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Abstract—This paper reports a 1-mm2, two-axis, single-crys-
talline-silicon (SCS)-based aluminum-coated scanning mi-
cromirror with large rotation angle (up to 40 ), which can be
used in an endoscopic optical coherence tomography imaging
system. The micromirror is fabricated using a deep reactive ion
etch post-CMOS micromachining process. The static response,
frequency response, resonance frequency shift, and thermal
imaging of the device are presented. A 4 4 pixel display using
this two-dimensional micromirror device has been demonstrated.

Index Terms—Electrothermal actuation, microactuators, op-
tical coherence tomography, optical scanners, two-dimensional
(2-D) mirrors.

I. INTRODUCTION

OPTICAL coherence tomography (OCT) is an emerging
medical imaging technology that produces high-res-

olution cross-sectional images of biological samples [1].
OCT exploits the short temporal coherence of a near-infrared
broad-band light source and can image the cellular structure of
tissues at depths greater than conventional microscopes. It is
noninvasive and has the potential to reduce or guide invasive
and time-consuming biopsy procedures. Another very attractive
feature of OCT imaging is the high resolution. An OCT system
with 1- m axial resolution has been demonstrated [2], which
is about two orders of magnitude higher than that of ultrasound
imaging. Infrared light is also much safer than X-rays.

OCT has been proved to be clinically useful in the field of
ophthalmology, and has great potential for use in cardiovascular,
gastrointestinal, and pulmonary imaging through the use of en-
doscopes and catheters [3]. Endoscopic OCT systems have been
used to detect cancers at a very early stage [4], [5]. For these in-
ternal organ applications, the imaging probe must be small, and
fast image scanning is required. Various methodologies have
been proposed to transversely scan the optical beam across the
internal tissue surface. Some endoscopic OCT devices use a
rotating hollow cable that carries a single-mode optical fiber,
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Fig. 1. Schematic of a MEMS-based endoscopic OCT system. CM: collimator.
MM: micromirror.

while others use a galvanometric plate or piezoelectric trans-
ducer that swings the distal fiber tip to perform in vivo trans-
verse scanning of tissue [5]–[7].

Microsystem technology (MST) [also called microelectrome-
chanical systems (MEMS)] is another emerging technology that
makes miniature sensors and actuators. MEMS mirrors have
been widely used for optical displays and optical switching.
The small size, fast speed, and low power consumption of
MEMS mirrors make them ideal for use in an endoscopic
OCT imaging probe. In fact, researchers have started to use
MEMS mirrors for the transverse scanning of endoscopic OCT
systems [8], [9]. The authors have previously demonstrated
a 5-mm-diameter MEMS-based OCT endoscope that used
a one-dimensional (1-D) electrothermal mirror to scan the
light beam onto the biological tissue [8]. By performing 1-D
transverse scans of the tissue, high-resolution cross-sectional
two-dimensional (2-D) images were obtained. Fig. 1 shows
a schematic of a MEMS-based OCT setup. The collimated
light in the sample arm of the Michelson’s interferometer is
reflected off the beam steering micromirror and focused into
the tissue. The same mirror collects the backscattered light
from the tissue, and the tissue microstructure is determined by
low-coherence interferometry when scanning tissue in-depth
and laterally. Zara et al.also reported a MEMS-based OCT
probe [9].

However, the 1-D transverse scanning along with the axial
scanning can only generate 2-D images. Therefore, the whole
imaging probe has to be moved to scan an area of an internal
organ, so the imaging efficiency is low. Some other drawbacks
of these single-axis transverse-scanning probes include the
complexity and inaccuracies involved in repositioning the
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probe at adjacent tissue locations in order to successfully
map the tissue structure in three dimensions, thereby giving
clinicians a better picture about the tissue microstructure.

In order to obtain the desired three-dimensional (3-D) OCT
images, the beam steering mechanism must scan the tissue in
the two transverse directions. Using a micromirror to scan in
two dimensions will result in faster imaging speeds and more
efficient scans.

Numerous designs have been proposed in the literature
for performing 2-D scans using micromirrors. These 2-D
micromirrors are actuated by electromagnetic, piezoelectric,
or electrostatic techniques [10]–[17]. Electromagnetically
actuated mirrors can achieve large rotation angles of 15.7
[10], and 18 [11], but they require large external magnets for
actuation. Therefore, packaging this device in an endoscope or
catheter is a challenge. Two-dimensional electrostatic mirrors
have been reported to produce mechanical rotation angles of

5.5 at a resonant frequency of 720 Hz [12], up to 10 at
100 V [13], 6.2 at 55 V [14], and 7.5 [15]. Although
the high resonant frequencies of electrostatic mirrors allow
for high-speed scanning, the scan area is limited by the small
rotation angles. Also, the high voltages required for larger
angular actuation are a deterring factor in their use for internal
in vivo imaging. Piezoelectrically actuated micromirrors with
rotation angles of 2.3 at 4.5 V [16] and 5.5 at 16 V [17] have
been reported, but they are also limited to the area they can
scan. Therefore, these aforementioned mirror designs may not
be ideal for an endoscopic OCT probe, as they do not meet all
the probe requirements of small size, fast scanning speed, ease
of packaging, and low cost of fabrication. The micromirror
must also be large and flat to maintain high light coupling
efficiency and spatial resolution and should also have large
angles of rotation to image large areas.

In this paper, we present an electrothermally actuated
single-crystal-silicon (SCS)-based 2-D micromirror, designed
to address the scanning requirements of an endoscopic OCT
system. The mirror is fabricated by using a deep reactive ion
etch (DRIE) CMOS–MEMS process [18]. This fabrication
process provides thick SCS structures for mirror flatness.
An SCS mirror with a large radius of curvature of 50 cm
has been reported [8]. The fabrication process also provides
mechanical thin-film bimorph beams, which allow for large
actuation angles. The authors have previously reported large
mirror rotation angles of 17 [8] and 31 [19] at 20 V dc,
by electrothermally actuating the thin-film bimorph actuators.
Resonant frequencies of about 0.5 kHz have been achieved
with these structures. The fabricated 2-D micromirror can
rotate more than 25 along both axes. The advantages of these
MEMS micromirrors include large rotation angles at low
voltages, high scanning speed, small device size that allows
for easy insertion into an endoscope, and potential low cost
due to the simple fabrication process. In this paper, we first
briefly introduce the fabrication process flow in Section II. The
2-D micromirror design is then presented in Section III, while
Section IV describes its characterization. The laser scanning
experiment using the 2-D mirror is presented in Section V.

Fig. 2. DRIE CMOS–MEMS process flow. (a) Backside etch. (b) Oxide etch.
(c) Deep Si etch. (d) Si undercut.

II. DRIE CMOS–MEMS PROCESS

The device is fabricated using a four-step, post-CMOS
DRIE–MEMS process [18], which is shown in Fig. 2. The
process starts with a backside deep anisotropic silicon etch to
form a 40- m-thick SCS membrane. This SCS membrane is
required to keep the mirror flat. The second step is a frontside
anisotropic oxide etch that uses the interconnect metal (i.e.,
aluminum) as an etching mask. Next, a deep silicon trench
etch is done to release the microstructure. The last step is an
isotropic silicon etch, performed to undercut the silicon to
form bimorph thin-film beams which are 2 m thick. These
thin-film beams provide -axis compliance for out-of-plane
actuation, and form bimorph actuators with embedded polysil-
icon heater. There are no substrate or thin-film layers directly
above or below the mirror microstructure, so large actuation
range is allowed. As the top aluminum layer is used as an
etching mask, CMOS circuits under it will remain unaffected
by the fabrication process. Therefore, CMOS circuits can be
integrated with the MEMS device. This process is maskless,
uses only dry etch steps, and is completely compatible with
foundry CMOS processes.

III. DEVICE DESCRIPTION

The schematic drawing of the 1-mm micromirror device is
illustrated in Fig. 3. The mirror is attached to a movable frame
by a set of bimorph aluminum/silicon dioxide thin-film beams.
A polysilicon resistor is embedded within the silicon dioxide
layer to form the bimorph thermal actuator. As this set of bi-
morph thin-film beams directly actuates the mirror, it is referred
to as the mirror actuator. The movable frame is connected to the
silicon substrate by another set of identical bimorph thin-film
beams that are oriented perpendicular to the first. This second
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Fig. 3. Schematic of the mirror design. (a) Top view showing axes of rotation.
(b) Cross-sectional view of A and A in Fig. 3(a). This schematic is not a true
representation of the actual number of bimorph thin-film beams that comprise
the thermal actuators.

set of bimorph beams actuates the frame, and is referred to as
the frame actuator. The orthogonal orientation of the two actu-
ators results in two perpendicular axes of rotation for the mirror.

Each side of the rectangular frame is 75 m wide, and as
seen from Fig. 2(c), the frame has a 40- m-thick SCS layer
under it to provide rigidity to the structure. After the mirror is
released during fabrication, the bimorph actuators have initial
curling due to the residual stresses in the aluminum and silicon
dioxide layers. The initial tilt angles of the mirror and frame
due to the curling of the thermal actuators can be calculated
from , where is the initial tilt angle and and
are the lengths and radii of curvature of the thermal actuators,
respectively.

The heating element in the bimorph beams is a set of
200- m-long, 7- m-wide polysilicon strips oriented along the
beams. This narrow polysilicon width is selected to reduce the
process time for the silicon undercut [Fig. 2(d)]. The CMOS
process permits a maximum current of 1 mA per micrometer
width of polysilicon. Therefore, only a maximum current of
7 mA can flow through each individual bimorph beam. In order
to increase this current limit to a higher value, the polysilicon
resistors in two adjacent beams are connected in parallel. This
results in a beam pair resistance of 34 . The fabricated mirror
has 32 and 38 pairs of bimorph beams in the mirror and frame
actuators, respectively. This gives us mirror and frame actuator
resistances of 1.1 and 1.3 k , respectively. When the applied
current through the embedded polysilicon resistor is increased
during actuation, the temperature in the bimorph actuator
increases. Since the thermal coefficient of expansion of alu-
minum (23.1 strain/K) is greater than that of silicon dioxide
(0.7 strain/K) [20], the bimorph beams bend downward, and

Fig. 4. SEM of a fabricated 2-D mirror.

this results in a downward angular displacement of the attached
mirror.

As shown in the cross-sectional view of the device
[Fig. 3(b)], the top layer of the mirror is an interconnect metal
layer (i.e., aluminum). Thus, the mirror has high reflectivity.
A 40- m-thick SCS layer backing the mirror plate guarantees
the mirror flatness. Large, optically flat mirrors are required to
maintain high light coupling efficiency and spatial resolution.
The fabricated mirror size 1 mm 1 mm is chosen to fit the
available space in the OCT imaging probe.

Fig. 4 shows a scanning electron micrograph (SEM) of a fab-
ricated micromirror. The mirror tilts 42 and the frame tilts 16 ,
at room temperature, with respect to the substrate. These initial
tilt angles are due to the residual stresses present in the bimorph
beams. The maximum actuation angles allowed by this device
design are limited by the substrate contact points. Calculations
based on a 500- m-thick wafer show that the mirror can tilt up
to 22 , while the frame can tilt up to 17 below the wafer
surface. Therefore, the maximum allowed rotation angles for the
mirror and frame are 64 and 33 , respectively.

IV. CHARACTERIZATION

Various experiments were performed to determine the
characteristics of this device. These experiments include static
response, frequency response, resonance frequency shift,
long-term device reliability, and thermal imaging of the device.

A. Angular Rotation Versus Applied Current

An experimental setup with a laser beam incident on the
mirror and dc current supplied to the two actuators was used to
measure the static deflection angles. The mechanical scan angle
of the mirror was obtained by measuring the displacement of
this incident laser beam. Fig. 5(a) shows the measured angles
of rotation at different currents for the two independent axes.
The mirror rotates 40 at an applied current of 6.3 mA (or 15 V,
corresponding to an applied power of 95 mW), while the frame
rotates by 25 at a current of 8 mA (or 17 V, corresponding to
a power of 135 mW). Mirror rotation angles up to 50 have
been observed at higher currents, but the high stress induced in
the bimorph actuator results in mirror instability. It has been
observed that thermal damage in the polysilicon heater occurs
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Fig. 5. (a) Rotation angle versus current for the two actuators. (b) Polysilicon
resistance versus current for the two actuators. I : current in mirror actuator. I :
current in frame actuator. A 7-mA frame actuator current is required for aligning
the rotation axis of the mirror actuator with the substrate.

at this point. The bimorph actuators burn out at an applied
voltage of 28 V; this corresponds to burnout currents of 8 and
11 mA in the mirror and frame actuators, respectively. The
mirror instability limits the usable scan range of the mirror
actuator to 40 .

Due to the large angular displacements by the actuators, the
center of the mirror plate does not remain stationary in the ver-
tical direction. At a rotation angle of 20 (optical angle of 40 ),
the center of the mirror plate displaces by 170 m along the
probe laser-beam axis, which generates additional optical path
length in the sample arm of the OCT system in Fig. 1. This op-
tical path length increase (within 200 m) will be compensated
by increasing the scan length of the axial-scanning reference
mirror.

B. Actuator Resistance Versus Applied Current

The temperature increase in the bimorph actuators during ac-
tuation is proportional to their thermal resistance. The thermal
resistance of the actuators depends on the heat-flow path from
the actuators to the substrate. Since the mechanical structure of
the frame provides additional thermal isolation to the mirror ac-
tuator, the mirror actuator has a larger thermal resistance to the
silicon substrate than the frame actuator. Therefore, the same ac-
tuation current will cause larger angular rotation by the mirror
actuator than by the frame actuator. The dc current dependence

of the resistors is plotted in Fig. 5(b). The resistances of the
polysilicon heaters change significantly with current because
the heating effect of the current causes temperature change,
which in turn induces stress change in the bimorph beams. The
measured open circuit polysilicon resistances of the mirror and
frame actuators are 1.09 and 1.26 k , respectively.

C. Temperature Analysis

The temperature distribution on the surface of the device was
observed using an infrared thermal camera. The temperature
distribution profile of the entire mirror actuator is shown in
Fig. 6(a). Fig. 6(b) shows this distribution over the entire device,
and as expected, the mirror actuator has a higher temperature
than the frame actuator due to the thermal isolation provided
by the frame. Even though the actuator temperatures can be as
high as 120 C, the mirror plate and silicon substrate dissipate
heat and remain at relatively lower temperatures 40 C . The
mirror is packaged inside an OCT endoscope, as seen in Fig. 1.
The endoscope provides a heat flow path so that there is no sig-
nificant increase in the temperature of the probe during extended
periods of usage, so there will be no thermal damage to tissue
during imaging.

D. Frequency Response

The resonant frequencies of the mirror and frame actuator
structures were measured to be 445 and 259 Hz, respectively.
It has been observed that the resonant frequency of the mirror
actuator increases with increasing bias voltage in either actuator.
This is shown in Fig. 7. The increase in resonance frequency of
the mirror is more pronounced with an increase in mirror actu-
ator voltage than with an increase in the frame actuator voltage.
A mirror actuator biased at 12 V increases the resonance fre-
quency by 37%, but the resonance drift due to the change in
frame actuator bias is contained to within 2%. Therefore, for
stable resonance scanning of the mirror, it is desirable to operate
this device at a higher mirror actuator bias, as this will result in
least drift of the resonance peak.

E. Long-Term Reliability

The long-term reliability of the mirror was evaluated by scan-
ning the mirror to steer a laser beam onto a fixed screen. The
mirror was continuously scanned at 5 Hz, and the scan length
and angular position of the reflected laser beam were measured
for over 2 million cycles. For the entire duration of the experi-
ment, the observed angular drift was about 0.8 , which is mostly
due to fluctuations in ambient temperature.

The radius of curvature of the mirror was measured by a
Wyko white light profilometer to be 0.33 m. The mirror can be
made optically flatter by using a thicker SCS layer backing the
mirror plate or by depositing stress-compensating layers under
the top reflective aluminum layer.

V. LASER SCANNING EXPERIMENT

To further study the scanning behavior of the 2-D mi-
cromirror, a laser scanning experiment was performed [21],
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Fig. 6. Thermal images of a device biased at 10 V. (a) Temperature distribution across the mirror actuator only [highlighted in (b)]. (b) Thermograph of the entire
device.

Fig. 7. Percentage increase in resonant frequency of mirror at different frame
actuator voltages.

which simulates the 2-D transverse scanning for 3-D OCT
imaging. This laser scanning application, as opposed to OCT
imaging, is not affected by the axial translation of the scanning
mirror.

In this experiment, a simple visual display was successfully
demonstrated by using this 2-D micromirror. The objective of
this beam scanning experiment was to scan a pixel field with
the micromirror and then to illuminate the selected pixels with
a laser diode, thereby creating a projection display. The experi-
mental setup is shown in Fig. 8(a). By using a microprocessor to
control the mirror and laser, a display resolution of 4 4 pixels
at 10 frames/s was demonstrated. A sample image projected on
a screen is shown in Fig. 8(b). An active notch filter was in-
corporated into the amplifier to remove frequency content from
the driving signals, which could excite the mirror’s resonant vi-
bration modes. The 4 4 pixel resolution is largely limited by
attempts to stabilize the mirror for each pixel.

A new technique is currently in development to use the de-
vice in a continuous resonant scanning mode, in a scan pattern
similar to that of a raster scan. This would simplify the motion
of the mirror and allow for better resolution and higher frame
rates.

Fig. 8. (a) Setup of the laser beam scanning experiment. (b) 4� 4 pixel images
scanned by the micromirror.

VI. CONCLUSION

A large electrothermal 2-D micromirror was successfully
demonstrated. The fabrication process is simple and compat-
ible with CMOS processes; therefore, control circuits can be
integrated with the mirror on the same chip. The low driving
voltage and large rotation angles make this device very suitable
for laser scanning endoscopic imaging systems and for optical
display applications. The techniques and models that are being
developed for a high-resolution projection display will be
directly employed to control the laser beam scanning in an
endoscopic OCT system because the same basic operation of
the device is required for both systems. Three-dimensional
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endoscopic OCT imaging is being conducted and will be
presented soon.
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