

First, windows were opened by deep reactive ion etching
(DRIE) in the 400-pm-thick substrate. Aligning to the backside
openings, we simultaneously etched out the 25-pm-thick
front-side patterns, including mirror plates, torsion springs,
movable combs, and fixed combs by DRIE. Optical inspection
from backside allows for precise control of etching time.
Photodefinable benzocyclobutene (BCB) (Cyclotene 4024-40,
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Fig. 7. Fabrication process of the AVC-driven micromirror.
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(a) SEM of the fast-scanning mirror. (b) Close-up view of the AVC

Dow Chemical Company, Midland, MI) was spin-coated and
patterned as hinges for the AVC actuators. The device was
released in 49% hydrofluoric acid and dried with a supercritical
dryer. The chip was heated to 400 °C in a furnace. During the
thermal reflow, the BCB hinge lifted up the movable combs
up to 6°-8° [15]. Finally, 5-nm chromium and 100-nm gold
films were deposited by an electron beam evaporator for
high-reflectance coating on the mirrors and electrical connec-
tion to the movable comb fingers. It is worth noting that the
whole process flow includes only two DRIE steps with three
masks. Fig. 8 shows the scanning electron micrograph (SEM)
of the fabricated fast-scanning mirror.

B. Control of Initial Comb Angle

Since the initial comb angle affects the performance of the
scanner, it is important to understand the accuracy and unifor-
mity of the self-assembly process. We found that the tilt angles
produced by BCB curing alone have a large variation. To have a

- um
Movable Comb BCB Hinge 100
}
- 5.0
Limiter -
- 00

Fig. 9. Limiter structure controlling the movable comb angles. The 3-D
illustration is obtained by white-light interferometric profilometer.

401 — i

20 1

Counts

0 — 1 1

8 10 12 14 16
Assembled Angle ( deg )

Fig. 10. Distribution of individual initial comb angles. Average is 11.9°.
Root-squre-mean deviation of the distribution is calculated as 0.6°.

tighter control of the comb angle, we have designed some me-
chanical limiters. The limiter structure is shown in Fig. 9. It is
patterned during the same DRIE step when the comb fingers
are etched. The gap spacing around the limiter is designed to
be very narrow (~2 pm). When the comb is lifted up during the
BCB curing step, the limiter catches on the sidewalls of the fixed
structure and prevents the comb from rotating further. We have
designed a test structure to measure the uniformity of the self-as-
sembled angles. The measured angular distribution of 112 AVC
units is shown in Fig. 10. The average angle is measured to be
11.9° and the standard deviation is 0.6°. If we design the initial
comb angles around the optimum angles shown in Fig. 5, the
mirror rotation angle is insensitive to the initial comb angle vari-
ation (to ~=21°). There is one drawback of our current limiter
structure: the assembled comb angle is sensitive to lateral un-
dercut of the DRIE process. It is also sensitive to change of the
gap spacing underneath the BCB (due to shrinkage of the BCB
itself). We are currently investigating other limiter structures.

V. EXPERIMENTAL RESULTS
A. Performances of the Scanning Mirrors

We measured mechanical tilt angles of the mirrors under ac-
tuation using a white-light interferometric profilometer. Fig. 11
shows the dc performance of the mirrors. The fast- and slow-
scanning mirrors tilt £0.74° and 4-3.2° at 50 V, respectively. To
reach £3° in a slow scanner requires a voltage of 45 V, which
is less than the 50-V requirement. The theoretically calculated
transfer curves are also shown in Fig. 11. Very good agreement
between theory and experiments are obtained.
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Fig. 11. DC bias voltage dependence of mechanical angle of the mirrors. Dots
show the experimental data: the fast-scanning mirror (unfilled circles) and the
slow-scanning mirror (filled circles). Solid curves show the calculated data.
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Fig. 12. Frequency dependences of the optical deflection angle. Unfilled
circles show the experimental data for the fast-scanning mirror and filled
circles show the slow-scanning mirror. The slow-scanning mirror was driven at
+7-V ac voltage; the fast-mirror was driven at +17-V ac voltage.

We also measured the frequency response of the scanners.
The experimental setup is designed to mimic the optical design
shown in Fig. 2. Instead of using a collimating lens, we used a
2-D position-sensitive detector (PSD) to cover the entire scan
area.

The measured frequency responses are shown in Fig. 12. For
the fast-scanning mirror, the amplitude of the input sinusoidal
signal was fixed at 17 V during the measurement. Scanning an-
gular ranges were estimated from the output of the 2-D PSD on
an oscilloscope and the geometries of the measurement system.
The maximum amplitude of scanning, 6.0°, was observed at
3.75-kHz signal frequency, which corresponds to mirror vibra-
tion frequency of 7.5 kHz (the mirror oscillates twice for each
cycle of ac bias). The peak frequency of 7.5 kHz is confirmed
by a laser doppler vibrometer. For the slow-scanning mirror, the
amplitude of input sinusoidal signal was fixed at 7 V. The max-
imum amplitude of scanning, 6.0°, was observed at a driving
frequency of 600 Hz (mirror frequency = 1.2 kHz). The peak
frequency agrees with the measurement by the laser doppler
vibrometer.

The quality factors of the scanners are estimated from the
shapes of the resonant peaks. They are 68 for the fast-scanning
mirror and 44 for the slow-scanning mirror. The radius of cur-
vatures of the mirrors, measured by white-light interferometric

TABLE 1I
SPECIFICATIONS AND PERFORMANCE OF THE MIRRORS
Fast Scan. Mirror Slow Scan. Mirror
Size 0.4 mm diameter 0.4mm X 2.5 mm
Flatness R >3m R >3m
Resonant freq. 7.5kHz 1.2 kHz
Max. tilt angle +42° +3.0°
(Mechanical) at 17V AC at 45V DC or 7V AC
Max. scan angle +6.0° +6.0°
(Optical) at 17V AC at 45V DC or 7V AC
Drive mode Resonant DC or Resonant

Fig. 13. Lissajous figure that the scanned light beam drew on a 2-D PSD.

profilometer, are greater than 3 m. The performance of the scan-
ners is summarized in Table II.

B. Demonstration of Two-Axis Scanning

Two-axis scanning was demonstrated by driving both fast-
and slow-scanning mirrors at resonance. The fast-scanner is bi-
ased at 17 V and 7.5 kHz, while the slow axis is biased at
47V, 1.2 kHz. As shown in Fig. 13, the laser beam was steered
in £6.0° angular area.

VI. CONCLUSION

We have designed and fabricated a two-axis laser scanner for
optical surveying instruments applications. The scanner consists
of two cascaded one-axis micromirrors actuated by AVCs. The
fast scanner has a circular mirror of 0.4-mm diameter, while the
slow scanner has an area of 0.4 mm X 2.5 mm. The micromirrors
are made from a 25-pm-thick SOI substrate, and the mirror radii
of curvature are larger than 3 m. A W-shaped folded-beam struc-
ture is employed to reduce the overall footprint of the scanner
as well as allowing both scanners to be monolithically fabri-
cated on the same wafer. Optical scan ranges of +6° before the
final collimating lens are obtained in both axes by driving both
micromirrors resonantly at 17 V (7.5 kHz) and 7 V (1.2 kHz),
respectively. The measured performance agrees very well with
the theoretical calculations. The results described in this paper
are suitable for applications in optical survey instruments.
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