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Abstract

This paper reports the design, fabrication and operation of a two-dimensional (2D) micromirror that can generate large bi-directional scans at
low actuation voltages. This single-crystal silicon (SCS) micromirror device has been fabricated by using a unique DRIE CMOS-MEMS process
that can simultaneously provide thin-film and SCS microstructures. A fabricated micromirror has negligible initial tilt angle, and can perform large
bi-directional 2D optical scans (over £30°) at less than 12V dc. 2D dynamic scanning using this mirror has been demonstrated by obtaining a
14° x 50° angular raster scan pattern. This device can also perform vertical displacements up to 0.5 mm at about 15V dc.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Bi-directional scanning; Electrothermal actuation; Large rotation angle; Large vertical displacement; Optical scanner; Two-dimensional (2D) micromirror

1. Introduction

Micromirrors are widely used for a variety of applications,
such as optical displays [1,2], biomedical imaging [3-5],
optical switching [6-8], and laser beam steering [9]. However,
micromirrors specifically designed for use inside endoscopic
probes for internal-organ biomedical-imaging applications must
meet requirements of small size, fast scanning speed, large scan
angles, and low operating voltage. Numerous two-dimensional
(2D) scanning micromirror designs have been developed using
electromagnetic, piezoelectric, electrostatic or electrothermal
techniques.

2D electromagnetic micromirrors can achieve large rotation
angles of 10°-23° at low actuation voltages [7,8,10], but they
require large external magnets. Therefore, it is challenging to
use electromagnetic micromirrors for endoscopic applications
which have stringent size restrictions. Piezoelectrically actuated
2D micromirrors have simple structures, but their rotation angles
are limited to a few degrees [11-13]. Electrostatically actuated
micromirrors can perform fast scanning and consume very low
power, but they normally need high driving voltages on the order
of 100 V. 2D electrostatic micromirrors using the parallel-plate
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electrostatic force have demonstrated rotation angles ranging
from £5° up to +8° at driving voltages of 70-200 V [6,14-16].
There is also a trade-off between the mirror-plate size and the
maximum allowable rotation angle due to the gap between the
electrodes. Other 2D mirror designs used electrostatic comb fin-
gers to achieve larger rotation angles ranging from 6.2° to+11°
at actuation voltages between 55 and 140V [9,17-19]. How-
ever, the high voltages required for large angular actuation still
remains a deterring factor for their use in certain applications,
such as in endoscopes for internal biomedical imaging.

Electrothermally actuated 2D micromirrors with rotation
angles of 15°—40°, resonant frequencies in the kHz range, and
driving voltages of 15-20V have been demonstrated [20,21].
Even though electrothermal micromirrors generally consume
relatively high power, their large rotation angles with low driv-
ing voltages make them ideal for the intended endoscopic bio-
imaging applications.

In previous work, we presented single-crystal silicon (SCS)
based 1D and 2D micromirrors that used electrothermal actu-
ation to achieve large angular displacements at low driving
voltages for endoscopic optical coherence tomographic imaging
[3,21]. These mirrors used aluminum/silicon dioxide bimorph
beams with an embedded polysilicon heater for electrothermal
actuation. However, the unidirectional operation, non-stationary
center of rotation, and large initial tilt angle of those micromir-
rors complicated the device packaging and optical design.
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In this paper, we present a new 2D micromirror device which
has a small initial tilt angle and can perform large bi-directional
scans at low dc voltages. This new 2D micromirror design uses
two sets of large-vertical-displacement (LVD) microactuators
[22], to keep the mirror surface parallel to the substrate and also
provide bi-directional scanning capability. The device design
and fabrication process are reported in Sections 2 and 3. Section
4 describes the micromirror characterization, including the 2D
scan patterns.

2. Micromirror design

A schematic view of the 2D micromirror with its nomencla-
ture is illustrated in Fig. 1. The 0.5 mm x 0.5 mm mirror plate
is attached to a rigid silicon frame by a set of bimorph alu-
minum/silicon dioxide thin-film beams. This first set of bimorph
beams is referred to as actuator 1 (Act1). As shown in Fig. 1(c),
polysilicon resistors embedded in the bimorph beams are used
for electrothermal actuation. This frame is connected to a second
outer frame by another set of identical bimorph thin-film beams,
known as actuator 2 (Acr2). After the device is released during
fabrication, the bimorph beams curl up due to the tensile stress in
the upper aluminum layer and compressive residual stress in the
bottom silicon dioxide layer, as illustrated in Fig. 1(c). The rigid-
ity of the frames and the flatness of the mirror are guaranteed
by the thick single-crystal silicon layer underneath the frames
and mirror. In contrast, the bimorph actuators do not have the
SCS layer and thus are thin and compliant in the z-direction.
The mirror surface is coated with aluminum for broadband and
high reflectivity. The fabrication details are provided in the next
section.

Actl and Act2 together form a large-vertical-displacement
microactuator set, in which the curls of the two sets of bimorph
beams compensate each other resulting in zero initial tilt of the
mirror plate. A detailed analysis on LVD microactuators has
been reported in [22,23]. Bi-directional 1D line scanning along
the y-axis is possible using this LVD microstructure by alter-
nately applying voltage to actuators Actl and Acr2. In order to
enable 2D scanning, a second set of LVD actuators (Act3 and
Act4) is attached to the first, as shown in Fig. 1(a). The orthog-
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Fig. 2. SEM of a fabricated 2D micromirror. The cross-sectional view of AA’
is shown in Fig. 1(c).

onal orientation of the two sets of LVD actuators results in two
perpendicular axes of rotation for the micromirror.

The SEM of a fabricated device is shown in Fig. 2. Each
side of the three rectangular frames is 40 pm wide, and has a
40-pm thick SCS layer under it to provide rigidity and thermal
conduction to the substrate. The heating element in the bimorph
beams is a set of 200-pwm long, 7-pm wide polysilicon strips
oriented along the beams. As the applied current through the
embedded polysilicon resistor increases during actuation, the
temperature of the bimorph actuator increases. Since, the top
aluminum has a greater thermal coefficient of expansion than the
bottom silicon dioxide, the bimorph beams bend downward with
increasing temperature, which results in a downward angular
displacement of the attached mirror/frame. The primary mirror-
rotation directions for actuators 1-4 are along the +y, —y, +x,
and —x axes, respectively. However, the heating of the active
actuators will cause unwanted rotations by the other actuators
due to thermal coupling. This issue is discussed in Section 4.

In order to enable independent electrical excitation for each
of the four actuators, a wiring schematic as shown in Fig. 3 is
used. The metal-1 aluminum layer on top of the bimorph beams
is electrically divided into several paths to carry the different

(b)
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Fig. 1. Micromirror design: (a) top view of the 2D micromirror, highlighting the four bimorph actuators; (b) top view of the actuator area boxed in part (a); (c)

cross-sectional view of the bimorph actuator as seen across AA’.



456 A. Jain, H. Xie / Sensors and Actuators A 130—-131 (2006) 454—460

Frame
Actl
il Mirror metal-1
72
~
men w2 A %
I

oxide

V2 V1 poly-Si

Fig. 3. Layout of the wiring schematic for the LVD actuators. Inset: section of
an Act2 bimorph beam showing that Act1 current is carried by metal-1 layer.

actuation currents for the inner actuators. For example, the
metal-1 layer on Act4 has been divided into four electrical paths
(including the ground line) that carry currents for actuators
1-3. As seen in the inset of Fig. 3, the actuation current which
flows though the polysilicon heater is electrically isolated from
the current flowing through the metal-1 layer by a thin oxide
layer.

3. Device fabrication

The 2D micromirror is fabricated using a deep-reactive-
ion-etch (DRIE) CMOS-MEMS process [24]. The post-CMOS
process flow, outlined in Fig. 4, uses only four dry etch steps
and can simultaneously produce both thin-film and bulk-Si
microstructures. The AMI 0.5-pum 3-metal CMOS process avail-
able through the MOSIS foundry service [25] was used for the
CMOS fabrication.

The CMOS-MEMS process starts with a backside anisotropic
silicon etch to form a 40-pm thick SCS membrane (Fig. 4(a)).
This SCS membrane is required to keep the mirror flat, and it
also provides rigidity to the movable frames. The second step
is a frontside anisotropic oxide etch that uses the CMOS inter-
connect metal (i.e., aluminum) as an etching mask. Next, a deep
silicon trench etch is performed to release the microstructure
(Fig. 4(c)). The last step is an isotropic silicon etch, performed
to undercut the silicon to form bimorph thin-film beams which
are about 2 wm thick (Fig. 4(d)). These thin-film beams provide
z-axis compliance for out-of-plane actuation, and form bimorph
actuators with an embedded polysilicon heater (Fig. 1(c)). There
is no substrate or other microstructures directly above or below
the mirror microstructure, so large actuation range is allowed.
As seen in the SEM of the 2D mirror in Fig. 2, the initial tilt
angle of a fabricated mirror plate is less than 0.5°, and its rest
position is 1.24 mm above the substrate plane.
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Fig. 4. DRIE CMOS-MEMS process: (a) backside Si etch; (b) oxide etch; (c)
deep Si trench etch; (d) Si undercut.

4. Experimental results
4.1. Bi-directional scanning

An experimental setup with a laser beam incident on the mir-
ror and dc voltages applied to the four actuators was used to
determine the static 2D scanning response of each actuator. The
optical angle scanned by the mirror was determined by measur-
ing the displacement of the reflected laser beam on a calibrated
x—y screen. Fig. 5(a) shows the static 2D line scans obtained
by actuating each actuator individually, in which only Act4
scans along its primary axis while the other scan lines deviate
from their primary axes. The corresponding scan-angle versus
actuation-voltage characteristics for each of the four actuators
are shown in Fig. 5(b). Act4 scans along the —x-axis, while Act1,
Act2 and Act3 scan 1D lines angled at +60°, —66°, and —28°
with respect to the x-axis, respectively. This 2D micromirror
device scans optical angles greater than 240° in the x-direction,
and over £30° in the y-direction at dc actuation voltages less
than 12 V. The deviation of a line scan from its primary axis in
Fig. 5(a) is caused by thermal coupling between the actuators.
Since, Act4 is directly connected to the silicon substrate it is
least affected by thermal coupling, and this can be observed
in Fig. 6(a), where Act4 scanned consistently along the —x-
direction for different Act1 bias voltages. The thermal coupling
between the actuators can be modeled by extending the LVD
electrothermal model reported in [23,26].

The resistances of the polysilicon heaters embedded in
all four actuators increase significantly with applied voltage
because of Joule heating. Joule heating raises the temperature of
the bimorphs and this increases the heater resistance due to the



A. Jain, H. Xie / Sensors and Actuators A 130-131 (2006) 454—460

40 . . Y
/ | O Actl
30F 0 ‘| ® Act2 |1
= A E Act3
o 7 20F I .
B = O Act4
=8 i
&8 10f % -
2=
L Lo A2 0~ 4
% _5 0 0-0-6-5 .
£ =
—z § -0 F iy = B -
s : \ S
B s - X i B ]
[
30 P .
a0t B : : el
g \‘ ]
-40 L L ., L
40 -20 0 20 40 60
(a) Optical angle scanned in x direction (degrees)
70 . . : : :
- Act |
60 - Act 2|4
- Act 3
30 - Act 4| ]

40

Optical angle (degrees)

(b)

Actuation Voltage (V)

Fig. 5. (a) Plot showing the optical angles scanned in 2D space when each
actuator is individually actuated. (b) Plot of the effective optical angle scanned
vs. actuation voltage for each actuator. Act4 scans along —x, while Actl, Acr2
and Act3 scan at +60°, —66°, —28° with respect to the x-axis, respectively.

thermal coefficient of resistivity of polysilicon. The measured
polysilicon resistance of each actuator is listed in Table 1. A lin-
ear correlation between the optical scan angle and the polysilicon
resistance for each of the four actuators was observed, as shown
in Fig. 6(b). This correlation allows for independent control of
the rotation angle of each actuator by monitoring the resistance
of each individual polysilicon heater. Thermal coupling between
the actuators can also be accounted for by monitoring the indi-
vidual polysilicon heater resistances.

The angular stability of the micromirror (at its maximum xy
tilt angle) was experimentally determined with respect to time,
as shown in Fig. 7. From this plot it was determined that the
micromirror stability for Actl and Act4 were within 0.6° and
0.16°, respectively, for their entire optical scan ranges (which

Table 1

Summary of actuator characteristics

Actuator Heater Maximum Mirror rotation Resonant
resistance static optical direction frequency
k) scan angle (Hz)

Actl 1.3 36° at 8.4V —30° to +y-axis 870

Act2 1.3 41°at9.1vV 24° to —y-axis 452

Act3 0.62 66° at 8.5V —28° to +x-axis 312

Actd 0.62 38°at11.4V along —x-axis 170
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Fig. 6. (a) Plot showing the linear scan pattern during static 2D scanning of Act1
and Act4 only. Act4 was actuated at different Act1 bias voltages; (b) linear plot
of actuator resistance vs. optical scan angle for each actuator.

are 36° and 38°). The initial tilt angle of the mirror plate at dif-
ferent environmental temperatures was also documented, and
the results are presented in Fig. 8. For this experiment, the
micromirror was heated by a thin-film micro-heater placed under
a packaged device, and the tilting of the mirror plate at different
temperatures was monitored. Theoretically, a uniform change in
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Fig.7. Tiltangle stability of the mirror plate vs. time. Act1 and Act4 were excited
to rotate the mirror to its maximum scan angle.
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Fig. 8. Initial tilt angle of the mirror plate in x and y directions at different
environmental temperatures.

device temperature would cause equal rotational displacements
by all four actuators, thereby negating any net mirror tilting.
However, as observed in Fig. 8, there is significant mirror tilting
in the —x-direction and this is attributed to the fact that Act4
is heated more than the other actuators since it is directly con-
nected to the substrate, which in turn is directly connected to the
heat source.

4.2. Two-dimensional dynamic scanning

2D scanning using this device was demonstrated by simul-
taneously exciting both Act1l and Act4 actuators with small ac
voltage signals. The frequency and phase of the ac signals were
varied in order to generate the Lissajous figures shown in Fig. 9.
This device exhibits resonant peaks at 870 Hz, 452 Hz, 312 Hz,
and 170Hz due to the different actuators as summarized in
Table 1.

A 2D raster-scanning pattern was generated by the micromir-
ror when Actl was supplied with 1V dc plus 1V ac at its
resonance of 870 Hz, while Act4 was supplied with 2V dc plus
2V ac at 15Hz. As shown in Fig. 10, 58 parallel lines were

from
Frame

Reflectio

Fig. 10. Resonance scan pattern obtained using actuators 1 and 4.

scanned in a raster-scan pattern by the laser beam covering a
14° x 50° parallelogram angular area.

4.3. Vertical displacement motion

Vertical displacement of the mirror plate can be achieved by
equal but opposite angular rotations of only one set of LVD
microactuators. For this experiment, only actuators 3 and 4
were used. The Acf3 actuation voltage was increased in small
increments to rotate the mirror plate in the +x-direction. This +x-
direction mirror rotation was compensated by supplying voltage
to Act4, which rotates the mirror along the —x-direction. The
opposite rotations brought about by actuators 3 and 4, result
in pure vertical displacement of the micromirror along the +z-

Fig. 9. Photographs of 2D scan patterns: (a)—(e) Lissajous figures scanned by the micromirror by varying only the phase of the excitation signals; (f) Lissajous figure

scanned at an excitation frequency ratio of 1:10.
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Fig. 11. (a) Vertical displacement of the mirror plate as a function of Act4 voltage; (b) corresponding plot of the relationship between Act3 and Act4 voltages that is
required to generate the displacement shown in (a); (c) linear increase of Act3 and Act4 resistance with vertical displacement.

direction. It should be noted that due to thermal coupling, the
inactive actuators 1 and 2 will tilt the mirror plate along the y-
direction. The vertical displacement of the center of the mirror
plate as a function of Act4 voltage is shown in Fig. 11(a). Itcan be
seen that a maximum z-displacement of 0.53 mm was observed
at an Act4 voltage of 15V. Fig. 11(b) shows the almost linear
relationship between the Act3 voltage and the corresponding
Act4 voltage that is required to vertically displace the micromir-
ror as obtained in Fig. 11(a). Using this voltage relationship,
the x-axis tilting of the mirror plate was less than 0.8° during
the entire 0.53 mm actuation range. An almost linear correla-
tion between the vertical displacement of the mirror plate and
the actuator resistances was observed, as shown in Fig. 11(c).
This linear relationship provides a closed-loop feedback path
for determining mirror displacement by monitoring the actuator
resistances. The z-axis vertical scan provided by actuators 3 and
4, in combination with the y-axis resonance scan provided by
Actl will generate 2D scans in the y—z plane.

As mentioned above, thermal coupling between the active
Act3 and Act4 actuators causes rotation by Actl and Acr2 in the
orthogonal y-direction. This y-axis tilting of the mirror plate was
monitored and is plotted as a function of vertical displacement
in Fig. 12. A maximum y-direction mirror-plate tilting of —7°
was observed. This —y mirror tilting is mainly due to the heating
of Acr2 by the Act3 and Act4 active actuators. Even with ther-
mal coupling it is possible to scan a 2D depth scan using this
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0E ‘
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Vertical Displacement of Mirror (um)

Fig. 12. Tilting of the mirror plate in the negative y-direction (due to thermal
coupling) as a function of vertical position of the mirror.

mirror; however, the scanned area would be displace towards
the —y-direction with increasing z-displacement (as observed in
Fig. 12).

5. Conclusion
An electrothermally actuated 2D micromirror was success-

fully demonstrated. By using two sets of LVD microactuators the
micromirror has the ability to perform bi-directional 2D scans.
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Optical scan angles larger than £=30° have been obtained in two
dimensions with driving voltages less than 12 V. 2D dynamic
scanning using this mirror has also been demonstrated by obtain-
ing a 14° x 50° angular raster scan pattern. This device also has
the ability to perform vertical displacements of up to 0.5 mm
along the z-axis, thereby permitting 2D scanning in the verti-
cal direction. The mirror fabrication process is mask-less, uses
only dry etch steps, and is completely compatible with foundry
CMOS processes. Since, this fast-scanning micromirror scans
large optical angles at low actuation voltages, it is suitable for
use in endoscopic biomedical imaging applications.
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