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Abstract

This paper reports a novel large vertical displacement (LVD) microactuator that can generate large piston motion and bi-directional
scanning at low driving voltage. A LVD micromirror device has been fabricated by using a unique deep reactive ion etch (DRIE) post-CMOS
micromachining process that simultaneously provides thin-film and single-crystal silicon microstructures. The bimorph actuation structure
is composed of aluminum and silicon dioxide with an embedded polysilicon thermal resistor. With a size of only ©.J.8#&mm, the
LVD micromirror demonstrated a vertical displacement of 0.2 mm at 6 V dc. This device can also be used to perform bi-directional rotational
scanning through the use of two bimorph actuators. The micromirror rotates-é&ert less than 6 V dc, and ove3 (i.e., >170 optical
scan angle) at its resonant frequency of 2.6 kHz.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ages of biological tissufl3]. The core of an OCT system
is a Michelson interferometer in which a broadband light

Scanning micromirrors have been demonstrated forawidebeam is split into a reference arm and a sample arm. The
variety of applications such as for optical displdis2], reflected light beams from the reference mirror and the sam-
biomedical imagind3,4], laser beam steerin®], and op- ple interfere with each other. The interference, which occurs
tical switching[6]. The advantages of using micromirrors only when the optical path difference is within the coherence
over conventional scanning solutions include their small size, length of the light source, is picked up by the photodetector.
high speed, low power consumption, and the potential for low Therefore, the coherence length determines the axial reso-
costthrough batch fabrication. Fast-scanning mirrors that canlution, and the axial scanning of the reference mirror gen-
generate piston motion are required by applications for wave- erates cross-sectional images. Typically, imaging depth of
front shaping in adaptive opti¢3], interferometry systems  about 2 mm in tissue samples is required, so the optical de-
[8], and spatial light modulatof8]. Other applications that  lay line in the reference arm must perform axial scanning
require large vertical displacements include tunable lensesby a few millimetreq14]. Various methodologies have been
for confocal microscopjl0], microvalveqg11], actuatorson  proposed to generate that large optical delay. For example,
magnetic recording heads, and precision micropositioning some research groups have simply used the translation of a
systemg12]. reference mirror mounted on a stage driven by a dc motor or

Another promising application for large piston motion mi-  voice coil for axial scanningll3], while others have used a
cromirrors is in optical coherence tomographic (OCT) imag- piezoelectric transducer to drive a parallel mirror system in
ing systems. OCT is a non-destructive biomedical imaging which light is reflected multiple timg45]. Other more com-
technology that produces high-resolution cross-sectional im- plicated delay lines achieve faster axial scans by using rapid

scanning optical delay (RSOD) scanning systems that use a
* Corresponding author. Tel.: +1 352 392 1049; fax: +1 352 846 1416.  COMbination of a grating, lens, and scanning miffd]; or
E-mail addressesajain@ufl.edu (A. Jain); hkxie@ece.ufl.edu (H. Xie). by using three different reflecting mirrofs7]. Optical delay
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lines based on piston motion micromirrors can potentially re- novation of this LVD device is converting the large tip dis-
duce the size and complexity of OCT systems, and increaseplacement into a pureaxis displacement of a flat micromir-

the imaging speed as well. ror. The LVD microactuator design can potentially achieve
Numerous piston motion actuation designs have been re-maximum vertical displacements of a few millimeters with
ported in literature. Vertical displacements of @b [18] millimeter-sized devices. Since this device can also perform

and even as high as p3n [10] have been achieved through bi-directional scans, it can also be used in the sample arm
the use of electrostatic vertical comb drives. Deformable mir- of an endoscopic OCT system to transversely scan the tissue
rors with electromagnetic and electrostatic actuations for usesurface. This micromirror is fabricated using a deep reactive
in adaptive optics demonstrated vertical displacements ofion etch (DRIE) post-CMOS micromachining proc¢26]
20pm [19] and 6pm [7], respectively. Other vertical actua-  that can simultaneously provide thin-film beams and single-
tion mechanisms include a piezoelectric cantilever with dis- crystal silicon microstructures.
placements up to 2bm [20], and an electrothermally actu- In this paper, the LVD concept, device design, and fab-
ated trampoline-type micromirror with a maximum displace- rication process are described first. Then the experimental
ment of 2um [21]. These above-mentioned actuators gener- results, including frequency response, piston motion, and bi-
ate vertical displacements only up to a few tens of microns, directional scanning, are reported.
and therefore are not suitable for OCT axial scanning.

In this paper, we present a novel micromirror design,
which has the potential to meet the axial-scanning require- 2, LVD micromirror design
ments of OCT systems. In prior research, we demonstrated
single-crystal silicon (SCS) based one-dimensional and two-  The schematic drawing of the LVD micromirror is illus-
dimensional scanning micromirrors with large rotation an- trated inFig. 1 The mirror plate is attached to a rigid silicon
gle for transverse scanning in OCT imagifa®,23] These frame by a set of aluminum/silicon dioxide bimorph beams.
mirrors used aluminum/silicon dioxide bimorph beams with A polysilicon resistor is embedded within the silicon dioxide
an embedded polysilicon heater for electrothermal actuation.layer to form the heater for thermal bimorph actuation. As
The unidirectional operation, non-stationary center of rota- this set of beams directly actuates the mirror, it is referred
tion, and large initial tilt angle of those micromirrors com- to as themirror actuator. The movable frame is connected
plicated the device packaging and optical design. Using theto the silicon substrate by another set of identical bimorph
same actuator design concepts, we have developed a novabeams. This second set of beams actuates the frame, and is
large vertical displacement (LVD) micromirror design that referred to as thfame actuator Each side of the rectangu-
can perform bi-directional optical scans and generate largelar frame is 4Qum wide, and has a 40m thick single-crystal
piston motion at low driving voltagefR4,25] This device silicon layer under it to provide rigidity to the structure. After
uses two complementary bimorph actuators, which are ori- the mirror is released during fabrication, the bimorph beams
ented in a folded structure to keep the mirror plate parallel curl up due to the tensile stress in the upper aluminum layer
to the substrate plane. It is well known that there is large and compressive residual stress in the bottom silicon diox-
z-displacement at the tip of a long rotational beam. The in- ide layer, as illustrated ifigs. 1 and 2The rigidity of the
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Fig. 1. Design schematic of the LVD micromirror: (a) top view; (b) cross-sectional view of;Ael\cross-sectional view of the LVD device.
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Fig. 2. (a) Side-view and (b) 3D model of the LVD micromirror illustrating the initial curling of the bimorph actuators. The mirror surface is fathadel
substrate plane, i.e. no initial tilt, as the curling of the two bimorph actuators compensate each other.

frame and the flatness of the mirror are guaranteed by the3. Device fabrication

thick SCS layer underneath the frame and mirror. In contrast,

the bimorph actuators do not have the SCS layer, and thus The micromirror is fabricated using a DRIE CMOS-

are thin and compliant in thedirection. The mirror surface MEMS processing26]. The post-CMOS process flow, out-

is coated with aluminum for broadband and high reflectivity. lined inFig. 3, uses only four dry etch steps and can produce

The fabrication details are given in the next section. mixed thin-film and bulk-Si microstructures. The Agilent0.5-
Finite element thermomechanical simulation was con- um 3-metal CMOS process available through the MOSIS

ducted using CoventorWai@7]. The simulation result is  foundry servicg28] is used for the CMOS fabrication.

shown inFig. 2, where the curls of the two sets of bimorph The post-CMOS process starts with a backside deep

beams compensate each other resulting in a zero initial tilt. anisotropic silicon etch to form a 4@m thick SCS mem-

The initial elevation of the mirror plate above the chip plane, brane in a surface technology systems (STS) ICP etcher. The

Znmir, due to the curling of the thermal actuators can be cal- etching chemistry used is 0, with the following param-

culated from: eters: 600 W coil power, 12 W platen power, 130 sccrng SF
_ flow, 13 sccm @ flow, and 37 mT chamber pressure. The 40-
Zmir = (Lt — Wp)sin o wm thick SCS membrane is required to keep the mirror flat.

The second step is a frontside anisotropic oxide etch that uses
the CMOS interconnect metal (i.e. aluminum) as an etching
mask. This oxide RIE etch is performed in a Unaxis Shuttle-

whereL; and\; are the length and beam width of the frame,
respectively, and is the initial tilt angle of the frame, which
can be computed froth=1/p, wherd andp are the length and
radius of curvature of the thermal actuator, respectively. For a

frame withL; =0.5 mm,W; =40pm, andd = 17°, the initial Step 1. Backside Si Etch metal-3
rest position of the mirroZy,; is 135um. The simulation “CMOS s — — — Metal-2
results inFig. 2show that the mirror plate is located 13éh ®gian = ° S N
above and parallel to the substrate plane. There is no sub- SCs \ .
membrane poly-Si

strate underneath the mirror plate. Thus, the mirror plate can
move down below the chip surface plane. From experiment,
it was found that the maximum displacement below the chip : —
plane is roughly equal t@m;, thereby resulting in a max- e e mm—— = i
imum z-displacementZmax=2Zmjr =270pum. Much larger

Stqp 2. Oxide Etch

vertical displacements can be achieved by simply increasing — Silioon
substrate
the frame and/or the actuator lengths.
The mirror and frame actuators rotate the mirror in op-  Step 3. Deep Si Trench Etch
posite angular directions. There exist two basic modes 0f e = = . — g
operation: =1 J 4
T 40um
e Bi-directional scanning by alternatively applying voltage 4
to the mirror and frame actuators. ey N
H H H H e .ol Undercu
e Large piston motion by simultaneously applying voltage  2'¢P%- > o irtor — = frame
to both actuators. B % Ik ¥R
Equal angular rotations by the two actuators will result \bimorph
in pure vertical displacement of the mirror. Largaxis dis- beam

placement is achieved via the angular amplification due to
the long arm length of the frame. Fig. 3. DRIE CMOS-MEMS process flow.
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Fig. 5. Line scan of mirror surface deformations using a white light pro-
filometer.

determined using a Wyko NT1000 white-light optical pro-
filometer. A line scan of surface heights across the mirror
plate is shown ifFig. 5. The peak-to-valley surface deforma-
tions are within 40 nm over the 190m mirror plate. The op-
tical quality of the mirror is better thax/20 for near-infrared
light.

Fig. 4. SEM images of the LVD micromirror.

lock ICP etcher with the following process conditions: 600 W
coil power, 100 W platen power, 15 sccmgSiew, 5 sccm Ar
flow, and a chamber pressure of 5mT. Next, a deep silicon
trench etch is used to release the microstructure. The last ste#- Experimental results

is anisotropic silicon etch to undercut the silicon to form thin-

film bimorph beams which are approximately.éh thick. Various experiments were performed to characterize the
The isotropic silicon etch is attained using the STS etcher by bi-directional rotation and piston motion scanning modes of a
reducing the platen power to 2W. The thin-film beams pro- fabricated LVD micromirror device. Both dynamic and static
vide z-axis compliance for out-of-plane actuation, and form responses were characterized to determine the rotation prop-
bimorph actuators with an embedded polysilicon heater. As erties of the micromirror. The obtained characterization data
the top aluminum layer is used as an etching mask, CMOS Was u_sed to generate piston motion with negligible tilting of
circuits under it will remain unaffected by the fabrication pro- the mirror plate.

cess. Thus, this maskless post-CMOS process is completely

compatible with foundry CMOS processes, and CMOS cir- 4.1. Bi-directional scanning

cuits can be integrated with MEMS devices.

A fabricated 0.7 mnx 0.32 mm LVD micromirror device
is shown inFig. 4. The initial tilt angle of the mirror plate
in fabricated devices was less than®.bhe initial tilt angle

To determine the static response of the micromirror, an ex-
perimental setup with a laser beam incident on the mirror and
a varying dc voltage applied to the two actuators was used

of the frame with respect to the substrate surface is typically to measure the static deflection angles. The mechanical dc
17°. This tilt angle is dependent on the overetch of the top scan angle of the mirror was obtained by measuring the dis-
aluminum layer of the bimorph beams. The heating element placement of the reflected laser beam on a calibrated screen.
in the 10um wide bimorph beams is a set of 2p@n long, The mirror has a maximum rotation of 26.8&hen 3V dc
7-n.m wide polysilicon strips oriented along the beams. The (or 7 mA, corresponding to an applied power of 21 mW) is
gaps between the beams ajgri and are used to undercutthe applied to the mirror actuator. Both the mirror and the frame
silicon underneath to form the thin-film bimorph beams. The rotate when a voltage is applied only to the frame actuator
frame actuator and mirror actuator are constituted of 20 anddue to thermal coupling. A maximum deflection-616.5
12 bimorph beams, respectively. The measured open circuitis observed when 5.5V dc (or 9 mA, corresponding to an
polysilicon resistances of the mirror and frame actuators are electrical power of 50 mW) is applied to the frame actuator.
240 and 36%2, respectively. As shown inFig. 6, the rotation angles of the actuators vary
The mirror plate is 19Q.m x 190p.m. This small mirror linearly with applied voltage.
size is just used to demonstrate the proof of concept. Since The same actuation voltage causes a larger rotation an-
the mirror plate is supported by bulk silicon, much larger gle by the mirror actuator than the frame actuator due to the
mirrors can be made. The quality of the mirror surface was polysilicon resistance difference between the two actuators,
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Fig. 6. Mechanical dc rotation angle vs. applied voltages for the two ac- Fig. 8. Frequency response of the LVD micromirror device

tuators. Absolute values are shown since rotation by the mirror actuator is
considered positive, while rotation by the frame actuator is negative.

and it is also because the mechanical structure of the frameof the bimorph actuators had the maximum temperature rise
provides additional thermal isolation to the mirror actuator. of about 95 C during actuation. However, the substrate re-
The polysilicon resistance of the bimorph actuators change mained at the ambient temperature. The LVD micromirror is
with applied voltage, and is plotted Fig. 7(a). There isa  expected to exhibit similar thermal characteristics.
large increase in the polysilicon resistance because its tem- The frequency response of the LVD micromirror was mea-
perature coefficient of resistance is abowt 503 K1 [29]. sured using a Polytec OFV-511 laser Doppler vibrometer. The
The polysilicon resistance doubles when there is a tempera-result is shown ifFig. 8 Note that the laser viborometer mea-
ture increase of 200 K. As evident frdrig. 7(b), there exists  suresthe vertical displacement of a chosen spot on the rotating
alinear correlation between the rotation angle and the polysil- mirror plate. So, the plot ifrig. 8reflects the relative angu-
icon resistance for each of the two actuators. The resulting lar displacements of the mirror plate at different frequencies.
error (<2% of full-scale value) in fitting the actuator rotation The resonant peaks for the frame and mirror actuator struc-
and resistance data to a linear plot is within the experimental tures were observed at 1.18 and 2.62 kHz, respectively. These
error of the rotation angle measurement. This linear rela- results are a close match to the modes observed at 1.14 and
tionship allows for independent control of rotation angle of 2.76 kHz from simulations using CoventorWare. When elec-
each actuator by monitoring its polysilicon heater resistance. trical current is passed only through the mirror actuator at its
Thermal coupling between the two actuators can also be ac-resonance, the mechanical resonance of the mirror structure
counted for by monitoring their individual polysilicon heater (Q-factor of 25) generates large bi-directional scans. At its
resistances. resonance frequency of 2.6 kHz, the optical angle scanned
Thermal imaging of a two-axis electrothermal micromir- by the mirror ranges from 27at a dc plus ac drive voltage
ror was performed ifi23], which determined that the center of (0.15+ 0.3 sinwt) V to 170° at (0.6 + 0.6 simt) V. Opti-
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Fig. 9. Piston motion mode. (a) Vertical displacement of the mirror plate as a function of the frame actuator voltage; (b) plot of the mirror dtigatesvo
corresponding frame actuator voltage that is required to maintain zero angular tilt of the mirror.

cal scan angles greater than 1%@ere observed visually at maximum vertical displacement of 2@@n was once again

marginally higher voltages, but could not be monitored since obtained, but with less than 0.08lting of the mirror plate

the reflected light beam is blocked by the package sidewall. during the entire actuation range. This is a significant im-

This large-angle scanning is stable and repeatable. provement over the°1tilting that occurred when a linear
The thermal time response of the actuators is less thanvoltage divider was used to drive the dev[@d]. Since the

0.4 ms, since the mirror is able to scan at a frequency of fabrication process is compatible with CMOS processes, con-

2.6 kHz. This time response is adequate for the OCT imaging trol circuits for the two actuators can be integrated with the

application that the mirror has been designed for. However, mirror on the same chip.

the thermal response time can be decreased further by reduc-

ing the thermal resistance of the bimorph actuators, but at the

price of higher power consumption. 5. Conclusions

4.2. Piston motion A large vertical displacement micromirror with a
novel electrothermal actuation mechanism was successfully
Piston motion of the mirror can be achieved by equal but 4émenstrated. The presented design uses a complementary
opposite angular rotations of the two actuators. By using the configuration of t_vvo actuators f(_)r making micromirrors that
rotation angle versus applied voltage data, a mirror actuation&'€ capable of high-speed vertical scanning as well as one-
voltage versus frame actuation voltage plot for same angulardimensional bi-directional rotational scanning. A maximum
rotation values can be obtained. The slope of this experimen-Vertical displacement of 2G0m has been achieved with a mi-
tally determined plot provides the driving voltage ratio for crodevice ofonly 0.7 mnx 0.32 mminsize. Much larger ver-
the two actuators that would maintain zero tilting of the mir- tical displacements in the millimeter-range can be achieved
ror plate. A voltage divider was used to drive the mirror and BY SImPply increasing the length of the frame and/or the initial
frame actuators with a voltage ratio of 3:7 (determined from tlt angle of the frame. The fabrication process is simple and
experiment). A maximum vertical displacement of 208 compat_lble with CMQS processes; therefore, coptrol circuits
was obtained. The vertical displacement of the mirror as a C&n be integrated with the mirror on the same chip. The large
function of the drive voltage is shown Fig. 9a). By using actuathn range and fa;t scanning speeds make this dgwce
the linearly fitted voltage ratio, the tilting of the mirror plate  VErY suitable for use in interferometry, laser beam steering,
during the full vertical scan range is abotit Tilting of the biomedical imaging, and phase modulation applications.
mirror plate during actuation was recorded by monitoring the
lateral displacement of the reflected laser beam by a quadrant
photodetector. Acknowledgements
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