ﬁﬂ micromachines

MEMS Mirrors

Edited by
Huikai Xie

Printed Edition of the Special Issue Published in Micromachines

z
www.mdpi.com/journal/micromachines ’T“\D\Py



MEMS Mirrors

Special Issue Editor
Huikai Xie

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade



Special Issue Editor
Huikai Xie
University of Florida
USA

Editorial Office
MDPI

St. Alban-Anlage 66
Basel, Switzerland

This edition is a reprint of the Special Issue published online in the open access journal Micromachines
(ISSN 2072-666X) in 2017-2018 (available at: http://www.mdpi.com/journal /micromachines/special -

issues/mems_mirrors).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, FM.; Lastname, EM. Article title. Journal Name Year, Article number, page range.

First Editon 2018

Cover image courtesy of Huikai Xie.

ISBN 978-3-03842-867-1 (Pbk)
ISBN 978-3-03842-868-8 (PDF)

Articles in this volume are Open Access and distributed under the Creative Commons Attribution
(CC BY) license, which allows users to download, copy and build upon published articles even
for commercial purposes, as long as the author and publisher are properly credited, which ensures
maximum dissemination and a wider impact of our publications. The book taken as a whole is
(© 2018 MDPI, Basel, Switzerland, distributed under the terms and conditions of the Creative Commons
license CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd /4.0/).



Table of Contents

About the Special Issue Editor . . . . . ... ... ... ... ... . L o L v
Huikai Xie

Editorial for the Special Issue on MEMS Mirrors

doi: 10.3390/mi%030099 . . . . .. ... 1

Frederic Zamkotsian, Patrick Lanzoni, Rudy Barette, Michael Helmbrecht, Franck Marchis
and Alex Teichman
Operation of a MOEMS Deformable Mirror in Cryo: Challenges and Results
doi: 10.3390/mi8080233 . . . . . .. ... 4

Qinyuan Deng, Yong Yang, Hongtao Gao, Yi Zhou, Yu He and Song Hu
Fabrication of Micro-Optics Elements with Arbitrary Surface Profiles Based on One-Step
Maskless Grayscale Lithography
doi: 10.3390/mi8100314 . . . . . . . . ... 21

Takashi Izawa, Takashi Sasaki and Kazuhiro Hane
Scanning Micro-Mirror with an Electrostatic Spring for Compensation of Hard-Spring Nonlinearity
doi: 10.3390/mi8080240 . . . . . . ... 33

Haijun Li, Xiyu Duan, Gaoming Li, Kenn R. Oldham and Thomas D. Wang
An Electrostatic MEMS Translational Scanner with Large Out-of-Plane Stroke for Remote
Axial-Scanning in Multi-Photon Microscopy
doi: 10.3390/mi8050159 . . . . . . .. ... 46

Rong Zhao, Dayong Qiao, Xiumin Song and Qiaoming You
The Exploration for an Appropriate Vacuum Level for Performance Enhancement of
a Comb-Drive Microscanner
doi: 10.3390/mi8040126 . . . . . . . ... ... 55

Fanya Li, Peng Zhou, Tingting Wang, Jiahui He, Huijun Yu and Wenjiang Shen
A Large-Size MEMS Scanning Mirror for Speckle Reduction Application
doi: 10.3390/mi8050140 . . . . . . .. ... 68

Liangchen Ye, Gaofei Zhang and Zheng You
Large-Aperture kHz Operating Frequency Ti-alloy Based Optical Micro Scanning Mirror for
LiDAR Application
doi: 10.3390/mi8040120 . . . . . . ... 78

Jiazheng Tan, Weijie Sun and John T. W. Yeow
An Enhanced Robust Control Algorithm Based on CNF and ISM for the MEMS Micromirror
against Input Saturation and Disturbance
doi: 10.3390/mi8110326 . . . . . . . . ... 92

Shanshan Gu-Stoppel, Thorsten Giese, Hans-Joachim Quenzer, Ulrich Hofmann and
Wolfgang Benecke
PZT-Actuated and -Sensed Resonant Micromirrors with Large Scan Angles Applying
Mechanical Leverage Amplification for Biaxial Scanning
doi: 10.3390/mi8070215 . . . . . . .. ... 104

iii



Mengyuan Li, Qiao Chen, Yabing Liu, Yingtao Ding and Huikai Xie
Modelling and Experimental Verification of Step Response Overshoot Removal in
Electrothermally-Actuated MEMS Mirrors
doi: 10.3390/mi8100289 . . . . . . ...

Miguel Lara-Castro, Adrian Herrera-Amaya, Marco A. Escarola-Rosas,
Moisés Vazquez-Toledo, Francisco Lépez-Huerta, Luz A. Aguilera-Cortés and
Agustin L. Herrera-May
Design and Modeling of Polysilicon Electrothermal Actuators for a MEMS Mirror with Low
Power Consumption
doi: 10.3390/mi8070203 . . . . . . ...

Quentin A. A. Tanguy, Sylwester Bargiel, Huikai Xie, Nicolas Passilly, Magali Barthes,
Olivier Gaiffe, Jaroslaw Rutkowski, Philippe Lutz and Christophe Gorecki
Design and Fabrication of a 2-Axis Electrothermal MEMS Micro-Scanner for Optical
Coherence Tomography f
doi: 10.3390/mi8050146 . . . . . . ...

David Torres, Jun Zhang, Sarah Dooley, Xiaobo Tan and Nelson Septlveda
Modeling of MEMS Mirrors Actuated by Phase-Change Mechanism
doi: 10.3390/mi8050138 . . . . . . ..

Muhammad Mubasher Saleem, Umar Farooq, Umer Izhar and Umar Shahbaz Khan
Multi-Response Optimization of Electrothermal Micromirror Using Desirability Function-
Based Response Surface Methodology
doi: 10.3390/mi8040107 . . . . . . . . ...

Yasser M. Sabry, Diaa Khalil, Bassam Saadany and Tarik Bourouina
In-Plane Optical Beam Collimation Using a Three-Dimensional Curved MEMS Mirror f
doi: 10.3390/mi8050134 . . . . . . ...



About the Special Issue Editor

Huikai Xie received his B.S., M.S., and Ph.D. degrees all in electrical and computer engineering from
Beijing Institute of Technology, Tufts University, and Carnegie Mellon University, respectively. He
joined the University of Florida in 2002. He also worked at Tsinghua University (1992-1996), Bosch
Corp. (2001-2002), and US Air Force Research Lab (2007,2008 and 2009 summer). His research interests
include MEMS/NEMS, integrated sensors, microactuators, integrated power passives, CNT-CMOS
integration, optical MEMS, LiDAR, micro-spectrometers, optical bioimaging, and endomicroscopy. He
has published over 280 technical papers, and holds more than 30 US patents. He is an associate editor
of several international journals including Micromachines and IEEE Sensors Letters. He is a fellow of
IEEE and SPIE.






. . &
. micromachines ml\l)\l’y
=

Editorial

Editorial for the Special Issue on MEMS Mirrors

Huikai Xie
Department of Electrical and Computer Engineering, University of Florida, Gainesville, FL 32611, USA;
hkx@ufl.edu

Received: 22 February 2018; Accepted: 23 February 2018; Published: 27 February 2018

MEMS mirrors can steer, modulate, and switch light, as well as control the wavefront for focusing
or phase modulation. MEMS mirrors have found enormous commercial success in projectors, displays,
and fiberoptic communications. Micro-spectrometers based on MEMS mirrors are starting to appear
in the consumer market as well. There are also many breakthroughs in applying MEMS mirrors
for endoscopic imaging. There is a new wave of opportunities for MEMS mirrors coming up,
such as the micro-LiDAR for autonomous driving and robotics, optical cross-connect (OXC) for
cloud data centers, and optical scanners for virtual reality /augmented reality. Of course, there are
numerous challenges that researchers and engineers must overcome to fully utilize the potential of
MEMS mirrors. For example, modeling and control are inherently complex due to the multiphysics,
multi-DOF, and nonlinear nature of the micro-actuators for MEMS mirrors. Reliability is always a
huge hurdle for commercialization and the tradeoffs among the speed, aperture, and scan range are
often overwhelming.

There are 15 papers published in this special issue, covering MEMS mirrors based on all
of the commonly used actuation mechanisms including electrostatic [1-5], electromagnetic [6-8],
piezoelectric [9], and electrothermal [10-14]. Half of these papers explore various aspects of MEMS
mirrors, such as working in harsh environments [1], spring hardening compensation [3], optimal
packaging conditions for resonance operation [5], input saturation control [8], extremely large
scan angle [9], overshoot suppression [10], electrothermal actuator modeling [13], and design
optimization [14]. There is also a paper reporting a passive micromirror [15]. The other half of the papers
are focused on a range of applications of MEMS mirrors including grayscale photolithography [2],
biomedical imaging [4,11,12], laser display [6], and LiDAR [7].

In particular, Zamkotsian et al. tested a deformable mirror (DM) array of single crystalline silicon
hexagonal tip-tilt-piston mirrors in a cryo-vacuum chamber designed for reaching 10~ mbar and
160 K. The DM array survived, which provides a viable solution for DM arrays in harsh environments
such as in space [1]. Izawa et al. applied the spring softening effect of electrostatic comb drives
to compensate for the spring hardening effect of torsion-bar springs [3]. Zhao et al. identified an
optimal range of vacuum for operating electrostatic comb-drive micromirrors [5]. Tan et al. proposed
a control design framework based on composite nonlinear feedback (CNF) and the integral sliding
mode (ISM) technique to improve MEMS micromirrors’ performance under input saturation [8].
Gu-Stoppel et al. presented a lead zirconate titanate (PZT)-actuated micromirror that achieves an
extremely large scan angle of up to 106° and a high frequency of 45 kHz simultaneously [9]. M. Li et al.
effectively eliminated the overshoot and oscillation of electrothermally-actuated micromirrors simply
by setting the product of the thermal response time and the fundamental resonance frequency to be
greater than Q/2m [10]. Torres et al. reported the modeling of a MEMS mirror structure with four
actuators driven by the phase-change of VO, thin film [13]. Saleem et al. presented the parametric
design optimization of an electrothermally actuated micromirror for the deflection angle, input power,
and micromirror temperature rise from ambient conditions [14]. Sabry et al. fabricated a silicon
micromachined three-dimensional curved mirror for optical fiber light collimation [15].

Micromachines 2018, 9,99 1 www.mdpi.com/journal /micromachines
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On the applications side, Deng et al. successfully demonstrated maskless grayscale
photolithography using Texas Instruments’ digital micromirror devices (DMDs) [2]. H. Li et al.
employed a novel lever-based compliant mechanism to enable large vertical displacements of a
reflective mirror for the axial scanning of a multi-photon fluorescence imaging microscopy system [4].
Li et al. fabricated a two-axis electromagnetic micromirror with Ni electroplated on the mirror plate to
eliminate Joule heating and applied the micromirror to a laser display system, effectively reducing
laser speckles [6]. Ye et al. fabricated a Ti-alloy-based electromagnetic micromirror with a very large
aperture of 12 mm and a rapid scanning frequency of 1.24 kHz using electrical discharging and
explored its potential application for micro-LiDAR [7]. Lara-Castro et al. proposed a vertical scanning
electrothermal bimorph micromirror design by employing polysilicon as the heater material [11].
Tanguy et al. demonstrated a two-axis micromirror with a pair of electrothermal actuators and a set of
passive torsion bars and applied it to an ultra-compact Mirau interferometer-based optical coherence
tomography (OCT) imaging probe [12].

IT'would like to take this opportunity to thank all the authors for submitting their papers to this
special issue. I also want to thank all the reviewers for dedicating their time and helping to improve
the quality of the submitted papers.
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Abstract: Micro-opto-electro-mechanical systems (MOEMS) Deformable Mirrors (DM) are key
components for next generation optical instruments implementing innovative adaptive optics systems,
both in existing telescopes and in the future ELTs. Characterizing these components well is critical for
next generation instruments. This is done by interferometry, including surface quality measurement
in static and dynamical modes, at ambient and in vacuum/cryo. We use a compact cryo-vacuum
chamber designed for reaching 10-6 mbar and 160 K in front of our custom Michelson interferometer,
which is able to measure performance of the DM at actuator/segment level and at the entire mirror
level, with a lateral resolution of 2 um and a sub-nanometer z-resolution. We tested the PTT 111
DM from Iris AO: an array of single crystalline silicon hexagonal mirrors with a pitch of 606 um,
able to move in tip, tilt, and piston (stroke 5-7 um, tilt =5 mrad). The device could be operated
successfully from ambient to 160 K. An additional, mainly focus-like, 500 nm deformation of the entire
mirror is measured at 160 K; we were able to recover the best flat in cryo by correcting the focus
and local tip-tilts on all segments, reaching 12 nm rms. Finally, the goal of these studies is to test
DMs in cryo and vacuum conditions as well as to improve their architecture for stable operation
in harsh environments.

Keywords: MEMS mirror arrays; MOEMS; cryogenic testing; adaptive optics; wavefront correction

1. Introduction

Wavefront correction is a key issue in a wide range of applications, from physics to biology or
astronomy. Collimating and focusing with high accuracy a very large number of photons in high
energy lasers, correcting the wavefront through diffuse or inhomogeneous media for sharp retinal and
tissue imaging, or correcting, in closed loop, the atmospheric turbulence for revealing the faintest or
most remote objects in the Universe, requires high performance wavefront correction systems.

In astronomy, high performance adaptive optical (AO) systems are being studied around the world
for next generation instrumentation of 10 m-class telescopes as well as for future extremely large optical
telescopes. Adaptive optics systems are based on a combination of three elements: the wavefront
sensor for measuring the shape of the wavefront arriving in the telescope; the deformable mirror
for correcting the wavefront; and, finally, the real time computer for closing the loop of the system
at a frequency ranging from 0.5 to 3 kHz, in order to follow the evolution of the atmospherical
perturbations (Figure 1).

Micromachines 2017, 8, 233 4 www.mdpi.com/journal /micromachines
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Figure 1. Schematic of a wavefront correction system.

Four main types of AO systems have been built or are under development: Single-Conjugate
Adaptive Optics (SCAO), Multi-Conjugate Adaptive Optics (MCAO), Multi-Object Adaptive Optics
(MOAO), and Extreme Adaptive Optics (ExAO). These AO systems are associated with different types
of WaveFront Sensors (WFS), combined with natural guide stars or laser guide stars, and different
architectures of Deformable Mirrors (DM). Numerous science cases will use these AO systems: SCAO,
the “classical” AO system, will provide accurate narrow field imagery and spectroscopy; MCAO, wide
field imagery and spectroscopy; MOAO, distributed partial correction AO, and high dynamic range
AO for the detection and the study of circumstellar disks and extra-solar planets. Corrected fields will
vary from few arcsec to several arcmin.

These systems require a large variety of deformable mirrors with very challenging parameters.
For a 8 m telescope, the number of actuators varies from a few 10 up to 5000; these numbers increase
impressively for a 40 m telescope, ranging from a few 100 to over 50,000 (the inter-actuator spacing
from less than 200 pm to 1 mm, and the deformable mirror size from 10 mm to a few 100 mm).
Conventional technology cannot provide this wide range of deformable mirrors. The development
of new technologies based on micro-opto-electro-mechanical systems (MOEMS) is promising
for future deformable mirrors. The major advantages of the micro-deformable mirrors (MDM)
are their compactness, scalability, and specific task customization using elementary building blocks.
This technology permits the development of a complete generation of new mirrors. However this
technology also has some limitations. For example, pupil diameter is an overall parameter and for
a 40 m primary telescope, the internal pupil diameter cannot be reduced below 0.5 m. According to
the maximal size of the wafers (8 inches), a deformable mirror based on MOEMS technology cannot be
built into one piece. New AO architectures have been proposed to avoid this limitation [1].

This new family of deformable mirrors will have also to fulfill some additional requirements:
their ability to work in vacuum and at cryogenic temperatures. In order to study the early
Universe, astronomers need to image and characterize astronomical objects (galaxies, quasars, large
scale structures, etc.) in the infra-red part of the electromagnetic spectrum. At these wavelengths,
the background noise of the instruments themselves must be reduced drastically by cooling them
down at cryogenic temperatures, the longer the wavelength, the lower the temperature. Another
challenge is to introduce MOEMS devices in future space instruments for reaching unprecedented
performance. For all these applications, designing, testing, and operating MOEMS deformable mirrors
in harsh environments (vacuums, cryogenic temperatures) is a critical issue.

For several years Laboratoire d”Astrophysique de Marseille (LAM) has been involved in the
conception of new MOEMS devices as well as in the characterization of these components for the
future instrumentation of ground-based and space telescopes. These studies include programmable
slits for application in multi-object spectroscopy (JWST, European networks, EUCLID, BATMAN),
deformable mirrors for adaptive optics, and programmable gratings for spectral tailoring.
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We are particularly engaged in a European development of micromirror arrays (MMA) called
MIRA for generating reflective slit masks in future Multi-object spectroscopy (MOS) instruments; this
technique is a powerful tool for space and ground-based telescopes for the study of the formation and
evolution of galaxies. MMA with 100 x 200 um? single-crystal silicon micromirrors were successfully
designed, fabricated, and tested. Arrays are composed of 2048 micromirrors (32 x 64) with
a peak-to-valley deformation less than 10 nm, and a tilt angle of 24° for an actuation voltage of
130 V. The micromirrors were actuated successfully before, during, and after cryogenic cooling,
down to 162 K. The micromirror surface deformation was measured at cryo and is below 30 nm
peak-to-valley [2,3]. In order to fill large focal planes (mosaicing of several chips), we are currently
developing large micromirror arrays integrated with their electronics.

LAM is also leading the conception and realization of new MOEMS-based instruments, including
the development of the Digital-Micromirror-Device (DMD)-based MOS instrument, to be mounted on
the Telescopio Nazionale Galileo (TNG) by mid-2018 and called BATMAN [4].

In this paper, we present the specific set-up for the interferometric characterization of a segmented
deformable mirror from Iris AO, in vacuum and at cryogenic temperatures. The results on the mirror
surface operated from ambient down to 160 K are shown for the first time and analyzed.

2. Deformable Mirrors

Three main Micro-Deformable Mirrors (MDM) architectures are under study in different
laboratories and companies. First, the bulk micro-machined continuous-membrane deformable mirror,
studied by Delft University and OKO Company (Rijswijk, The Netherlands), is a combination of bulk
silicon micromachining with standard electronics technology [5]. This mirror is formed by a thin
flexible conducting membrane, coated with a reflective material, and stretched over an electrostatic
electrode structure. This mirror shows very good mirror quality, but the mean deformed surface
is a concave surface, and the number of actuators cannot be scalable to hundreds of electrodes. Second,
the segmented, micro-electro-mechanical deformable mirror realized by Iris AO [6] consists of a set of
segmented piston-tip-tilt moving surfaces, fabricated in dense array. Third, the surface micro-machined
continuous-membrane deformable mirror made by Boston Micromachines Corporation (BMC) is based
on a single compliant optical membrane supported by multiple attachments to an underlying array
of surface-normal electrostatic actuators [7]. This device has been demonstrated recently in several
AQ systems, including the Gemini Planet Imager (GPI) instrument on Gemini telescope. The third
concept shows limited strokes for large driving voltages, and the mirror surface quality may need
further improvement for Extreme AO. All of these devices are based on silicon or polysilicon materials.

Two candidates, BMC deformable mirrors and Iris AO deformable mirrors, are foreseen for
characterization in vacuum and at cryogenic temperatures, but none has yet been fully operated at
cryogenic temperatures. Their architectures are presented in this paragraph.

2.1. BMC Deformable Mirror

BMC produces advanced MEMS deformable mirrors. The concept is based on an array of
electrostatic actuators linked one by one to a continuous top mirror surface with etch holes (Figure 2).
Their main parameters are approaching the requirements values, i.e., large number of actuators
(up to 4096, see Figure 2), large stroke (up to 5.5 um for lower actuator count devices), and good
surface quality.

BMC is currently conducting several actions for developing DMs devoted to space applications.
In 2011, a classical DM has been tested with a Sounding Rocket in the US, in the Planetary Imaging
Concept Testbed Using a Rocket Experiment (PICTURE). PICTURE-B has been launched in November
2015. This experiment measures directly optical light scattered by the debris disk around Epsilon-Eri
star. In parallel, several studies have been engaged to modify the DM architecture and make it
compatible with space environment [8].
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Figure 2. Continuous membrane Micro-Deformable Mirrors (MDM) from Boston Micromachines
Corporation (BMC): schematic view of the (a) MDM non-actuated, (b) MDM actuated; (c) devices
picture (courtesy from BMC).

2.2. Iris AO Deformable Mirror

Iris AO has been manufacturing piston-tilt-tilt (PTT) MEMS DMs with high-optical-quality mirror
segments since 2002. University research that demonstrated the basic concept was first reported
in 2001 [9] and early demonstrations of products were reported some years later [10]. Current products
span apertures of 3.5 mm-7.7 mm with 111-489 actuators. A 939 actuator DM will be available in late
2017 and development is underway on a 3000 actuator PTT DM.

Figure 3 shows photographs of two different segmented DMs manufactured by Iris AO with 111
(PTT111) and 489 (PTT489) actuators. The DM segments are independent and are controlled by three
actuators to give three degrees of freedom. Thus, the PTT111 DM has a total of 37 independent PTT
segments and the PTT489 DM has 163. The PTT111 DM shown here is coated with a protected-silver
coating. The PTT489 DM is shown with a gold coating. The coatings are typical coatings used for
macroscale optics. They are much thicker than typical coatings used on MEMS and thin-membrane
mirrors, so they are very robust. This is possible because the segment design and fabrication technology
is very tolerant to various coatings. Even high-reflectance dielectric coatings for wavelengths ranging
from 255 nm-1600 nm are available as options.

(b)

Figure 3. (a) Photograph of protected-silver coated PTT111 Deformable Mirror (DM) mounted in a
ceramic package. The 111 actuator DM is comprised of 37 PTT segments tiled in a hex-packed array
with an inscribed aperture of 3.5 mm; (b) Photograph of gold-coated PTT489 DM. The 489 actuator DM
is comprised of 163 PTT segments with an inscribed aperture of 7.7 mm. The 700 pm vertex-to-vertex
segment footprint for the PTT111 and PTT489 DM are identical.

Figure 4 shows an exploded-view schematic diagram of one of the mirror segments. During
manufacturing, the rigid mirror segments are bonded to actuator arrays at the chip level prior to
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the microstructure release step. After removing the sacrificial layer, the segments elevate above
the underlying electrodes because of engineered residual stresses in the bimorph and actuator platform
materials. The proprietary material stack is chosen to minimize elevation due to changes in temperature.
The scaling in the vertical direction is highly exaggerated in Figure 4. In reality, the platform elevation
is up to 40 um whereas the segments are 350 um on a side (700 um across). The three underlying
actuator electrodes enable piston-tip-tilt (PTT) positioning. Factory calibration and an open-loop
controller conveniently convert from a desired position to actuator voltages [11].

Rigid High-
Quality Mirror
Segment
Bondsites
Actuator Platform
Electrodes
Temperature

Insensitive
Bimorph Flexure

Figure 4. Exploded-view schematic diagram of a 700 pm circumscribed diameter (606.2 um flat-to-flat
pitch) mirror segment. Scaling is highly exaggerated in the vertical direction. Actuator platform heights
are in the range of 20-40 um for these segments, which enables 8 um of stroke.

The DM is manufactured using typical MEMS and integrated circuit materials such as
polycrystalline silicon (polysilicon), silicon dioxides, silicon nitrides, and a proprietary bimorph
material with similar coefficient of thermal expansion (CTE) to that of polysilicon. After the DM is
fabricated using highly stable MEMS materials, it is mounted onto a ceramic pin-grid array (PGA)
package using an epoxy. The DM is sealed in nitrogen by epoxying a cover window over the DM.

3. Cryogenic Interferometric Test Set-Up

Over the last few years, LAM has developed expertise in the characterization of micro-optical
components, especially for small-scale deformation characterization on their surface from room
temperature down to cryogenic temperatures. The aim is to be able to use these devices in all type
of spectrographs, from ground-based to space telescopes as well as from Visible to IR instruments.
The background of this test set-up development was in the framework of the NASA study of NIRSpec
for the JWST.

3.1. Interferometric Bench

The measurement of the shape and the deformation parameters of the MOEMS devices is made
thanks to an interferometric characterization bench, fully developed in-house (hardware and software).
Characterizations are done in static or dynamic modes, including measurements of optical surface
quality at different scales, actuator stroke, maximum mirror deformation, and cut-off frequency;
the latest parameter has not yet been measured in this study.

This bench is a high-resolution and low-coherence Twyman-Green interferometer. It is a
modular set-up around three main parts: illumination, interferometric cavity, and imaging system.
The illumination is provided by a halogen lamp with an interference filter (typical example: Ay = 650 nm,
AN =10 nm). Fixing the temporal light coherence eliminates all parasitic fringe patterns induced
by classical high coherence sources such as lasers. The interferometric cavity is clear of any optical
components in order to keep the highest optical quality by avoiding any differential aberration
introduced by these additional elements. The imaging system offers two magnification configurations
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by a simple lens change: (1) a high in-plane resolution or (2) a large field of view authorizing either
a very sharp (around 2 pum) analysis of the micro-mirror structure inside a small field (typically 1 mm),
or the whole device study with a larger size (up to 40 mm).

Out-of-plane measurements are performed with phase-shifting interferometry showing very
high resolution (standard deviation < 1 nm). The bench is mounted on a damped optical table, and
surrounded by a Plexiglas enclosure. Features such as optical quality or electro-mechanical behavior
are extracted from these high precision three-dimensional component maps. Range is increased
without loosing accuracy by using two-wavelength phase-shifting interferometry authorizing large
steps measurements. Dynamic analysis like vibration mode and cut-off frequency could be also
measured with time-averaged interferometry [12].

3.2. Cryogenic Experiment

In front of our interferometric setup has been installed a cryo chamber for reaching temperatures
as low as 100 K when not loaded, using a cryogenic generator, and vacuum pressure in the range of
107® mbar (Figure 5a). The chamber is equipped with an internal screen radiatively insulating
the sample from the chamber. Temperature sensors and local heaters are used for controlling
the environment, and connected to a custom built control electronics and control-command software.
The component is monitored continuously thanks to a glass window at the entrance of the chamber.
As we are using low coherence interferometry, the fringe contrast can be kept at maximum by balancing
the optical path in the reference arm of the interferometer with a compensation plate identical to
the chamber window. In our set-up, the chamber window and the compensation plate have been
manufactured at the same time in the same glass material [13].

White light

Pin-hole

Computer

Interference filter

CCD Camera

Reference flat

Figure 5. (a) Schematic description of our interferometric measurement set-up with the cryo-vacuum
chamber; (b) PTT111 device mounted in the cryogenic chamber for characterization in a space
environment; (c) Front window is closed and the cryogenic chamber is installed in front of our
interferometric setup. The segmented deformable mirror could be successfully actuated before, during,
and after cryogenic cooling at 160 K.
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3.3. PTT111 Mounting

The PTT111 device is packaged in PGA chip carrier. The PGA is inserted in a ZIF-holder integrated
on a PCB board. Large metallic surfaces on the PCB facilitate cooling down the system; eliminating
the solder-stop layer eases outgassing of the PCB base material during evacuation of the chamber.
The PCB itself is mounted via a fix-point-plane-plane attachment system to a solid aluminum block,
the latter being interconnected to the cryo-generator (Figure 5b). Thick copper wires between the PCB
and the aluminum block further enhance thermal transport between the sample chip and the cryostat.
Two ribbon cables allow interconnecting up to 120 electrical wires through two 100-pin and 20-pin
feed-throughs. Outside of the cryo chamber, the wires are connected to the Iris AO control electronics.
Temperature sensors are connected to the aluminum block and to the window frame on top of
the device.

The chamber is then closed by a flange and placed in front of the interferometer (Figure 5c).
Along the reference path, two compensation plates are placed for compensating the chamber window
(large plate) and the device window (small plate). By this way, we keep a high contrast for the
interferometric fringes.

4. PTT111 Surface Characterization

These first experiments are done using an engineering grade device where segments #23 and #24
are inactive because of defects in the DM that occurred during manufacturing. The manufacturer calls
these locked segments or lockouts as they are not controllable. Because the segments are independent,
the defects only affect the locked segments and not neighboring one. The segment thickness is 25 um
and the coating is protected silver. The maximum array stroke after flattening is 3.01 um, and the
maximum tilt angle is 5 mrad. Figure 6 is a picture of the device made on our bench (without the
interferometric fringes). The two lockouts segments are at the upper right.

Pixals

200 400 600 800 1000
Pixels

Figure 6. PTT111 device tested in our experiment (engineering grade device). Segments #23 and #24
(in the red circle) are lockouts.

The device is driven by the Graphical User Interface (GUI) provided by Iris AO for the integration
and pre-characterization phases. The interferometric measurements are done with the LAM-developed
software, in Matlab, and linked with the Matlab driver provided by Iris AO. The GUI is showing a view
of the mirror with numbered segments, and the global Zernike coefficient as well as local (at segment
level) piston/tip/tilt positions could be tuned for each segment.

A calibration step has been done by Iris AO for measuring each actuator response (3
actuators/segment). Then, a “best flat” condition is calculated in order to minimize the residual
wavefront error on the surface, and applied. Figure 7 is a screen shot made at the beginning of
the experiment when the best flat condition is applied; at the left hand side is the interferometric image

10
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of the mirror with the “best flat” condition; at the right bottom is the view of the Iris AO GUI for
driving the device.
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Figure 7. Screen shot during the experiment; (a) The interferometric image of the mirror when the “best
flat” condition is applied; (b) The Iris AO GUI for driving the device.

We could then apply a series of commands to the mirror. In Figure 8, different mirror
configurations are presented. From top left to bottom right, we can see:

- a pure piston (150 nm) on the central M1 segment,
- a global astigmatism on the mirror, using the global Zernike coefficient set at 0.125,

- a series of three identical tilts on all segments in X direction, with 0.25 mrad, 1.5 mrad, and
4.9 mrad respectively.
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Figure 8. (a) 150 nm piston on segment#1; (b) astigmatism (0.125 on Zernike coefficient);
(c—e) Increasing tilt values along the X direction are applied to all segments (0.25, 1.5 and 4.9 mrad).
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4.1. Best Flat at Ambient

From the interferometric measurement, we obtain the surface deformation of the deformable
mirror; in the whole paper, deformation values are always given in nanometers, and maps are displayed
with a £250 nm range for better comparison between related Figures 9, 11, and 13a—15a.
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Figure 9. Best flat surface deformation at ambient (17 nm RMS, 123 nm PtV) when the best flat condition
calibrated by Iris AO is applied; the gravity effect has not been removed.

The best flat residual over the whole mirror is very good with 17 nm RMS, 123 nm PtV (Figure 9).
Note that this best flat provided by Iris AO is not corrected from the gravity effect occurring in our
experiment, as the PTT111 is mounted in vertical position.

This result shows the high quality of the mirror architecture and of the fabrication process.
This flatness is a combination of a very good reproducibility of the actuator platform position after his
elevation thanks to the bimorph flexures (Figure 4), and the choice of thick single-crystalline Silicon for
the segment material. This position is very stable; long term measurement has been done at ambient
on position stability [6] and reproducibility, but this has not been done yet in cryo.

At segment level, the residual wavefront error is with a slight convex shape, observed on most of
the segments (see Section 4.6).

We measure the mirror surface shape with high accuracy and sort out tilt and piston values
for wach segment. They are displayed on segment maps in Figure 10. Over the maps, the tilts
have a value of 32 prad RMS (140 urad PtV) while the pistons expands on 6.2 nm RMS (28 nm PtV).
The residual tilts are mainly due to the gravity effect as the device is mounted in vertical position
in our measurement set-up.
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Figure 10. Residual tip-tilts (a) and pistons (b) at ambient, when the best flat condition from Iris AO
is applied; the gravity effect has not been removed.
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4.2. Best Flat at 160 K, First Run

The device is then cooled down slowly from ambient temperature (293 K) down to 160 K, with
the device constantly operating in its best flat condition. The PTT111 device is operating properly at
all temperatures between 293 K and 160 K, and in vacuum.

Every 10 K an interferometric measurement is done in order to follow the differential deformation
of the mirror at whole mirror level as well as at segment level. Several patterns are applied and
measured in order to see the ability of the device to behave as at room temperature; the applied
“patterns” are best flat, pure pistons on some segments, and different tilts on the segments. Due to
the vibrations induced by the cryo pump on the sample, we have to stop it during the measurement,
leading to a limited increase of the temperature during the measurement duration. Phase shifting
interferometry parameters have been adjusted in order to minimize the measurement time to
a few minutes.

In Figure 11, the best flat surface deformation at cryo (160 K) is given with the original best flat
condition as calibrated at ambient. A global convex deformation is observed reaching a deformation of
86 nm RMS, 501 nm PtV. Some additional deformations (mainly tilts) are observed on some segments
at the upper left side (segments #26, 27, and 28).

The global convex shape in cryo is due to the packaging “shrinking” in cryo. The Coefficient of
Thermal Expansion (CTE) mismatch between die/package materials induces a global effect on the
mirror when cooled down at 160 K.

The mirror is operating perfectly in cryo, and a “new” best flat condition will be developed and
described in the next paragraphs.

300 400 500 600 VOO BOD SO0
Piuets

Figure 11. Best flat mirror deformation at cryo (160 K), first run, with the original best flat calibrated at
ambient (86 nm RMS, 501 nm PtV).

We measure and sort out for each segment tilt and piston values. They are displayed on segment
maps and shown in graphs, in Figure 12. The tilts have a value of 200 urad RMS (950 urad PtV) while
the pistons expands on 74 nm RMS (239 nm PtV). Tilts and pistons are not behaving the same way.
Pistons are behaving within the three concentric rings of PTT111 37 segments, with a common motion
for the central area (segments #1 to 7), the middle ring (segments #8 to 19), and the outer ring (segments
#20 to 37); in Figure 12, residual pistons at ambient (black signs) are 6.2 nm RMS (28 nm PtV), and
74 nm RMS (239 nm PTV) in cryo (red signs); this effect is clearly related to the shrinkage of the overall
device. As for the tilts, they don’t show a clear pattern; they are scattered away from the original
positions at ambient. In Figure 12, residual tilts at ambient (black signs) are 32 prad RMS (140 prad
PtV), and 200 purad RMS (950 prad PTV) in cryo (red signs); this differential evolution is possibly due
to the different modification of the complex structure underneath each segment: the actuator platform,
the bonding pads, the mirror segment, the coating, and the underlying 3 legs bimorph structure.
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Figure 12. (a) Segment maps of the residual tip-tilts and pistons at cryo (160 K), first run; (b) Values
for each of the 37 segments of PTT111 (in red tilt X and tilt Y at cryo, in black, for reference, values at
ambient). Residual tilts at ambient (black signs) are 32 urad RMS (140 urad PtV), and 200 prad RMS
(950 urad PTV) in cryo (red signs). Residual pistons at ambient (black signs) are 6.2 nm RMS (28 nm

PtV), and 74 nm RMS (239 nm PTV) in cryo (red signs).

These effects will be corrected in a second step (see Section 4.4).

4.3. Best Flat at Ambient (Back 1)

When the device is warmed up back to ambient temperature we measure its surface shape
in the original best flat mode again, and we get a slightly different result, as revealed in Figure 13.
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Figure 13. Mirror surface deformation at ambient (293 K) when best flat Iris AO condition is applied,
after one cooling cycle: (a) Surface deformation map (22 nm RMS, 123 nm PtV); (b) Difference between
the two surface deformation maps before and after one cooling cycle.
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The degradation of the surface deformation is going up from 17 nm to 22 nm RMS (123 nm to
152 nm PtV), the differences being mainly due to the additional tilts on each segment by 0.15 mrad
PtV over the device, while the pistons stay within the same range as before the cooling cycle. This
is probably due to the stress relaxation process in the complex structure supporting each segment,
leading to a slightly different evolution from segment to segment. As for the segment mirror surface,
there is no difference (below 1 nm), thanks to the high quality of the segment made of single-crystalline
silicon material. This effect could be described as an annealing process.

In order to improve the best flat quality, we decided to develop an improved best flat procedure
by measuring, with high accuracy, the tip-tilt and piston residuals and combining them with the
original best flat values calibrated by Iris AO. We then obtain the improved best flat shown in Figure 14.
The mirror surface deformation is then as low as 10 nm RMS, 79 nm PtV.

In the graphs of Figure 14, residual tilts with improved best flat (red signs) are 6.5 prad RMS
(36 prad PtV), while they were 32 purad RMS (140 prad PTV) with the original best flat (black signs).
Residual pistons with improved best flat (red signs) are 1.6 nm RMS (7 nm PtV), while they were
6.2 nm RMS (28 nm PtV) with the original best flat (black signs).

Improved best flat condition will be used in the following experiments.
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Figure 14. Mirror surface deformation at ambient (293 K) when improved best flat condition is applied,
after one cycle of cooling: (a) Surface deformation map (10 nm RMS, 79 nm PtV); (b) Residual tilts
and pistons values for each of the 37 segments of PTT111. Residual tilts with improved best flat (red
signs) are 6.5 urad RMS (36 prad PtV), while they were 32 urad RMS (140 prad PTV) with the original
best flat (black signs). Residual pistons with improved best flat (red signs) are 1.6 nm RMS (7 nm PtV),
while they were 6.2 nm RMS (28 nm PtV) with the original best flat (black signs).

4.4. Best Flat at 160 K, Second Run

In order to demonstrate full operation of PTT111 at cryogenic temperature, we decide to cool
down the device and optimize in-situ all actuators for generating a cryo best flat.

Our strategy is a weighted addition of the consecutive measurement residual errors and, using
Iris AO electronics, we are loading these calculated values actuator by actuator, departing from
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the original values provided by Iris AO, and applyling them to the device. Our cryo best flat condition
is a combination of [best flat calibrated by Iris-AO at ambient, improved best flat at ambient, improved
best flat in cryo (first run), improved best flat in cryo (second run)]. Then, in a single measurement
step and applying this best flat condition, we got, at 160 K, a mirror surface deformation as low as
12 nm RMS, 113 nm PtV (Figure 15).

Our cryo best flat at 160 K is then very close to our improved best flat at ambient (293 K), showing
our ability to operate properly PTT111 device in cryo. The deformation difference is 2 nm RMS, 34 nm
PtV between 160 K and 293 K. This additional deformation is due mainly to the mirror segment
deformation, as revealed in the following Section 4.6.
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Figure 15. Mirror surface deformation at cryo (160 K), second run, when cryo best flat condition
is applied: (a) Surface deformation map (12 nm RMS, 113 nm PtV); (b) Residual tilts and pistons values
for each of the 37 segments of PTT111. Residual tilts with cryo best flat (red signs) are 3.5 prad RMS
(17 urad PtV), while they were 6.5 urad RMS (36 prad PtV) with the improved best flat at ambient (black
signs). Residual pistons with cryo best flat (red signs) are 1.2 nm rms (4.3 nm PtV), while they were
1.6 nm RMS (7 nm PtV) with the improved best flat at ambient (black signs).

In the graphs of Figure 15, residual tilts with cryo best flat (red signs) are 3.5 urad RMS (17 prad
PtV), while they were 6.5 prad RMS (36 urad PtV) with the improved best flat at ambient (black signs).
Residual pistons with cryo best flat (red signs) are 1.2 nm rms (4.3 nm PtV), while they were 1.6 nm
RMS (7 nm PtV) with the improved best flat at ambient (black signs).

A second loop of best flat optimisation is useless as the remaining mirror surface deformation
is only due to the contributions of individual segment deformations; this is clearly visible in the surface
deformation map of Figure 15.

The additional deformation of PTT111 at cryo is 501 nm PtV (Figure 11). The cryo best flat
is compensating this deformation, minimizing the whole mirror deformation, down to 12 nm RMS
(123 nm PtV). The maximum stroke of this device being 3.01 pm at ambient, then the operational stroke
is reduced to 2.5 um at cryo (16.7% stroke reduction).
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4.5. Best Flat at Ambient (Back 2)

When the device is warmed up back to ambient temperature we measure its surface shape
in the improved best flat mode again, and we get nearly exactly the same surface, as shown in Figure 14.
The device seems to now be stabilized with no evolution after a complete cycle at cryogenic temperature.
A thermal cycling test might be useful to confirm this result.

4.6. Analysis at Segment Level

Thanks to our set-up spatial resolution, we have several thousand measurement points per
segment. It is then possible to measure, at segment level, the deformation induced by the strong
temperature change from ambient to cryo. Figure 16a,b are identical to Figures 14a and 15a, with
the mirror segment marked, and an expended scale for revealing the local effects on each segment.
The surface deformation by segments at ambient (values 2 in blue) has a mean value of 7.2 nm with
a standard deviation of 1.5 nm, and at 160 K (values 1 in red), a mean value of 8.5 nm with a standard
deviation of 1.6 nm.
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Figure 16. DM segments surface deformation: (a) At ambient (293 K), 5 nm RMS, 24 nm PtV; (b) At 160 K
8 nm RMS, 47 nm PtV; (c) Surface deformation by segments at ambient (values 2 in blue) has a mean
value of 7.2 nm with a standard deviation of 1.5 nm, and at 160 K (values 1 in red), a mean value of
8.5 nm with a standard deviation of 1.6 nm.

By selecting a typical segment, a closer analysis of the segment evolution at cryogenic temperature
could be done, especially on its shape. In Figure 17, on segment #21, we can clearly see that the convex
cylindrical shape at ambient is changing to an astigmatic concave shape at cryo. At ambient (293 K),
the segment surface deformation is 5 nm RMS (24 nm PtV), while at 160 K the deformation is still low,
at 8 nm RMS (47 nm PtV).

A very interesting feature is observed when looking at the deformation difference between
ambient and 160 K (Figure 17c): it reveals a pure concave axisymetrical change of 4.9 nm RMS
(71 nm PtV). This is due to the CTE mismatch between the single-crystalline silicon and the
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silver-protected coating deposited on top of the segment. All segments are behaving in the same way
as shown in Figure 18.
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Figure 17. DM segment #21 surface deformation: (a) At ambient (293 K), 5 nm RMS, 24 nm PtV;

(b) At 160 K 8 nm RMS, 47 nm PtV; (c) Deformation difference between ambient and 160 K, 4.9 nm
RMS, 71 nm PtV.

Figure 18. Segment deformation induced by the temperature change between ambient and cryo (160 K);
map of all segments of PTT111.

The mean deformation at ambient is in the range of 25 nm, while it rises to 50 nm in cryo.
This deformation difference is still within the requirement of almost all foreseen wavefront correction

systems. This deformation difference at segment level is the major contribution to the whole mirror
surface deformation, as described in Section 4.4.
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5. Conclusions

Innovative wavefront correction systems in existing telescopes on the ground and in space, as well
as in the future ELTs, need efficient MOEMS Deformable Mirrors (DM) able to perform at room
temperature as well as in cryogenic and vacuum environments.

Using a specific interferometric bench coupled with a cryo-vacuum chamber, a PTT 111 DM
from Iris AO has been successfully tested from ambient temperature to 160 K. The device is properly
operating in cryo, revealing an additional, mainly focus-like, 500 nm deformation at 160 K; we were
able to recover the best flat in cryo by correcting the focus and local tip-tilts on all segments, reaching
12 nm RMS on the entire surface.

Tests on DMs with different mirror thicknesses (25 um and 50 pm) and different coatings (silver
and gold) are currently under way.

Finally, the goal of these studies is to test DMs in cryo and vacuum conditions as well as to
improve their architecture for stable operation in a harsh environment.
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Abstract: A maskless lithography method to realize the rapid and cost-effective fabrication of
micro-optics elements with arbitrary surface profiles is reported. A digital micro-mirror device
(DMD) is applied to flexibly modulate that the exposure dose according to the surface profile of the
structure to be fabricated. Due to the fact that not only the relationship between the grayscale levels
of the DMD and the exposure dose on the surface of the photoresist, but also the dependence of the
exposure depth on the exposure dose, deviate from a linear relationship arising from the DMD and
photoresist, respectively, and cannot be systemically eliminated, complicated fabrication art and large
fabrication error will results. A method of compensating the two nonlinear effects is proposed that
can be used to accurately design the digital grayscale mask and ensure a precise control of the surface
profile of the structure to be fabricated. To testify to the reliability of this approach, several typical
array elements with a spherical surface, aspherical surface, and conic surface have been fabricated
and tested. The root-mean-square (RMS) between the test and design value of the surface height is
about 0.1 um. The proposed method of compensating the nonlinear effect in maskless lithography
can be directly used to control the grayscale levels of the DMD for fabricating the structure with an
arbitrary surface profile.

Keywords: maskless lithography; micro-optics elements; arbitrary surface; exposure dose; nonlinear effect

1. Introduction

During past decades, much research effort has been devoted to micro-optical elements with
arbitrary surface profiles, which can usually achieve extraordinary properties far more than macro
components, and has important applications in optical communication, sensors, special illumination,
and other fields [1-5]. However, the limited fabrication methods for such micro-optical elements have
restricted its development. Electron-beam lithography [6,7] and focused-ion beam [8] can realize a
high-resolution fabrication of the structure with complicated surface profiles in principle, but require a
long-term and expensive device. The direct laser writing technique [9-11] is a promising and economic
method for the fabrication of microstructures, but the scanning mode will limit the improvement of
work efficiency. The thermal reflow method [12-14] cooperated with conventional binary lithography
is usually applied for micro lens array’s generation efficiently, but this method is difficult to control
the surface profile precisely. Grayscale lithography [15-17] using a gray-tone mask is an effective
method to obtain various exposure dose distributions on the photoresist by modulating the intensity
of ultraviolet (UV) light. However, the physical gray-tone mask is usually fabricated by a direct
writing lithography method and each grayscale mask can only be applied for a fixed structure. This is
inconvenient for the flexible research of various structures and may lead to unnecessary cost.
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Recently, maskless photolithography has been proposed for microstructure fabrication [18-22].
A digital micro-mirror device (DMD) has been adopted to replace the traditional physical mask.
A DMD is composed of an array of micro-mirrors, each of which can be independently controlled by
a computer, so a digital image acting as mask can be dynamically displayed in real-time. The great
advantages of maskless photolithography are that no expensive physical mask is necessary. The digital
image can be a flexible design according to the profile of the structure to be fabricated by computer.
Due to its capability of low cost and high flexible, maskless lithography has received significant
attention in the microfabrication field.

To date, the main approaches of fabrication art for achieving micro-optic elements based on the
maskless photolithography are as follows: The first is to transfer the CAD data of the surface function
of the structure to be fabricated into a serial slice along the direction of high, with each slice being a
binary image. These binary images are generated by the DMD under computer control in real-time,
and then are delivered by the imaging system to the surface of the photoresist where a superimposed
exposure dose proportional to the profile function is obtained. Using this approach, Totsu et al. have
fabricated the positive photoresist patterns of spherical and aspherical micro lens arrays with the
diameter of each lens being 100 um [23]. Zhong et al. also adopted the technique for the fabrication
of continuous relief micro-optic elements [24]. Although these works can achieve the micro-optic
elements at low cost with time savings, a common point of these methods is the tedious preprocessing
of slicing for each design and multiple exposures are needed.

In this paper, we present a new fabrication art approach on the basis of maskless photolithography.
By generating a grayscale map under an appropriate exposure time, a one-step exposure control for
arbitrary surface profiles can be achieved, so both the slicing process and multiple exposures are
avoided. The grayscale level is generated by the multiple reflection technique which adopts the
means of pulse width modulation of the DMD. Although similar grayscale lithography based on DMD
has been adopted by Wang et al. for the fabrication of diffractive optics [25,26], they do not describe
the detailed experiment processing for the nonlinear effect existing in the fabrication procedure.
In the digital grayscale lithography, a serious problem caused by DMD is that the exposure dose
will not linearly change with respect to grayscale levels under a constant exposure time. Accurate
general theoretical formulae for describing such nonlinear relationships are lacking. Additionally,
the relationship between the exposure depth and exposure dose is also nonlinear due to the property of
the photoresist. To compensate the two nonlinear effects and then to generate the appropriate grayscale
map, we adopt the approach of calibrating the relationship between the exposure depth and grayscale
levels under an appropriate exposure time that requires no specific knowledge about the nonlinear
effects of the DMD and photoresist. During this procedure, a reasonable grayscale level range which
maintains a smooth-slow increment and stable intensity distribution needs to be considered to ensure a
well-controlled surface profile and suitable surface roughness. After generating the grayscale mask on
the basis of the adjustment curve, a one-step exposure fabrication art has been built to obtain desired
exposure depth. This method can ensure a precise control of the surface profile of the micro-optics
element to be fabricated, and the process of slicing and multiple exposures are not needed.

To verify the reliability of this method, several typical array elements with a spherical surface,
aspheric surface, and conic surface have been fabricated and tested, whose diameter is 200 um and
height is 6 um. The photoresist molds were reversely replicated in polydimethysiloxane (PDMS)
elastomer, which was widely used in micro-optics elements because of its excellent optical properties.

2. Experiment Setup and Methods

2.1. Maskless Photolithography System

Figure 1a shows the maskless photolithography experimental setup in our laboratory, which
consists of a uniform illumination system at 365 nm wavelength, a high-speed optical projection system
for dynamic UV-light patterning, and a three-axis computer-controlled stage for X-Y location and focus
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control. The light from a mercury lamp is filtered to obtain the UV light at a wavelength of 365 nm,
which is introduced into the collimating lens device to provide uniform illumination. The DMD chip
(Wintech DLP 4100 0.7” XGA, Wintech Digital Systems Technology Corp., Carlsbad, CA, USA) from
Texas Instruments plays the role of a mask that reflect the uniform incident UV light pixel-by-pixel to
generate image frames. This image will be transferred by the projection objective to a photoresist-coated
substrate. The DMD consists of a 1024 x 768 micromirror array with a cell size of 13.68 um,
the demagnification of the projection objective is 6.84. Thus, the theoretical resolution of the
UV-light pattern projected on the photoresist surface is 2 um. The XYZ stage has a travel range
of 100 mm x 100 mm in the X-Y plane and 10 mm in the vertical direction with a resolution of 50 nm,
which enables us to achieve a large exposure area at the substrate and a precise control of focus.
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Figure 1. (a) Schematic view of the digital micro-mirror device (DMD)-based maskless
photolithography system; (b) pulse width modulation based on 8-bit planes; and (c) the fabrication
procedure based on grayscale mask exposure.

Figure 1b illustrates the grayscale control based on the pulse width modulation of 8-bit planes,
which enable 256 grayscale levels. The single-frame time T of a grayscale image is divided into eight
different time intervals controlled by an 8-bit binary sequence. Each micro-mirror unit of the DMD can
be individually controlled by a computer in the direction of £12° (“1” or “0”) to determine whether
its working state is ON or OFF in each bit plane. By rapidly (typically 20 us) changing the rotation
direction of the micromirror based on the pulse width modulation technique, we obtain a finely-tuned
grayscale level which is in proportion to the time duty cycle of the ON states.

Figure 1c shows the fabrication procedure based on grayscale mask exposure. This procedure
consists of two steps: exposure and development. In the first step, the high grayscale level will result
in a greater exposure dose distribution on the photoresist surface due to its larger duty cycle time of
the ON states. Then, in the second step, the photoresist pattern whose exposure depth is in proportion
to the exposure dose will be obtained after development. By using the one-step maskless grayscale
lithography, one can flexibly control the grayscale level to modulate the exposure dose required for the
fabrication of micro-optic elements with an arbitrary surface.
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2.2. Nonlinear Effects

Essentially, the aim of generating the grayscale is to control the exposure depth of the photoresist.
If the grayscale is of a linear dependence relationship on the exposure depth, then only one scale factor
is needed to be calibrated. However, due to the two reasons discussed below, an adjustment curve
instead of one scale factor must be determined.
Usually, the exposure dose is defined as the product of the intensity of the incidence light I(x, y)
and exposure time T:
E(x,y) =1(x,y) x T @

In the maskless lithography system, the exposure dose E(x, ) is proportional to the intensity I(x, i)
under a pre-setting exposure time. In general, the dependence of the intensity on the grayscale level
deviates from the linear relationship due to the peculiarity of the DMD that cannot be systemically
eliminated. To estimate the relationship between intensity and grayscale, the intensity data tested
by a UV radiation illuminometer (UIT-250, Ushio America, Inc., Cypress, CA, USA) is presented in
Table 1, which just gives the data for grayscales over 30 because the intensity below 30 is basically zero.
Figure 2a shows an intuitive presentation about this nonlinear relationship. We note that the intensity
of a lower grayscale increases slowly at a stable state. In contrast, the intensity of a higher grayscale
increases rapidly at an unstable energy level, which is disadvantageous for the control of the surface
roughness. There are few specific expressions to describe this nonlinear relationship, but it does exist
in the DMD [27]. We assume that this phenomenon may be caused by the nonlinear control of pulse
width modulation in Figure 1b. The high level bit planes have larger duty cycle times and contribute a
significant intensity, but the low bit plane just has a small duty cycle time and imparts a small intensity.
Thus, the final presentation is that the intensity varies exponentially with the grayscale and is unstable
at high grayscale levels.

Table 1. The tested data between intensity and grayscale level.

Grayscale Intensity (nW/cm?)  Standard Deviation (mW/cm?) ~ Grayscale Intensity (nW/cm?)  Standard Deviation (mW/cm?)

30 0 0 150 6.51 0

40 0.13 0 160 7.85 0.02
50 0.26 0 170 9.95 0.02
60 0.43 0 180 115 0.02
70 0.7 0 190 15.73 0.02
80 1.03 0 200 18.91 0.02
90 15 0 210 26.15 0.015
100 2 0 220 32.46 0.02
110 2.78 0.005 230 36.22 0.04
120 3.63 0.005 240 42.6 0.025
130 4.47 0.01 250 42.63 0.015
140 537 0.005 - - -

In addition, to test the dependence of the exposure depth on the exposure dose, we performed
an exposure test on the photoresist (AZ-9260, Clariant Corporation, Muttenz, Switzerland), which
is spin-coated on the substrate at 2000 rpm followed by prebaking at 100 °C for 10 min to obtain a
photoresist layer of about 10.5 um. A grayscale grating of 200 level (18.91 mW /cm?) with a 400 pm
period that consists of 200 pixels in the horizontal direction is applied to perform this experiment
for a convenient measurement. The exposure time changes from 1 s to 14 s which enables a constant
exposure dose increment. After development in the developer (AZ 400K, Clariant Corporation,
1:2, 40 s) we extracted the exposure depth by the stylus profiler, as presented in Table 2. Due to the
properties of the photoresist, the relationship between the exposure depth and the exposure dose is
nonlinear, also. Some studies [28,29] have reported that the exposure depth is a logarithmic function
of the dose and can be determined by the contrast curve, which is defined as the linear slope of the
contrast curve as follows:

1 h(x,y)/H

= nEyInEy = InE(x,y) —InEy’ where 0<h(x,y) < Hand Ey, < E(x,y) < Eq )

Y
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Figure 2. (a) Relation between intensity of ultraviolet (UV) light at a wavelength of 365 nm and
grayscale levels; and (b) the relation between the exposure depth and exposure dose.

Table 2. The tested exposure depth data under different exposure doses.

Exposure Exposure Standard Exposure Exposure Standard
Dose (mJ/cm?) Depth (um) Deviation (um) Dose (mJ/cm?) Depth (um) Deviation (um)
18.9 1.05 0.025 151.2 8 0.25
37.8 2.25 0.2 170.1 8.6 0.23
56.7 3.85 0.1 189 9.12 0.19
75.6 5 0.15 207.9 9.6 0.18
94.5 59 0.15 226.8 10 0.15
113.4 6.7 02 245.7 10.26 0.18
132.3 7.45 0.25 264.6 10.53 0.19

In Equation (2), the parameter Ey, is the threshold dose to initiate a photoresist reaction, E; is the
clearing dose required for removing the photoresist layer H completely, and E(x, y) is the required dose
for target exposure depth hi(x, ), which can be obtained by direct inversion of Equation (2) as follows:

h(x,y) = H x ¢ X ln<M> 3)
Eg
We have calculated the theoretical curve of the exposure depth with respect to the dose. Figure 2b
shows the sampling data and theoretical curve about the exposure depth. We note that these two
curves are basically approximated. From the above, we know that both the relationship between
intensity and grayscale level of the DMD and the relationship between the exposure dose and the
exposure depth are all nonlinear.

2.3. Grayscale Mask Design

To compensate for the two types of nonlinear effects shown in Figure 2, and then generate an
accurate grayscale map, a valid method is to find a reliable calibration curve which can provide a
precise relationship between the exposure depth and the grayscale value. According to this calibration
curve, the grayscale compensation for arbitrary surface designs is achievable. There are two points that
deserve consideration in the calibration processing: the calibration curve should maintain smooth-slow
growth and a stable intensity level because the rapid increment of the exposure depth and an unstable
intensity level will lead to inaccurate control of the surface profile and a terrible surface roughness.
Thus, an exposure test was carried out for the grayscale range of 30 to 150 which is a reasonable
increment and a stable intensity level according to the curve shown in Figure 2a. The photoresist layer
of about 8 um was prepared at 2500 rpm, which could be flexibly adjusted according to the required
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thickness. Here we adopt the grayscale maps of a grating to perform this adjustment, as shown in
Figure 3a. The period of the grating is set as 400 um, which consists of 200 pixels in the lateral direction.
The exposure time was set as 20 s, which was estimated by the curve shown in Figure 2b to ensure
a sufficient exposure dose. The test data measured by the stylus profiler was given in Table 3 and
plotted in Figure 3b. This adjustment curve between the exposure depth and grayscale level provides
a reference which adequately considers the nonlinear effect between the exposure dose and grayscale
level, and the nonlinear effect between the exposure depth and exposure dose, simultaneously.
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Figure 3. (a) Grayscale maps (30 to 150 grayscale levels) of a grating with a period of 400 um (200 pixels
in the horizontal direction) for the calibration; and (b) calibration curve between the exposure depth
and grayscale level.

Table 3. The exposure depth measurement result under a 20 s exposure time.

Grayscale Exposure Depth (um) Grayscale Exposure Depth (um)

30 0 100 2.86
40 0.14 110 4.06
50 0.25 120 4.98
60 0.52 130 6.1
70 0.91 140 7.12
80 1.36 150 8.08
90 2.1 - -

Since only discrete information about the relationship between the grayscale and the exposure
depth can be obtained, in a practical application, to generate a precise grayscale map for a structure
to be fabricated, a numerical fitting processing will be adopted. We assume that the exposure depth
between two adjacent sampling points is a linear correlation due to the narrow sampling step, thus a
linear interpolation method is applied to extracted suitable grayscale level. Although this processing
may introduce some errors, it imposes little influence on the generation of the grayscale map due to
the average resolution being less than 0.1 um, which is calculated according to the linear interpolation
in a single sample interval.
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As an example, we design a micro-lens array (MLA) with a spherical surface (Figure 4a), whose
aperture B is 200 um and height /1 is 6 um. This spherical surface can be expressed as:

z(x,y) = /12 —x2—y?2 —r+h,where0 <z <hand 0 < \/x2+y2 <B 4)

In the above equation, the parameter r is the radius of this spherical surface and can be numerically
calculated according to the aperture and the height. According to Figure 3b, we generate the grayscale
map of a single lens which consists of 100 x 100 pixels. From the cross-section of the grayscale map
presented in Figure 4a, we note that the variation of grayscale value is stair-stepping. The small
steps may impart some influence on the surface roughness, but does not break the outline due to the
continuous surface. Finally, the grayscale mask corresponding to this spherical MLA is generated to
perform the exposure, as shown in Figure 4b.

20098m

Pixel

(a)

Figure 4. (a) Designed spherical micro-lens array (MLA) model and cross-section of the grayscale map
of a single lens; and (b) grayscale mask with a 6 x 8 lens array.

3. Results and Discussion

To verify the availability of our method, experiment was carried out for grayscale map shown in
Figure 4b. For the photolithography, we used positive photoresist (AZ-9260, Clariant Corporation).
The photoresist was spin coated on a glass substrate at 2500 rpm followed by a prebaking at 100 °C
for 10 min. Then a photoresist film about 8 um thickness was obtained. Next, the grayscale map was
exposed on the surface of photoresist. The total time for the exposure of the grayscale map is 20 s.
After development in the alkaline developer (AZ 400K, Clariant Corporation, 1:2) for approximately
40 s, the lens-shaped profile of the photoresist, which corresponding to the reversed profile of the
designed model in Figure 4b was obtained. Figure 5a,b shows the microscope and scanning electron
microscope (SEM) images of this concave spherical MLA in photoresist.
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Figure 5. Microscope image (a) and scanning electron microscope (SEM) image (b) of a concave
spherical MLA in photoresist; (c) SEM image of a convex spherical MLA in polydimethysiloxane
(PDMS); and (d) the measured and designed cross-sections of the convex spherical MLA.

To obtain the available spherical MLA, the photoresist mold in Figure 5b was reversely transferred
in the PDMS elastomer. Here the PMDS Sylgard 184 (from Dow Corning, Midland, MI, USA) was
prepared by mixing the PDMS with diluter at a proportion of 10:1 in weight, after which it was kept
under vacuum for dehydration for 20 min. Then the PDMS solution was applied to the mold and kept
at 100 °C for 15 min. Figure 5c shows the SEM image of a convex spherical MLA on the top of PDMS.
To evaluate the surface profile of the PDMS MLA, a cross-section of the convex lens was profiled by
the stylus profiler, as shown in Figure 5d. It is obvious that the measurement profile (black solid line)
agrees well with the designed profile (red dash line), and the largest difference between them was
0.21 um (3.5% of the total height). To analyze the deviation between the practical curve and the
theoretical curve, we calculated the root-mean-square (RMS) value as follows:

1N

5 1/2
R= {Nz[w) ~ hesign ()] } )

i=1

The calculated RMS deviation was 0.08 um, which was enough for the MLA application in
visible light.

To estimate the optical performance of the convex MLA in PDMS, both focusing and imaging
experiments were carried out, as shown in Figures 6 and 7. In the focusing experiment, a laser beam at
a wavelength of 532 nm was introduced to illuminate the whole PDMS MLA. A 6 x 8 light spot array
with uniform intensity was captured by a charge-coupled device (CCD) placed in the MLA’s focal
plane. Figure 6b,c presents the images of focused light spots and intensity distribution, respectively.
Figure 6d shows an image of the normalized intensity of a single typical spot. The full width at

28



Micromachines 2017, 8,314

half maximum (FWHM) for this particular spot is about 30 um. The focal length of the MLA was
estimated to be about 1.7 mm. Then we tested the imaging ability of the MLA on a microscopy setup.
As exhibited in Figure 7, a mask with the letter “M” was placed between the white light source and
convex MLA, and the image array was observed by using a CCD camera mounted with an objective
lens. The uniform light spots and clear “M” letters indicate that the fabricated convex spherical MLA
in PDMS has excellent optical properties, which has important applications in array illumination

and micro-imaging.
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Figure 6. (a) Test of the focusing performance of convex spherical MLA in PDMS; (b) the image of
focused light spots; (c) the normalized intensity distribution of focused light spots; and (d) an image of

the normalized intensity of a single typical single spot.
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Figure 7. (a) Test of the imaging performance of convex spherical MLA in PDMS; and (b) the arrayed
images of the letter “M” observed by charge-coupled device (CCD).
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To further demonstrate that this one-step maskless grayscale lithography is capable with the
fabrication of micro-optics with arbitrary surface, we also designed MLAs with an aspherical surface
and a conical surface. The expression of the aspheric surface is:

z(x,y) = h x exp (—a(x* + y?)/2),where 0 < z < h, and 0 < y/x2 + 2 < B (6)

and the expression of the conical surface is:
- Va2t y? /x2 442
z(x,y)h><<1—B),whereOSzSh,andOS x> +y>*<B )

In the above equations, the parameters 1, «, and B are set as 6 pm, 0.0009, and 200 um, respectively.
Figure 8 shows the fabricated MLAs with an aspherical surface and a conical surface in PDMS.
The cross-section of these two kinds of microlenses presented a good agreement with the designs.
The RMS deviation of the aspherical and conical microlens were calculated as 0.1 pm and 0.11 um,
respectively, which further indicated that this method enables a precise control of the customized
surface profile and is prospective in the fabrication of micro-optics.
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Figure 8. (a) SEM image of the aspherical MLA in PDMS and the cross-sections of measurement
and design; and (b) SEM image of the conic MLA in PDMS and the cross-sections of measurement
and design.
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4. Conclusions

This work reports a one-step maskless grayscale lithography method based on DMD for the
rapid and cost-effective fabrication of micro-optical elements with arbitrary surface. The reference
curve between the exposure depth and grayscale level effectively compensates the nonlinear effect
between intensity and the grayscale level of the DMD, as well as the nonlinear relationship between
the exposure depth and dose, and can be used to generate appropriate grayscale map and ensure a
precise control of surface profile of the structure to be fabricated. Using this method, we successfully
fabricated several typical MLA with a spherical surface, aspherical surface, and conic surface with
an aperture of 200 um and a height of 6 um in the photoresist. Then these photoresist models were
reversely transferred in PMDS for optical testing. The cross-section measurement results agree well
with the designed profile. The root mean square (RMS) between the test and design value of the surface
height is about 0.1 um. Additionally, we tested the focusing and imaging ability of the replicated
convex spherical MLA in PDMS. Both the uniform focus light spots and clear image of the letter “M”
indicated that the generated MLA in PDMS could achieve excellent optical properties. These results
demonstrate that the proposed method of compensating the nonlinear effect in maskless lithography
can be directly used to control the grayscale levels of the DMD for fabricating the structure with an
arbitrary surface profile.
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Abstract: A scanning micro-mirror operated at the mechanical resonant frequency often suffer
nonlinearity of the torsion-bar spring. The torsion-bar spring becomes harder than the linear
spring with the increase of the rotation angle (hard-spring effect). The hard-spring effect of the
torsion-bar spring generates several problems, such as hysteresis, frequency shift, and instability by
oscillation jump. In this paper, a scanning micro-mirror with an electrostatic-comb spring is studied
for compensation of the hard-spring effect of the torsion-bar spring. The hard-spring effect of the
torsion-bar spring is compensated with the equivalent soft-spring effect of the electrostatic-comb
spring. The oscillation curve becomes symmetric at the resonant frequency although the resonant
frequency increases. Theoretical analysis is given for roughly explaining the compensation. A 0.5 mm
square scanning micro-mirror having two kinds of combs, i.e., an actuator comb and a compensation
comb, is fabricated from a silicon-on-insulator wafer for testing the compensation of the hard-spring
in a vacuum and in atmospheric air. The bending of the oscillation curve is compensated by applying
a DC voltage to the electrostatic-comb spring in vacuum and atmosphere. The compensation is
attributed by theoretical approach to the soft-spring effect of the electrostatic-comb spring.

Keywords: scanning micro mirror; nonlinear spring; resonant vibration; microelectromechanical systems

1. Introduction

A scanning micro-mirror is one of the key devices of micro-electro-mechanical systems.
A scanning micro-mirror is a fundamental component of laser projection displays, which simply
consists of a two-dimensional scanning micro-mirror and a collimated laser beam. A scanning
micro-mirror is also promising for laser reflectometry. The reflected laser light from scanned
object is detected for visualizing the object. Distance measurement by laser scanning by utilizing
a scanning micro-mirror is much awaited key technology of automatic operation of automotive car [1].
The requirements and progresses on scanning micro-mirror are extensively reviewed [2], where several
operational characteristics of micro-mirrors are described in detail. For the above purposes, wider and
faster scanning is needed. In the case of a scanning micro-mirror operated at wide angle and high
frequency, the mechanical resonance of torsional oscillation is often used to increase the rotational
angle and to minimize the necessary force and energy for oscillational scanning. The oscillation
curve is the oscillational amplitude plotted as a function of the frequency of the applied AC voltage.
The oscillation curve is usually symmetric with respect to the peak resonant frequency when the
scanning angle is small. By increasing the oscillation amplitude, i.e., rotation angle, the torsional
spring becomes harder than the linear spring as a function of rotation, which is called the hard-spring
effect [3,4]. The hard-spring effect generates a shift and a bending of the oscillation curve towards
higher frequencies, which often causes instability of operation, such as hysteresis phenomenon of the
oscillation curve. On the other hand, it is noteworthy from the bending of the oscillation curve that the
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electrostatic vertical comb for rotation shows a soft-spring property when the vertical comb does not
have the height offset between the fixed and movable combs [5,6].

Resonant frequency tuning of mechanical resonators are often needed to compensate the frequency
shift caused by the fabrication error and environmental changes, such as temperature. Several methods
for tuning the resonant frequency were studied on the basis of electrostatic force [7-13] and thermal
expansion [14]. In case of the electrostatic method, the effective springs by electrostatic force were
incorporated in the laterally oscillating resonators [7-12]. The capacitance of the electrostatic springs
was modulated as a function of displacement to generate the linear springs. The nonlinearity of
a laterally-oscillating resonator was also tuned by applying a DC voltage [15]. On the other hand,
the torsional resonant frequency of scanning micro-mirror was also tuned by applying a DC voltage
to the electrostatic vertical combs [13]. The electrostatic vertical combs also function as an additional
spring to the mechanical torsion-bar spring. However, there are few reports on the tuning of the
nonlinearity of the torsion-bar spring. The thermal expansion of a Y-shaped torsional spring adjusted
the tension of the spring for the parametric operation [16]. In the case of the electrostatic method,
there is no report for the compensation of the hard-spring effect of the torsion-bar spring.

In this report, a method for compensating a hard-spring effect of the torsion-bar spring of the
scanning micro-mirror is proposed by using the electrostatic vertical combs without a height offset
between the movable and fixed combs. The hard-spring effect of the torsion-bar spring is compensated
by applying a DC voltage to the electrostatic combs. An analytical model is given on the basis of variable
capacitance of vertical comb electrodes for a rough explanation of the compensation of the hard-spring
effect. A 0.5 mm square scanning micro-mirror is designed and fabricated from a silicon-on-insulator
wafer. The oscillation curve is measured by varying the DC voltage applied to the electrostatic combs
around the resonant frequency. The hard-spring effect is compensated by the applied DC voltage.

2. Principle

Figure 1 shows a part of the rotational spring of the proposed scanning micro-mirror. The mirror
is supported by two silicon torsion-bars, one of which is shown in Figure 1. In addition to the silicon
torsion-bar, the electrostatic vertical combs are also fabricated between the mirror plate and the silicon
torsion-bar as shown in Figure 1. The torsion-bar works as a rotational spring for the rotation of the
mirror plate. The rotational angle 6 of the torsion-bar is proportional to the applied torque and the
proportionality constant (i.e., the spring constant of the torsion bar) is given by k;,o. If a nonlinearity of
the torsion-bar exists at a large rotation angle, the spring constant is expressed by [17]:

ki = ko (1 + 26?) 1)

Here, a is the nonlinearity coefficient. When « is positive, the torsion bar is a hard-spring, the
oscillation amplitude, measured as a function of frequency around a rotational resonant frequency
(oscillation curve), bends toward the higher frequency. When « is negative, it becomes a soft-spring.
In the conventional torsion-bar, having a rectangular cross-section, the hard-spring effect is generated
due to axial tension and is often observed at a large oscillation amplitude.

Here we consider the electrostatic combs as a spring, where a DC voltage is applied to the combs.
In order to obtain the symmetry of spring at rotation angle £6, there is no offset for the rotational axis
from the central plane of the fixed combs. The cross-sectional structure of the electrostatic combs is
shown in Figure 2. Therefore, the torque generated by applying a DC voltage is always a resorting
torque as a function of rotation angle.

The energy stored in the comb electrodes is the electrostatic energy given by:

_ CV2 V2N

Uo= =5 =5~ A0) @

where C is the capacitance of the combs and V is the applied DC voltage. Using the overlapped
area A(6) of facing comb fingers shown in Figure 2, the capacitance C is expressed by C = NegA(0)/g,
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where g is the permittivity of vacuum, N is number of comb finger gaps, and g is the gap between
the facing comb fingers. Then, the restoring torque is given by differentiating the stored energy U, as
shown in Equation (3):

au, 1 VZoA

0 27 0

T, =

©)

& Movable
comb

|
Fixed comb

Figure 1. Schematic diagram of torsion-bar with electrostatic spring consisting of comb electrodes.
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Figure 2. Schematic diagram of the cross-section of the electrostatic spring consisting of comb electrodes.

The electrostatic spring also shows a nonlinear effect. The simplest expression of the spring
constant k, of electrostatic spring contains the lowest nonlinear coefficient § by neglecting the higher
order terms as:

ke = keo(1 — B6?) 4)

If the nonlinear term k,f of Equation (4) can be equal to the nonlinear term k;,;ox of Equation (1),
the nonlinear effect of total spring is apparently compensated and the oscillation curve becomes
symmetric at the resonant frequency neglecting the higher order components. When the spring
constant of the electrostatic spring is given by Equation (4), then the torque T, of the electrostatic spring
can be calculated by multiplying the spring constant by rotation angle as follows:

T = keo(1 — B62)0 ®)

where the torque is expressed as a cubic equation of 6.
Using the dimension parameters of the comb fingers as shown in Figure 2, the superposed area
A(0) of the comb fingers is expressed approximately as:

A(9) = (6)

{ b(l—a)—3(?—a*p (0<6<?b)
b—af
T (o<
The area A(f) is an even function of 6 and decreases with the increase in 6. Figure 3 shows the
area A(f) using the dimensions of the designed scanning micro-mirror described later in this paper.

The symbols , 4, b, and g are the distance between the rotation axis and the end of movable comb finger,
the distance from the rotation axis to the end of fixed comb finger, thickness of comb fingers, and gap
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between the fingers of movable and fixed combs. Torque T, is obtained by differentiating the stored
energy of comb capacitors, and thus proportional to the differential of area as shown in Equation (3).
Figure 4 shows the calculated values —dA /00 as a function of 6 using the designed dimensions of the
fabricated scanning micro-mirror.

E
=
g
g
<

025 02 015 0.1 005 0 0.05 0.1 0.15 0.2 0.25
Rotation angle 8 (rad)

Figure 3. Superposed area of comb fingers as a function of rotation angle.
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Figure 4. Derivation of the superposed area of comb fingers as a function of rotation angle (solid curve)
and the curve by the least-square method (dotted curve).

In order to obtain a rough estimation, Equation (5) may approximate the calculated values of the
torque proportional to —dA/9d6. The least-square method is applied to obtain the approximate equation.
In this method, the equation:

2
z= /9'" (71 Vz%—g k€0(17592)9> d6 @)

is minimized to obtain the coefficients k.o and . The maximum angle of mechanical rotation is given
by 6,,. For a simple case, the maximum angle is assumed to be the angle where the overlapped area
A(f) becomes zero. When the value of b is much smaller than a and /, the angle 6, can be expressed as
0, = tan"!(b/a) ~ b/a. In addition, the angle where the shape of the overlapped area changes from the
triangle to the quadrangle with the increase of rotation angle can also approximate to tan~'(b/1) ~ b/1.
The torque approximate to a third order equation is given by:

1. V2 154 ! a? 7a? ! a®\\ »
TgfiNSO? 32b{<201 7—7<1—lf2>) 2 (121n 5<1_TZ>)9 }9 ®)

Therefore, the coefficients k. and k.o are given, respectively, as:

1. V% 154% ! a?
keof ENEO? 3217 <20]I1f—7<1—lf2>> (9)
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V2 35q I a2
ke = 7N 0? 3zb3<12m’_5<1_fz>> (10)

The torque approximate to Equation (8) is shown by the dotted curve in Figure 4, which shows
a large nonlinearity due to the strong angle dependence of the capacitance.

When the scanner is driven periodically by an external torque T, the motion equation is expressed
as follows:

d?0 a6 > > .
lo + Yo gy +kmo(1+a6%)0 + keo(1 - p6°)0 = Tosin(w t + ¢) (11)

Here, Iy and 7g are the rotational inertia and the dumping coefficient of scanning micro-mirror,
and w is the angular frequency of the external torque. Since the nonlinearity of electrostatic combs
are considered to be soft-springs, if the hard-spring effect of the torsion bars is compensated by
the soft-spring effect of the electrostatic comb, then the hard-spring nonlinearity of the scanning
micro-mirror can be suppressed by the compensated condition. The compensated condition is given
by equalizing the nonlinear coefficients:

V2 354 ! a?
kmoa = keOﬁ NSO? W(th’l; —5(1— 17>> (12)

In addition, the equivalent spring constant of the system is increased by the addition of the
electrostatic spring as expressed by the following approximate equation:

1 V2 15a l a?
kmo+keg—k",0+2N 0? ﬁ<201 777<1fl—2>) (13)

On the other hand, the spring constant of the torsion-bar having a square cross-section is given by:

Ewb?® 192w b
kmo = 3(1—1/)L{1_ 55 tanh(%>} (14)

where E is the Young’s modulus of silicon and v is the Poisson ratio. The symbols L, w, and b represent
the length, width, and thickness of torsion-bars, respectively. When the mirror rotates, the torsion
of the bar generates a tension in the bar. Due to the tension, the spring constant of the torsion-bar
increases (i.e., hard-spring effect), and the increase of the spring constant is expressed by [18]:

E w’h w3 wb5 5
Ak = kpoa6? = 163 (TO + 9 0 )9 (15)

Therefore, considering the hard-spring effect, the spring constant of the torsion-bar is given by:

Ewb?® 192w b E /(Wb w3b3 wh®
_ 2) _ e i 2
km—km0(1+oc9)—3(1_v)L{1 s tanh<2w>}+16L3<10 + 9 0 )0 (16)

Using the design parameters, the values of the analytical equations are obtained. It is assumed
that L = 200 um, w = 20 pm, and b = 20 um. Since E = 1.6 x 10" Pa and v = 0.3, the spring constant
of the torsion bar is given by k;; = 6.7 x 107 + 2.5 x 1078-02 (Nm) with the rotational angle 6 in units
of radians.

Without applying a voltage to the electrostatic comb, the resonant frequency of scanner is given
by the ratio of spring constant and inertia:

L [kmo

fo = 520/ T (a7
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Therefore, the resonant frequency of the scanning micro-mirror with the application of a voltage
to the electrostatic combs may be approximately obtained by introducing the total spring constant into
Equation (17):

_ 1 km + ke _ 1 ko + keo + (kmOIX - keOﬁ)ez _ 1 km[) + keo koo — ké’Oﬁ 2
Fne = — = =— Xy 14+ ———7F—0
27 Ip 27 Ip 21 Iy kmo + keo (18)

- 1 ko + keo <1 +1x kmoo — keop 92)
2

- E 19 kmO + keO

The frequency shift Af,,.o by operating the electrostatic combs at a small angle is expressed by
using the linear part of the spring constants of the torsion-bars and the electrostatic combs under the
condition of k.o << ky,q as:

_ _ 1 Jkmotko 1 Jkmo () Ko 1 ko
fmeO —me +Afm60 - 27T 19 - 27T 19 1+ kmO "‘me 1+ 2 kmO (19)

Therefore:
A fme() ~ 1 . keo
f m0 2 kmO
Moreover, when the rotation angle is large, the nonlinear coefficients influence the oscillation
frequency. The excess increase in resonant frequency from the resonant frequency at the small angle is
expressed by:

(20)

fme = fmeO + Afme(e) (21)

The increased rate proportional to the square of 6 can be defined as a nonlinear rate Rg as follows:

o Afme ~ 1 . kmO“_ka,Bez

Rg = =
s f meQ 2 kmO

22)

The nonlinear rate Rg corresponds to the bending of oscillation curve.

Under our designed conditions, the rotational inertia is given by Iy = 42 x 1071 Nm and,
thus, the calculated resonant frequency f,, is approximately 29 kHz. From the designed parameters
of the electrostatic combs, the values are given as, [ = 300 um, 2 = 100 pm, b = 20 um, and g = 5 um.
The number of comb finger gaps is obtained from the four combs on the both sides and they are totally
N = 80. Using the permittivity ¢y = 8.85 x 107!2 F/m, the spring constant of electrostatic combs is
obtained analytically as k, = (2.6 x 1071 — 8.5 x 10710-62)V2. When the designed values are applied to
Equations (20) and (22), we obtain:

Bfio (ko) 1 263 x 1071V )
fmeO - 2 kmO B 2 6.96 x 10_6
1 249 x 1078 —847 x 10~ 10y2

Re =~ x 10 8 x 10 02 24)

2 6.96 x 10~

From Equation (24), the comb voltage necessary for compensating the nonlinearity of the
torsion-bar is estimated roughly to be 5.4 V from the condition of Rg = 0.

3. Design and Fabrication

Based on the principle described in Section 2, a one-dimensional scanning micro-mirror with the
electrostatic compensation combs is designed and fabricated. Figure 5a shows the oblique schematic
diagram of the scanning micro-mirror, which consists of a mirror plate, two torsion-bars, two pairs of
actuator combs, and four pairs of the compensation combs. The mirror plate is 500 pm square and
20 um in thickness, which is equal to the thickness of the top silicon layer of SOI wafer. The torsion-bars
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are 250 um in length (symbol L in Section 2) and 20 um in width and thickness (symbols w and b).
Figure 5b shows the top view of the scanning micro-mirror. In order to rotate the micro-mirror,
the vertical comb-drive actuators are installed at the edges of mirror plate as shown in Figure 5a.
The movable fingers of the actuator combs are 200 pm in length, 5 pm in width, and 20 um thick.
The fixed fingers of the actuator combs are 200 pum in length, 8 um in width, and 200 um in thickness,
which is same as thickness of the silicon substrate of SOI wafer. Therefore, the movable combs and
the fixed combs are different in height, the former is on the top silicon layer of SOI wafer and the
latter is on the silicon substrate. The height difference is 21 um, which is equal to the addition of
the thicknesses of the top silicon layer and the buried oxide layer of SOI wafer. The overlap length
of the actuator comb fingers is 190 um, and the gap between the movable and fixed fingers is 5 pum.
The distance between the bottom of the movable fingers and the top of the fixed fingers of the actuator
comb is 5 um. The number of the finger gaps is 44 for each side of the micro mirror.

LI

SR

(T

(@ T Q_ (b)
Figure 5. Schematic diagrams of scanner: (a) oblique view; and (b) top view.

On the other hand, the compensation combs are located around the torsion-bars as shown in
Figure 5. The movable and fixed fingers of the compensation combs are 205 um in length, 5 um in
width, and 20 um (symbol b) in thickness. The gap (g) between the movable and fixed comb fingers is
5 um. The distance (/) from the rotation axis to the end of movable fingers is 300 pm, and the distance
(a) from the rotation axis to the end of fixed fingers is 100 pm. The width of the compensation comb
fingers is 5 pm. The number of the finger gaps of each compensation comb is 40.

The fabrication steps are shown in Figure 6. The SOI wafer used for the fabrication consists of
a 20 pm thick top silicon layer, 1 pm thick buried oxide layer, and 200 um thick silicon substrate.
The top silicon layer is coated by a resist polymer (OFPR800-200cp, Tokyo Ohka. Kogyo Company,
Ltd., Kawasaki, Japan) (a and b), and patterned by deep reactive ion etching (c). After removing
the resist polymer (d), the back side of the wafer is coated by the resist polymer and patterned (e).
The silicon substrate is etched from the backside by the deep reactive etching (f). After removing the
resist polymer (g), the buried oxide layer is partially etched by a buffered hydrofluoric acid solution.
Finally, the device is dried after replacing the acid solution with water, ethanol, and isopropyl alcohol
to prevent comb fingers from sticking.

39



Micromachines 2017, 8, 240

(a) SOI wafer : 20mm (e) Resist polymer coating and patterning
(b) Resist poly (f) Si etching
(c) Si etching {g) Resist polymer removal
. Compensation

(d) Resist polymer removal (h)SiO; atching, o i Sarids

“ T i

B HI
. sio, B Resist

Figure 6. Schematic diagram of the fabrication processes.

4. Fabrication Results and Operation Characteristics in Vacuum

Figure 7a shows the whole view of the fabricated scanning micro-mirror. The compensation
combs are fabricated on the same plane of the top silicon layer as shown in Figure 7b. Figure 7c shows
the magnified view of the actuator combs, where the height difference between the movable comb
(top silicon layer) and the fixed comb (silicon substrate) is seen from the defocused image of the lower
comb. The mirror plate can be rotated around the silicon torsion-bars by the initial toque generated by
the actuator combs having the height difference.

Figure 7. Optical micrograph of the fabricated scanning micro-mirror: (a) whole view; (b) compensation
combs; and (c) actuator combs.

The mechanical scan angle was measured from the deflection angle (optical scan angle) of a laser
beam impinging on the mirror plate. The deflection angle was obtained from the length of the laser scan
line on screen and the distance between the mirror plate and the screen. The scanning micro-mirror
was placed in a vacuum chamber and the air dumping effect was nearly removed at a pressure of
30 Pa. Figure 8a shows the mechanical scan angle (a half of the optical scan angle) measured as a
function of the frequency of the applied voltage. The voltage (E(t)) applied to the actuator combs
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was an AC voltage of 10 V amplitude with 10 V DC voltage (E(t) = 10sin(27ft) + 10 V, t: time,
f: frequency). Without applying DC voltage V for the compensation combs, the peak mechanical
rotation angle 0 is approximately 9.7 degrees at the frequency of 25.628 kHz. The rotation angle
increases gradually with increase in the frequency of E(t) before reaching the peak amplitude, and
rapidly decreases with the increase in the frequency after the peak amplitude. Since the decrease from
the peak amplitude is steeper than that for the increase to the peak amplitude, the oscillation amplitude
curve is not symmetrical with respect to the peak frequency (fp), and the peak frequency is shifted to
higher frequency from the symmetrical position. This is mainly caused by a hard-spring effect of the
torsion-bars. The quality factor of the oscillation can be roughly obtained from the full width at half
maximum which is about 3000, although the oscillation curve is affected by the hard-spring effect.

In order to evaluate the nonlinearity of oscillation, the nonlinear rate Rg can be approximately
obtained from the measured oscillation curve as shown in Figure 8b. The nonlinear rate Ry is nearly
equal to the normalized frequency difference ((fp — fc)/fc) between the peak frequency (fp) and
the center frequency (fc). The center frequency is obtained from the averaged frequency of the
two frequencies (f1 and f,) where a horizontal line at a low angle level crosses the oscillation curve as
shown in Figure 8b. Although the actual center frequency is the resonant frequency (f.0) corresponding
to the peak frequency of the oscillation curve at a very small oscillation angle, we roughly estimate
femo from fc assuming the symmetry of oscillation curve at the low angle level. The horizontal line at
the low angle level is obtained around 10% of the peak angle.

10

(a)

(b)

\fe

7 '

E :

2 ]

§ e 2 |

5 c ]

] < |

T 4 '

L ]

& |

§ ]

=2 '
G ! Ttceepegt T St |
25.58 256 25.62 25.64 25.66 25.68 257 Fl'equ ency

Frequency (kHz)

Figure 8. (a) Mechanical scan angle measured as a function of the frequency with the voltage V applied
to the compensation combs as a parameter; and (b) the frequencies for obtaining the value of Rg.

The peak frequency shifts to higher frequency by increasing the voltage V applied to the
compensation combs. At the same time, the shape of the oscillation curve changes from the bend
toward higher frequency to the bend toward lower frequency gradually with the increase of V from 0 to
20V as shown in Figure 8a. The change of oscillation curve is caused by the change in the nonlinearity
of the total spring by compensating the hard-spring effect of the torsion-bars with the soft-spring effect
of the electrostatic spring. The peak frequency shift is caused by the increase in the linear part of spring
constant by adding the electrostatic spring to the torsion-bar spring.

Figure 9a shows the resonant frequency shift normalized by the frequency at zero voltage (V = 0)
as a function of the voltage applied to the compensation combs. The resonant frequency was roughly
obtained from the center frequency (fc) as described above. The measured frequency shift varies nearly
quadratically as a function of the applied voltage to the compensation combs. The measured frequency
shift is roughly explained by the calculation using Equation (23), which is quadratically dependent on
the applied voltage.

Figure 9b shows the measured nonlinear rate Rg with applied voltage, where Rg defined as
Rs = (fp — fc)/fc (the frequencies are shown in the inset of Figure 8). The measured Rg decreases with
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the increase in the voltage applied to compensation combs, and becomes zero at the voltage around
11.5 V. Therefore, by adjusting the applied voltage to the compensation combs, the nonlinearity of the
torsion-bar spring can be compensated. The nonlinear rate calculated by Equation (24) is also shown in
Figure 9b. The quadratic dependence of the measured Rs is explained by the calculated Rg, although
the magnitude of the calculation is small compared to the measured value. The difference between the
measurement and the calculation may be caused by the rough analytical calculation of the nonlinear
rate of electrostatic combs. Since the actuator combs also generated electrostatic force, this may also
cause additional nonlinear effect. Different actuation by piezoelectric or electromagnetic force can
further clarify the difference between calculation and measurement.
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Figure 9. (a) Resonant frequency shift and (b) nonlinearity rate as a function of the voltage applied to
compensation combs.

5. Operation Characteristics in Atmospheric Air

The scanning micro-mirror was also operated in the atmospheric air and the operational
characteristics were investigated. Compared to the operation in vacuum, a much higher voltage
(~6 times) was needed for the operation of the actuator comb at the same oscillation angle.
Large driving energy is required to overcome the air friction [4]. It was reasonable to consider that the
actuator combs also generated some nonlinear effect since the torque was nonlinearly dependent on
the rotation angle. The nonlinear effect of the actuator combs was also included in the measurement
in vacuum, although the influence was smaller. The high voltage for the actuator combs seemed to
cause a greater nonlinear effect, which might be proportional to the square of the AC voltage applied
to the actuator combs. However, the analytical treatment of the nonlinearity of the actuator combs
was more complex, since the torque was dependent not only on the rotation angle, but also on the
alternating voltage. Here, although the analytical explanation cannot be provided, we describe only the
operational characteristics and the compensation for the bending of oscillation curve by the application
of a DC voltage to the compensation combs.

Figure 10 shows the mechanical scan angles measured as a function of the frequency of the
applied voltage to the actuator combs around the resonant frequency with the DC voltage applied to
the compensation combs as a parameter. The voltage (E(t)) applied to the actuator combs to obtain
nearly the same oscillation angle as in vacuum was E(t) = 60sin(27tft) + 60 V. The quality factor of the
oscillation is obtained at about 53, which is smaller by a factor of 57 than that in vacuum. By increasing
the voltage to compensation combs, the peak frequency shifts to higher frequency. The oscillation
curve bends toward the higher frequency at the compensation voltage V ranging from 0 V to 60 V, and
the bending is shifted towards the lower frequency at V from 100 V to 120 V as shown in Figure 10.

Figure 11 shows the nonlinear rate Rg measured as a function of the DC voltage V applied to the
compensation combs. The value of Rg is approximately 1% without applying V, which is larger than
that of measured value in vacuum. Even if the value of Rg is large, the nonlinearity can be compensated
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by increasing the DC voltage as shown in Figure 11. The nonlinear rate is nearly compensated at V' of
87 V. Therefore, the proposed method is effective for compensating the nonlinear hard-spring effect
caused not only by the hard-spring effect of the torsion-bar, but also by other effects.
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Figure 10. Mechanical scan angle measured as a function of the frequency with the voltage V applied
to the compensation combs as a parameter.
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Figure 11. Nonlinear rate as a function of the voltage applied to the compensation combs.

The proposed method can be applied to improve the control of scanning micro-mirror. When the
scanning micro-mirror has such a large bend which causes amplitude jump in the oscillation curve [4],
the operation frequency is usually adjusted to the frequency near the amplitude jump for maximizing
the oscillation amplitude. However, the condition of the amplitude jump is likely to shift due to
operation conditions, such as temperature. If the amplitude jump in the oscillation curve is removed
by decreasing the hard-spring effect, the micro-mirror can be controlled more stably by maintaining
the peak amplitude with a simple feedback loop.

6. Conclusions

The hard-spring nonlinearity of the torsion-bars of the scanning micro-mirror was compensated
by a soft-spring effect of the electrostatic combs operated at DC voltage. The analytical model based on
the capacitive electrostatic force was derived for explanation of the proposed method. The oscillation
curve of the scanning micro-mirror suffering from the bend toward higher frequency was corrected
to be nearly symmetric and further bent toward a lower frequency with the increase in the applied
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voltage to the compensation combs. In addition, the resonant frequency shifted by increasing the
total spring constant. A 0.5 mm square scanner was fabricated from a 20 um thick top silicon layer of
a SOl wafer. The fabricated micro-mirror oscillated in vacuum at the resonant frequency around 26 kHz
with a mechanical rotation angle of -8 degrees. The nonlinear rate of 0.02% was compensated at the
compensation voltage of 12 V in vacuum, which was roughly explained by the analytical calculation.
Moreover, a 1% nonlinear rate at the atmospheric pressure was compensated at the voltage of 87 V.
Therefore, the proposed method using the soft-spring effect of electrostatic combs was effective for the
compensation of the hard-spring nonlinearity.
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Abstract: We present an electrostatic microelectromechanical systems (MEMS) resonant scanner with
large out-of-plane translational stroke for fast axial-scanning in a multi-photon microscope system
for real-time vertical cross-sectional imaging. The scanner has a compact footprint with dimensions
of 2.1 mm x 2.1 mm X 0.44 mm, and employs a novel lever-based compliant mechanism to enable
large vertical displacements of a reflective mirror with slight tilt angles. Test results show that by
using parametrical resonance, the scanner can provide a fast out-of-plane translational motion with
>400 um displacement and <0.14° tilt angle over a wide frequency range of ~390 Hz at ambient
pressure. By employing this MEMS translational scanner and a biaxial MEMS mirror for lateral
scanning, vertical cross-sectional imaging with a beam axial-scanning range of 200 um and a frame
rate of ~5-10 Hz is enabled in a remote scan multi-photon fluorescence imaging system.

Keywords: MEMS scanner; axial scanning; multiphoton microscopy

1. Introduction

Optical imaging in vertical cross-sections with sub-cellular resolution is essential to biomedical
research and clinical diagnosis because histology-like images can be provided to distinguish different
features of tissue for early detection of cancer and other diseases. By combining axial and lateral
scanning, this capability can be provided. Conventionally, axial scanning in confocal and multi-photon
microscopes is achieved with the movement of either the objective or stage, and images in the vertical
plane are reconstructed from a series of horizontal images. This approach is limited in speed and is
prone to motion artifacts from vibrations introduced in the sample.

New methods to perform remote axial scanning have been developed to overcome these
limitations, including group velocity dispersion (GVD)-based [1-4] and tunable lens-based temporal
focusing [5,6]. Axial scanning with GVD modulation can achieve high speeds, but results in blurry
images [4]. The use of a tunable lens for axial scanning has the advantages of high speed, low
cost, and ease of integration, but suffers from changes in magnification and numerical aperture
(NA) [6]. A remotely-located axial scan mirror that reflects the excitation beam has recently been
demonstrated to move the focus [7-9]. High scan speeds can be achieved with mirrors that have
minimal inertia. This method has been used successfully to collect aberration-free images at high
speeds with a multi-photon microscope. Two high numerical aperture objectives are used to introduce
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equal but opposite aberrations in the excitation wavefront during scanning [8]. However, the scanning
mechanisms used to move the mirror are based on bulky actuators, such as either a galvanometer or
voice coil motor, which results in the difficulty of miniaturizing the system.

To realize axial scanning in a miniature instrument, a compact translational actuator that provides fast
scan with large displacements and small tilting angles is needed. Microelectromechanical systems (MEMS)
technology is well-suited to this application, and some recent advances have been made in MEMS
translational actuators. In general, to achieve large displacements, thermoelectric, piezoelectric, and
electromagnetic actuation mechanisms are usually used in MEMS actuators. Thermoelectric actuators can
provide large displacements at low voltages, but have slow response times [10,11]. Thin-film piezoelectric
scanners can achieve large displacements with high speeds, but require complex fabrication
processes [12,13]. Electromagnetic actuators have been developed with fast response times and good
displacement, but this technology has high power consumption and is difficult to scale down in size [14,15].
Compared with other actuation mechanisms, electrostatic approaches typically have small actuation
force and the pull-in effect, but offer the advantages of low power consumption and complementary
metal-oxide-semiconductor (CMOS)-compatible fabrication. Electrostatic MEMS actuators that use the
principle of parametric resonance have achieved large axial displacements up to several hundreds of
microns [16-19].

We have previously demonstrated an electrostatic MEMS scanner with axial scan capabilities to
collect vertical cross-sectional images in a dual-axis confocal endomicroscope [17] and a multi-photon
microscope [19]. Here we demonstrate a MEMS scanner with a smaller footprint and a higher speed to
further extend the applicability of this axial scan technique in a multi-photon microscope system for
real-time vertical cross-sectional imaging.

2. Scanner Design and Fabrication

2.1. MEMS-Based Remote-Scan Multi-Photon Imaging System

Figure 1a shows the schematic of a MEMS-based remote scan multi-photon imaging system.
A bi-axial torsion MEMS mirror (M1, Figure 1b) and an out-of-plane translational MEMS scanner (M2)
are used to perform lateral and axial scanning, respectively. Figure 1b shows the bi-axial torsional
MEMS mirror [20]. This scanner employs a gimbal geometry that enables a 1.8 mm-diameter reflective
mirror to rotate around the inner X- and outer Y-axes. The X-axis is defined as the fast axis with a
resonant frequency of ~4.3 kHz, and the Y-axis is defined as the slow axis with a resonant frequency of
~1.05 kHz. Based on the optical design of the remote scan unit, the translation of M2 results in the axial
displacement of the focus below the tissue surface with a magnification of ~2:1. That is, to achieve an
imaging depth of 200 um, the axial scanning device needs to provide a displacement of 400 pum.

PBS QWP

Ti:Sapphire Laser nn g >
ot 7 im i

HWP LP M1

PBS QWP M2

Figure 1. (a) Schematic for microelectromechanical systems (MEMS)-based remote scan multi-photon
microscopic system. Key: HWP: half wave plate, LP: linear polarizer, L1-6: lenses, Obj1-2: objectives,
M1: MEMS bi-axial torsional mirror for lateral scanning, M2: MEMS out-of-plane translational scanner,
M3: fixed reflective mirror, PBS: polarizing beam splitter, QWP: quarter wave plate, DM: dichroic
mirror, BPF: band pass filter, PMT: photomultiplier tube; (b) photo of MEMS bi-axial torsional mirror.
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2.2. Design of the Out-of-Plane Translation MEMS Scanner

The basic structure for the out-of-plane translational MEMS device used for axial scanning in
the multi-photon imaging instrument is shown in Figure 2A. A central reflective mirror is supported
by four lever-based suspensions, and four comb-drives are used for actuation. The suspensions
and the mirror form a compliant mechanism that can transfer the rotation of the lever into vertical
translation of the mirror. This device is fabricated in a silicon on insulator (SOI) wafer with movable
structures, comb-drives, and electrical pads formed in the silicon device layer. A cavity is opened
in the silicon handle layer, and narrow trenches are opened in the silicon device layer for electrical
isolation. The scanner has a dimension of 2.1 mm x 2.1 mm x 0.54 mm for integration into a miniature
instrument. The mirror is designed with a diameter of 0.8 mm to cover the focused beam dimension
over the expected 400 um scan range. The lever-arm of the suspension is designed to have a spiral
shape with a length of 1.33 mm to achieve a large vertical displacement. It also couples to the mirror
and the anchor through two H-shaped torsional springs and one multi-turn folded-beam spring,
respectively. The design of the H-shaped torsional spring is used to enable large rotations while
providing high resistance to lateral bending, and the design of the multi-turn folded-beam spring is
used to enable large deflections in its folding direction while providing a high resistance to lateral
bending. The comb-drive has an in-plane structure, in which movable and stationary comb fingers
with the same thickness are formed in the silicon device layer. Unlike conventional vertical staggered
comb-drives, the in-plane comb-drive can only work in resonance to enable out-of-plane motions of
the mirror. Based on the principle of parametric resonance, a driving voltage signal with a frequency
near at 2 wg/n—where wy is the natural frequency of the out-of-plane motion and # is an integer
>1—should be used for actuation.

(A)

Figure 2. Schematics for out-of-plane translational MEMS scanner with a level-based compliant
mechanism. (A) Front view of the basic structure; (B) cross-section view of the out-of-plane translational
motion enabled by the level-based compliant mechanism. Key: CD: comb drive, LA: spiral-like
level arm, P1-2: electrical pads, RM: reflective mirror, S1: H-shaped torsional spring, S2: multi-turn
folded-beam spring, T: electrical isolation trench.

We optimized the geometry of springs to provide fast stable axial scanning with >400 pm
displacement while avoiding spring failure. Figure 3 shows results for modal analysis of the optimized
scanner using ANSYS software. The first mode is chosen as the desired out-of-plane translational
motion with a resonant frequency of 1216.1 Hz, and the second mode is an in-plane translational
motion with a resonant frequency of 4649.3 Hz. According to these results, the optimized structure will
provide a stable out-of-plane translational motion with high resistance to parasitic vibrations. Figure 4
shows the stress distribution through the scanner, where there is a maximum value of ~638.2 MPa near
at the fixed end of the H-shaped torsional spring with 250 um axial displacement. This value is well
below the limit for fracture strength of single crystal silicon [21].
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Frequency: 1216.1 Hz Frequency: 4649.3 Hz

A. The 1st mode: the out-of-plane B. The 2nd mode: the in-plane
translation motion translation motion

Figure 3. Finite element method (FEM) modal analysis. (A) The first mode (1216 Hz): the desired
out-of-plane translational motion; (B) the second mode (4649.3 Hz): the in-plane translation motion.
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Figure 4. Stress distribution with a £250 um out-of-plane vertical displacement. Maximum stress of
~638.2 MPa is found near the fixed end of the H-shaped torsional spring.

2.3. Fabrication Process

A robust SOI micromachining process is developed for fabrication, which achieves a yield of
>95%. Figure 5 shows the process flow, which starts with a 4-inch SOI wafer with a 40 pum silicon
device layer, a 1 um silicon dioxide (SiO,) buried layer, and a 500 um silicon handle layer. To avoid
scratching and contaminating the reflective mirror surface, a 0.5 pm SiO; film was used as a hard
mask, and was first deposited on the surface of the device layer by a plasma-enhanced chemical vapor
deposition (PECVD) process. A 1 um PECVD SiO; layer was also deposited on the backside surface to
avoid photoresist burning during the deep reactive-ion etching (DRIE) process for removing backside
silicon with a large open area (Figure 5a). Two masks (Figure 5b,c) and two DRIE silicon etching steps
(Figure 5d,e) were used to define and form the scanner structures in the device and handle layers of
the SOI wafer. The movable structures were released using a buffered hydrofluoric acid solution (BHF)
to etch away the SiO; layers followed by an isopropyl alcohol (IPA) rinsing and drying. A 70 nm layer
of aluminum (Al) film was coated on the device layer to provide >85% reflectivity over the visible and
near-infrared spectrum (Figure 5f). This film was also used as the metal contact layer for electrical
pads to perform wire bonding.
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(a)
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Figure 5. Process flow: (a) deposition of plasma-enhanced chemical vapor deposition (PECVD) SiO,
hardmask layers; (b) patterning of the front side SiO; layer; (c) patterning of the backside SiO, layer;
(d) deep reactive-ion etching (DRIE) of the device layer; (e) DRIE of the handle layer; (f) SiO; buffered
hydrofluoric acid solution (BHF) release-etching, isopropyl alcohol (IPA) rinsing, IPA drying, and
evaporation of Al layer.

(<)

3. Performance Characterization

Figure 6 shows scanning electron microscope (SEM) images of a fabricated device. The surface
quality of the reflective mirror was characterized by an optical surface profiler (NewView 5000, Zygo,
Berwyn, PA, USA). Measurements show that the mirror has a radius of curvature of ~2.6 m and a root
mean square (RMS) roughness of ~2 nm.

Figure 6. Scanning electron microscope (SEM) images of the fabricated scanner. (a) the complete device

structure; (b) the multi-turn folded-beam spring; and (c) the H-shaped torsional spring.

We characterized the dynamic performance of the scanner using a displacement sensor to measure
the out-of-plane translational displacement and a position sensing detector (PSD) to determine the
tilt angle. Due to the compact geometry of the air damping, the squeeze film effect especially has a
significant impact on out-of-plane translation. We reduced damping and achieved high-amplitude
out-of-plane translation under ambient conditions by mounting the scanner onto a substrate with
a ~0.5 mm-deep open-wall cavity. The scanner was driven into resonance by sweeping the drive
frequency of a square-wave voltage at near twice the natural frequency of the out-of-plane translational
mode. Figure 7 shows an image of the out-of-plane blur motion of the scanner.

Figure 8 shows that the dynamic response curves of the scanner exhibit a complex dynamic
nonlinearity. We observed stiffness softening, mixed softening-hardening and hardening behaviors in
the device by adjusting the voltage (Figure 8a) and the duty cycle (Figure 8b) of the square-wave drive
signal. A relatively flat response region with large amplitudes (>400 um) and wide adjustable frequency
range (~390 Hz) was observed when forward sweeping the frequency of a drive signal with 80 V and
50% duty cycle, and a maximum amplitude of 480 um was obtained at ~2.57 kHz. Measurements of
the tilt angles about X and Y axes of the mirror over the frequency range for out-of-plane translational
motion are also shown (Figure 9). The tilt angle is <0.14° for both X and Y axes when driven by a
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drive signal with 80 V and 50% duty cycle. The response curves for tilting and translation are similar
and have the same frequency response range. This result suggests that tilting is not from vibration in
other mechanical modes, but rather caused by process variations in the geometry of individual springs,
resulting in the asymmetry of the scanner.

Figure 7. Blur motion image of the scanner in out-of-plane translational resonant mode.
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Figure 8. Frequency response curves of the out-of-plane translation motion. (a) Driven by square-wave
signals with a 50% duty cycle at various voltages, the scanner exhibits a stiffness hardening behavior
and a stiffness softening-hardening-mixed behavior during frequency upsweep and downsweep of the
drive signals, respectively; (b) driven with square-wave signals that have different duty cycles at 80V,
the scanner exhibits not only stiffness hardening or softening-hardening-mixed behaviors, but also a
stiffness softening behavior with upsweep of the frequency of a drive signal with a 75% duty cycle.
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Figure 9. Frequency response curves for tilt angles over the frequency response range of the out-of-plane

translational motion. These curves are similar to those for translation, and have the same response
frequency range.

4. Imaging Result

Multi-photon excited fluorescence images of mouse colonic epithelium that express tdTomato
were collected ex vivo at a frame rate of 5 Hz. Figure 10a shows a representative image obtained in the
horizontal (XY) plane over a field of view (FOV) of 270 um x 270 um. For horizontal cross-sectional
images, only the biaxial MEMS scanner was used to perform 2D Lissajous scanning in the XY plane.
The inner X-axis and the outer Y-axis were respectively defined as the fast axis and the slow axis.
Figure 10b shows an image of the same specimen obtained in the vertical (XZ) plane over a FOV of
270 um x 200 um by using the biaxial MEMS scanner and the out-of-plane translation scanner to
perform 1D lateral scanning and axial-scanning, respectively.

Figure 10. Multi-photon excited fluorescence images of mouse colonic epithelium that constitutively
expresses tdTomato ex vivo reveal crypt structure. (a) The image in horizontal (XY) plane was collected

using the biaxial MEMS scanner only; (b) the image in vertical (XZ) plane collected by using both the
lateral and axial MEMS scanners.

5. Discussion and Conclusions

Axial scanning is needed to collect optical sections of tissue in the vertical plane, the direction for
development of normal epithelium and invasion of disease. Standard objectives or stages that move
in this dimension are slow, and collected images are prone to movement artifacts. Using a remotely
located axial scanner/mirror is a promising technique that overcomes many limitations of conventional
methods. A light-weight compact mirror that performs fast axial scanning may improve performance
and extend applicability of this technique to miniature imaging instruments. This work presents a
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novel compact MEMS out-of-plane translational scanner developed to perform fast axial-scanning
for a multi-photon microscopic system with a remote scan architecture. This scanner can achieve
a fast (~1.27 kHz) out-of-plane translational motion with large axial displacements (>400 pum) and
slight tilt angles (<0.14°) at ambient pressure. By employing this scanner and a biaxial MEMS mirror,
vertical cross-sectional imaging with a beam axial-scanning range of 200 um and a frame rate of
~5-10 Hz are enabled. The ability to acquire 3D images is limited because the scanner works in
resonant mode only. Optical magnification in the current multi-photon system is ~2:1. This can
introduce sensitivity to optical aberrations and difficulty for scanner design. The lever-based compliant
mechanism demonstrated in this work can quasi-statically transfer small tilt angles into large pure
axial displacements if vertically staggered comb drives are used. Future work will further optimize
the structural design and modify the fabrication process to develop a scanner that can work in
quasi-static mode.
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Abstract: In order to identify the influence of the vacuum environment on the performance of
a comb-drive microscanner, and indicate the optimum pressure for enhancing its performance,
a comb-drive microscanner fabricated on silicon-on-insulator (SOI) substrate was prepared and tested
at different pressures, and the characteristics in vacuum were obtained. The test results revealed that
the vacuum environment enhanced the performance in the optical scanning angle, and decreased
the actuation voltage. With a 30 V driving voltage applied, the microscanner can reach an optical
scanning angle of 44.3° at a pressure of 500 Pa. To obtain an enhancement in its properties, only a
vacuum range from 100 to 1000 Pa is needed, which can be very readily and economically realized
and maintained in a vacuum package.

Keywords: microscanner; optical scanning angle; vacuum operation; optimum pressure

1. Introduction

With the development of micro-electro-mechanical system (MEMS) technology, MEMS devices
have been used in many fields, such as RE-MEMS, optical-MEMS, sensors, energy harvesters, and
bio-MEMS. Among them, the microscanner, a promising optical-MEMS device, is widely used in
LiDAR [1,2], pico-projectors [3], barcode readers [4], VR (Virtual Reality) /AR (Augmented Reality)
applications [5], and so on. Mainstream actuation techniques used in microscanners are electrostatic [6],
electromagnetic (EM) [7], piezoelectric [8], and electrothermal [9] actuations, and the drive forces
are electrostatic forces, Lorentz or magneto-static forces, piezoelectric effects, and metal thermal
effects, respectively. In the case of thermal actuation, two or more materials with different thermal
expansion are used to achieve mechanical actuation. Although the thermal bimorph actuator provides
a large static mechanical force at a relatively low driving voltage, the long thermal response time and
non-resonant mode limit its application. Piezoelectric actuators can respond rapidly to driving signals,
but the complicated fabrication of piezoelectric materials increases the difficulty in the development of
these microscanners. Compared with thermal actuation and piezoelectric actuators, electrostatic and
electromagnetic actuators are considered to be more suitable for microscanners because of the rapid
response to the driving signal and their relatively high resonant frequency. Generally, electromagnetic
actuators can offer a large driving force, but the deposited coils and permanent magnets they have
result in a bulky packaging. In contrast, even though electrostatic actuators need a relatively high
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driving voltage, the simple and compact structure, the moderate scanning angle, and the comparatively
simple fabrication process make them attract more interest in driving microscanners.

The application to display devices requires high-performance scanners, which should have high
frequencies and large scanning angles to achieve good display quality. For all resonant microscanners
based on different actuation mechanisms, the oscillation amplitude is determined by the input energy
and loss. Air damping generates a large loss in all microscanners [10]. Especially for electrostatic
microscanners, which have a structure of comb fingers and a mirror plate, they suffer from slide-film
damping and squeeze-film damping. To achieve a large scanning angle, enhancing the input energy
or reducing the loss energy (mainly caused by air damping) is expected. Therefore, two methods
have been used to meet the requirement of a low driving voltage and a large scanning angle in its
application: adopting hybrid actuation mechanisms to drive the microscanner [11] (enhancing input)
and vacuum packaging [3,12] (reducing loss). However, the hybrid actuation combined electrothermal
actuators and electromagnetic actuators, which is complex in fabrication and control. As for vacuum
packaging, it would not change the device’s structure. Additionally, it is effective for decreasing the
driving voltage [13] and promoting the scanning angle and quality factor [14,15]. Therefore, vacuum
packaging seems to be an ideal way to enhance the performance of the microscanner. Compared
to other types of actuators, the amplitude of the electrostatic actuator is more obviously affected by
vacuum packaging.

As stated by the description before, a vacuum-packaged electrostatic microscanner is appropriate
for display devices. However, the earlier results showed that the oscillation frequency range has been
decreased at high vacuums levels [13-15], which leads to an instability of the oscillation frequency,
especially when temperature varies [16]. Although many reports agree that a high-level vacuum
package will enhance the scanning angle of the microscanner, the narrow frequency range, the difficult
sealing technology, and the high cost cannot be ignored. Furthermore, thermal management is a
critical issue in high-vacuum packaging. Without a convection medium, such as air, to assist in heat
dissipation, the thermal energy induced in the mechanical movement will accumulate on the device
and affect its mechanical properties. Furthermore, the dynamic response and reliability could worsen,
even though the vibration angle might increase. In order to obtain a relatively good performance,
considering the leverage on stability, as well as on cost, in this paper we investigated the detailed
characteristics of the microscanner in a vacuum to explore the appropriate vacuum level as used for
packaging. The properties of the frequency response, excitation voltage, and the change of the stable
and unstable regions are studied in atmospheric air and vacuum.

2. Materials and Methods

2.1. Device Description

The microscanner used in the vacuum test consists of a reflection mirror, a movable frame,
and an electrostatic comb-drive actuator. The mirror and frame are connected with torsion beams.
The scanning electron micrograph of the microscanner is shown in Figure 1. It is fabricated on SOI
wafers with the process flow illustrated in Figure 2.

The fabrication process begins with an SOI wafer. A 454 um-thick SOI wafer, which has a
4-um-thick buried oxide layer and a 50-um-thick device layer, is used. The first step of the process
is making an isolation trench by photolithography and inductively-coupled plasma (ICP) etching
with a polymer photoresist mask, and then the trench is filled with polysilicon by low pressure
chemical vapor deposition (Figure 2a). Secondly, the photoresist polymer film is removed by O,
plasma and the polysilicon over the wafer was then removed by chemical-mechanical polishing before
depositing an aluminum film over the handle layer. After that, aluminum is deposited on the back of
the substrate and patterned by wet etching. Then, ICP etching is used to form the back cavity using
the aluminum mask (Figure 2b). Thirdly, the residual aluminum mask film on the substrate is removed
and, to obtain the reflective film, aluminum is sputtered onto the device surface (Figure 2c). Fourthly,
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the photolithography proceeds and the device layer is etched to form the device structures, including
the inner mirror, comb fingers, and outer frame (Figure 2d). Finally, the remaining photoresist polymer
is cleaned, and the buried oxide underneath the moving parts is removed in a HF solution to form the
movable mirror structure (Figure 2e).

Wiew Bedd; 232 men Datofmidiy]: 082613

Figure 1. The scanning electron micrograph of the micro mirror structure. (Top right) The structure of
comb finger; and (bottom right) the larger version of the torsion beam.
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Figure 2. Fabrication process of the microscanner. (a) Isolation trench fabrication; (b) the back is etched
to form the back cavity; (c) sputtering of the reflective film; (d) the front is etched to form the comb and
structure; and (e) removal of the buried oxide to release the movable structures.

The torsion equation of motion of the microscanner is given by:
T, = 16 + b6 + Ky 1

where 0 is the torsion angle of the microscanner, b is the damping coefficient, T is the torque applied,
Kp is the elastic coefficient, and I is the moment of inertia, respectively.

The equation is a typical parametrically-excited system; thus, the comb-drive microscanner is
a typical nonlinear parametric system [17]. The performance characteristics of the microscanner
sweeping from different directions of frequency will demonstrate a hysteresis effect, and there will be
two hopping frequencies, f1 and f; (f2 > f1), in the frequency response curve, as shown in Figure 3a.
The interval between the two jump frequencies f1 and f» is the unstable region [18]. In the unstable
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region, oscillations can only be observed if the external frequency is swept down to this region from f5,
but when the frequency is swept up from f7, no oscillation occurs. In contrast, in the stable region,
the oscillation happens irrespective of the sweep direction.
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Figure 3. (a) Microscanner frequency response curves. (b) The frequency response curves with different
driving voltages at atmospheric pressure of the microscanner used in this work.

The driving principle of the electrostatic microscanner is shown in Figure 4. A square wave is
commonly used as the excitation signal, and the switch-off time of the driving signal coincides with
the moment the mirror plates pass the resting position. When the voltage pulse ends, the plate swings
back by inertia. The movement is then only guided by mechanical properties (spring stiffness and the
moment of inertia of the plate). The next pulse starts at maximum deflection and ends again at the
rest position. The microscanner can only work in resonance, and to achieve the largest scanning angle
at a fixed driving voltage, it needs to be excited by a signal with a frequency near twice its natural
frequency of the torsion mode [4]. Other signals, like triangular waves, sawtooth waves, or sine waves,
can also be employed as the excitation signal for the microscanner, and the oscillation amplitudes of
the microscanner excited by them are slightly smaller than the amplitude excited with a square wave
at the same applied voltage [6]. In this work, the microscanner was excited by a square wave at 30 V.
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Times[ms]

Figure 4. Driving principal of the microscanner. The frequency of the driving signal is double that of
the microscanner.

The microscanner will reach the maximum scanning angle 6y, when the resonance frequency is
its natural frequency w,, with the following equation [18]:

GOr = TQ /(be (2)

where Ty is the electrostatic torque generated by the comb fingers, and b is the damping coefficient.
The optical scanning angle is a very important parameter to the microscanner, which directly
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determines the size of the image and the required driving voltage range. One of the properties
to indicate superior performance of the device is that the device can obtain a larger scanning angle
with a smaller actuation voltage. From Equation (2), it is showed that one way to enhance the scanning
performance is to lower the damping coefficient.

Air damping is a significant factor influencing the performance of the microscanner [10]. Thus,
theoretically, in a vacuum environment the device can reach a larger scanning scale than that at
atmospheric pressure with the same actuation conditions.

2.2. Principles

For the resonant electrostatic microscanners driven by a square wave, the input energy comes
from the driving voltage. At the rest position, the total energy provided by square wave is expressed as:

E = CyV? (3)

where Cj is the capacitance at the rest position (the maximum capacitance) and V is the voltage. In an
oscillation cycle, the loss energy of the electric field is calculated by the following equation:

4
C0V2,90 > 0, ( )

AER — { CoV2, 00 < 6,
where 0 is the torsion angle at voltage V, and 6. is the angle where the fixed and movable comb
fingers have no overlap. Since the quality factor Q is defined as the ratio between the kinetic energy of
the mirror and the loss energy, Q is obtained by the equation:

nlw2902

Q= —Afr

®)

where w is the oscillation frequency. In a low-damping system, the quality factor is the amplitude
response at the resonant frequency, which can be estimated as:

Iw

= 6

Q= ©®

From the above equations, the relationship between the voltage and the torsion angle can be

roughly calculated as:

CyV?
7b7?w05’90 S 95

bo = - 7)
v/ S 8y > 60,

brw’

A microscanner with large scanning angle and a low driving voltage is expected, which means a
large ratio of 8/ V is needed. Generally, the situation of 6 > 6. is considered; thus, the relationship
between 6/V and b is expressed below: because the damping coefficient b is greater than zero, 6/ V

is monotonically decreased with b.
b | Go
v o %/90 > b ®)

Equation (8) shows a nonlinear relationship between 6,/ V and b; as b is decreased very low, the increase
of 6/ V becomes imperceptible. Thus, an extreme vacuum degree may be unnecessary because the
vibration angle would approach a constant value behind some certain vacuum degrees. For this reason,
a balance between the vacuum level and the packaging cost needs to be explored.

In the case of a high vacuum (less than 1000 Pa), collisions with gas particles are the dominant
damping mode, and the interaction between gas molecules is neglected [19]. The damping force is
generated by the interaction between gas molecules and moving structures, and this includes the torque
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from the mirror plate and comb fingers. Figure 5 shows the schematic diagram of the microscanner
used in this work. The torque generated by the pressure difference between the front and back surfaces
of the mirror plate is estimated as [14]:

Tplate =

7hR PO{

2 1
(2—ou)- <ﬁ+1)+crn T "1‘(71‘} )

where /1 is the thickness of the mirror plate, R is the radius of the circular mirror plate, P; is the

4h

environment pressure, 0is the angular velocity (d0/dt), c is the thermal velocity of the gas molecules,
oy and oy are the normal and tangential accommodation coefficients, respectively, T, is the wall
temperature, and T; is the ambient temperature. The value of c is calculated from the gas molecules 11,
the ambient temperature T}, and the Boltzmann constant kg as:

= /2ksTi/m (10)

In addition, the torque generated by the molecular collisions on the comb fingers is calculated
by the shear stress along the outside edges Ts;jewan and the front and rear edges Tegq, [19]. The shear
stresses of the comb fingers are obtained by:

1.0:P,0 I + Rsin ¢)or Pif
Tsidewall = N; i/fr edge — N% (11)
Then the torque T, is given by:

N -4 [7/2 ; . ; . 2Nhoy P,6
Teomp = 27 ho (31.0¢P;60 + 2R sin ¢ P;0) R sin pd ¢ = 7\%

In the above equations, the parameters not mentioned are denoted in Figure 5. Thus, the total
damping torque T can be obtained by:

(BI.R+ = 5 RZ) (12)

1R3P,0 >
T T = S (0 (B 1) ey ¢ o)
+ NGB0 (31 R 4 ZR2)
o/ ¢ 2

Concerning an isothermal system (T, = T;), full momentum accommodation (o, = 1, 0y = 1),
the total torque T generated by the gas collisions is simplified to:

\/> 4

T= pe{ (2+ 7+ /7T + 4h) + Nh(3ch+5R2)} (14)

2
o/ 2

Since T = b x d6/dt, and the quality factor Q at high vacuum is Q = Iw/b, the quality factor in a
high vacuum Q, is expressed as:

SRR

Qv:I(U/P|: 4c

2+ m+ 7+ 4h) + h(315R+ RZ)] (15)

2N
o7 2
In the case of a low vacuum (from 1000 Pa to 10° Pa), the friction damping generated by the
viscous flow of ambient air becomes important. The quality factor in ambient air Q, is calculated by
Equation (5); thus, the loss energy is acquired.
The loss energy contains the loss of the mirror plate and comb fingers, which is estimated

by [14,20]:
1/2 R
Lyiate = nzwm@eoz(?) <1 + E) (16)
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2N7ThB021]efpw T
Leomp = Tff (3ZCR + ERz) 17)

where p is the air density and 7 is the dynamic viscosity of air in Nsm~2. At room temperature (300 K),
the dynamic viscosity of air is 18.714 x 107 Nsm~2. The 1¢fr is the effective dynamic viscosity of air,
valued as 77/(1 + 9.658 K,11%), where K, is the Knudsen number [15].
Now, the quality factor in low vacuum is expressed as:
lw
Qa= 1 (18)
/2 R 2N7hy,
whRe (%) (14 ) + TR IR + 3R

The equations above roughly analyzed the influence of air damping. Reviewing the analysis
process, the impact of the vacuum is discussed in high vacuum (less than 1000 Pa) and in low vacuum
(from 1000 Pa to 10° Pa) separately, owing to the different damping effect in each region. Therefore,
the obtained equations can be useful for the rough explanation of the experimental results.

ty

Fixed comb fingers

/

Movable comb fingers

Hotation axis ri P
L4 1 A ] I X

Figure 5. The geometry of the microscanner for calculations.

2.3. Experimental Procedure

To investigate the characteristics of the fabricated microscanner in a vacuum, a laser triangulation
method is used in this paper, which includes changing the voltage and the pressure, testing the
scanning amplitude, and transforming that into the optical scanning angle [21].

The specific steps are as follows: Firstly, the microscanner was mounted on a support base in the
vacuum chamber, and illuminated by a 532 nm green semiconductor laser, while the reflected light
was received by the indicated screen. Then, the AC excitation signal was applied to the microscanner
to make it deflect at a certain frequency. Since the naked eye cannot distinguish the scanning spot,
the trail of the reflected laser spot will produce a scanning line, which can be measured and used to
calculate the optical scanning angle using the following equation:

§ = arctan <H+TL/2> — arctan (H_TL/Z> (19)

where 0 is the optical scanning angle of the mirror; L is the length of the laser scanning line after
scanning; H is the distance between the fixed center point of the scanning line and the datum point;
and S is the distance between the scanning mirror device and the receiving screen, respectively.

The measurement setup of the experiment is shown in Figure 6. When the excitation voltage and
pressure are determined, the amplitude is tested through changing the frequency of the microscanner,
and the corresponding amplitudes are measured and recorded. In this paper, two types of experiments
were implemented. The first was carried out by sweeping the excitation frequency under given
voltages and pressures to obtain the scanning angle 6. The second was carried out by sweeping the
pressure under given voltages and frequencies to obtain the maximum scanning angle 0.
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Figure 6. Schematic of the setup used in the vacuum test.
According to the positive correlation between the excitation voltage and the optical scanning

angle shown in Figure 7, this experiment was performed to test microscanners at different excitation
voltages, starting at 10 V, and ending at 30 V under different pressures.

Scanning angle [deg]
a
b

25

T T
10 15 20 25 30 35
Excitation voltage [V]

Figure 7. The maximum scan amplitude vs. excitation voltage.

3. Results

3.1. Time Response in a Vacuum

In a vacuum, when the excitation output signal is turned off, the scanning mirror does not
immediately stop because, as the pressure reduces, the air damping decreases. The settling time in
mode switching was tested in the experiment. Figure 8 shows the results of the settling time versus
pressure at different excitation voltages. The settling time of the microscanner from dynamic to static
states at 1 Pa is more than 10 s, longer than the time at atmospheric pressure. When the pressure is
higher than 100 Pa, there is hardly any settling time from oscillation to stop states, and the settling
time at higher pressure is less than 0.41 s.
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Figure 8. The settling time required for the microscanner to stop versus the pressure at different
excitation voltages. The lower the pressure is, the longer time that is needed for the microscanner
to stop.

The settling time is high in the case of the vacuum-packaged microscanner compared to the
non-vacuum-packaged microscanner. The dynamic motion of a mechanical system is affected by the
sum of the structural damping and the damping of the surrounding medium in which the structure
moves. Therefore, the system takes a longer time to settle in a vacuum because of the absence of
air damping.

3.2. The Minimum Actuation Voltage in a Vacuum

For the microscanner, a low actuation voltage is expected. A small required driving voltage means
a larger driving voltage range that the device can operate in and lower energy consumption. In this
experiment, the frequency versus actuation voltage was tested. Figure 9 shows that the test curve
is similar to the macroscopic “tongue” shape. The “tip of the tongue” part represents the minimum
voltage to drive the microscanner, and the driving frequency is applied irrespective of the sweep
direction. The minimum driving voltage of the mirror is lower than 8 V in a vacuum environment at a
pressure ranging from 1 to 1000 Pa. In contrast, the required driving voltage at atmospheric pressure
is 12.5 V.

Excitation voltage [V]

3
!
s
=
[ B B 2 ]
33
5 &

1132 11.36 11.40 11.44 11.48 1152
Excitation frequency [kHz]

Figure 9. The excitation frequency versus the excitation voltage at different pressures.

3.3. The Range of Excitation Frequency in Vacuum

In a vacuum environment, Figure 10 shows that the range of the stable and unstable regions have
been slightly influenced by the change of pressure, but it is broader than that at atmospheric pressure
with the same excitation voltages applied. For the unstable region, when the pressure is higher than
1000 Pa, the range of the region becomes narrower with the increasing pressure.
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Figure 10. The change with pressure of the stable region and the unstable region. (a) The range change
of the stable region. (b) The range change of the unstable region.

3.4. Characteristics in the Stable Region

In the stable region, as shown in Figure 11, the optical scanning angle has a negative correlation
with pressure. Both the maximum optical scanning angle (6y) and the scanning angle at fixed
frequencies (f) have an improvement at lower pressure. Figure 11a shows the results of the tests
under fixed frequencies: by applying the actuation voltage of 30 V, the scanning angle increased
from 5.57° at atmospheric pressure to 8.74° at 500 Pa, raised by 56.96%; and with the voltage of 15 V
applied, the angle increased by 352.13% from 1.93° to 8.74°. Figure 11b shows the change of the
maximum optical scanning angle related to the pressure and actuation voltage. When the pressure
ranges from 1 to 100 Pa, nearly all of the maximum scanning angles are above 8°, and with the decrease
of the vacuum level, the influence of the actuation voltage on the scanning angle rises. The percentage
of the change is inversely proportional to the actuation voltage. Here, a plateau zone has been found in
Figure 11, ranging from 1 to 1000 Pa. When the vacuum level is in this zone, the microscanner will have
an economical and expected scanning angle with the designed actuation voltage in the stable region.
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Figure 11. The optical scanning angle vs. pressure in the stable region. (a) The optical scanning angle
vs. pressure with a fixed excitation frequency under different actuation voltages. (b) The maximum
optical scanning angle vs. pressure under different actuation voltages.

3.5. Characteristics in the Unstable Region

In the unstable region, Figure 12 shows that the optical scanning angle does not change
monotonically with the pressure. When the pressure is lower than a critical value P (P; ranges
from 100 to 1000 Pa, and is dependent on the excitation voltage), the optical scanning angle increases
with the increasing air pressure, but when the pressure is higher than P, the optical scanning angle
decreases with the increasing pressure. There is a peak value in the maximum optical scanning angle
vs. pressure curve, and the higher the voltage is, the sharper the peak. Figure 12b represents the change
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of the maximum optical scanning angles in accordance with the change of pressure. At pressure P,
the maximum optical scanning angle is 44.32° when 30 V is applied, 38.34° when 20 V is applied,
and 32.44° when 15 V is applied, and at atmospheric pressure, the angles are 17.16°, 9.42°, and
5.57°, respectively.

Vacuum packaging is typically reasonable to increase the scanning angle of the microscanner
working in the unstable region, and only a vacuum level ranging from 100 to 1000 Pa is needed to
obtain the maximum optical scanning angle. This kind of vacuum level is readily achieved in vacuum
packaging and is also economical to be maintained over the lifetime of the device.
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Figure 12. Theoretical scanning angle vs. pressure in the unstable region. (a) The optical scanning angle
vs. pressure with a fixed excitation frequency under different actuation voltages. (b) The maximum
optical scanning angle vs. pressure under different actuation voltages.

4. Discussion

The response time, the minimum actuation voltage, the optical scanning angle, and the range of
the stable and unstable regions are indicators of the property values of the microscanner. An expected
microscanner needs to have a larger projection scale, lower power consumption, and faster settling
time. One method to optimize the performance and lower the power required is to reduce the air
damping inside the packaged microscanner. According to the experiment results, at a pressure of
500 Pa, the maximum optical scanning angle is enhanced from 17.16° to 44.32°. From Figures 11
and 12, a plateau zone ranging from 100 to 1000 Pa has been obtained. In this zone, the behaviors of
the scanning angle in both stable and unstable regions have a larger promotion than at atmospheric
pressure. Additionally, the high vacuum also decreases the minimum actuation voltage from 12.5 V
at atmospheric pressure to below 8 V at a pressure lower than 1000 Pa. A high vacuum level has a
significant influence on the settling time: greater than ten seconds is needed for the microscanner to
settle down at 1 Pa. However, at a pressure higher than 100 Pa, the settling time can be neglected.

On the other hand, the quality factor Q of the microscanner has been calculated from the
experiment results (f and w) at different driving voltages, using Equations (15) and (18), shown in
Figure 13. The measured values of Q are positively correlated with the driving voltages, but negative
with the pressure. Additionally, the quality factor of the microscanner with a low driving voltage
is more sensitive to pressure: the value of Q increases by about two orders of magnitude when
compared with that in atmospheric air in the case of a 10 V driving voltage. With the pressure
decreasing from 10° to 1000 Pa, the values of Q increase. The growing trends start to stabilize
from at 1000 Pa and below. In comparison with the measured values, the theoretical Q values are
calculated by Equations (15) and (18) with an average energy input in the high and low vacuum,
respectively. Although the theoretical values of Q obtained by the equations are underestimated,
the same segmentation point of the trend (1000 Pa) is valuable. The curve slope in the range from
100 Pa to 1000 Pa roughly fits with the measured values; thus, the principal based on molecular
collision can explain the damping mechanism. When the pressure is lower than 10 Pa, the measured
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results show independence with pressure, and the loss is mainly caused by thermal dissipation or
intrinsic damping.
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Figure 13. Quality factors of the microscanner measured at different driving voltages and calculated as
a function of pressure.

Above all, the pressure of maintaining optimal properties is a medium vacuum level in the
experiment, ranging from 100 to 1000 Pa, and providing a medium vacuum to meet the large-sized
projection is particularly easy and economical to implement in an industrial package.

5. Conclusions

This paper emphatically expounds the performance testing of a microscanner at different pressures
to explore the optimum pressure in improving the performance of the device. The test results revealed
that the vacuum package is especially reasonable to enhance the scanning angle for the microscanner
working in the unstable region. The device can achieve a 44.3° optical scanning angle at 30 V,
requiring almost no settling time at pressures ranging from 100 to 1000 Pa, and the performance
of the microscanner under these conditions is improved. Thus, a larger projection size is achieved in a
medium vacuum environment to satisfy the demands of business projection, which is very readily
and economically realized and maintained in the vacuum package. The results of the microscanner
experiment in vacuum provide a reference for the vacuum packaging.
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Abstract: Based on microelectronic mechanical system (MEMS) processing, a large-size 2-D scanning
mirror (6.5 mm in diameter) driven by electromagnetic force was designed and implemented in this
paper. We fabricated the micromirror with a silicon wafer and selectively electroplated Ni film on
the back of the mirror. The nickel film was magnetized in the magnetic field produced by external
current coils, and created the force to drive the mirror’s angular deflection. This electromagnetically
actuated micromirror effectively eliminates the ohmic heat and power loss on the mirror plate, which
always occurs in the other types of electromagnetic micromirrors with the coil on the mirror plate.
The resonant frequency for the scanning mirror is 674 Hz along the slow axis, and 1870 Hz along
the fast axis. Furthermore, the scanning angles could achieve +4.5° for the slow axis with 13.2 mW
power consumption, and +7.6° for the fast axis with 43.3 mW power consumption. The application
of the MEMS mirror to a laser display system effectively reduces the laser speckle. With 2-D scanning
of the MEMS mirror, the speckle contrast can be reduced from 18.19% to 4.58%. We demonstrated
that the image quality of a laser display system could be greatly improved by the MEMS mirror.

Keywords: microelectronic mechanical system (MEMS); speckle reduction; electromagnetic force;
optical scanning

1. Introduction

Solid-state lasers can provide wider color gamut, longer lifetime, and higher brightness and
contrast of images compared to light emitting diodes (LEDs), a popular light source for projection
displays [1]. Laser display technology plays a significant role in our life, and can be applied in various
fields such as movie theatres, home televisions and conference rooms. However, the existence of
speckle degrades the images quality severely, which is an irregularly distributed pattern of light and
dark particles caused by the interference of the reflective coherent laser beam from the rough screen
comparable to optical wavelength [2—4]. One of the promising speckle reduction technologies in laser
projection [5,6] is to employ MEMS scanning mirrors. At present, research on MEMS scanning mirrors
are mostly focused on small diameter MEMS mirrors, while rarely on the larger size. Large-size mirrors
can not only tolerate high optical power, but also ensure maximum utilization of light energy [7].
Microvision Company in the United States developed an electromagnetic two-dimensional scanning
mirror, and successfully applied it to a laser Pico projection system, but the 1-mm diameter of the
mirror was unable to meet the requirements of the high lumen imaging display [8]. Oliveira et al. were
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the pioneers who applied a MEMS scanning mirror to eliminate laser speckle. Limited to a 0.8-mm
diameter, the MEMS mirror had issues when used in practical laser display systems [9]. Akram et al.
in Vestfold University in Norway further improved the MEMS two-dimensional scanning mirror and
improved the quality of the laser display images, but its diameter was only 2 mm, and also cannot be
used in high power laser displays [10]. The large size and mass of a MEMS two-dimensional mirror
limit the possibility of achieving a larger angle unless the driving moment is high enough. At the same
time, the oscillating micromirror used to reduce the laser speckle should also have a high operating
frequency [11].

Based on the above requirements, this paper proposes a 6.5-mm diameter, two-dimensional
MEMS scanning mirror driven by the electromagnetic method. The efficient electromagnetic drive
mode not only offered the driving moment of the large angle required, but also realized the high
frequency. The mirror is used in a laser projection system to suppress laser speckle. This scanning
mirror with a large diameter could be used in high power laser illumination for high lumen projection.
Moreover, the high frequency of the scanning mirror could effectively reduce the speckle contrast and
bring clearer and more comfortable images.

2. Design

This study employed the electromagnetic scanner in Figure 1 to demonstrate the proposed design
concept. As indicated in Figure 1a, four external coils (A, B, C, and D) are symmetrically placed in
corresponding positions and kept a certain distance for the mirror’s free deflection. Specifically, the coils
A and C are located beneath the ferromagnetic film on the outer frame, and coils B and D are placed
beneath the rectangular ferromagnetic film on the back of the mirror. Coils A and C are responsible for
the slow axis, while B and D coils are for the fast axis. When the A and C coils are driven by the square
wave signals with the same frequency and 180° phase difference, the two coils, the bottom magnetic
bar and the soft Ni film on the outer frame will compose a closed magnetic circuit, then an attractive
force will drive the mirror to deflect a certain angle around the slow axis. Similarly, coils B, D, the
bottom magnetic bar and the soft Ni film will compose another magnetic circuit when excitation signals
are applied to B and D coils, so as to achieve the purpose of the two-dimensional scanning with our
proposed model. Figure 1b,c shows the backside of mirror and the external coils, respectively. The two
groups of coils and the signals are controlled separately, therefore, good independence, scanning
linearity and accuracy can be achieved for the biaxial scanner. Detailed dimensions of the scanner and
coils in our design are summarized in Table 1.

magnetic bar -
(a) (<)

Figure 1. (a) llustration of the microelectronic mechanical system (MEMS) mirror and the actuation
coils underneath; (b) Back profile of mirror with nickel; (¢) External coils.
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Table 1. The dimensions of designed scanner and coils.

Parameter Value Unites
Diameter of the mirror 6.5 mm
Thickness of the mirror 200 um
X . Slow axis 100
Width of the axis Fast axis 160 pm
. Slow axis 1500
Length of the axis Fast axis 1750 um
Thickness of the axes 200 wm
Thickness of the nickel film 20 wm
Outer diameter of the coil 3 mm
Inner diameter of the coil 2 mm
Height of the coil 10 mm
Number of turns for the coil 900 -
Resistence of the coil 30 Q

We introduced a magnetic circuit model to solve the theoretical value of force shown in Figure 2.
Based on the hypothesis [12] that all the magnetic fluxes pass through the core (no leakage except
for the air gap), and according to the Maxwell’s magnetic force formula, attractive force could be
expressed by:

Bo*Ag

F = @)
Ho

In the equation, By is defined as the magnetic flux density of the air gap, Ay is the cross-sectional
area of the gap, and 1 is the magnetic permeability of air. According to the Ampere’s Law, we could
derive that:

Ni = ?{ Hds = Hmlm+ Hele + Ho-2x, @

where N is the number of coil turns, and i is the current flowing through the coil. Hy,, H., and Hy
respectively represent the strength of the magnetic field for the magnetic core, the clapper
(ferromagnetic film) and the gap. Im, I, and x represent the length of the magnetic core, the clapper
and the air gap.
Because: B @
H=-=— 3
LT uA ©)
the permeability of air can be negligible compared with the ferromagnetic materials’ permeability, that
is to say:
Ho < M, Ho < He
By assuming;:
Ac= Am= Ag = A 4)
Then, substituting (2)-(4) into the Equation (1), the magnetic force can be expressed as follows:
2

1
F =k ®)

2
where k = %A

. Obviously, the value of the driving force is proportional to the square of the current
and inversely proportional to the square of the gap length.
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}agnetic core

A
, ]
1 7 111

17
A, Clapper

Figure 2. A magnetic circuit model consists of a magnetic core with copper winding and a clapper
made out of ferromagnetic materials. The magnetic field created by the copper coil is concentrated in
the magnetic core and clapper due to their high permeability. The magnetic circuit path is shown by
dashed lines.

3. Fabrication

Figure 3 shows the detailed fabrication process. As in Figure 3a, we used a double sided polished
n-type (100) 200-um thick Si wafer as the starting substrate. A 20-nm Ti adhesion layer and a 100-nm Au
coating were sputtered on the backside of Si substrate as the seed layer for the following electroplating
step. A 20-um thick film of photoresist (AZ4620) was patterned to selectively electroplate nickel.
After the soft-magnetic Ni electroplating step, the photoresist and the Ti/ Au thin films were removed by
acetone solution and IBE (ion beam etching) technology, respectively. Then, a second photolithography
step was used to define the window for bulk silicon etching, as shown in Figure 3d. After that, the
structure of the mirror plate and axes were released by the deep reactive ion etching (DRIE) process.
Lastly, the front side of the silicon was coated with a 120-nm aluminum layer to form the reflective
mirror surface.

(a)

I si wafer
(b)
E— )
e - photoresist

(d)
B
= = =
)
= m—— =

Figure 3. Fabrication flow for the MEMS mirror. (a) Ti/ Au seed layer sputtering; (b) thick photoresist
(AZ4620) spinning and exposure; (c) nickel electroplating and photoresist removal; (d) second
photolithography and Ti/ Au films removal; (e) Si etching (DRIE); (f) Al layer coating.
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4. Characterization and Results

Figure 4 shows the package method and fully assembled prototype. The whole package is
similar to the sandwich structure: The uppermost glass cover is to protect the mirror from the
external environment; a 1.2-mm thick plastic top spacer above the mirror is chosen to ensure a large
incident angle; the distance between the Ni film and the bottom coils is about 0.45 mm, which is the
thickness of the bottom spacer. The thickness of the bottom spacer defines the maximum allowable
rotation angle; coils are symmetrically placed in the coil holder, and the driving currents are applied
through electrical connections to the printed circuit board (PCB) pads. The whole device size is only
16 mm X 16 mm x 12 mm.

Glass cover

Top spacer \Q\ -

Coil holdg

Figure 4. (a) Package method; (b) Fully assembled prototype.

After packaging, the device was tested with the setup shown in Figure 5. In the measurement,
two Ampere meters were used to record the relation between the current and the mirror’s scanning
property. A function generator was employed to send square waves with a certain frequency to the
coils as the excited signal, and to the oscilloscope for monitoring phase difference between input
channels. The 2-D scanning mirror’s vertical and horizontal axes were driven independently by signals
from the function generator.

-Function generator Oscilloscope
CH2 CHI1
@ (:) cHCH?
i - i 7©
|

Ampere meter

Ampere meter

Figure 5. Schematic measurement setup: the 2-D scanning mirror was driven independently by
function generators.
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The results are plotted in Figure 6. The deflection angle can be calculated from the length of the
scanning line and the distance between the screen and the scanning mirror. When the micro-mirror
worked at the resonant vibration state, mechanical torsion angles increased with the AC (alternating
current) driving currents (refer to root-mean-square values of the current flowing in the coils) for both
the slow axis and fast axis. The slow scanning angle could achieve 4-4.5° at the applied current of
21 mA and power consumption of 13.2 mW, and the fast scanning angle could reach +7.6° at the
applied current 38 mA and maximum power consumption of 43.3 mW. We used a 0.45-mm thick
bottom spacer here, so the maximum allowable rotation angle for the slow axis and fast axis were 4-4.5°
and £8° theoretically, matching well with the experimental data. By tuning the driving frequency, the
frequency response of the scanning angle could be recorded. Figure 7 shows the frequency responses
of the slow and fast axes when 20 mA was applied to a coil. According to the results, the resonant
frequencies were 674 Hz and 1870 Hz for the slow and fast axes, respectively. The quality factor Q was
calculated by the following equation [13]:

_h
Af

where fj is the resonant frequency, and Af is the half-power bandwidth. From the measured curve, we
can derive the Q value; 122 for the slow axis and 623 for the fast axis. The large difference of Q values
between the slow and fast axes was due to the dependence of damping on the resonant frequency.
The Q value increases with the resonant mode and is proportional to > according to Chu et al. [14].
As shown in Figure 1, the slow scanning of the mirror is driven by A and C coils, and the outer frame
is scanning together with the mirror plate. So, the air damping is severer and the Q value is smaller for
the slow axis scanning.
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Figure 6. Current-angle relationship: (a) slow axis; (b) fast axis.
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Figure 7. Frequency response: (a) slow axis; (b) fast axis.
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Reliability is crucial to the successful application of MEMS devices when they reach
commercialization [15,16]. To study the shock resistance of our fabricated devices, a shock test was
performed in air at room temperature as follows [17]. A scanner prototype was fixed to a shock table
by 3 M Epoxy Adhesive. Acceleration corresponded to the height of the table from which it was
dropped. A piezoelectric transducer (PZT) sensor was mounted to the shock table to record actual
acceleration. In the test, we changed the fixed direction so that the shock was applied in three (X, Y, Z)
orientations, where the X and Y directions were along the fast axis and the slow axis respectively,
and the Z direction was perpendicular to the mirror plane. The table was dropped to the floor three
times in a row with three orthorhombic orientations, and half sine shock pulses with certain widths
were produced. No significant fracture or electrical failures were observed until the prototype was
tested at 900 g for X direction and 1500 g for Y, Z directions, where g is the gravity acceleration
(g ~ 9.8 m/s?), demonstrating that the micro-mirror and applied package structure have good shock
resistance. In addition, a vibration test was carried out on Electro Dynamic Shakers with varying
frequencies (from 20 Hz to 2000 Hz) at a constant acceleration of 20 g [17]. After three periods of
shaking, the device could still operate as before. These results show that the device is reliable and
durable for practical applications.

5. Application to Speckle Reduction

In the application to laser projectors, the speckle phenomenon emerges by reflecting highly
coherent laser beams with single wavelengths on random rough surfaces, resulting in a random spatial
intensity distribution [18]. One of the criterion to describe speckle is speckle contrast ratio, which is
defined as [19]:

(B—n*

C = T x 100% 7)
where (I2) and (I) represent the square mean value and the mean light intensity, 1/ (I2) — (I)? denotes
the standard deviation. The lower the C value, the clearer images could be derived, which is now of
great concern.

As presented in Figure 8, the simplified speckle reduction system consists of a laser diode,
a fabricated scanning mirror, a light pipe, optics elements such as a focusing lens and a diffuser with
high transmittance, and a charge-coupled device (CCD) camera for acquiring pattern information.
With the two-dimensional scanning of the mirror, the laser beam was reflected onto the diffuser placed
at the entrance of the light pipe with angle diversity at different times. After multiple reflections inside
the light pipe, the uniform illumination will be formed at the exit surface, which, with the existence of
subsequent imaging optics, form the picture on the screen. The scanning area can be changed with
different driving currents, however, we need to control the total reflected light entering into the light
pipe. According to speckle suppression theory [20,21], once the speckle images at different times and
different positions are uncorrelated, then these irrelevant speckle figures are finally superimposed
on each other during a frame image formed on the screen. If N independent speckle patterns are
overlapped on an intensity basis, and we assume that each pattern has an equal mean intensity, the
speckle contrast C in the integrated image is reduced to [4]:

1
C= N ®)
where N is the number of independent speckle patterns. We could derive that the higher the value of
N, the lower the value of speckle contrast results.

In our measurement, the focus length and aperture f-number of the CCD imaging lens are 25 mm
and 8, respectively. The CCD has a pixel size of 3.75 um x 3.75 pm and is located at 2 m away from the
screen. We explored the mirror’s stationary and vibrating conditions and their influence on the speckle
contrast ratio. The calculated data by Matlab based on Equation (7) is presented in Table 2. When the
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mirror was working, the contrast was 4.58% during 50 ms integration time of the CCD camera, and
when the mirror was turned off, the contrast was 18.19% at the same integration time. Figure 9 shows
the speckle contrast images with and without the working mirror. With the 2-D scanning of the
MEMS mirror, the speckle contrast for the laser projection display could be reduced from 18.19% to
4.58%. This result demonstrated that the scanning of the mirror can disturb the spatial and temporal
coherences of the laser source and suppress the speckle pattern for laser projection images.

. Lens
Diffuser Light pipe
MEMS mirror
th
153
Laser beam Computer CCD Screen
M—
LD o

Figure 8. Speckle reduction system.

Table 2. The speckle contrast by different measurement systems.

Measurement  Integration = Maxmium  Minimum Mean Contrast

System Time/ms Intensity Intensity Intensity Value/%
With mirror 50 157 108 126 4.58
Without mirror 50 255 94 179 18.19

Figure 9. Speckle contrast images when CCD integration time was set to 50 ms: (a) Speckle pattern
with inactive scanning mirror, C = 18.19%; (b) Speckle reduction pattern with active mirror, C = 4.58%.

6. Conclusions

We have proposed and fabricated a large-size MEMS scanning mirror. Our mirror can meet
the requirements of high resonant frequency and large deflection angle used for speckle reduction
application, and successfully reduces the laser speckle contrast from 18.19% to 4.58%. In addition, the
fabricated devices have a shock resistance of more than 900 g and good vibration resistance, which is
also crucial when used in commercial applications.
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Abstract: A micro scanning mirror is an optical device used to scan laser beams which can be used for
Light Detection and Ranging (LiDAR) in applications like unmanned driving or Unmanned Aerial
Vehicle (UAV). The MEMS scanning mirror’s light-weight and low-power make it a useful device
in LIDAR applications. However, the MEMS scanning mirror’s small aperture limits its application
because it is too small to deflect faint receiving light. In this paper, we present a Ti-alloy-based
electromagnetic micro scanning mirror with very large-aperture (12 mm) and rapid scanning
frequency (1.24 kHz). The size of micro-scanner’s mirror plate reached 12 mm, which is much larger
than familiar MEMS scanning mirror. The scanner is designed using MEMS design method and
fabricated by electro-sparking manufacture method. As the experimental results show, the resonant
frequency of the micro scanning mirror is 1240 Hz and the optical scanning angle can reach 26 degrees
at resonance frequency when the actuation current is 250 mApp.

Keywords: large-aperture; micro scanning mirror; micro scanner; Ti-alloy; LIDAR

1. Introduction

LiDAR is widely used in many applications, such as space autonomous rendezvous docking,
space target detection, UAV’s navigation, Advanced Driver Assistance System (ADAS), automatic
driving and so on. These applications have recently created a great demand for low-cost, low-power
and low-weighted three-dimension imaging LiDAR.

Micro-mirror based LIDAR have drawn the attention of many researchers for the realization of
3D distance measurement [1-7]. Traditional laser scanners for LIiDAR consist of heavy, expensive and
large rotational optical devices. In comparison with traditional laser scanning sensors, MEMS scanners
have the advantages of rapid scanning frequency, light-weight and low power [8]. Micro-scanners’
advantages make it a promising technology for use in miniature LIDAR. However, current MEMS
scanning mirrors’ mirror plates are too small to be applied in LiDAR applications in order to detect
receiving light. In LiDAR applications, large apertures are required for the measuring beam [9].
The range of the LiDAR is largely affected by the size of the mirror which reflects the received laser
light. The size of mirror plate must be big enough to gather more light scattered by the target. Most
MEMS scanners are designed in nearby applications like projectors or Optical coherent tomography
(OCT) and cannot meet the requirements of LiDAR applications.

Efforts have been made to achieve large-aperture MEMS scanning mirrors. Sandner et al. [5]
present a 1D-MEMS scanner module which has a resonant frequency of 250 Hz and a mirror plate
size of 2.52 x 9.51 mm? per single mirror element. Lei et al. [10] present an electrothermal MEMS
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scanning mirror with a large aperture of 10 x 10 mm? which has a resonant frequency of 234 Hz.
Milanovic et al. [11,12] present a gimbal-less Tip-Tilt-Piston MEMS scanner with a mirror plate size of
5 mm and a resonant frequency of 334 Hz.

However, current large-aperture MEMS scanner frequency is not rapid enough to achieve fast
LiDAR images and the aperture is not large enough. Silicon is a material with a very high strength
but its fatigue strength is much lower than its yield strength [13]. The fatigue strength decreases
when the size of MEMS structure increases [14]. The metal based micro scanner is more robust
than silicon-based MEMS devices due to its ductile properties in comparison with brittle silicon
substrates [15]. Some metallic materials like stainless-steels have been researched to be able to replace
the silicon substrate of a MEMS scanner due to the ductile properties in comparison with the brittle
Si materials. Park et al. [15] presents a one-axis metal-based micro-scanner with a large mirror
(3 x 3 mm?), with a resonant frequency of 304 Hz and a scanning angle of 12 degrees. Youmin et al. [16]
present a two-axis soft-magnetic stainless steel based micro scanner with a large-aperture of 4 x 5 mm?
which has frequency of 112 and 1268 Hz in each axis.

In this paper, we present a novel one-axis Ti alloy-based electromagnetic micro scanning mirror
with a very large-aperture and a high operating frequency. Ti-alloy substrate is used to achieve large
aperture and fast scanning frequency. The size of the micro scanning mirror can reach 12 mm with kHz
resonant frequency. The mirror substrate is fabricated by electro-sparking manufacture technology.
A moving coil is attached to the back of the mirror and a pair of moon-like magnets are employed to
achieve a large optical scanning angle a low actuation current. A Position Sensitive Device (PSD) is
integrated to measure the rotation angle of the mirror plate. The design, simulation, fabrication and
characterization of the micro-scanner is described in this article.

2. Micro Mirror Based LiDAR System

Figure 1a shows a concept for a one-axis micro scanning mirror based LiDAR. One-axis scan
is realized by the motor’s 360° rotation. The micro mirror scans the laser beam in another axis.
The distance between the micro mirror and the target is determined by measuring the phase delay
between the laser emitted and the laser received. To gather more reflected laser signal from the target,
a larger-aperture micro mirror is required. To improve the horizontal resolution of the LIDAR image,
the micro mirror needs to achieve fast operating frequency. Traditional scanners, like high-speed
Galvano mirrors, are not suitable for this system because of their large size and slow, heavy weight.
A kHz resonant frequency micro mirror with 12 mm aperture is required in this LIDAR system.
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Figure 1. Cont.
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Figure 1. (a) Setup of two-axis Light Detection and Ranging (LiDAR) with 1D micro scanning mirror;
(b) 1st arrangement of LIDAR system; (¢) 2nd arrangement of LIDAR system.

Figure 1b,c show the normal arrangement of the LiDAR system. The rotational axis of the
micro mirror can be set along the Z-axis (called the 1st arrangement) or along the X-axis (called the
2nd arrangement). The 1st arrangement is chosen in our LiDAR system for the curve-shaped field
distortion caused by the 2nd arrangement.

The intersection point (xp, yp,zp) of the reflected laser beam and the screen can be calculated by
solving the below equation:

5
(xp,¥p,2zp) = aA, 1)
yp—xp = V2l

N
where [ is the distance between the micro mirror and the optical screen and A, is the vector the of
reflected laser beam, which can be calculated by solving the equation of reflection:

—

— oo
Ao = A,' — 21‘10(110 . A,') (2)

=
where A; is the vector of the incident laser beam and HO is the normal vector of the mirror plate.

The intersection point’s coordinate (x7y,, ¥y, 21 ) in the Ist arrangement and (X[, Yy, 2py) in
the 2nd arrangement can be calculated by coordinate transformation as:

xlDl = Z/Dl =0 3)
Ypp = —ltan2a

Xy =0

Ypp = ltan® @)

2, = V21 tan

where & and f are scanning angles of the mirror plate at the 1st arrangement and the 2nd arrangement
separately.

From Equation (3), we can see that the laser beam length (y/},,) in the 1st arrangement is about
/2 times larger than the length (z]pp) in the 2nd arrangement. In addition, the laser beam in the
second arrangement is curve-shaped for the y-coordinate of the intersection y,, # 0. In our LiDAR,
the 1st arrangement is occupied.
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3. Design and FEM Simulation of the Micro Mirror

Figure 2a shows a sketch of the electromagnetic Ti-alloy based micro scanning mirror. The scanner
consists of an Ag-coated mirror plate, Ti-alloy based mirror substrate, moving coils, permanent
magnets and Al-alloy basement. The micro mirror is actuated by electromagnetic torque. Figure 2b
shows the principle of the electromagnetic micro-scanner. The scanner is actuated by the magnetic
torque along the torsional beam. The torque is generated by the interaction between the permanent
magnets and the AC-excited coils on the back of the mirror plate. A pair of quarter-circle magnets
(see Figure 2a) is applied to enhance the scanning angle of micro-scanner. Compared with flat magnets
(see Figure 3a), quarter-circle magnets can achieve larger magnetic torque (see below discussion).
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Figure 2. (a) Sketch of electromagnetic Ti-alloy based micro-scanner; (b) Principle of the
electromagnetic micro-scanner.

When operating, the micro-scanner rotates along the rotational axis and the torsional angle () is
the only Degree of Freedom (DOF) in this dynamic system. The equation of the motion of the 1-DOF
can be estimated as:

10+DO+KO =M (5)

where [ is the moment of inertia of the scanning mirror, D is the damping coefficient, K is the stiffness
of the torsional beam and M is the torque generated by the coil’s interaction with off-chip magnets.

The mirror of the micro-scanner contains a Ti-alloy substrate, a SiO; based mirror plate and a Cu
based multi-turns coil. The moment of inertia can be written as:

1 1 1
I= 1psnR‘gts + 1pm71R%"tm + chn(R;‘l — RH)t, (6)

where ps, Rs and £ are the density, radius and thickness of mirror substrate, p,;, Ry, and f;,; are the
density, radius and thickness of mirror plate, and p., Rc1, Re; and t. are the density, internal radius,
external radius and thickness of the coil.

Followed by the formula reported in [17], the spring constant K is given as:

Gyywh?® 192 h Tw
yx — 7
K= 3 (1- —5 —tanh—Zh ),;4 = ,/ny/Gyz ()

where w, I and | are width, depth and length of torsional beam and Gy and G, are shear moduli in
different direction due to material anisotropy.
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When operating, the micro-scanner is working on its resonant frequency which can be given as:

~ VKJI
f=% ®)

According to the parameters in Table 1, the resonance frequency of the micro scanner is 1141 Hz.
The amplitude of the scanning angle at resonant frequency can be estimated as:

©)

where ¢ is damping ratio which can be calculated as & = D/2v/KI. Damping ratio is 0.0011 which can
be calculated by the drag air damping model [18].

According to Equation (9), the amplitude of the scanning angle can be obviously enhanced by
enlarging the torque generated by the magnetic field. The force acting on a current conductor in the
magnetic field can be given as:

dF =1dl x B (10)

where [ is the current running through the path (dl) and B is the external magnetic field.
Since the coil is a round loop, the torque (M) generated by the coil’s interaction with off-chip
magnets can be estimated by integrating force along the coil:

M:Nfrx(ldlxs) (11)
L

where N is the number of coil turns and r is the vector from location of dl to the rotational axis.
When the permanent magnets are plate-type magnets, the magnetic field between the permanent
magnets is constant (see Figure 2a). Then Equation (6) can be simplified as:

27T
M= N/ BIrd6 sin(6 + g)r cos§ = NBIrtr? (12)
0

where [ is coil current, B is the external magnetic field, and r is radius of the coil, respectively.

To increase the torque generated by the magnetic field, quarter-circle magnets are applied in the
micro-scanner. The distance between the coil and the magnets can be drawn closer and more torque
can be gained on the coils. Accounting for the symmetry of the coil, Equation (11) can be simplified as:

M, =N f resin gI.B,(g) (13)
L

where My, is the torque along the direction of torsional beam, I, is the actuation current and B, is
component of magnetic flux density along the direction of the coil’s radius.

A magnetic field-structure coupling Finite Element Method (FEM) simulation is conducted
to analyze the interaction between the magnets and the micro-scanner with a coil (see Figure 3b).
In the FEM simulation, the height, thickness and length of the two magnets is the same and the
minimum distance between magnets and the mirror is the same. As the result of magnetic simulation
show, the component of magnetic flux density along the direction of the coil’s radius (B,(¢)) in the
micro-scanner with quarter-circle magnets is larger than that in the micro-scanner with plate-type
magnets (see Figure 3c). In the magnetic field-structure coupling simulation, the same actuation current
is applied to analyze the static rotational angle according to magnetic force. The micro-scanner with
quarter-circle magnets can achieve a larger rotational angle than the scanner with plate-type magnets
(see Figure 3d). More magnetic force can be generated when applying the quarter-circle magnets.
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Figure 3. (a) Sketch of electromagnetic micro scanning mirror with plate-type magnets; (b) magnetic
field-structure coupling Finite Element Method (FEM) simulation model of micro mirror; (c) magnetic
flux density along direction of coil’s radius (B;(¢)) in micro mirror with quarter-circle magnets in
comparison with one with plate-type magnets; (d) relationship between static rotational angle and
actuation current of micro mirror with quarter-circle magnets against one with plate-shape magnets.

Table 1. Parameters of the Ti alloy based micro scanner.

Parameter Symbol Value Parameter Symbol Value
Radius of mirror substrate Rs 6 mm Turns of coil N 200

Thickness of mirror substrate ts 0.4 mm Width of torsional beam w 1 mm
Radius of mirror plate R 6 mm Depth of torsional beam h 0.4 mm
Thickness of mirror plate tm 0.2 mm Length of torsional beam 1 5.8 mm

Internal radius of coil Ry 6 mm Internal radius of magnet Rinag1 7 mm
External radius of coil R¢» 5 mm External radius of magnet Rinago 12.5 mm

Thickness of coil te 0.5 mm Thickness of magnet binag 7 mm

Figure 4 shows the modal FEM simulation results of the 1-D micro scanning mirror. The torsional
resonant mode and piston resonant mode are shown in Figure 3a,b. The frequency of torsional mode is
1199 Hz and the frequency of piston mode is1917 Hz. The torsional mode is selected as the operating
mode. The frequency of the piston mode is designed much higher than that of torsional mode to avoid
interference with scan mode. Figure 4c shows the frequency response of the optical scanning angle
in the twisting mode. The optical scanning angle at the resonance frequency is 22.4° at an actuation

current of 140 mApp.

83



Micromachines 2017, 8,120

»10* »10°
3 3
2 2

(@) (b)

Optical scanning angle (%)

160 1180 120 1 124

Operating frequency (Hz)
(9

Figure 4. Modal analysis results from FEM simulation (a) Torsion mode of the micro mirror (scan mode);
(b) piston mode of the micro mirror; (c) frequency response of the optical scanning angle in the
twisting mode.

4. Packaging and Integration of Micro Scanning Mirror

Figure 5a shows the sketch of the electromagnetic Ti-alloy based micro scanning mirror module.
The module consists of the Ag-coated mirror plate, the Ti-alloy based micro-mirror substrate, the cooper
coils and the NdFeB-type permanent magnets (R11*90°, Jinchen Co. Ltd., Shenzhen, China), Position
Sensitive Device (PSD, BS-PSD0018, Bosen Tech., Wuhan, China) and Al-alloy basement. The Ti-alloy
based micro-mirror substrate is fabricated by electro-sparking manufacture method and the Al-alloy
basement is fabricated by numerical control processing technology. The Ag-coated mirror plate is
fabricated by spurting Ag on SiO; substrate. Cooper coils are winded and the diameter of cooper
wires is 50 um. Ag-coated mirror plate and cooper coils are fixed on the Ti-alloy substrate using
3M instant adhesive glue (CA40H Minnesota Mining and Manufacturing Company, St. Paul, MN,
USA). The micro scanning mirror is actuated by electromagnetic torque. The electromagnetic actuation
consists of a pair of permanent magnets which are fixed on the basement using CA40H glue and
a moving coil attached to the back of the mirror substrate. When applying a sine waveform current,
the coil yields a torque along the torsional beam and actuates the mirror plate rotating along the beam.
Beneath the mirror plate, a PSD device fixed in the substrate is used to measure the rotational angle
of the mirror plate by sensing the position of the laser point on PSD reflected by the mirror on the
back of the mirror plate. When the mirror plate rotates at different angles, the laser point reflected by
the mirror on the back will fix at a different position on the PSD which will lead to an output voltage
linear to the position. Figure 5b shows the package of the micro scanning mirror. The whole chip size
is 31.6 x 21 x 8.5 mm? and the weight is 18 g.
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Figure 5. (a) Sketch of micro scanning mirror’s structure; (b) package of the micro scanning mirror.

5. Experimental Results

In this section, features of the micro scanning mirror were measured. Operating frequency, optical
scanning angle and angle measurement precision were the key characters of the micro scanning mirror.
One-axis detection with the micro mirror was also achieved.

Figure 6 shows the experimental setup to measure the micro mirror’s features. The laser beam
reflected by the micro mirror radiates toward the optical screen and results in a laser line on the screen.
The optical scanning angle of the micro mirror can be achieved by measuring the length of the laser
line and the distance between the micro mirror and optical screen (see Equation (3)).

. . B

Micr
mirror

Laser.
module

Figure 6. Experimental setup of micro mirror’s character measurement.

Figure 7a illustrates the relationship between optical scanning angles with the operating frequency
when the actuation current is 200 mA. The resonant frequency of the micro mirror was 1.24 kHz and
the quality factor Q was 253. Figure 7b illustrates the relationship between the optical scanning angles
with the actuation current of the coils. When the actuation current was 250 mApp, the micro mirror
achieved the maximum scanning angle of 26 degrees (see Figure 7c).
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Figure 7. (a) Curve of optical scanning angle-versus-frequency; (b) curve of optical scanning angle
versus actuation current; (c) maximum optical scanning angle of micro mirror.

The optical scanning angles were measured by the PSD optical device integrated in the package
(see Figure 5a). An I-V conversion chip was applied to transform PSD’s current signal into a voltage
signal. Figure 8a shows the relationship between the PSD Voltages and the optical scanning angle.
The relationship is linear and the correlation coefficient R? is 0.9959. The maximum amplitude of
the scanning angle measurement in the experiment is 10 degrees while the whole optical scanning
angle is 20 degrees. Amplitude of the scanning angle was measured by the PSD sensor and the
precision was measured. Figure 8b shows the relationship between the measured angle and the
amplitude of scanning angle with y-errors on the curve. Each scanning angle was measured nine times.
The precisions of angle measurements at different scanning angles were calculated by achieving the 30
error (thrice standard error) of each angle. Figure 8c shows the 3¢ errors at each scanning angle and
the maximum 3¢ error (thrice standard error) of angle measurement is 0.07° at 10 degrees.
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Figure 8. Cont.
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Figure 8. (a) The relationship between PSD Voltage and Optical scanning angle; (b) the relationship
between measured angle and amplitude of scanning angle; (c) 3¢ errors at each scanning angle.

The micro mirror was occupied in a one-axis LIDAR and one-axis detection was achieved.
Figure 9a shows the setup of the LIDAR system. Laser was deflected by the micro mirror to the
target and the angle of the target was measured by the mirror. The distance of the target was measured
by the laser rangefinder module. The rangefinder module could detect the distance by measuring the
phase delay between the output laser beam and the reflected laser beam. Figure 9c shows the one-axis
detection picture of an optical post.

WK

Circuit App Lens

-’.:’

NI-D

Micro
Mirror

(b)

Figure 9. (a) Experimental setup of one-axis detection with micro mirror; (b) arrangement of LIDAR
system and target; (c) one-axis detection picture of an optical post.

From the experimental results, we can see that in the first arrangement (see Figure 10a) the laser
line scanned by the micro mirror is curve-shape distorted which will make our imaging solution
complex (see Equation (4)). However, in the 2nd arrangement (see Figure 10b), the laser line is straight
so that the imaging solution is simple (see Equation (3)). The experimental results fit our simulation
results well.
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(@) (b)

Figure 10. (a) Curve-shaped field distortion caused by arrangement 1 of micro mirrors; (b) scanned
laser line on the screen in the 2nd arrangement; (c) simulation of curve-shaped field distortion caused
by arrangement 1; (d) simulation of scanned laser line on the screen in the 2nd arrangement.

6. Discussion

It's very difficult to design a large-aperture and fast operating frequency micro mirror.
From Equations (6)-(8), the resonance frequency can be calculated as:

G
= Ksize — 14
f "o (14)

where k;j,, 1 is a coefficient which is only related to the size of the structure. The ratio of shear modulus
and density (1/G/p) of the material itself determines the mechanical resonance frequency. It is similar
to the effect of the ratio of Young's modulus and density (1/E/p) [15], because Young modulus (E) and
shear modulus (G) has the relationship of G = E/(2 + 2v) and poison ratios of most common materials
are between 0.2 and 0.4.

On the other hand, the maximum shear stress of the micro scanner should be maintained to be
less than the strength of the material. The maximum shear stress of the micro-scanner can be given
as [19]:

Tmax = ‘BZGT;Ugmax <[] (15)
where « and f8 are coefficients related to the width (w) and depth (/) of the beam [20] and [7] is the
shear strength of material.

When designing a larger micro-scanner, the moment of inertia becomes larger and the resonance
frequency decreases. From Equation (7), to increase the resonance frequency of the large-aperture
micro-scanner, the width (w) and the depth (k) should be increased and the length [ should be decreased.
From Equation (14) we can see that the shear stress will be increased which will lead to a decrease
in maximum scanning angle. It is difficult to design a micro-scanner with large-aperture and large
resonance frequency at the same time.

Table 1 lists the parameters of some common materials. The ratio 1/E/p of silicon is about two
larger than other materials. However, from the realized large-aperture Si based micro scanner [5,10-12],
mirror size of silicon based micro-scanner is below 1 cm and the frequency is less than 350 Hz. The metal
based micro scanner is more robust than MEMS devices due to its ductile properties in comparison
with brittle silicon substrates [15].
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For most metal material, the ratio \/E/p is approximately equal. Therefore, micro-scanners
with the same size but different metal material have approximately the same resonance frequency.
From Equation (5), we can see that for the micro-scanner with the same size, the shear stress is
proportional to shear modulus G. From Table 2, we can see that Young modulus of stainless-steel is
about 1.7 times larger than Ti-alloy. Compared with the stainless-steel based micro scanner, the Ti-alloy
based micro scanner has lower shear stress and higher tensile strength. The maximum scanning angle
of the Ti-alloy based micro scanner is significantly larger than the stainless-steel based micro mirror.

Table 2. Parameters of some common materials [21].

. Young Density Poison VE/P Tensile 3
Material Modulus (GPa) ~ (kg:m~3)  Ratio (ms)  Strength (Mpa)  “VE(@ X107
Silicon 150-170 2.33 x 10° 0.28 8023-8541 13201 8.3-8.8
SUS304 Stainless steel 193 7.9 x 10° ~0.3 4943 520 27
TC4 Ti-alloy 116 45 % 10% 0.34 5077 895 7.7
7050 Al alloy 68.5 2.7 x 10° ~0.3 5036 485 7.1

! The size of the Silicon specimen is 3000 x 250 x 24.5 um? [14].

Relative shear strength can be defined here which can be given as:

[T]r = E (16)

From Equation (15), we can calculate the relationship between maximum scanning and
shear strength:
9max < ksize,Z[T}y (17)

where ki;,, » is a coefficient which is only related to size.

For most material, tensile strength can be obtained from research and we calculate the relative
tensile strength [¢]/E instead. Table 1 demonstrates that Ti-alloy has the maximum relative strength.
Ti-alloy substrate is chosen to design the micro scanning mirror.

Our device has the advantages of mirror plate size and scanning frequency. In comparison to
the Galvo Scanner (see Table 3) which is usually occupied in the LiDAR system, the Ti-alloy-based
micro-mirror has comparable large apertures while the operating frequency is about an order of
magnitude larger. Compared with large-aperture MEMS scanning mirror, the aperture, operating
frequency and scanning angle are much larger. The MEMS mirror has the advantages of small size and
low power consumption while it does not meet traditional LiDAR scanner’s demand like the large
aperture. Our device is designed using the MEMS design method and it can link the gap between
the traditional scanner and the MEMS scanning mirror. The Ti-alloy based micro mirror can meet the
demand of the LiDAR system while it retains some advantages of the MEMS mirror like small size
and low power consumption.

Table 3. Features of our device in comparison with Galvo Scanner and large-aperture MEMS
scanning mirror.

Type Diameter/mm  Frequency/Hz FOV/Deg Volt]Z ;e‘;glugr rent Meeﬁﬂfel renent
Our device 12 1240 26 250 mA PSD
Fraunhofer [5] 25x95 250 30 180 Vpp Photodiodes
Huikai Xie [10] 10 x 10 234 10 7 Vpp NO
Mirrorcle tech. [11,12] 5 330/334 10 x 10 157V NO
Galvo Scanner [22] 10 150 40 1.25 A rms YES
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7. Conclusions

A novel, one-axis Ti alloy-based electromagnetic micro scanning mirror with a very large-aperture
and rapid resonant frequency is presented in this paper. The micro mirror is designed for the demand
of a MEMS based LiDAR system. Ti-alloy substrate is used to achieve larger aperture and faster
scanning frequency and a pair of moon-like magnets are used to achieve larger optical scanning angle
with low actuation current. The Ti alloy-based electromagnetic micro-scanner has very large-aperture
(12 mm) and rapid scanning frequency (1.24 kHz). The optical scanning angle can reach 26 degrees
when the actuation current is 250 mApp. In comparison with the Galvo Scanner which is usually
occupied in the LiDAR system, the Ti-alloy-based micro-mirror has comparable large apertures while
the operating frequency is about an order of magnitude larger. The size of the micro-scanner reached
12 mm which is much larger than similar MEMS scanning mirrors. The Ti alloy-based large-aperture
micro scanner will speed up the micro mirror’s application in LiDAR.
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Abstract: Input saturation is a widespread phenomenon in the field of instrumentation, and is
harmful to performance and robustness. In this paper, a control design framework based on
composite nonlinear feedback (CNF) and integral sliding mode (ISM) technique is proposed
for a MEMS micromirror to improve its performance under input saturation. To make the
framework more effective, some essential improvements are supplied. With the application
of the proposed design framework, the micromirror under input saturation and time-varying
disturbances can achieve precise positioning with satisfactory transient performance compared
with the open-loop performance.

Keywords: micromirror; input saturation; disturbance rejection; composite nonlinear feedback;
integral sliding mode

1. Introduction

Since the first micromirror for scanning applications was reported in 1980 [1], the research of
microelectromechanical systems (MEMS) micromirrors has become increasingly popular. Early MEMS
micromirrors focused on imaging applications such as confocal microscopy [2] and fingerprint
sensing [3]. Later, it was extended to some other different areas such as optical coherence
topography [4], optical switches [5], and high-resolution displays [6]. Recently, some new applications
include response surface method [7] and ghost imaging [8]. On the basis of actuation method,
torsional micromirrors can be classified into different types: electrothermal [9], electrostatic [10],
electromagnetic [11,12], piezoelectric [13], and so forth. Recently, the electromagnetic micromirrors
have attracted special attention owing to their ability to produce large scan angles with low voltage and
remote actuation (meaning that the mirrors can be controlled by the non-contact force at a distance).

In this paper, we study the electromagnetic micromirror reported in [11]. which was made by
Pallapa and Yeow. The structure of the mirror is shown in Figure 1. In their original work, it is reported
that the mirror was fabricated by the application of hybrid MEMS fabrication using polymers and
magnets [11]. In the following the fabrication process is briefly provided [6]. In the first place, adopting
the lithography method, the mould of the micromirror and two torsional bars are fabricated with a
silicon wafer used as the mould substrate. The mould is fabricated by standard photolithography.
Next, polydimethylsiloxane (PDMS) is filled into the mould as a basement of the micromirror and two
torsional bars, and the MQFP-12-5 isotropic magnetic powder (Nd-Fe-B) (Magnequench International
Inc., Pendleton, IN, USA) with a particle size D50 of 5 um is doped into the polydimethylsiloxane
(PDMS) at the weight percentage of 80%. Subsequently, an ultrasonic horn tip probe is immersed into

Micromachines 2017, 8, 326 92 www.mdpi.com/journal /micromachines
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the composite, therefore leading to uniform dispersion. Then, using the e-beam evaporation approach,
the micromirror is plated with a layer of gold with a thickness of 1.0 mm as a reflective layer. Finally,
the micromirrors are magnetized under a field of 1.8 Tesla, resulting in that the micromirror contains
a hard magnetic feature. Besides, the rectangle coils are fabricated by the standard printed circuit
board (PCB) manufacturing technique and constructed under the micromirror. The detailed design
parameters of the mirrorare shown in Table 1.

Figure 1. The structure of the micromirror. The micromirror consists of the micromirror-plate,
the torsional beam, the driving microcoil, a support structure and other parts. Two straight torsion
micromirror bars are fixed on the frame at a distance position 1 mm from the left side center of the
mirror to coil center. The axis of rotation of the scanner is along Y vector. Rectangular spiral coil
are assembled to the bottom of the frame in the X, Y plane and the center of the coil is the origin in
Cartesian Coordinate.

Table 1. Paramenters of the micromirror.

Symbol Parameter Value
Wheam width of the torsion bar 250 um
Lpeam length of the torsion bar 2 mm
theam thickness of the torsion bar 250 um

Wi width of the mirror 4 mm
L length of the mirror 4 mm
tm thickness of the mirror 250 pum

To rotate an electromagnetic micromirror, a peripheral driving circuit based on a microcoil is
essential. Clearly, the amplitude of the driving circuit’s output is limited, meaning that the plant’s
input is subject to input saturation. Therefore, it is essential to propose a suitable method to guarantee
the performance of the micromirror under input saturation. Because the mathematical model of the
micromirror is linear [12], we will search for a solution to the input saturation problem in the field of
linear system control theory.
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The input saturation problem has been extensively investigated in the field of linear system
control theory. For this problem, transient performance of the closed-loop system should not be
neglected. Settling time and overshoot are the two most important evaluation indices of transient
performance. However, it is unfortunate that short settling time and negligible overshoot are usually
contradictory aspects when facing input saturation, which means that most of the existing control
techniques cannot help but make a trade-off between them. As a kind of nonlinear control scheme,
the composite nonlinear feedback (CNF) technique has been presented to tackle such a dilemma [14].
The CNF technique is composed of two components; i.e., a linear part and a nonlinear part. The linear
feedback part is introduced to yield a closed-loop system with small damping ratio, while the nonlinear
feedback part is designed to increase the damping ratio when the output signal reaches the reference
asymptotically. Therefore, it is possible for the CNF technique to simultaneously achieve quick response
and negligible overshoot. The CNF technique has also been implemented in various of engineering
applications such as hard disk drive servo systems [15-17], helicopter flight control systems [18,19],
position servo systems [20,21], and grid-connected voltage source inverters [22].

The normal CNF technique is able to improve the transient performance of controlled systems
in the absence of external disturbances [15,16]. However, disturbances are non-negligible in practical
environments, especially for the problems in high-precision control fields. Thus, both the enhanced
composite nonlinear feedback and robust composite nonlinear feedback techniques are formulated
to deal with constant disturbances [17,21]. Without considering input saturation, robust design for
CNF technique has also been achieved by improving the nonlinear part to deal with unmodelled
dynamic effects [23]. Furthermore, due to the easy implementation property, the integral sliding mode
technique has been combined with the CNF technique for the rejection of time-varying disturbances
under input saturation [24,25].

Our motivation is to achieve good transient performance and disturbance rejection for the
micromirror simultaneously under input saturation. Previous work of control system design for
the electromagnetic micromirror can be seen in [26,27]. However, input saturation was not considered
in those works. As shown in Figure 2, the open-loop performance of the micromirror is far from
favourable (long settling time and large overshoot), meaning that further improvement is essential
(the difference between the two responses is mainly because of the unmodelled dynamics and the air
damping effect). Inspired by the aforementioned discussion, in this paper, we apply the integral sliding
mode (ISM)-based CNF design framework considered by Bandyopadhyay, Deepak, and Kim [25].
Furthermore, to improve this framework, some improvements are introduced. With the proposed
improvement, it is expected that the proposed control scheme would have much better robustness
under input saturation than the existing work [25], while the transient and steady-state performance
become much more satisfying. The effectiveness of the proposed design framework is illustrated
by experimental results, and it would show that the proposed framework forces the micromirror to
perform well under input saturation and disturbance.
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Figure 2. Open-loop positioning performance under input saturation (Theoretical model simulation).

This paper is organized as follows. In Section 2, the whole control design framework and the
relevant improvements are proposed. Then, the effectiveness of the enhanced control scheme is
examined by experimental results in Section 3. In Section 4, conclusions are drawn.

2. ISM-Based CNF Control Design

Consider a linear plant described in the following form with input saturation and disturbance:
% = Ax + Bsat(u) + Bw(x,t),x(0) = xo

y=Cx @

where x € R", u € R, y € R, and w € R are the state, control input, output, and disturbance input of
the system. A, B, C are constant matrices with appropriate dimensions.
The function, sat(-) : R — R, represents the input saturation defined as

sat(u) = sgn(u)min{umax, ||} )

where 11,,4x is the saturation level of the input.
To introduce the whole control design framework, the following standard assumptions on the
given system are made

Al: (A, B) is stabilizable.

A2: (A,C) is detectable.

A3: (A, B,C) is invertible with no invariant zero at s = 0.

A4: w(x, t) represents the bounded matched uncertainty or disturbance and

|w(xrt)| < Winax 3)

where w4y is the maximum amplitude of w.

In the following, we will introduce an ISM-based CNF scheme for system (Equation (2)) such that
the controlled output y can asymptotically achieve the positioning of reference input  under constant
or time-varying disturbances within limits.

The ISM-based CNF scheme can be constructed by the following a step-by-step design procedure.
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(1) Design the part of CNF control law [17].

The linear feedback part is first given as
up, = Fx+ Gr (4)

r denotes the constant reference signal, F is the feedback gain of the states, and G is the feedforward
gain of the reference. F is chosen such that (A + BF) is a Hurwitz matrix and the closed-loop system
C(sI — A+ BF) 'B has a small damping ratio [15].

Besides, G is defined as

G=—[C(A+BF) B 5)

Next, the nonlinear feedback part is formulated as
uy = p(y — )BT P(x — xc) ©6)

where
X = —(A+ BF) 'BGr @)

and p(y — r) is a non-positive nonlinear function locally Lipschitz in (y — ). uy is introduced to
change the system closed-loop damping ratio as the output approaches the step command input [15].
In this paper, we select

ply—r) = —pe ol ®)
where « and f are positive parameters to be tuned, and
1
. h
" :{ o ©)
], r= ]’lo

For simplicity, we set iy = 0 in this paper. With the discontinuous coefficient ag, p(y — ) can suit
the amplitude variation of constant reference [16].
In (6), P > 0 is the solution to the following Lyapunov equation:

(A+BF)'P+P(A+BF) = —W (10)

where W is a positive-definite matrix. It is known that the solution P always exists if (A 4 BF) is
Hurwitz.
For convenience, we set W as
w=10"-E 1)

where E represents the appropriate dimensional identity matrix and 6 € R.
In this respect, the linear feedback part and nonlinear feedback part can be combined to form the
CNF control law
tenp = g +uy = Fx 4+ Gr+p(y — r)BTP(x — x,) (12)

The following theorem shows that the closed-loop system comprising the given plant
(Equation (2)) with and the CNF control law of Equation (12) is asymptotically stable. It also determines
the magnitude of r that can be tracked by such a control law without exceeding the control limit [17].

Theorem 1. Under assumptions A1-A4, for the closed-loop system composed of Equations (2) and (12), if the
following conditions are satisfied

(1) For any 6 € (0,1), there exists a largest positive scalar c5 > 0 such that

V¥ € X(F,cs) := {X: XTP¥ < ¢5} = |FX| < (1 — 8)ttmax, (13)
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where 0 < 6 < 1and

X=X—X (14)
(2) The initial condition x satisfies
Xg — xe € X(F,cs) (15)
(3) The amplitude of the reference satisfies
|Hr| < &1tmax (16)

where 0 < 61 < 6, H = FG, + G.

Then, for any non-positive function p(y — r) locally Lipschitz in (y — r), the control law (Equation (12))
can stabilize the system (Equation (2)) and drive the output of Equation (2) to asymptotically track the command
reference in the absence of disturbances w as well as in the presence of input saturation [15].

(2) Design the part of integral sliding mode law.

Define the following notations:

va= [ (Ax(0) + Bucnr(0))it

e = Co(x —x4) 17)

where Cj is an appropriate matrix satisfying CoB > 0.

x4 represents the trajectory of the nominal plant (the original plant that does not suffer from
disturbance). It is clear that the boundedness of x; is equivalent to the stability of the closed-loop
system (Equation (2)) with the CNF control law (Equation (12)) in the absence of disturbances w and
input saturation, and it has been proved in [17].

The origin of e is the existence of w, and the goal of the integral sliding mode law is to eliminate
the influence of w, forcing x to follow x.

Further, choose the following sliding manifold

s(et) = kie+ka /0 Ce(1)dr (18)
where ky, ky should be properly chosen to ensure $(e, t) = 0 is strictly Hurwitz.

Different from the work of Bandyopadhyay, Deepak, and Kim [25], an additional integral term
fof e(T)d is supplied to the sliding manifold (Equation (18)). The effect of the integral term is twofold.
Firstly, it can bring to faster responses, which is also proved by [28]. Furthermore, it can better
force the trajectory to stay on the sliding surface s = 0 in the presence of parameter perturbation
(because it is made of polymer, the mirror is soft, meaning that it is likely for it to suffer from
parameter perturbation).

Construct the following Lyapunov function:

V= %s(e,t)Ts(e, t) (19)

It can be calculated that

14

[k1C0(x — Jifd) + szO(x - xd)]s(e, t)

s + )+ [ Tursua(®) + w(2))d) CoBs(e, ) 20
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Accordingly, the integral sliding mode control law is constructed as

UISM = Ueq + Usw (21)
where 1, is the equivalent control and s is the switched control.
Let
Ueg = —w(x, t) (22)
and
Usyy = —Msign|[CoBs(e, t)] — N[CoBs(e, t)] (23)

where M, N are positive parameters and M > wy;qx.

The term —Msign[CyBs(e, t)] is discontinuous, and it probably causes high-frequency unmodeled
dynamics. The high-frequency unmodeled dynamics can lead to the chattering phenomenon,
which seriously harms the actuator and the direct application of the mirror. The application of the
continuous term can reduce the discontinuous effect. Therefore, the term —N[CyBs(e, t)] is introduced
to reduce chattering, which is different from the work of Bandyopadhyay, Deepak, and Kim [25].

Applying the ISM law (Equation (21)), it is obvious that

Thus

li = li =
lime O:tgr;x(t) x4(t)

So
tlim y(t) = tlim Cx(t) = Cx, = —C(A+ BF,) 'BGr=r (24)
—r X — X

Now, the whole control scheme composed of (Equations (12) and (21)) could be expressed as
u = ucNr + Uism (25)

and it can stabilize the system (Equation (2)) and drive the output of Equation (2) to asymptotically
track the command reference under the above conditions (Equations (13), (15) and (16) ) in the presence
of disturbances w.

When we design the ISM part, the input saturation is not taken into account. Clearly, to ensure
that the amplitude of Equation (25) will not go beyond the limit, the constraint of the maximum
amplitude of w is essential.

Therefore, we need the following theorem.

Theorem 2. Under assumptions A1-A4 and the conditions Equations (13), (15) and (16), for the closed-loop
system composed of Equations (2) and (25), if the maximum amplitude of disturbance satisfies

|(fS - (sl)unmx‘ = Wmax (26)

then, by the application of Equation (25), the output of Equation (2) can asymptotically track the command
reference and the amplitude of Equation (25) will not go beyond the limit [25].

The block diagram of the proposed control design is shown in Figure 3.
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Figure 3. The integral sliding mode-composite nonlinear feedback (ISM-CNF) controller diagram.

3. Experimental Results

In this section, we validate the performance of the aforementioned control scheme composed of
composite nonlinear feedback and integral sliding mode technique. The validation is performed on
a torsional micromirror-based experimental platform. The platform is composed of a He-Ne laser,
a micromirror together with coils, a PSM2-10 position-sensitive detector (PSD), a voltage-controlled
current amplifier (VCCA) circuit, and an NI PXI-7852R field-programmable gate array (FPGA) system
(see Figure 4). The structure of the micromirror is depicted in Figure 1. The controller is programmed
in the FPGA card. The output of the FPGA card, which is the output of the controller, is in the form of
voltage. The voltage signal is converted to current by the VCCA circuit proportionally, and the ratio is
one to one. A magnetic field sets up when the currents are flowing in the coils, resulting the Lorentz
force to rotate the mirror. The amplitude of current is restricted within 1.0 A because the coils have
a restriction on maximum passing current.

Micromirror
Microcoil

-

.i || J /
<§)‘ < » FPGA Laser

Computer

4

Pocket
fan

Voltage

VCCA

Curront

Figure 4. The experimental platform. FPGA: field-programmable gate array; PSD: position-sensitive
detector; VCCA: voltage-controlled current amplifier.
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The model of the micromirror under external disturbance and input saturation is shown

as follows [12]
xl _ 0 1 X1
JCZ —]7( —? X2

where x1, x7, u are respectively the angular position of the micromirror, the angular velocity, and
the driving torque. | = 6.26 x 107 2(kg - m?) is the moment of inertia, b = 0.82 x 10~?(N - m - 5) is
the damping coefficient, and k = 2.96 x 107°(N - m) is the spring coefficient of the torsional bars.
The practical open-loop performance is shown in Figure 5. One may have noticed some differences
between the theoretical open-loop performance and practical open-loop performance (settling time
and overshoot). The possible reasons are shown as follows. Firstly, the mirror’s practical model is
not totally linear. In other words, the nonlinear unmodelled dynamics can influence the performance.
Secondly, in the theoretical model of the mirror, air frication is not considered, which can lead to
smaller overshoot and shorter settling time.

The controller parameters are chosen as follows. For the CNF part, F = [-0.58 — 6.2 x 107%],
a=87x107° 8 =26x10">,0 = 0.268. For the ISM part, we select M = 1, N = 2.5, k; = 450,
ky=2,Co =1 ]J]. To summarize, the proposed scheme is achieved as the sum of two parts.

In the following experiment, to state the results more clearly, we also provide the performance of
the controller proposed by Bandyopadhyay, Deepak, and Kim. The controller is shown as follows:

—= O

:| (sat(u) +w)

=x (27)

uppk = UCNF t+ism
AisM = leg + flsw
sy = —Msign[GB3(e,t)]
5 = G(x—xy) (28)

Obviously, the difference between the two controllers is in the part of ISM. Therefore, in the part of
CNF, we select the same parameters. In the part of ISM, for the above controller, we select G = [0 J],
M = 500.

The positioning experimental results are shown in Figure 5, in which the output responses
of the closed-loop system and open-loop system are given. The figure has shown that the
torsional micromirror can achieve the expected precise positioning with the distinguished features
(i.e., high-speed seeking performance and negligible overshoot under control input saturation).
Clearly, the positioning performance of the proposed control scheme under input saturation
is validated.

To examine the robustness, additional introduced disturbances are imposed on the
closed-loop system. The whole disturbances are divided into two categories (i.e., w; and w,
where w; = 0.3sin(1200¢) V is presented in the form of voltage and w; is the wind interference
generated by a pocket fan, as shown in Figure 4). The level of the disturbance from the pocket fan is
equivalent to a voltage disturbance with the amplitude of 0.34 V. The regulation performance of the
torsional micromirror under the following three cases are studied: (1) r = 04°, w = wy; (2) r = 04°,
w = wy; (3) r = 0.4°, w = wy + wy. The experimental results are shown in Figures 6-8. Compared with
the controller proposed by Bandyopadhyay, Deepak, and Kim [25], the proposed scheme with the
improvement forces the outputs to settle into the target asymptotically. It indicates that the whole
design framework is workable and the proposed improvement is essential.
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Figure 8. r = 0.4°, w = wy + wy.

In general, the overall results state clearly that the proposed scheme is effective in improving the
transient and steady-state performance and robustness under input saturation.

4. Conclusions

In this paper, to deal with input saturation and achieve disturbance rejection for the MEMS
micromirror, a robust control design framework based on composite nonlinear feedback and integral
sliding mode is proposed, and some essential improvement is supplied to further enhance the
framework. The effectiveness of the proposed scheme is verified by experimental results. Applying the
proposed scheme, the micromirror can deal with input saturation and time-varying disturbances at
the same time, while providing much better transient and steady-state performance compared with
the open-loop performance.
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Abstract: This article presents design, fabrication and characterization of lead zirconate titanate
(PZT)-actuated micromirrors, which enable extremely large scan angle of up to 106° and high
frequency of 45 kHz simultaneously. Besides the high driving torque delivered by PZT actuators,
mechanical leverage amplification has been applied for the micromirrors in this work to reach large
displacements consuming low power. Additionally, fracture strength and failure behavior of poly-Si,
which is the basic material of the micromirrors, have been studied to optimize the designs and
prevent the device from breaking due to high mechanical stress. Since comparing to using biaxial
micromirror, realization of biaxial scanning using two independent single-axial micromirrors shows
considerable advantages, a setup combining two single-axial micromirrors for biaxial scanning and
the results will also be presented in this work. Moreover, integrated piezoelectric position sensors
are implemented within the micromirrors, based on which closed-loop control has been developed
and studied.

Keywords: micromirror; PZT; piezoelectric; position sensors; biaxial scanning

1. Introduction

Either for biomedical [1], automotive [2] or for entertainment uses like pico-projector [3],
micromirrors are attract increasing interest due to the miniaturized size, low power consumption and
low production cost compared to conventional scanning devices. To drive a microelectromechanical
systems (MEMS) mirror there are basically four actuating principles: thermal, magnetic, electrostatic
and piezoelectric principles. Thermal micromirrors reach large deflections driven by low driving
voltages [4]. Yet the power consumption is high compared to the other three driving principles.
Meanwhile, the actuation frequencies are limited by the thermal response time. Electromagnetic
actuation delivers high force and requires low driving voltage [5], but the needed external magnets and
the electromagnetic interference impair the integration and the availabilities of the micromirrors for
many applications. Electrostatic microscanners are realized by established manufacturing technology
and provide good mechanical performance [6]. However, for the actuation high driving voltage is
required and the comb finger capacitors cause high lateral air damping [7], which demands vacuum
packaging to improve the mechanical efficiency [6]. In contrast, piezoelectric materials [8-10], for
example lead zirconate titanate (PZT), deliver high driving force at low driving voltage, so that
piezoelectrically driven micromirrors achieve large deflection even operated under ambient conditions.
Therefore, together with the improvement of processing technology of piezoelectric materials,
piezoelectrically driven micromirrors are showing obvious advantages.
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For most applications of micromirrors, biaxial scanning is needed to sense surface of objects,
environments or displaying images in two dimensions, which can be realized by raster or Lissajous
scanning principles [11]. Two-dimensional raster micromirrors have been reported by [3,5,12], where
the micromirrors are driven resonantly in one dimension and quasi-statically in the other. Thereby
the quasi-statically driven axes have been designed to possess frequencies of 1-2 kHz for lowering
the stiffness and reaching large displacement, which can affect the mechanical robustness of the
devices severely. The second option for micromirrors reflecting laser spots to fill a rectangle field
is Lissajous scanning, where both axes are driven resonantly. Depending on designed frequency
difference of the two axes, different Lissajous figures will repeat and fill the field. Previous works
show that very good results regarding high light density can be realized, if the two axes have a
frequency difference of 60 Hz [13]. However, such low frequency difference causes inevitably so
strong mechanical coupling of the two axes, that complex controlling is needed to decouple the biaxial
motions [11]. Therefore, despite great integration and sophistication, biaxial micromirrors have yet
vulnerabilities. By comparison, the approach of applying two single-axial micromirrors to realize
biaxial scanning shows significant advantages of high flexibility and no crosstalk of the two axial
motions, which simplifies the controlling [10]. Thus, a setup combining two single axial micromirrors
for biaxial scanning and the results will be presented in this work.

Generally high frequency and large displacement of resonant micromirrors are required for
many applications like pico-projector [14]. Also, quasi-statically driven vector micromirrors request
high-resonant frequency for better mechanical robustness and low settling time [15]. However, these
two requirements are contradictory to each other, since high frequency demands high stiffness,
while large displacement requires low stiffness of the devices. So, to achieve these two targets
simultaneously is the challenge of constructing micromirrors. One of the focuses of this work is to
utilize analytic modelling, where the micromirror plate and actuators are considered as an entire
system, to improve the mechanical efficiency for realizing high frequency, large displacement and low
consumption. Piezoelectric micromirrors are usually driven by beam actuators, which also influence
resonant frequencies and consume power due to their bending motions. Hence, mechanical leverage
amplification has been applied for ensuring that the power is primarily consumed for mirror torsion
than actuator bending. On the other hand, previous works showed that the maximum achievable
scan angles of piezoelectric micromirrors are strongly affected by the breaking strength of the used
material, for example poly-Si [16]. Thus, fracture strength of poly-Si has been studied for optimizing
the mirror designs.

At the end of the work, closed-loop control based on PZT position sensors are studied and
presented. In [17], closed-loop control for piezoelectric micromirrors based on capacitive sensors
was reported. Also integrated piezoresistive sensors were described in [18]. Despite the great sensor
sensitivities, hybrid integration of capacitive sensors and expensive fabrication of piezoresistive sensors
remain their tradeoffs. In contrast to them, integrated piezoelectric sensors cost no extra fabrication
steps and deliver measuring signals with large signal-to-noise-ratio (SNR) as well.

2. Modelling and Analysis

2.1. Dynamic Leverage Amplification

The design developments of this work have been strongly supported by finite element method
(FEM) simulations. Generally, it is difficult to simulate realistic resonant behaviors of one micromirror
except its resonance frequency, since results like achievable displacements are affected by factors
like air damping, dielectric and mechanical loss of piezoelectric material, which are complicated to
predict accurately. Therefore, static simulations of the designs have been performed for the assessment
of the achievable scan angles, since the static behavior equals the border case of strongly damped
dynamic behavior. For comparing the achievable displacements of different designs and assessing
the efficiency of these designs, a same driving voltage was applied for the static simulations, while
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the resonant frequencies were calculated by dynamic simulations to evaluate resonant behaviors
comprehensively. Before the individual designs were compared with each other, a basic design concept
had been developed. Since the focus of the work lies on single-axis micromirrors, the mirror plate is
placed in the center of the device, which is linked by torsion bars and connecting bars to two symmetric,
surrounding actuators. Figure 1 shows the top view of such a micromirror and the cross-sectional
view, which reveals also the principle of such designs: The surrounding piezoelectric actuators are
activated by turns. The torque delivered by the actuator is transferred by the connecting bars and
torsion bars to rotate the mirror plate. The geometry of the connecting bars has been designed to
amplify the displacement of actuators, so that the mirror plate reaches much larger displacements.

ol N

PZT actuator = anchor mirror = connecting bar = torsion bar

Figure 1. Top view and cross-sectional view of the basic design S. AA”: Cross-section of actuators and
connecting bars, d, stands for displacement of actuators and dp, stands for displacement of mirror plate.

Actuators, mirror plate, torsion bars and connecting bars can be sorted into two groups:
The torsion bars and mirror plate constitute the torsion group (Group T), while the actuators and
connecting bars constitute the bending group (Group B). These two groups behave as two coupled
oscillators, so that the total energy of the entire system is divided into two parts. Since the actuators
possess considerably higher moment of inertia and stiffness than the mirror plate and torsion bars,
the mirror plate will show much larger displacement than the actuators in the torsional mode. This
is the abovementioned leverage amplification effect and has been proven by FEM simulations using
frequency-domain study (Figure 2).
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Figure 2. Top view of design S1 with two reference points A and M (A stands at the end of the
actuator and M stands on the edge of the micromirror.) and cross-sectional view of a micromirror in the
torsional mode, which is calculated by finite element method (FEM) simulations: Deflected actuators
and connecting bars (blue) and the torsional mirror plate (green) (O: Center of the mirror plate; I,:
Length of the actuators; I.: Length of the connecting bars; ¢,: Angle of actuators and 9r,: Angle of
mirror plate).
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The angle ¢, is formed by the zero line and OA describing the deflection of the actuator, as
Figure 2 shows, while ¢y, stands for the torsion angle of the mirror plate. Thereby, the displacement
amplification is obviously observed and the ratio 1, of ¢, to ¢, indicates the amplification efficiency.
To calculate this key indicator, 7, model has been built by using Euler-Lagrange equation [19]:

L=T-V M

In Equation (1) L stands for the Lagrange function, T stands for the kinetic energy and V stands
for the potential energy. Furthermore, there is a following equation system, which is derived from
Equation (1) and applies for the Group T and Group B of the mirror device.

d, L, AL

E(@)—mea:MPZT (2)
d 6 JdL oL
E(@ —memfo ®)

In Equations (2) and (3) M, stands for bending moment of actuators equaling the moment
delivered by the PZT Mpyr. Since there is no external force influencing the torsion motion of mirror
plate, torsion moment My, equals 0. Given the states of kinetic energy T and potential energy V, torsion
angle ¢ and angular acceleration b are depending on the effective mass and effective stiffness of the
actuator and the moment of inertia of the mirror plate, Equations (2) and (3) can also be described
as [11]:

33

120 (1 + MK 0+ (k1 + k2K?)I + K] B2 — kB = Mpzr @

Ieff—miém +kmOm — kmta =0 (5)

In the above equations, the symbols depict the following variables:

Oa: Torsional angle of actuators; Om: Torsional angle of mirror plate;
my: Mass of actuators; my: Mass of connecting bars;

kq: Stiffness of actuators; k: Stiffness of connecting bars;
km: Stiffness of mirror; Ie: Length of connecting bars;
Toffm : Effective moment of inertia of mirror;  Mpyr: Torque delivered by PZT;

K: Geometric matching factor.

According to Fourier Transformation, Equations (4) and (5) can be further described as:

33 . i . i . .
m(ml + oK) 20, - jw + [(ky + §2K?) 12 4 k] Ba/ (jw) — kmOm/ (jew) = Mpyzy (6)

LefimBm - j& + kmBm / (jw) — kmBa/ (jew) = 0 (7)

The Equation system of (6) and (7) can be presented as an equivalent circuit (Figure 3), where o
can be considered as the current, the effective mass or moment of inertia, like Iz, is demonstrated by
inductivity L and the inverse of stiffness, like 1/kn,, is demonstrated by capacitance C. The electric
resistance R demonstrates the damping. The values of the circuit components are obtained based on
geometry and material parameters of the micromirror design (Table 1). It is to emphasis, using this
model the relative energy distribution of different parts (torsional micromirror and bending actuators)
can be calculated, the absolute energy dissipation caused by air damping and mechanical losses is not
considered. Therefore, the values of R are set as 0.
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Figure 3. Equivalent electric circuit describing mechanical behavior of micromirrors and actuators.

Table 1. The electric components and the equivalent mechanical parameters.

Electric Component L, Lm Ca1 Cax Cam Ra, Rm
Equivalent 33 2\7 2 1 1 1 :
mechanical parameter Lefta = 19 (m1 + m2KE)le Letfm (ki +ko K2k K Fm Damping =0

The analytic model using the equivalent circuit has been proven by FEM simulations
(frequency-domain study), since both results show the identical amplitude spectrums (Figure 4a,b).

5
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Figure 4. Amplitude spectrums of . (blue) and B (green) of design S1 calculated by (a) analytic
modelling and (b) FEM simulations (I: current of the equivalent circuit and u: velocity of actuator and
mirror plate.)
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Although no damping mechanisms have been taken into account for the analytic modelling and
FEM simulation, bandwidths are apparent at the resonance peaks, as Figure 4a,b show, which means
damping. It is caused by different reasons: The damping of analytic modeled results comes from the
electric components of the equivalent electric circuit, which has been used for calculation of analytic
modelling. FEM simulation results show also damping because of the intrinsic material damping due
to the material properties.

The advantage of using this analytic model is to give a clear tendency of influence of every
single geometric parameter of the designs, while FEM simulations are accurate, comprehensive but
time-consuming. Both the analytic modelling and FEM simulations in Figure 4 have verified the
dynamic leverage amplification effect of the design concept. At the resonant frequency of the torsional
mode the simulated design, where the first amplitude peak in the amplitude spectrum appears, the
displacement of the mirror plate is 32 times as large as that of the actuators, which has been later
proven by characterization results.

2.2. Von Mises Stress and Fracture Strength

Due to the dynamic leverage amplification, the PZT delivered torque can be very efficiently
used for rotating the mirror plate, so that the micromirror reaches very large scan angles already
at low driving voltages and low power consumption. Hence the limitation for reaching larger scan
angles for the micromirrors is the fracture strength of poly-Si, of which the micromirrors primarily
consist. To investigate the fracture behavior of poly-Si in different micromirrors, these mirrors have
been deflected in FEM simulations to a certain rotating angle, which is the maximum achievable
rotating angle of these mirrors proven by the characterization results. The observed failure behavior
means the calculated maximum Von Mises Stress now equals the fracture strength of this micromirror.
The dependence of the fracture strength of polycrystalline materials on their Young’s modules was
reported by [20]. Furthermore, in [20-23] fracture behavior of different polycrystalline materials has
been investigated and the fracture strengths lie between 0.6% and 3% of the Young’s moduli of these
materials. According to them failure strength of the micromirrors was expected at a mechanical stress
level of 1.5 GPa, which approximates 1% of the Young’s modules of used poly-Si.

First of all, the simulation results disclose an important influence of the geometry of micromirrors,
especially shapes of the springs, on the maximum Von Mises Stresses. The following pictures in
Figure 5 show such a comparison: Different maximum Von Mises Stresses (1.8 GPa, 1.6 GPa and
1.4 GPa) appear within different micromirrors, even if these micromirrors achieve a same mechanical
tilting angle of 15°.
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Figure 5. Different maximum Von Mises Stresses in different mirrors, when these mirrors achieve
a same mechanical tilting angle of 15°: (a) Von Mises stress maximum of 1.8 GPa in design S1;
(b) Von Mises stress maximum of 1.8 GPa in design S2; (c) Von Mises stress maximum of 1.6 GPa in
design E5; (d) Von Mises stress maximum of 1.4 GPa in design E4.

This comparison shows a clear correlation of the maximum Von Mises Stress of a micromirror with
its design, for example, meandering and rounding springs can reduce the maximum mechanical stress
severely. Additionally, a second finding has been revealed by the later characterization: Although the
bearable mechanical stress level was assumed as 1.5 GPa, the micromirrors bear mechanical stress of
up to 3.4 GPa and the measurement results show a strong dependence of the fracture strength on the
geometry of the designs. Analysis on such correlations and characterization results of these three type
micromirrors will be shown in Section 4.2.
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3. Fabrication

For manufacturing of the 1D micromirrors, wafers of 725 pm silicon, 1 pm SiO; and 80 pm epitaxial
poly-Si are used as substrates. An additional 1 pm thick SiO, layer on top of the poly-Si is followed
by an evaporated thin Ti/Pt layer acting as bottom-electrode and PZT-seedlayer. Subsequently, 2 pm
PZT is hot magnetron sputtered featuring a high piezoelectric modulus. On top of the PZT layer,
a thin Cr/Au layer serves as top-electrode. After the deposition of all functional layers the Cr/Au
layer is wet-etched, while PZT and Ti/Pt layers are dry-etched. Before the 80 pum polysilicon is
deep reactive-ion etching (DRIE)-patterned to define the mirrors and actuators, a 100 nm Al layer is
deposited as the reflection surface. Finally, the 725 pum silicon and the 1 um SiO, are etched using
DRIE from the rear side to release the mirror. The process flow is illustrated in Figure 6 [10].

B S W poly-5i 7SO, ®m Ti+Pt ® PZT O CrtAu @ Al
: actuators

T L1
l mirfor plate l

(d)

(8)

Figure 6. Cross-sectional process flow and device photos: (a) Substrate made of poly-Si, SiO, and Si
layer; (b) Deposition of functional layers; (c) Structuring by wet and dry etching from the front side;
(d) Release by dry etching from the rear side; (e) Device photo of design S1; (f) Device photo of design
E4; (g) Device photo of design E5.

4. Characterization

4.1. Dynamic Behavior

To verify the dynamic leverage amplification effect of the design concept, as an example the
micromirror with design S1 has been measured by a Polytec® Laser-Doppler-Vibrometry (LDV,
Polytech Ophthalmologie AG, Zuzwil, Switzerland). As the measurement results in Figure 7a,b
show, the mirror plate has much larger displacement than the actuators, when they are driven in
the torsional mode. The amplification factor approximates 30, which is identical to the analytic and
FEM modelling results shown in Section 2.1. It should be noticed that the LDV measurements have
been performed for motion of the mirror plate with a mechanical scan angle of less than about 2.5°,
as Figure 7a shows, since the laser spots will be reflected by the rotating mirror plate with larger scan
angles out of measurable range of the used LDV lenses.
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Figure 7. Laser-Doppler-Vibrometry (LDV) measurement results of micromirror with design S1
(measure points are A and M): (a) Mechanical scan angles of the mirror plate and the actuators;
(b) Measurement recording of a deflected micromirror with scan angle of 2.5° measured at point M
and the actuators with scan angle of about 0.08° measured at point A.

4.2. Fracture Strength

Besides the dependence of the maximum Von Mises Stress of micromirrors on the design, which
has been shown by the FEM simulations, the dependence of the fracture strength on the design
has been also studied by the characterization results. Two similar designs have been compared in
Figure 8a,b, which are based on the basic design S shown in Figure 1. First of all, the cracking origins
within the two designs appear both on the torsion bars adjacent to the connecting bars, which can be
recognized in Figure 8c.

Additionally, the only geometry difference between the two designs is the shape of torsion bars.
While design S1 has a rectangular torsion bar with a smaller width b than its height t (b/t = 0.75),
design S2 has a square torsion bar with the same width b as its height ¢ (b/t = 1) (Figure 8a,b). This only
difference results in different distribution of the maximum Von Mises Stress in these micromirrors: The
maximum Von Mises Stress of designs S1 appears on the side wall of the torsion bar, whose surface is
rough due to the dry etching process, while the maximum Von Mises Stress of designs S2 appears on
the polished and smooth top of the torsion bar. Figure 8d shows a SEM image of the torsion bar, where
the smooth top surface and the rough side wall can be seen. Due to the notch effect, such rough surface
of the side wall benefits the crack formation and crack growth. So, the material bears significantly
lower mechanical stress, if the crack origin appears on such tough surfaces [21-23]. It is the reason for
this phenomenon, that one of the designs can withstand mechanical stress of 3.4 GPa, while the torsion
bar of the second micromirror breaks already at 3 GPa, even though both designs are very similar and
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the main mechanical functional structures (torsion bars, connecting bars, mirror plate and actuators)
consist of the same material, poly-Si.

These findings revealed by the FEM simulations and the characterization give a clear picture of
the fracture behavior of the micromirrors. Firstly, the maximum Von Mises Stress is strongly dependent
on the designs, and determines at which scan angles the mechanical structures will break. Secondly,
also the fracture strength of the micromirrors is dependent on the designs, since the designs have a
large influence on the distribution of Von Mises Stress (i.e., where the maximum will occur).

cracking origin

bocccccccean

25 3 34
C—
Von Mises Stress [GPa] Von Mises Stress [GPa]

(@) (b)

cracking origin

rough side wall of poly-Si

(0 (d)

Figure 8. Sectional view of simulation of Design S: (a) Design S1 with a rectangular torsion bar
(b/t =0.75) and the maximum bearable Von Mises Stress is 3 GPa; (b) Design S2 with a square torsion
bar (b/t =1) and the maximum bearable Von Mises Stress is 3.4 GPa; (c) Top view of Design S; (d) SEM
picture of a torsion bar with smooth top surface and rough side wall of poly-Si.

The characterization results of different four design types in Figures 5 and 8 are shown in the
following table (Table 2).

Table 2. The characterization results of Design S1, S2, E4 and E5.

Design Aperture Driving Voltage Full Optical FEM Simulated Measured
Diameter [mm] Peak-to-Peak [V] Scan Angle [°] Frequency [kHz] Frequency [kHz]
S1 1 22 106.1 35.4 33.3
S2 1 22 106.3 47.1 45.1
E4 1.2 25 86.7 28.1 26.8
E5 1.2 20 104.2 34.1 31.2
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4.3. Setup of Biaxial Scanning Using Two 1D Micromirrors

The above characterization has been conducted to study the mechanical behavior of single-axial
micromirrors. Since another focus of this work is to realize biaxial scanning by using two single-axis
micromirrors, Figure 9a,b show the construction for this purpose, where two resonant micromirrors
have been connected in series [10]. Both micromirrors are parallel to each other with a small distance.
The torsion axis of micromirror 1 is inclined to the incident laser beam with an angle of 45°. While
micromirror 1 possesses a 1 mm diameter circular aperture, micromirror 2 has a rectangular aperture
of 1.4 mm x 4 mm. Both single-axial micromirrors rotate about the own torsion axes, which are
perpendicular to each other. The laser beam has been pointed at micromirror 1 and the linear laser
beam trajectory of micromirror 1 has been further reflected by micromirror 2 delivering a rectangular
light screen. Figure 9c shows such a realized rectangular light screen, which, for example, reaches
optical scan angles of 30.7° x 34.5°.

A rectangle scanned by two independent single-axial micromirrors can possess various length
ratios between the horizontal and vertical edges depending on the possible scan angle of the two
mirrors. Also, the picture resolution of the displayed pictures, which relates to the frequency ratio [11],
can be arbitrarily defined. The flexibility of combing two independent single-axial micromirrors and
non-mechanical-crosstalk are the most important advantages of this approach, which simplify the
complexity of design, manufacturing and controlling of micromirrors greatly.

picture : g X laser source
micromirror 1

e .
projected picture

micromirror 2

laser source

(@) ()
Figure 9. Setup and result of two single-axial micromirrors for 2D scanning: (a) Front view; (b) Side
view; (c) Illuminated rectangle.
4.4. Position Sensing and Closed-Loop Control

The last point of this work is to investigate position sensing and closed-loop control of the
micromirror. Since the piezoelectric material has the property of converting mechanical energy to
electrical energy, one of the position-sensing approaches is to use one of the PZT cantilever as the
position sensor, while the second one serves as the actuator, as Figure 10 shows [24].
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micromirror

Figure 10. Schematic drawing of realizing micromirror position sensing applying one PZT cantilever
as position sensor based on the direct piezoelectric effect (U4 stands for the driving voltage and Us
stands for the sensing voltage.)

Figure 11a shows the comparison of the driving voltage, position signal of the micromirror
measured by a Position-Sensitive-Device (PSD) and a PZT sensing signal in time domain, which are
measured on design S1. The result proves a great amplitude correlation between the PZT sensing
signal and the PSD signal, which represents the exact mirror position signals. The minor phase shift
between the PZT sensing signal and the PSD signal is caused by the capacitance of the PZT actuator
and the electrical supply cables of the measurement setup. Additionally, Figure 11b shows the PZT
sensing signal in frequency domain. After a simple signal processing of 64 averaging this signal shows
already a good signal quality of 45 dB SNR, while the mechanical scan angle was only 0.7°. Since this
micromirror can achieve a mechanical scan angle of 26.5°, meaning a full field of view of 106°, the total
sensing resolution n is larger than 12 bit, as Equation (8) shows, which can enable the controlling of
projecting picture of 1920 pixels.

SNR = 1.76 +6.02 - n 8)

driving \'nll:lg(* 5 V/div)

SNR =45 dB

4

Amplitude [V]

PZT sensor signal (50 mV/div) 3

Amplitude [dB] (10 dB/div)

A WA MMAN

Time [s] (10 ps/div) Frequency [Hz] (500 Hz/div)
(@) (b)

Figure 11. Measurement results of the PZT sensing signal of design S1: (a) Comparison of driving
voltage (green), PSD position signal (blue) and PZT position signal (violet) in time domain; (b) PZT
position signal in frequency domain with a SNR of 45 dB after 64 averaging process at a mechanical
scan angle of 0.7°. PSD = Position-Sensitive-Device; SNR = signal-to-noise-ratio.

Based on this great signal quality, closed-loop control has been developed, as Figure 12
demonstrates. The first driving signal is delivered by a controller, which is converted by a
Digital-Analog-Converter (DAC) and amplified by a booster, before it reaches the micromirror. Then
analog sensing signals from the micromirror are processed by an Analog-Frond-End (AFE) and ADC
(Analog-Digital-Converter), before they are demodulated, processed and feed to a Phase-Locked-Loop
(PLL), which compose the closed-loop control.
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DAC 1 Booster
Ci 11 Initialization T—
PLL
Analog Front End [—* :\l?i(-:m’-Shge QA-Demodulation Processing

Figure 12. Block diagram of the closed-loop control for the piezoelectrically actuated and
sensed micromirror. DAC = Digital-Analog-Converter; ADC = Analog-Digital-Converter; PLL =
Phase-Locked-Loop; FIR = Finite-Impulse-Response, BP = Band-Pass.

5. Conclusions

This work demonstrates the good performance of piezoelectric micromirrors regarding the
achievable scan angles and the resonant frequencies. To reach these two targets simultaneously, the
mechanical efficiency of the entire system should be raised, which is enabled by the dynamic leverage
amplification. This work shows an analytic model to calculate and enlarge the amplification factor
by adapting the material and geometrical parameters of micromirrors to increase the mechanical
efficiency of the system, whose effect has been confirmed by FEM simulations and characterization
results. Furthermore, dependences of the maximum Von Mises Stress and the fracture strength of the
micromirrors on the designs have been extensively investigated, to clarify the mechanical fracture
behavior and adapt the designs for reaching larger scan angles.

For demonstrating the advantages of using single-axial micromirrors for biaxial scanning, like
high flexibility and no crosstalk, combination setup, integrated piezoelectric position sensors and
closed-loop control have been developed and presented. In the future, works for design improvements
are projected to achieve larger scan angles, different frequency ratios of the two combined micromirrors
for enhancement of the displayed picture quality. Finally, further technology developments for
processing piezoelectric materials are also foreseen, to improve the material properties, like the
linearity and long-term stability.
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Abstract: Micro-electro-mechanical system (MEMS) mirrors are widely used for optical modulation,
attenuation, steering, switching and tracking. In most cases, MEMS mirrors are packaged in air,
resulting in overshoot and ringing upon actuation. In this paper, an electrothermal bimorph MEMS
mirror that does not generate overshoot in step response, even operating in air, is reported. This is
achieved by properly designing the thermal response time and the mechanical resonance without
using any open-loop or closed-loop control. Electrothermal and thermomechanical lumped-element
models are established. According to the analysis, when setting the product of the thermal response
time and the fundamental resonance frequency to be greater than Q/27, the mechanical overshoot and
oscillation caused by a step signal can be eliminated effectively. This method is verified experimentally
with fabricated electrothermal bimorph MEMS mirrors.

Keywords: micro-electro-mechanical system (MEMS) mirror; bimorph; electro-thermal actuator;
resonance frequency; thermal modelling; overshoot; ringing

1. Introduction

Micro-electro-mechanical system (MEMS) mirrors were reported to be in use as early as 1980 as an
optical scanner [1]. Since then, MEMS mirrors have been used in a wide range of applications, such as
optical switches or optical attenuators in telecommunications [2,3], object tracking [4], projection
displays [5], and 3D sensing [6]. Different applications may have different requirements for MEMS
mirrors, but stable switching or scanning is always needed. For example, in optical switching, MEMS
mirrors are the optical engine for high-precision optical beam positioning, which requires fast and
stable switching with minimal cross talk between channels [7]. In the application of object tracking,
a MEMS mirror is used to steer a laser beam to a target, which requires the laser steering to be
accurate, fast and smooth [4]. Mechanically, a typical MEMS mirror can be simply modelled as a
spring-mass-damper system, where the mirror plate is the mass. Most MEMS mirrors operate in air
or vacuums, which is typically an under-damped condition that will cause undesired oscillation and
overshoot when applying a step input. The under-damped oscillation and overshoot will increase
the settling time and may also seriously affect the performance of the whole optical system, such as
introducing cross talk or missing the target [8,9].

Usually, to suppress or remove the under-damped oscillation, a control strategy such as open-loop
control or closed-loop control may be employed [10]. Closed-loop control requires position sensing,
which increases system complexity and cost [11]. Shaping input signals is an open-loop control
method, where a pre-shaped input signal that corresponds to the reverse of the oscillation with proper
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time delay is constructed and then applied to control the system [12-14]. For example, Daqaq et al.
employed an input shaping scheme to realize a desired scanning beam locus with an electromagnetic
MEMS mirror [14], where the input signal was calculated based on mirror dynamic characteristics,
and using the Laplace transform. Shi et al. reported a method to control a thermally-actuated MEMS
mirror based on a high-order dynamic model, and the experiment shows the residual oscillation is
greatly eliminated [15]. However, the accuracy of the model largely affects the performance of the
open-loop control method, and it may not work well when it is a relatively complex system, such as a
high-order system, or a time-varying system.

In this paper, we report a solution that can eliminate under-damped oscillation of electrothermal
bimorph MEMS mirrors without using either the open-loop or closed-loop control strategy.
This solution utilizes the low pass nature of thermal response to suppress the mechanical oscillation.
This paper is organized as follows. In Section 2, the electrothermal bimorph actuation principle and
the electrothermal bimorph based MEMS mirror design are introduced first, and then the static and
dynamic characteristics of a fabricated electrothermal bimorph MEMS mirror with step response
overshoot is presented. In Section 3, a thermomechanical model of the bimorph MEMS mirror is
developed, from which the new method of suppressing the step response overshoot and oscillation is
established. Section 4 presents the design and testing results of the improved electrothermal bimorph
MEMS mirror based on the new method, which experimentally validates the effectiveness of the
overshoot suppression.

2. Two-Axis Electrothermal MEMS Mirror

The two-axis electrothermal MEMS mirror used in this study is based on an inverted-series-
connected (ISC) thermal bimorph actuator structure [16]. A thermal bimorph refers to a beam consisting
of two layers of materials with different thermal expansion coefficients (TEC). When the temperature
of the bimorph changes due to the Joule heating generated by a heater embedded in the bimorph,
the bimorph bends because of the TEC difference. However, the tip of a single bimorph has both
tangential tip-tilt and lateral shift upon actuation, as shown in Figure 1a. Thus, a unique ISC bimorph
actuator design has been developed [17], as shown in Figure 1b, where each ISC bimorph consists of
an inverted (IV) segment, a non-inverted (NI) segment, and an overlap (OL) segment, resulting in
an “S” shape. Two such bimorphs are connected in a folded fashion, eliminating both tip-tilt and
lateral shift at the end of the folded beam, as shown in Figure 1c. The two materials in the bimorph are
typically aluminum (Al) and silicon dioxide (SiO;) because of their large TEC difference. A titanium
(Ti) layer is embedded in the SiO; along the ISC bimorph actuators to form a resistor, as shown in
Figure 1d. When voltage is applied to the Ti resistor, Joule heat is generated, which changes the
bimorph temperature.
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Figure 1. Electrothermal bimorph actuator design. (a) Simple bimorph beam; (b) inverted-series-
connected (ISC) bimorph design; (c) Folded double ISC bimorph design; (d) A Ti heater embedded in
the bimorph.

A fabricated two-axis ISC MEMS mirror is shown in Figure 2a, which consists of four ISC bimorph
actuators and a mirror plate. The mirror plate is supported by the four ISC actuators on the four
sides symmetrically. With four ISC actuators controlling the four sides of the mirror plate, the mirror
plate can move vertically or generate angular scan in two axes. The device is fabricated using a
hybrid bulk- and surface-micromachining process and SOI wafers are selected to ensure the flatness
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of the mirror plate. The process includes Ti heater lift-off, SiO, plasma-enhanced chemical vapor
deposition (PECVD), Al sputter deposition, SiO, reactive ion etch (RIE), and silicon deep reactive-ion
etching (DRIE), as described in [18]. A fabricated device is shown in Figure 2a, where the chip size is
2 mm X 2 mm, and the diameter and thickness of the mirror plate are 1 mm and 25 um, respectively.
A zoom-in view of an ISC actuator is shown in Figure 2b, which shows a clear “S” shape. There is a Ti
resistor running along the entire bimorph loop. The mirror plate is 150 um below the substrate surface.

(@ ' (b)

Figure 2. Two-axis ISC MEMS mirror. (a) Scanning electron microgram (SEM) of a fabricated device
(2 mm X 2 mm); (b) SEM of an ISC actuator.

3. Step Response Modelling of the Electrothermal Bimorph MEMS Mirror

When a current is injected into the integrated Ti resistor, the bimorph actuator bends due to the
different TEC of Al and SiO,. The transfer function of the dynamic response of the MEMS mirror can
be expressed as

H(s) = Hr(s)-Hu(s) @

where Hr(s) and Hp(s) are, respectively, the transfer functions of the electrothermal response,
and mechanical response of the bimorph actuator.

Firstly, these two physical processes will be modelled separately. According to the study reported
in [19], the temperature is quite uniform on bimorph actuators since the resistive heater is uniformly
distributed along the bimorph, and the thermal isolations on both ends of the bimorph are good. Thus,
the electrothermal response of the bimorph actuator can be approximately modelled as a first-order
system. The corresponding heat transfer equation can be simplified as:

dAT AT
Cr——+4+—=—"—=7P 2

4 TRy (2)
where AT is the average temperature change on the bimorph, Cr is the heat capacitance of the bimorph
actuator, Rt is the equivalent thermal resistance from the bimorph to the substrate and the ambient,
and P is the input electrical power. From Equation (2), the transfer function of the thermal response of
the system can be derived as:
Rt

Hr(s) = roerat

(©)

Let us consider the case when only one actuator is activated. In this case, the opposing actuator
will be stationary while the two neighboring actuators will be displaced as much as half of that of the
activated actuator, as illustrated in Figure 3.
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Substrate

‘Actliators

Figure 3. The mass-spring model of the MEMS mirror. Only the bimorph actuator on the left is activated.

Thus, the mirror can be modelled as a second-order mass-spring-damper system. The corresponding
equation of motion is given by:
2
I%+D%+k99=}1 4)
where I is the moment of inertia of the square mirror plate, 6 is the rotation angle of the mirror plate,
D is the air damping coefficient, kg is the equivalent torsional stiffness of all the bimorph actuators
combined, L is length of the mirror plate, and F is the force generated by the activated actuator. Thus,
the mechanical force-to-angle transfer function is readily obtained from Equation (4):

L/I
H e
M) = S B/ DS TR/ ©)
Plugging Equations (3) and (5) into Equation (1) yields
Rt L/1
H(s) = H -H = .
(s) = Hr(s)Hu(s) = g e o 07 8 D/ DS + ka7l ©)
1 (Unz l‘wnz
or H(s) = . = o (7)
TS+1 S+ 2w, (S + wy? (52+2wn§5+wn2)<5+%)
where T = RpCr, w, = Vkg/I, and { = D respectively represent the thermal time constant,

24 /kel

natural resonant frequency of rotation, and damping ratio of the bimorph-mirror plate system.
For an under-damped system, the normalized step response in time domain can be obtained from
Equation (7), i.e.,

Bty —1- o Gpe ot sin(wgt + &) ®)
PpB-2)+1  \1-2/PB(B—2)+1
where g = %}1{, wq =wnV1-¢
n = arctanw v1-¢? )

Pp(B-2)+1

For an under-damping system, it is more convenient to use quality factor Q = ﬁ to represent
damping; also w, = 2mfy, where fj is the resonance frequency. The dynamical response of the
whole system mainly depends on these parameters. As shown in (7), the dynamical response of the
whole system includes a first-order low-pass filter sub-system and an under-damped second-order
sub-system. Typically, the mirror plate of such a MEMS mirror is about 1 mm in size and surrounded
by air, leading to a resonance frequency in the range of 0.3-3 kHz, a thermal time constant in the range
of 1-50 ms, and a quality factor, or Q factor, of about 50 [17,18,20]. So, ( is about 0.01.
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Hypothetically, let us take Q = 50 and consider different T and fj. For example, take (a) T = 1 ms,
and fo =300 Hz, and (b) T = 10 ms, and f; = 1.5 kHz. Figure 4 shows the frequency response and step
response of this system. Not surprisingly, there is overshoot and ringing in the step response as shown
in Figure 4a. More interestingly, the step response in Figure 4b exhibits almost zero overshoot and
ringing. This indicates that the step response’s overshoot and ringing can be eliminated by properly
designing the thermal response and mechanical response of the electrothermal bimorph actuator.
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Figure 4. Frequency response and step responses of the whole system with (a) Q =50, T = 1 ms
and fp =300 Hz; (b) Q =50, T = 10 ms and f = 1,500 Hz.

4. Elimination of Overshoot and Ringing

According to Equation (3), the cutoff frequency of the thermal response f. r is given by

1
fc,T = % (10)

Since the thermal response functions as a low pass filter, the mechanical response will decrease
rapidly with increasing frequency above f, r by 20 dB/decade. Thereby, the peak of the mechanical
resonance will be suppressed by a factor of fy/ f. . As the mechanical gain at the resonance is equal to
Q for an under-damped system, to completely remove the overshoot and ringing, we must have

fo/fer 2 Q (11)
Plugging Equation (10) into (11) yields
Q
T fo > m (12)

Thus, according to Equation (12), for a given packaging environment (ie., Q is fixed),
an electrothermal bimorph actuator with fast thermal response must have high resonant frequency
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in order to suppress the overshoot and ringing of a step response. Numerical plotting Equation (8)
will provide a better understanding. Let us still take Q = 50. Figure 5 shows the step response of a
system with fy = 1 kHz and 7 varying from 1 ms to 10 ms, while Figure 6 shows the step response of a
system with T = 5 ms and fy varying from 200 Hz to 2 kHz. It can be observed that both the overshoot
and ringing are effectively removed when 7 > 10 ms for fy = 1 kHz or when f; > 2 kHz for T = 5 ms.
In both cases, T-fy > 50/ (27) ~ 8, which agrees very well with Equation (12).
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Figure 5. Step response with fixed resonant frequency of 1 kHz and different thermal time constants
(t=1,5, 10 ms).
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Figure 6. Step response with 7 = 5 ms and different resonant frequencies (fy = 0.2, 1.0, 2.0 kHz).
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5. Experimental Verification

According to the analysis in Section 4, both the thermal response time and the resonant frequency
determine the characteristics of the step response of an electrothermal MEMS mirror. Figure 7 shows
a schematic diagram of a portion of an electrothermal MEMS mirror, including a complete thermal
bimorph actuator, and part of the mirror plate. The bimorph actuator further consists of a folded
double ISC bimorph, a thermal isolation A between the bimorph and the substrate, and a thermal
isolation B between the bimorph and the mirror plate.

= Al
= Tj
- Si0),

Figure 7. Schematic view of a single bimorph actuator design.

As we described above, the thermal response time and the resonant frequency are given by

1
T=RrCr and fgiﬂx/kg/l (13)

where Rt is the inverse of the thermal conduction of the thermal isolation A plus the thermal
conduction of the air around the bimorph, Cr is the thermal capacitance of the entire bimorph,
kg is the torsional stiffness of the bimorph, and I is the moment of inertia which is proportional to
the mass of the mirror plate. The stiffness of the bimorph ky can be changed largely by varying the
length of the bimorph. Note that the thermal isolation region B blocks the heat flux from flowing into
the mirror plate; it does not affect the thermal response time of the bimorph actuator and its thermal
resistance is much greater than R in Equation (13). Table 1 lists two designs with different bimorph
lengths leading to fy. Figure 8 shows SEMs of both MEMS mirror designs.

Table 1. Parameters of two different MEMS mirror designs.

Design Type  Thermal Isolation A Length (um) Bimorph Length (um)  Mirror Diameter (mm)

Design 1 110 845 1
Design 2 85 500 1

(b)
Figure 8. SEMs of two MEMS mirrors. (a) Design 1; (b) Design 2.
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To obtain the step response of the MEMS mirrors, a setup as illustrated in Figure 9 was constructed,
where a laser beam was directed to the center of a MEMS mirror through a beam splitter (BS), and then
the laser beam was reflected by the MEMS mirror and incident on a position sensitive device (PSD)
(OT-302D, On-Trak Photonics, Inc., California, USA). The output signal of the PSD was a direct measure
of the lateral shift of the laser spot. The mirror tilt angle is readily calculated as follows:

0= %arctan%d (14)

where 0 is the mirror tilt angle, d is the distance between the mirror and the PSD, and Ad is the laser
spot displacement on the PSD.

L Aad
3

MEMS mirror

Figure 9. Experimental setup for measuring the mirror tilt angle.

First, the resonant frequencies of the two designs shown in Figure 8 were measured with
simple frequency-sweeping using the setup shown in Figure 9, which were 0.592 kHz, and 1.89 kHz,
respectively. Then a step voltage signal was applied to one of the actuators of a MEMS mirror, and the
PSD output signal was recorded, which was the step response of the MEMS mirror. Figure 10 shows
the step responses of the two designs. The experimental rise time t, and f for the two designs are
listed in Table 2.

For a first order system, the step response is given by (1 —e” %> . Thus, the 10% to 90% rise time
can be readily derived as t, = (In9)T ~ 2.27. Using this relation, the T values are calculated and given
in Table 2. Also plotted in Figure 8 are the simulated step responses with Q = 50. There is a small
difference between the experiment and simulation, which is believed to be due to the fact that the
assumed Q = 50 may not be accurate.

As shown in Figure 10 and Table 2, when the product of 7-fj is increased from 1 to about 4,
the overshoot for Design 2 is reduced by a factor of 5. However, the 7-fy product for Design 2 is
still less than 8, when the optimal value is calculated from Equation (12). Thus, just as predicted,
a small overshoot remains in Design 2. In order to further reduce the overshoot, T- fo must be increased.
We may increase either 7 or fy or both. Following this study, the bimorph length may be further
reduced to increase f. According to Equation (13), other structural parameters, such as the thickness
and width of each layer in the isolation and bimorph, the density of the holes on the isolation region,
and the thickness and size of the mirror plate, can all be used to tune the product of 7 fy.

Table 2. 7-f of the two different MEMS mirror designs.

Design Type Rise Time Thermal Response FI: :S[:::;t T Overshoot Overshoot
gn lyp t, (ms) Time, T (ms) q Y 0 (Test) (Simulation)
fo (kHz)
Design 1 43 1.95 0.592 1.16 10.2% 8.8%
Design 2 4.6 2.09 1.89 3.95 2.2% 0.66%
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Figure 10. Step responses of the MEMS mirrors. (a) Design 1; (b) Design 2.

6. Conclusions

In this work, a solution that can suppress the overshoot and ringing of the step response of
an under-damped electrothermal bimorph actuated MEMS mirrors is proposed and experimentally
verified. A model based on the dynamical response of the electrothermal MEMS mirror is established.
This model shows that the dynamical response of the electrothermal MEMS mirror can be considered
as a first-order RC system connected with a second spring-mass system. Simply tuning the product
to T- fo can reduce, or even completely remove, the overshoot and ringing of the step response of the
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electrothermal MEMS mirror operating in air. This method provides a powerful venue for optimal use
of electrothermal MEMS mirrors.
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Abstract: Endoscopic optical-coherence tomography (OCT) systems require low cost mirrors with
small footprint size, out-of-plane deflections and low bias voltage. These requirements can be
achieved with electrothermal actuators based on microelectromechanical systems (MEMS). We present
the design and modeling of polysilicon electrothermal actuators for a MEMS mirror (100 pm x 100 pm
x 2.25 um). These actuators are composed by two beam types (2.25 pm thickness) with different
cross-section area, which are separated by 2 um gap. The mirror and actuators are designed through
the Sandia Ultra-planar Multi-level MEMS Technology V (SUMMIT V®) process, obtaining a small
footprint size (1028 um x 1028 um) for actuators of 550 um length. The actuators have out-of-plane
displacements caused by low dc voltages and without use material layers with distinct thermal
expansion coefficients. The temperature behavior along the actuators is calculated through analytical
models that include terms of heat energy generation, heat conduction and heat energy loss. The force
method is used to predict the maximum out-of-plane displacements in the actuator tip as function
of supplied voltage. Both analytical models, under steady-state conditions, employ the polysilicon
resistivity as function of the temperature. The electrothermal-and structural behavior of the actuators
is studied considering different beams dimensions (length and width) and dc bias voltages from 0.5
to 2.5 V. For 2.5V, the actuator of 550 um length reaches a maximum temperature, displacement and
electrical power of 115 °C, 10.3 pm and 6.3 mW, respectively. The designed actuation mechanism can
be useful for MEMS mirrors of different sizes with potential application in endoscopic OCT systems
that require low power consumption.

Keywords: electrothermal actuators; endoscopic optical-coherence tomography; microelectromechanical
systems (MEMS) mirror; polysilicon; SUMMIT V

1. Introduction

Microelectromechanical systems (MEMS) have allowed the develop of devices with advantages
such as low cost, small size, high reliability, fast response and easy integration with electronic

Micromachines 2017, 8, 203 129 www.mdpi.com/journal /micromachines
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circuits [1-3]. Among these devices, MEMS mirrors have potential applications such as projection
displays [4], tunable optical filter [5], tunable laser [6], Fourier transform spectrometer system [7],
confocal scanning microendoscope [8], optical bio-imaging [9] and optical coherence tomography [10].
For 3D endoscopic optical-coherence tomography (OCT) systems are necessary low cost MEMS
mirrors composed by compact structures that have large out-of-plane deflections, minimum bias
voltage and orthogonal scanning capacity [11,12]. These systems are minimally invasive and can
have high resolution and reliability [12]. For this, the mirrors need high precision actuators that
allow the variation of their tilting angles with low power consumption [13]. To adjust and control the
mirror motion can use different actuators types, including the electromagnetic [14,15], electrostatic [16],
electrothermal [17,18] or piezoelectric [19,20] actuators.

Mirrors with electrostatic actuators have a fast speed, a small mechanical scanning range
at non-resonance (generally 2°-3°) and a large actuator footprint, which can be increased at
resonance [21,22]. This actuation mechanism requires complex fabrication and high drive voltages
about 100 V [23], which constraints its application in endoscopic OCT systems. Other actuators
are the electromagnetics that generate large displacements with small driving voltage and have
fast response time as well as high resonance frequency [24-26]. Although electromagnetic mirrors
register problems with electromagnetic interference (EMI) and need precise assembly techniques of
magnetic materials and metallic coils, limiting they use in endoscopic imaging [26]. On the other hand,
piezoelectric actuators offer a large motion range combined with high speed and low electric energy [27].
Nevertheless, there are several challenges of the MEMS mirrors to develop endoscopic imaging such
as charge leakage, coupling nonuniformity and hysteresis [28]. Other option is a MEMS mirror
with an electrothermal actuation mechanism, which has large deflections caused by low bias voltage
and does not present EMI and electrostatic discharging problems [28-32]. However, these mirrors
require to decrease their footprint size, operation temperature and bias voltage as well as simplify their
mechanical structure and performance. To overcome several of these challenges, we propone the design
of polysilicon electrothermal actuators for MEMS mirrors based on the Sandia Ultra-planar Multi-level
MEMS Technology V (SUMMIT V®) process from Sandia National Laboratories. This electrothermal
actuation mechanism has a simple structural configuration composed by an array of four polysilicon
actuators, which can achieve out-of-plane displacements with low dc voltages. These actuators do not
require materials with different thermal expansion coefficients due to that employ polysilicon layers
with distinct wide, which are separated by 2 um gap. This device has a small footprint size (1028 um
x 1028 pum), compact structure and simple performance with reduced temperatures. The proposed
design includes the modeling of temperature behavior and maximum displacements of the actuators
under steady-state conditions. Our actuation mechanism can be used for the rotation of MEMS mirrors
of different sizes. The rotation orientation of the mirror can be adjusted through the selective biasing
of the four actuators. Thus, the proposed design could be considered for potential applications in
endoscopic OCT systems.

This paper is organized as follows. Section 2 contains the design and modeling of the proposed
actuation mechanism, which includes its electrothermal and structural behavior. Section 3 shows the
results and discussions of temperature and out-of-plane displacements of the actuators using analytical
models. Finally, the paper ends with the conclusion and future researches.

2. Design and Modeling

This section presents the design and modeling of the electrothermal actuators for a MEMS mirror.
It considers the temperature distribution and out-of-plane displacements of the actuators generated by
different dc biasing voltages under steady-state conditions.

2.1. Structural Configuration

Figure 1 shows the design of a MEMS mirror with an array of four polysilicon electrothermal
actuators and springs, which are based on the SUMMIT V process [33]. The surface of the silicon
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substrate below of the actuators and mirror must be etched to allow the free motion of the actuators
and mirror, as shown in Figure 2. Each actuator has two polysilicon structural layers (i.e., poly3 and
poly4 of the SUMMIT V process) of 2.25 um thickness with different cross-section area, separated by
2 um gap. Thus, the electrical resistances of these layers are not equal, which allow a temperature
change along the actuator when an electrical current is applied. It generates out-of-plate displacements
of the actuator due to Joule effect, whose amplitudes can be controlled varying the current values.
Thus, this actuator does not need materials layers with different thermal expansion coefficients that
simplify its fabrication process. This design includes actuators with inverted structural layers to
achieve out-of-plane motions with opposite directions, as shown in Figure 3a,b. Thereby, the mirror is
connected to two pair actuators with inverted layers that can have displacements in opposite directions,
increasing the tilting angle of the mirror. In addition, four polysilicon springs (508 pum length, 5 um
width and 2.25 um thickness) with low stiffness are employed to connect the actuators with the mirror.
Due to the small cross-section area and large length of each spring, the four springs have high electrical
resistance that constraint the current flow through them. In this work, the effect of the thermal energy
through the springs and mirror is not considered.

Electrothermal
actustors

Figure 1. Design of an electrothermal actuation mechanism for the rotation of a microelectromechanical
systems (MEMS) mirror.

Electrothermal Eacs

actuators

Silicon substrate

Figure 2. View of the MEMS mirror design in a silicon die.

In the design stage, the temperature and out-of-plane displacements of the actuators considering
different dimensions of length (L;) and width (wy, and w,) of the upper (hot) and bottom (cold) beams
are studied. The first structural layer is formed by a polysilicon beam (w,) and the second layer
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is composed by three polysilicon beams of width wy, each one, in which w;, << w.. Figure 3ab
depicts views of the hot and cold beams in two electrothermal actuators with deflections in opposite
directions. In addition, the mirror and springs are designed using the poly4 layer of SUMMIT V
process. In this fabrication process, on the mirror surface can be deposited an aluminum layer
(96 pm x 96 um x 0.7 um). The springs have a connection with low stiffness between the actuators
and mirror, which lets higher mirror tilting.

The operating principle of the electrothermal actuator with bending motion is caused by the
asymmetrical thermal expansion of the two structural layers with different cross section area and
electrical resistance. The resistance of the narrower layer is higher than that of the wider layer. If a dc
bias voltage is applied at the end of the two layers (see Figure 3a,b) then a current flows through them,
generating an increase of temperature in both layers. Due to the difference in the electrical resistance of
the two layers, the temperature and dissipated energy in the narrower layer (high electrical resistance)
is larger than the wider layer (low electrical resistance). This allows more thermal deformation of
the narrower layer, which forces the actuator tip to an out-of-plane motion towards the wider layer.
Therefore, the difference of the thermal deformation between the two actuator layers generates an
out-of-plane motion. Figure 3c depicts the main geometrical parameters of an electrothermal actuator.
In this work, we consider actuators with three different lengths (350 pm, 450 pm and 550 pm), constant
thickness (t, = t. = 2.25 um) and variable width (i.e., w;, of 2 um to 5 pm and w, of 20 um to 30 pm).

Cold beam

Actuator tip

Hot beams

(b)

(9

Figure 3. View of out-of-plane displacements, y;, with directions (a) downward and (b) upward of two
electrothermal actuators with inverted structural layers due to Joule effect; (c) geometrical parameters
of the hot and cold beams of an electrothermal actuator.

2.2. Electrical Model of Electrothermal Actuators

An equivalent electric circuit of the electrothermal actuator is developed to predict the voltage
drop along its hot and cold beams, as shown in Figure 4. For this case, Ry, Ry and R3 are the electrical
resistance values obtained for each hot beam (wy,), cold beam (w.) and connection between both beams,
respectively. These resistances are calculated including the dimensions of the beams and the resistivity
of the polysilicon layers. For instance, Table 1 shows the values of the electrical resistances for an
electrothermal actuator with the following dimensions: Lj, = L. = 450 pm, wj, =5 um, w, = 30 pm and
ty =t. =225 um.
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Figure 4. Schematic of equivalent electrical circuit of an electrothermal actuator.

Table 1. Resistance values of the equivalent electrical circuit of an electrothermal actuator considering
the following dimensions: wy, = 2 pm, w, = 30 um and tj, = t, = 2.25 um.

Electrical Resistance (Q2)

Parameter
Ly, =350 um Ly, =450 um Ly, =550 um
Ry 1576.6 2027 2077.4
Ry 105.1 135.1 165.2
R3 17 17 17

2.3. Analytical Modeling of the Electrothermal and Structural Behavior

The electrothermal behavior of a polysilicon beam with length larger than its thickness and width
can be simplified using an analysis in one dimension [31]. The electrothermal actuator (see Figure 3a)
can be decomposed into three line-shape beams connected in series. For this, the first line-shape
beam is obtained combining the three upper beams (hot beams) in a wider beam. Thus, the first
line-shape beam has an equivalent electrical resistance equal to a third of the resistance of an upper
beam. The second line-shape beam is formed by the connection between the upper and bottom beams,
which has a 2.5 um gap. In addition, the bottom (cold) beam forms the third line-shape beam. For this
case, we assumed that the length of the upper (hot) beam (L) is equal to the length of the bottom beam
(Le): Ly, = Lc = L. Figure 5 shows a differential element for the thermal analysis of the actuator.

In Figure 5b, heat flow equation is obtained by examining a differential element of polysilicon
beam of width w, thickness t and length As. Assuming steady-state conditions, resistive heating power
in the differential element is equal to heat conduction out of the element. Therefore, the energy balance
of the differential element of the beam with heat losses can be expressed as [31]:

daT 2 T—-To

— kpwt {%L + JSpwtAs — QAsw R —kpwt |:E:|S+As

where | is the current density, k; is the thermal conductivity and p is the resistivity of the polysilicon,

T is the operation temperature, T is the substrate temperature, Q is the shape factor that includes

the impact of the element shape on heat conduction to the substrate and R; is the thermal resistance
generated by the substrate and actuator that are considered wide enough [31]:

)

Ri=~+—~+-~ 2

where t, is the distance between both the bottom beam of the actuator and SizN, surface, t, is the
thickness of the SizNy film, f5 is the thickness of the SiO, film and k,, k, and ks are the thermal
conductivity of air, SizN4 and SiO; films, respectively.
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o

l;.d‘g

(a)

Figure 5. (a) Schematic of the one-dimensional model for an electrothermal actuator; (b) its differential
element; and (c) cross-section of the different layers for the thermal analysis.

The shape factor Q for the heat conduction is given by [34]:

2,
Qz;(—-ﬁ-l)—&-l 3)

To apply Equation (3) in the electrothermal actuator, we approximated f = t;, = t. and w = w,.
The resistivity of polysilicon, p(T), depends of the temperature and its value is determined by:

o(T) = po[1 +&(T — To)] 4)

where py is the initial resistivity at the substrate temperature and ¢ is the linear temperature coefficient.
Considering the limit as As — 0 for Equation (1), the following second-order differential equation

is obtained:
d T

d2+]2 Q(T TO)

Ry
The first term on the left of Equation (5) indicates the net rate of heat conduction into the element
per unit volume. The rate of heat energy generation inside the element per unit volume is represented
by the second term on the left. Finally, the rate of heat energy loss of the element per unit volume is
considered in the term of the right side. Substituting Equation (4) into Equation (5), we obtain:

®)

A T S
@—mT_—mTo—ﬁ (6)
with 5
2 Q  J°pod
TRt K, @)

Solving Equation (6) and applying the solution to the upper (hot) and bottom (cold) beams, we
get the following temperature distribution:

2

Ty(s) = C1e™ 4+ Coe ™ + T, + k]hp 0 ®)
piy,

Te(s) = Cae™* + Cae " + Tp + k]E b ©)
pm
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with 2
> Q  Tupo
" T R Ky (10)
2
mZ _ Q o ]cPOC (11)

ST kpRit ky

where Tj,(s) and T(s) are the temperature distribution along the upper (hot) and bottom (cold) beams,
respectively, and Jj, and J. are the current density through the upper and bottom beams, respectively.

To determine the constants C;, we assume a temperature on the anchor pads equal to the substrate
temperature (i.e., T;(0) = Ty and Tc(2L + g) = Tp), a continuity of both temperature (i.e., T;(L) =
T.(L)) and rate of heat conduction (i.e., 3w,dT}(L)/ds = w.dT.(L)/ds) across the join point of the
upper and bottom beams. By assuming these boundary conditions, the following matrix equation is
determined as:

_ Japo

1 1 0 0 G Ky,
el e—miL _eMmcL _e~mcL C, ]Cngz _ ]71/702

3w myl 3 —myL meL —mcL C = kpme kpmi, (12)
pmpe wpmpe wemee wWemee 3 0
2L —me(2L
0 0 eMe(2L+3) e~ Me(2L+3) Cy Py
kpm?

The coefficients C; of Equation (12) are determined using operations on matrices. Next, these
coefficients are employed into Equations (8) and (9) to calculate the temperature increase along the
upper and bottom beams due to bias voltages. These coefficients are calculated as:

A@B+d) = et [Bd(1+(L9) 4 2Ddeme L9 | — A(3 = d)e2re(L+s)

Cl = d—3 e2me(L+g) d+3 e2(me(L+g)+myL) + el (3 — d)(emnl + e—muL (13)
(d-3) (d+3) (3 —d)( )
(Bd + A3 —d)e™L + (d(B+2D) — A3+ d)ewL)e2mv<L+g>)e'"hL
Q= (d —3 — (d + 3)e2miL)e2me(L+8) 4+ 2(3 cosh(my,L) — dsinh(m;,L))emL a4
G = D(2(9+d?) + (9 — d?) (e~ 2l + e2mil)) 4 18Be~™e(L48) 4 F + 24A(G + H) 15)
4(G + H)((3 — d)elmetm)L 4 (3 4 d)elme=mu)L)
Ci— (76A6771(‘<2L+g)+D(<3+d>e*l)‘1hL+(37d)enl/lL)QWI(L+3BEWI(‘(2L+g)(enlllL+6*nI’xL))EZYVlc(L‘FX) 1
4 = (37d)emc(L+g)+mhL+(3+d)emc(L+g)—mhL7<3+d)g3mg(L+g)+mhL7(37d)£,3mc(L+g)—mhL ( 6)
with 5
A kfhpﬂz (17)
piy,
200 3o
b= kcm2 " kym? (18)
pc P"h
2
D=- kfcj;g (19)
plite

F=—6A((3+d)e"s + (3 —d)e™ b )L 1-3B((3 + d)e 2l + (3 — d)e? b )= me(L+) - (20)
G = (3 cosh(myL)sinh(m.g) + dsinh(m,L) cosh(m.g)) cosh(m,L) (21)
H = (3cosh(my,L) cosh(m.g) + dsinh(my,L)sinh(m.g))sinh(m,L) (22)
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For the deflection analysis of the actuators, the linear thermal expansion for both upper (AL;) and
bottom (AL.) beams can be determined as:

L
AL, — (x/ (Tiu(s) — To)ds 23)
0
2L+g
AL =& / (Te(s) — To)ds (24)
L

where « is the thermal expansion coefficient of polysilicon.
By substituting Equations (8), (9) and (13)—(16) into Equations (23) and (24), the thermal expansions
of the upper and bottom beams are given by:

ALL a{jh(em_l) ~ G 1) s fﬁPOL} 05)

my kym?

_ Gs meL [ me(L+ Cy —meL ( ,—me(L+ ICZPO(L +g)
ALC_a{i[e (erettss) 1)) = St [emt (e mees) —1)] +W} 26)
The structure of the electrothermal actuator can be considered as a plane rigid frame with two
fixed ends. This actuator (see Figure 6) has a statically indeterminate structure with the degree of
indeterminacy of 3 [35,36]. The bending moment of the actuator structure due to three unknowns (X,
Xj and X3) is studied using the force method [35]. These unknowns are internal forces (horizontal force
Xy, vertical force X; and bending moment X3). The force method will be used to find the redundant
unknowns followed by the virtual work method to obtain the deflection at the tip of the frame.

Hot arm

X1
X; _J(’“ |

Z

Figure 6. Rigid structure simplified for the electrothermal actuator regarding three redundant forces
and moments (X1, X, and X3).

The three redundants (X, X, and X3) are calculated through the canonical equations of the force
method, which satisfy the compatibility conditions of the deformations [36]. For this case, the canonical
equations are given by the following matrix form:

d11 S b3 X1 0
01 Oxm O Xy | = | AL, — AL (27)
d31 932 I3 X3 0

where the coefficients §;; are called unit displacements that represent the displacements along the
direction of unknown X; caused by action of unit unknown X;. §;; can be determined by the diagram
product of the bending moments related with the unit unknowns X; and X;. These coefficients are

obtained as:
2 3

o = 3EL (L+3g)+ 3L, (28)
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512:521:—fi@+8) (29)
513=531=*%*2EL10(L+28) (30)
0p = 3%2%(8 +3L) @

0o3 =03 = %Ig(g +2L) (32)

033 = ELI,, + ELIC(ng L) (33)

where E is the Young’s modulus of polysilicon, I, and I are the moment of inertia of the hot and cold
beams, respectively.

Taking at account the method of virtual work, a unit force F is applied to the free end of actuator
to calculate the maximum out-of-plane displacement:

MM, 12
Elh s = ﬁ(}QL - 3X3) (34)

5max -

where M is the bending moment due to the virtual unit force and M the bending moment related with
the thermal expansion. The physical and mechanical properties of the polysilicon used in the above
analysis are listed in Table 2.

Table 2. Physical and mechanical properties of the polysilicon beams.

Property Value
Young’s Modulus, E 169 GPa
Thermal expansion, « 25x%x 1070 K™!
Thermal conductivity, kp 125 W-m~1.K~!
Substrate Temperature, Tp 300 K
Linear temperature coefficient, & 125 x 1073 K!
Resistivity at Ty, po 20.27 x 107 O-m
Density 2330 kg'm 3
Poisson ratio 0.23

Solving Equation (27), the unknowns Xj, X, and X3 are the follows:

18EI.I,(AL, — AL)(Ipg + I.L+ I, L)

X = 35
U7 (61203 + 21212g + 61.1,L3 + 4011, L2g + 811, Lg? + 212L2g + 1712Lg? + 312g3) 35)

o 6EI(ALy — ALc) (1212 + 211, L% + 711, Lg + I?L% + 7I2Lg + 612¢?) 36)
1T [612L3 + 21212 + 611, L® + 4011, L2g + 811, Lg% + 21212 + 1712L.g2 + 3123

X = 6EII,L(AL. — ALy,) (51,8 — I.g + I.L + I, L) 37)

g[612L3 + 212L2g + 611, L3 + 4011, L2g + 811, Lg? + 21212 + 1712Lg? + 31283]

Substituting Equations (35) and (36) into Equation (34), we determine the maximum out-of-plane
displacement (dmax) of the electrothermal actuator:

3I.L2(ALy — ALc) (I.L* + I, L2 + I,g> + 61, Lg)
g(6I2L3 4 212L2g + 611, L3 4 4011, L?g + 811, Lg> + 2I7L2g + 1712Lg2 + 312¢%)

(38)

Smax =
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3. Results and Discussions

This section presents the results of the temperature shift and displacements of the actuator caused
by different bias voltages. For this, we considered several variations in the dimensions (width and
length) of the actuator.

By using Equations (8), (9) and (38), we determine the temperature and maximum out-of-plane
displacement of the electrothermal actuator generated by low dc bias voltages. In this analysis,
the initial temperature of the actuator is 20 °C and the length of each actuator is modified between
350 and 550 um. In addition, we regard a variable width (i.e., wy, of 2 um to 5 um and w, of 20 um to
30 pm) for the upper and bottom beams and a constant thickness (i.e., t, = £, = 2.25 pm). We compared
the results of our models with respect to analytical models of temperature and displacements of
electrothermal actuators reported by reference [31]. For this, we use Equations (7), (8) and (23) of
reference [31] and assume negligible the flexure beam length (i.e., Lf =0). However, these models are
applied for electrothermal actuators of variable cross-section area with in-plane deflections. In order to
employ these models to our actuators with out-of-plane deflections, we considered that the variables
of width and thickness of their hot and cold beams are equals to the thickness and width of our hot and
cold beams. Figure 7a,b shows the results of the temperature along of the surface of the upper (hot)
and bottom (cold) beams, which are generated by a bias voltage of 2.5 V. This distribution considers
different lengths (350 and 550 um) and two values of width for each upper beam (2 and 5 um). For all
the cases, the maximum temperature is achieved close to the half of the length of the upper beam.
The shorter beams present higher temperatures than the larger beams due to their less electrical
resistance, which produce higher currents for a bias voltage. For the upper beams of 5 um width, the
temperature decays more slowly along of the electrothermal actuator, as shown in Figure 7b. In the
actuator tip, we observed a significant variation in the behavior of the temperature distribution along
of the hot and cold beams. The results of our analytical models have a similar behavior respect to those
of reference [31]; although, our results register the highest temperature values in all the cases. Next, we
calculate the temperature distribution regarding two actuators of different lengths (450 and 550 um),
which are supplied by different dc bias voltages, as shown in Figure 8a,b. The maximum voltage
of 2.5 V generates the higher temperature magnitudes (147.3 °C and 114.9 °C) for both actuators,
considering our models. For the actuator of 450 um length, the bias voltages of 1.0 V, 1.5 V and 2.0
V increase the temperature up 38.2 °C, 62.1 °C and 97.6 °C, respectively. For the same voltages, the
actuator of 550 um length has an increment of temperature of 34.0 °C, 52.0 °C and 78.5 °C, respectively.
Also, the temperature distribution along the actuator of 450 um length was determined varying the
width of the upper and bottom beams, as shown in Figure 9a,b. For upper beams of 2 um width and
bias voltage of 2.5V, the temperature has a low increment of 16.6 °C when the width of the bottom
beam increases from 20 to 30 um. Instead, the temperature distribution decays more slowly for upper
beams of 5 um width, keeping 30 um width for the bottom beam. For these cases, the results of our
models have good agreement respect to those of reference [31].

Figure 10a,b depicts the maximum out-of-plane displacements of the actuator tip as a function of
bias voltage and assuming different length and width values. For these cases and considering 2.5V,
the beam of 550 um length has the larger displacements (10.3 um and 6.8 pm) when wj, = 2 um and
w, = 30 pum, respectively. These displacements have direction down due to the higher temperature of
the upper beams. However, if the position of the beams is inverted then the motion of the actuator will
be upward. If the length of the actuator is 450 um and the bias voltage is 2.5 V then the maximum
displacements are 8.9 um and 5.6 pm, respectively. The response of our models has good agreement
respect to results of reference [31]. Although the displacements obtained with our analytical models
have higher values than those of the reference [31]. Figure 11a,b shows the maximum out-of-plane
displacements of the actuator (450 um length and 2.5 V voltage) considering different dimensions in the
width of its upper and bottom beams. For these cases, the larger displacement (8.9 um) is obtained with
2.5 V voltage for beams with w;, = 2 um and w, = 30 pm, respectively. In addition, the displacement
of the actuator tip decreases when the width of the upper beams increases. Moreover, if the width
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of the bottom beam increases then the actuator tip will have larger displacements. The electrical
power of each actuator is determined using the equivalent electrical circuit of Figure 5. For an actuator
with wy, = 2 um, w, = 30 um and three different lengths Lj: 350 um, 450 um and 550, we obtain the
following electrical power: 9.9 mW, 7.7 mW and 6.3 mW. Finally, the displacements of the actuator
tip can be increased with bias voltages higher than 2.5 V, which also will increment the electrical
power. For instance, if the actuator of Lj, = 550 um and wy, = 2 pm is biased with 5 V then its maximum
displacement, temperature and power are increased up 59.2 um, 570.3 °C and 25.2 mW, respectively.
Furthermore, the mirror surface area can be scalable to achieve larger values than 10000 um?. On the
other hand, the surface of the silicon substrate below of the actuators array and mirror must be etched
using DRIE process to allow the free motion of the actuators and mirror under different bias voltages.
Nevertheless, the maximum displacement of the actuators must generate stress less than the rupture
stress of the polysilicon.
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Figure 7. Distribution of the temperature along of the upper (hot) and bottom (cold) beams of an
electrothermal actuator, which considers different lengths (350 um to 550 pm) and two width values
for the upper beams: (a) 2 um; and (b) 5 pm.
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Figure 8. Distribution of the temperature along of the upper (hot) and bottom (cold) beams of two
electrothermal actuators with lengths of (a) 550 pm and (b) 450 pm. This temperature is due to different
bias voltages, whose values change from 0.5 to 2.5 V.
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Figure 9. Distribution of the temperature along of the upper (hot) and bottom (cold) beams of an
electrothermal actuator, modifying the width of the (a) upper and (b) bottom beams. For both cases,
the length of the actuator is 450 um and bias voltage is 2.5 V, respectively.
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Figure 10. Maximum out-of-plane displacements of the electrothermal actuator tip as a function of bias
voltage, regarding different lengths and two width values for the upper beams: (a) 2 um and (b) 5 pm.
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Figure 11. Maximum out-of-plane displacements of the electrothermal actuator tip as a function of bias
voltage, varying the width of the (a) upper and (b) bottom beams. For both cases, the length of the
actuator is 450 pm and bias voltage is 2.5 V, respectively.

Finally, we developed finite elements method (FEM) models using the ANSYS® software (version
15.0, ANSYS, Berkeley, CA, USA) to predict the out-of-plane displacements of the proposed actuation
mechanism. For this, the pads were negligible and the initial end of each actuator was considered
as fixed support. For these supports were applied a bias voltage of 2.5 V and initial temperature of
20 °C. The FEM models regard polysilicon actuators with the following dimensions: L, = L. = 550 um,
wp =2 um, we =30 pm, t; = 2.25 um and ¢ = 2 um. Our FEM models include elements solid226 type
with a hexahedral mesh. First, we use a FEM model of a single electrothermal actuator under 2.5 V
bias voltage. Figure 12 depicts the out-of-plane displacements of this actuator, achieving a maximum
downward deflection of 10.3 um that well agree with the results (10.3 um and 8.8 um) of both our
analytical model and that of the reference [31], as shown in Figure 10a. Next, we used a FEM model
composed by four polysilicon electrothermal actuators, four springs (508 um length, 5 um width and
2.25 pm thickness) and a mirror. Each one of these actuators has the same dimension respect to the
previous actuator. The initial ends of the four actuators have boundary conditions of clamped support
and temperature of 20 °C. For this FEM model, we studied four different cases modifying the bias
voltage values of the four actuators. For the first case, one actuator was only supplied with a voltage
of 2.5V, keeping the other three actuators without bias voltage (see Figure 13). Thus, the actuator
and mirror have maximum out-of-plane deflections of 7.4 um and 4.8 um, respectively. For this case,
the displacement of the actuator decreases (3.9 um) respect the response of a single actuator without
connection with springs and mirror. This displacement reduction is due to an increment of the model
stiffness when the four actuators are joined to the mirror. In the second case two actuators are biased
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with 2.5V, obtaining out-of-plane displacements with opposite directions (downward and upward)
that allow the mirror rotation with respect to two of its vertices, as shown in Figure 14. The absolute
value of the maximum displacement of the two biased actuators is 6.7 um, which is 3.5 um less than
that obtained with a single actuator. Two mirror vertices reach maximum displacements of 3.7 um and
—3.7 um, respectively. For the third case, a 2.5 V bias voltage is applied for three actuators, achieving
maximum displacements of 9.2 pm, 7.7 um and —4.5 um (see Figure 15). Indeed, two mirror vertices
have displacements of 6.2 pm and —1.4 um that enable the mirror tilting. In the last case all the
actuators are biased with 2.5 V, obtaining the downward and upward deflection of two actuator pairs
as well as the mirror rotation along the x-axis (see Figure 16). The larger displacements of the actuators
and mirror are 7.1 um, —7.1 um, 3.9 and —3.9 um, respectively. In order to reach larger deflection and
tilting of the actuators and mirror, the bias voltage can be increased. Moreover, the rotation orientation
of the mirror can be regulated through the selective biasing of the four actuators. Also, the proposed
actuation mechanism can be employed for MEMS mirrors of larger surface area and their rotation
angles can be controlled using different bias voltages.
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Figure 12. Out-of-plane displacements of one polysilicon electrothermal actuator (L;, = L, = 550 um)
caused by a 2.5 V bias voltage.
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Figure 13. Out-of-plane deflections of the MEMS mirror when one polysilicon electrothermal actuator
(Ly, = L, = 550 pum) is biased with 2.5 V.

143



Micromachines 2017, 8,203

Figure 14. Out-of-plane displacements of the MEMS mirror when two polysilicon electrothermal
actuators (Lj, = L = 550 pm) are biased with 2.5 V.
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Figure 15. Out-of-plane displacements of the MEMS mirror when three polysilicon electrothermal
actuators (Lj, = L = 550 pm) are biased with 2.5 V.
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Figure 16. Out-of-plane displacements of the MEMS mirror when four polysilicon electrothermal
actuators (Lj, = L. = 550 pm) are biased with 2.5 V.
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Table 3 depicts the characteristics of several MEMS mirrors that use electrothermal actuators.
Based on these devices, our design provides an easy actuation mechanism that does not require
materials layers with different thermal expansion coefficients. It can simplify the actuators fabrication
process and reduce the thermal residual stresses due to the fabrication. The proposed design is based
on SUMMIT V process, which improves the flatness of the structures and minimize thermal residual
strains. Indeed, our design has a minimum footprint size (1028 x 1028) and mirror surface area
(100 um x 100 um), achieving different rotation orientations of the mirror that are well controlled
using reduced bias voltages. Most of the other designs need different metallic films (e.g., Al, Cu, W or
Pt) deposited on the actuators by sputtering process, which can generate initial thermal strains (i.e.,
initial displacement offset) that can affect the actuators performance. Indeed, our actuation mechanism
can be adjusted for MEMS mirrors with larger surface area than 10,000 um?, which can be suitable for
potential applications in endoscopic OCT systems.

Table 3. Characteristics of several MEMS mirrors based on electrothermal actuators.

Authors Mirror Size Device Footprint ) Maximum Bias Voltage
(um X pm) Displacement (um) (\%]
Zhang et al. [18] 900 pm x 900 pm 2500 x 2500 312 3
Kawai et al. [37] 3000 wm diameter 5000 x 5000 - 20
Zhang et al. [38] 1000 pm x 1000 pm 1500 x 1500 70 2
Lietal. [39] 1000 um diameter 2000 x 2000 227 0.8
Espinosa et al. [40] 1000 pm x 1000 pm 1500 x 1500 174 35
Koh et al. [41] 1500 pm x 1000 um 6000 x 6000 *- 5
Our work 100 um x 100 pm 1028 x 1028 59.2 5

*- Data not available in literature.

4. Conclusions

The design and modeling of an electrothermal actuation mechanism for a polysilicon mirror
(100 um x 100 um x 2.25 pm) was developed. These actuators were designed based on the SUMMIiT
V surface micromachining process from Sandia National Laboratories. The actuators are composed
by two polysilicon structural layers, which are vertically separated by 2 um. The temperature and
out-of-plane displacements of the actuators were determined using electrothermal and structural
models and assuming the polysilicon resistivity as a function of temperature. The electrothermal
models included the rate of heat energy generation, heat conduction and heat energy loss. On the other
hand, the structural model was obtained with the force method and assuming low dc voltages
(0.5 V to 2.5 V). For actuators with lengths of 450 and 550 um, the higher temperatures and
out-of-plane displacements generated by 2.5 V are: 147.3 °C, 115 °C, 8.9 um and 10.3 pm, respectively.
These actuators can have upward and downward motion if their structural layers are inverted. Thus,
the mirror tilting can be controlled modifying the position of the structural layers and altering the
actuators dimensions and magnitudes of the dc bias voltages. In addition, the device footprint
size is 1028 pm x 1028 um considering electrothermal actuators of 550 um length. With a bias
voltage of 2.5V, the electrical power for an actuator of 550 um length was 6.3 mW. The proposed
actuation mechanism could be used to obtain the rotation of MEMS mirrors with different surface
area. The rotation orientation of the mirrors can be modified through the selective biasing of the
actuators. This actuation mechanism for MEMS mirrors could be considered for potential applications
in endoscopic OCT systems.

Future researches will include the fabrication and characterization of several electrothermal
actuators array for MEMS mirrors with different surface area using the SUMMIT V process.
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Abstract: This paper introduces an optical 2-axis Micro Electro-Mechanical System (MEMS)
micromirror actuated by a pair of electrothermal actuators and a set of passive torsion bars.
The actuated element is a dual-reflective circular mirror plate of 1 mm in diameter. This inner
mirror plate is connected to a rigid frame via a pair of torsion bars in two diametrically opposite
ends located on the rotation axis. A pair of electrothermal bimorphs generates a force onto the
perpendicular free ends of the mirror plate in the same angular direction. An array of electrothermal
bimorph cantilevers deflects the rigid frame around a working angle of 45° for side-view scan.
The performed scans reach large mechanical angles of 32° for the frame and 22° for the in-frame
mirror. We denote three resonant main modes, pure flexion of the frame at 205 Hz, a pure torsion
of the mirror plate at 1.286 kHz and coupled mode of combined flexion and torsion at 1.588 kHz.
The micro device was fabricated through successive stacks of materials onto a silicon-on-insulator
wafer and the patterned deposition on the back-side of the dual-reflective mirror is achieved through
a dry film photoresist photolithography process.

Keywords: optical Micro Electro-Mechanical System (MEMS); Micro Optical Electro-Mechanical
System (MOEMS); electrothermal actuation; torsion bar; dry photoresist; dual-reflective mirror;
optical coherence tomography

1. Introduction

Optical Micro Electro-Mechanical System (MEMS) micro-scanners are exploited by a large
variety of applications that usually require large displacement range, high operating frequencies,
miniaturization, simplicity of packaging and integration. Various methods, such as piezoelectric,
electrostatic, electromagnetic and electrothermal technologies [1] have been used to develop devices
able to measure each application’s requirements. Among them, electrothermal actuation clearly stands
out in terms of high performance, real time diagnosis, miniaturization of devices and endoscopy-based
imaging. Although its working frequency is usually lower than for other actuation techniques, it still
adequately reaches paces compatible with real time imaging [2]. MEMS electrothermal micro-scanners
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have a small size, high fill factor, high displacement range, low-voltage actuation and are relatively
linear which makes them particularly adapted for in vivo endoscopic Optical Coherence Tomography
(OCT) imaging applications [3].

The micro-scanner proposed in this paper (shown in Figure 1a) was designed and fabricated in
order to be, in a future perspective, embedded into a Swept-Source OCT (SS-OCT) endomicroscopic
probe (Figure 1b) based on a Mirau micro-interferometer [4].
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Figure 1. (a) Survey of the 2-axis Micro Electro-Mechanical System (MEMS) micro-scanning device.
(b) Section plane of the different elements constituting the future endoscopic probe with the MEMS
micro-scanner on top of the Mirau micro-interferometer for Optical Coherence Tomography (OCT)
imaging process along with dynamical feedback control of the mirror position.

Many MEMS micromirrors use a set of four electrothermal bimorph actuators located on the four
sides of the central mirror plate [5-7]. During actuation or scanning, the center of these mirrors’ plate
has to be partially maintained into a fixed position; first, by applying an offset voltage and second,
by driving each pair of opposite actuators with a differential drive scheme [7]. However, the mirror
plate is still subject to fluctuation with surrounding temperature and to uncontrolled changes due
to vibrations or disturbances. In addition to these flaws, angular sensing mechanisms are usually
unavailable, so that they are left uncontrolled [8] or with mere open-loop controls [9]. Concerning the
few systems that demonstrate a close loop control, a single surface is used for both target operation and
position sensing as in [10-12]. Conversely, for applications where one reflective side is to be exclusively
dedicated to the main task as for OCT, phosphorescence or two-photon microscopy, exploiting the
other side of the mirror is a reliable trade-off for direct position sensing compared to intermediate
sensing methods [13,14], easy to be carried out at a macro scale in a preliminary stage. Our MEMS
device is a 2-axis electrothermal scanning system characterized by a large scanning range, a torsion
bar (Figure 2), a novel actuation mechanism (Figures 3 and 4a) and a dual-reflective aluminum-coated
mirror plate (Figure 4a,c). The Mirau micro-interferometer associated with the swept source performs
an axial scan (A-scan). Once the micro-scanning device is embedded on top of it, two additional B-scan
axes can be realized so that a 3D image can be obtained.

2. Design of the Device

This micromirror was designed to increase the stability of the in-frame mirror and to provide large
scanning ranges over a large bandwidth at low driving voltage in order to allow in vivo operation and
remedy to the lack of possibility of feedback control of the micromirrors. It shows off two reflective
surfaces on both sides of the plate, appreciated for multi-use applications where the dynamics of
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the mirror plate need to be accurately controlled. Indeed, an optical position detector can sense the
real-time angle on one of the two reflective sides. For actuation, a pair of meshed electrothermal
actuators is associated to a set of torsion bars that helps keeping the central axis of the mirror steady.
These structures are represented in Figure 1 in green and blue colors, respectively. The mirror plate
is consequently tilted inside the frame using the pair of Meshed Inverted-Series-Connected (MISC)
electrothermal actuators located on both sides of the plate. The actuators are inverted one from another
and apply a force in the opposite direction on the mirror plate generating the rotation around the axis
of roll. Meanwhile, the pair of torsional bars, that are collinear to the virtual axis of roll, maintains the
axis of the mirror in the plane of the outer frame, thus bringing stability to the system over a wide
frequency range. A Silicon On Insulator (SOI) substrate ensures mechanical and electrical bonding
support to the outer frame which also bends out of plane. This rotative motion around an axis of
pitch is made possible by a bimorph cantilever array (sketched in red color in Figure 1). Although it is
actuated, the frame acts as a support for the in-frame mirror plate. The main frame and mirror plate
are made of a 30 pm-thick SOI device layer.

2.1. Torsion Bar

The torsion bars are used to prevent the mirror plate from oscillating around the roll axis,
thus restricting the motion to a pure rotation. The materials used for the torsion beams are limited to
those used in the bimorph to simplify the fabrication process. They are made of a “sandwich” structure,
composed of layers of SiO, /Pt/Al/SiO, respectively. The torsion bars were purposely dimensioned
so that the expression of the bending mode of the torsion rods is minimized and does not impact
the torsional motion. The stiffness of the bending mode is reported in [5,15,16] and is related to the
resonance frequency through Equations (1)-(6):

Ewt3
ky =4/ TER 1)

where L, w, t refer respectively to the length, width, and thickness of the torsion bar and m to the mass
of the mirror plate. The frequency of the bending mode is given by:

1 R
fb*ﬂ\/; )

The torsion mode stiffness of the system can be estimated from:

LZ

3 =
. _ pwt 192 0t 1 nrt
with ky = T (1 el n:1§35m 5 tanh(—zw ) 4)

the free torsion stiffness as reported in [17,18]. Finally, the frequency of the torsion mode is given by [1]:

1 [k
ft—zn\/;, )

with k; = % where I; is the second moment of area of the torsion shaft, ; the moment of inertia of
the mirror plate, y = ﬁ the shear modulus of elasticity, E the average Young’s modulus and v
the Poisson’s ratio. The torsion frequency can also be calculated via the second moment of area for

a rectangular-sectioned bar given by [18]:

I = wt® 170.21i(17 & ), (6)
3 w 12w
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where w and t are respectively the width and thickness of the torsion bar.

The bending mode frequency of the torsion bar is chosen to be twice as high as its torsion mode
frequency. To do so, the bar is 3.3 pm thick, 180 um long and 28 um wide. Figure 2 shows the torsion
bar before and after release for different conditions and a schematic cross section of the torsion bar can
be found in Figure 5j. The Si layer from the device layer located underneath the torsion bar (Figure 2a)
does not remain in the released structure. Otherwise, it would hold the whole structure and eventually
culminate in the breaking of the MISC electrothermal actuators. The layer of Al is sandwiched between
the main layers of SiO, and brings ductility to the torsion. The aluminum somewhat pushes away the
yield stress breaking point of the structure making it more reliable regarding dynamical torsion and
fatigue resistance. If not, the high residual stress initially induced in the actuators during fabrication
would lead to fatal damages as pointed out in Figure 2d.

X500 50pm 23/APRIE

®)

20kV X850 20pm 18/APR/16

05/JANIME

(d)

Figure 2. SEM pictures of torsion bar: (a) Sandwich bar from the backside before complete release.
A narrow bridge of Si still holds the structure. (b) Sandwich bar from the backside after release.
(c) Sandwich bar from the front side after release. (d) Example of Al-free torsion bar after release,
broken under excessive torsion stress.

2.2. Electrothermal Actuation & MISC Actuators

The actuators are often cumbersome and are responsible for a much larger footprint of the final
device than the size of the mirror plate. This issue has been tackled in some cases by modifying the
shape of the actuators as in [19]. We present here an actuator based on Inverted-Series-Connected
(ISC) electrothermal actuators as demonstrated in [7] but providing more flexibility and a higher
displacement. It is a mesh of ISC actuators in series and in parallel that optimizes the space around
the mirror plate to increase the displacement and the force of the actuators without degrading the fill
factor. The principle of the meshed ISC (MISC) actuator is shown in Figure 3.
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(a) (b) (0

(d) (e) ()

Figure 3. Schematic build up of the Meshed Inverted Series Connected (MISC) actuator.
(a) Fundamental bimorph cantilever beam (tip-tilt and lateral displacement). (b) ISC actuator (Lateral
shift). (c) Double S-shaped configuration (piston motion). (d) Pair of double S-shaped actuators in
parallel (Stiffness and stability increased). (e) Cumbersome double actuator (increased displacement).
(f) MISC actuator.

The MISC actuator is the latest evolution of four generations of shapes of electrothermal actuators:
the single bimorph cantilever is the core element shown in Figure 3a and reported in [20,21]. In [6,7],
bimorphs were connected in series as in Figure 3b,c including inverted and non-inverted bimorphs
(whose cross sections are shown respectively in Figure 5k,1) to get rid of the tip-tilt effect, bypass
the lateral shift and end up into a pure vertical translative motion called piston motion. These latter
structures were then interconnected in parallel as in Figure 3d to increase the overall motion stability.
Figure 3e shows an intermediate structure and was reported by [22]. The MISC actuator shown
in Figure 3f is the structure actuating the micromirror and can be seen, as fabricated in Figure 4b.
The torsion bars generate a counter momentum in the opposite direction of the momentum created
by the two actuators. Hence, the actuators need to be able to provide a higher force and a larger
displacement than that which can be provided by conventional ISC actuators. For a comparable space
occupied, the MISC actuators provide a higher force, a larger displacement and a higher flexibility.
This latter advantage is also highly appreciated during the release process and brings more suppleness
for industrial fabrication where the dispersion of parameters on a single wafer can be significant.
The bimorph is a sandwich of 1.1 um of Al and 1pm of SiO,. A thin heater layer of 1500 A of Pt
insulated in a sheath of thin S5iO, is wrapped between the Al and the SiO, as shown in Figure 5c.

2.3. Dual-Reflective Mirror Plate

The mirror is coated with aluminum on both sides of the plate using E-beam evaporation.
The deposition on the upper side is 1.1 pm thick and is performed during the same Al metalization as
for the bimorphs. The Al layers of the front side mirror and of the electrothermal bimorph cantilevers
are realized in one step using the same photomask to simplify the complete fabrication process.
Therefore, the Al of the mirror plate has the same thickness as the layer of the bimorphs. The backside
of the mirror is the side used to scan the focused laser beam and its smoothness is critical for the OCT
image quality. Hence, the deposition is done at very low deposition rate (1.2 A s~1) while the substrate
is being rotated at a speed of 10 rpm. SEM pictures of the reflective front and back side are shown
respectively in Figure 4a,c.
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(a)

Figure 4. Scanning Electron Microscopy (SEM) pictures of the micro-scanner. (a) Overview of the front
side of the mirror plate and the frame. (b) Detail of the MISC actuators after final release of the device.
(c) Close-up view of the backward reflective side of the mirror plate.

3. Fabrication

The complete fabrication process is described in Figure 5. The devices are fabricated on an SOI
wafer of 500 um of handle layer, 30 pm of device layer and 1 pm of BOX. After a thorough clean up
of the wafer, the first step (Figure 5a) consists of a deposition of 1 um of Plasma-Enhanced Chemical
Vapor Deposition (PECVD) SiO; on the device layer which is subsequently wet etched to form the
bottom layer of the non-inverted bimorphs, the hard frame, the torsion bars and the thermal bridges.
It is then followed by another PECVD deposition of a thin layer of SiO, as an insulator and a lift-off of
platinum (Figure 5b) to pattern the heater throughout the actuators, the electrical paths and the pads.

@\

= m, W
B A [ dry PR

(k) (n

0]

Figure 5. Fabrication steps (a) PECVD first layer of SiO,. (b) Sputter of the Pt heater. (c) PECVD of
an insulation layer of SiO, followed by via opening. (d) Evaporation of Al. (e) PECVD second layer
of SiO,. (f) Anisotropic dry etch of the handle layer & BOX dry etch. (g) Lamination of dry PR &
evaporation of Al. (h) Anisotropic etching of device layer from the front side. (i) Si isotropic etching
to release. (j) Cross section of torsion bar. (k) Cross section of inverted bimorph. (I) Cross section of
non-inverted bimorph.

The platinum is also used in the sandwich of the torsion bars. The three central pads control the
inner actuators of the roll axis and are connected to the Al path of the bimorph array and isolated
from its Pt layer via the SiO, insulation film (Figure 5c). By doing so, the heat transfer generated by
the current driven through the bimorph array is minimized. As shown in Figure 5d, a thick layer of
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1.1 um of Al is deposited by evaporation (to facilitate the lift-off process) following a photolithography
of 3.5um of AZ nLOF2035 for the bimorphs, the mirror plate on the front side, the torsion bars,
the electrical paths and the pads. We used pure Al, which was then protected by a thin coat of Cr of
150 A to prevent oxidation.

A second layer of 1um of SiO, is deposited by PECVD and patterned through RIE/ICP dry etch
to form the top layer of the inverted bimorphs. This step is represented in Figure 5Se.

The handle layer is anisotropically etched through DRIE to form the device’s backside cavity
(Figure 5f). The exposed BOX is also etched with RIE/ICP until the buried face of the device layer is
reached. Then Al is deposited onto the mirror plate’s backside by evaporation. A dry film photoresist
DuPont ™ WBR2050 was laminated at 85 °C on the backside of the SOI wafer held by a carrier wafer
before exposition.

The final release stage of the device divides into two substages respectively shown in Figure 5h,i.
The first one consists of an anisotropic dry etch all the way through the device layer followed by
an isotropic etch to release the actuators. The isotropic etch should not be performed longer than
necessary to avoid ablating SiO, from the deformable elements which could eventually damage or
break them. The isotropic process time is interrupted when the frame and the inner actuators pop out
of the plane. At that step, a plasma O, can be used to get rid of the impurities remaining on the chip.
An SEM picture of the micro scanner after release can be found in Figure 4a.

Finally, several released chips are packaged onto a generic PCB support customized for handling
and characterization of the micro-devices (Figure 6a). The micro-scanners are bonded onto the central
Au pad with silver epoxy glue and electrically connected to the PCB pads by wire-bonding (Figure 6b).

(@)

Figure 6. PCB support for the MEMS micro-scanner handling and testing. (a) Overview of the multi-use
PCB with the micro device in the center, and connectors on both sides. (b) Zoomed-in picture of the
micro device bonded onto the central gold pad with silver epoxy glue and wire bonding on Cu/Au
pads for electrical routing.

4. Characterization

After release, the electrical resistances of the roll axis actuators in parallel and the pitch axis
actuator are 1.07 k() and 1.34 k(), respectively. The optical setup is shown in Figure 7.

A laser beam is directed onto the MEMS micromirror which reflects it towards a diffusing screen.
The latter is observed from its backside by an ultra fast Phantom ™Miro M120 camera. The frame
declines by 32° from an initial angle of 70° to a final angle of 38° reached at a voltage of 17V (178 mW)
while the mirror plate achieves a mechanical sweep range of 22° deflecting from an initial angle of
18° to —4° for a voltage of 16.5V (188 mW) (Figure 8a). The characteristics of power consumption and
angular displacement as a function of the voltage applied are also shown in Figure 8.
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Figure 7. Optical setup implemented for the MEMS micro-scanner statical and dynamical characterization.
BE: beam expander, M1, M2: mirrors, BS: beam splitter, PSD: Photo Sensing Detector, TL: tube lens.
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Figure 8. (a) Statical angular displacement of the mirror on the roll axis (in green) and of the frame on
the pitch axis (in red). (b) Power consumption vs. voltage applied for both axes. (c) Statical relative
angular displacement of both axes when only the roll axis is driven. (d) Statical relative angular
displacement of both axes when only the pitch axis is driven.

A Polytec ™MMEMS Analyser was used to establish the frequency response of the micromirror.
A white noise with an amplitude 1.5V and an offset of 3V was applied on the actuators one by one,
and the magnitude of the deflection of the frame and the mirror plate was measured in dB. The Bode
diagrams are shown in Figure 9. The coupling between the roll axis and the pitch axis is unilateral:
when the inner actuator is driven, the heat is dissipated into the mirror plate, through the frame
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and through the bimorph array whose temperature increases at the same time, contributing into the
cross-coupling of the two axes. In this situation, we observe four resonant modes: pure pitch motion at
205 Hz, pure roll motion of the torsional mirror plate at 1.286 kHz, a mode with both components at
1.588 kHz and a fourth mode that is less influential because of its high damping. Conversely, when the
bimorph array is actuated, only the first pitch mode is observed at 205 Hz.

outer actuation Ll

inner getuation

Magnitude (dB)

0 500 1000 1500 2000 2500 3000 3500 4000
Frequency (Hz)

Figure 9. Superimposed frequency responses of the system when the voltage is applied on the pitch
axis (outer actuator) in red and on the roll actuator (inner actuator) in green.

Finally, Lissajous laser scans have been recorded by the high-speed camera (at 30 kfps) when the
micromirror is actuated at its resonance frequencies. Corresponding time elapsed scans are shown in
Figure 10 (after 4ms, 17 ms and 45 ms). In these conditions, if, on the one hand, a resolution of 10 um is
sought at a working distance of 5 mm from the mirror as in [4], and on the other hand, a 90 kHz A-scan
rate swept-source is employed (requiring to interpolate the 30 kHz experimental scans), it would
then require 45 ms, corresponding to an imaging frequency of 22 Hz, to cover 99 % of a scanned area
of 770 um x 270 um. At this frequency, and because of the Lissajous type of scanning, a significant
number of pixels is averaged. Larger averaging, e.g., when 95 % of the scanned area is illuminated
more than 9 times, can be reached at a frequency of 5Hz.

Y scan angle (")

X scan angle (7)

Figure 10. Time elapsed Lissajous laser scanning patterns recorded by the high speed camera at 30 kfps,
after (a) 4ms. (b) 17 ms. (c) 45ms.
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Abbreviations

The following abbreviations are used in this manuscript:

MEMS Micro Electro-Mechanical System
MOEMS  Micro Optical Electro-Mechanical System

SCS Single Crystal Silicon

OCT Optical Coherence Tomography

SS Swept Source

1SC Inverted Series Connected

MISC Meshed ISC

SOI Silicon On Insulator

BOX Buried Oxide

BOE Buffered Oxide Etch

PECVD  Plasma-Enhanced Chemical Vapor Deposition

CTE Coefficient of Thermal Expansion

RIE Reactive-Ion Etching

ICP Inductive Coupled Plasma

GRIN GRadient INdex

PSD Position Sensing Detector
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Abstract: Given the multiple applications for micro-electro-mechanical system (MEMS) mirror
devices, most of the research efforts are focused on improving device performance in terms of tilting
angles, speed, and their integration into larger arrays or systems. The modeling of these devices
is crucial for enabling a platform, in particular, by allowing for the future control of such devices.
In this paper, we present the modeling of a MEMS mirror structure with four actuators driven by the
phase-change of a thin film. The complexity of the device structure and the nonlinear behavior of
the actuation mechanism allow for a comprehensive study that encompasses simpler electrothermal
designs, thus presenting a general approach that can be adapted to most MEMS mirror designs based
on this operation principle. The MEMS mirrors presented in this work are actuated by Joule heating
and tested using optical techniques. Mechanical and thermal models including both pitch and roll
displacements are developed by combining theoretical analysis (using both numerical and analytical
tools) with experimental data and subsequently verifying with quasi-static and dynamic experiments.

Keywords: MEMS mirrors; vanadium dioxide; phase-change materials; hysteresis; dynamic model

1. Introduction

Microeletromechanical system (MEMS) mirrors are microstructures capable of redirecting
an incident beam of light to a desired position. MEMS mirror devices can be characterized by
their dynamic performance, degrees of freedom, size, and power consumption. The size and power
consumption parameters are determined by the actuation mechanism that is implemented in the
design, while the movement capability (degrees of freedom) and tilt angle amplitude are dependent
on the mechanical design of the device. The speed will depend on the time response of the mechanical
structure and actuation processes. The four main mechanisms implemented in MEMS mirrors are:
electrostatic (ES), piezoelectric (PE) material, electromagnetic (EM) and electrothermal (ET). ES and PE
use electrostatic fields for actuation—the ES commonly uses repelling/attracting forces between two
plates to move the mirror platform from a resting state [1], while the PE method uses piezoelectric
materials such as lead zirconate titanate (PZT) [2], where small unorganized dipoles generate material
expansion and contraction upon an applied electric field. In both cases (ES and PE), mechanical forces
are generated by an electric potential signal of relative large amplitude (for example: 115V and 40 V
for ES and PE, respectively), but the total power consumed by these devices is low due to the low
current consumption [3,4]. The EM mechanism generates movement as the result of the force between
interacting magnetic fields (Lorentz force). A possible configuration for EM consists of the interaction
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of a static magnetic field (created by a magnetic material) with a dynamic magnetic field (created by
applying a current through a metal-trace loop inside a mirror device) [5]. The current amplitude of
this mechanism can be as large as 515.17 mA for optimum performance [6]. Although the electrical
actuation signals for these devices can be made very fast, their speed is ultimately determined by
the dynamics of the mechanical structure. Finally, the ET mechanism uses a current to generate heat
(Joule heating) on a structure, which can reach temperatures of ~300°C [7]. The main advantage
of the ET mechanism (over ES and PE) is the much lower voltage signals required for operation.
Perhaps the most common configuration for this mechanism is a bimorph structure formed by two
materials (thin films) with different thermal expansion coefficients (TEC). As the temperature increases,
one material will expand more than the other, generating a bending in the structure [8], concave
towards the film of lower TEC. In this case, the speed of actuation will depend on the thermal
dynamics of the system, making it the slowest mechanism of all for devices of similar size and thermal
mass. The power consumed in this mechanism can be lower than the EM, but higher than the ES and
PE, since the temperature increase depends on the amplitude of the applied current, which can be as
high as 252 mA for maximum displacement [9].

A new method of actuation for MEMS mirror was presented in [10], where the conventional ET
actuation mechanism (i.e., using two materials with different TEC) was replaced with a smart material,
vanadium dioxide (VO;), which goes through a phase transition that can be induced by a gradient of
temperature. VO, has a reversible solid-to-solid phase transition that comes with drastic changes in
the mechanical [11], electrical [12], and optical properties [13] of the material. When induced thermally,
the transition of VO, occurs at ~68 °C, but this transition temperature can be reduced by doping [14]
or adding extrinsic stress to the material [15,16]. The integration of VO, with the MEMS mirror
technology decreases the temperature required in the conventional TE mechanism, from 300 °C to
90 °C for full actuation, which lowers the total power consumed by the device. Another advantage
of using VO, as the actuation mechanism is the large strain energy density generated during the
transition, with values higher than conventional actuation mechanisms such as thermal expansion,
electrostatic, electromagnetic, and piezoelectric [17]. Furthermore, the intrinsic hysteretic behavior of
VO, properties (including the mechanical stress that generates deflection in VO,-based MEMS [18,19])
across the phase transition has been exploited to design programmable MEMS actuators [20] and
resonators [21], and can be used as well to program tilting angles in MEMS mirrors. However, all of
these advantages come at the cost of added nonlinear effects that make the modeling and control more
complicated than other actuation mechanisms.

The modeling of MEMS mirror is a necessity to better understand the behavior of the devices.
A general dynamic equation (second-order differential equation) in terms of summation of torques
has been used to describe the dynamic behavior of a MEMS mirror [22-24]. The parameters of the
equation are dependent on the mechanical structure and the actuation mechanism of the device.
Different modeling and control methods have been proposed for the nonlinear hysteresis in VO,-based
MEMS devices. Nonlinear mathematical models such as the Prandtl-Ishlinskii model [25] and the
Preisach model [26] have been adopted to capture and estimate the hysteresis behaviors. Unlike the
identification of the Prandtl-Ishlinskii model, which requires solving a nonlinear optimization problem,
the Preisach model identification problem can be reformulated as a linear least-squares problem and
solved efficiently [26]. The Preisach model is thus adopted in this work. In order to control the systems
with hysteresis, feedforward control can be realized by inverting the hysteresis nonlinearity [26], and
feedback control can also be implemented, where the feedback signal can be obtained based on external
sensors or with self-sensing methods [27]. In self-sensing, the correlation between the electrical and
mechanical properties across the transition is utilized [28].

In this work, we present a mathematical model that describes the movement of a VO,-based
MEMS mirror. The modeling is focused on one of the four actuators of the device. First, the mechanical
model of the system is derived, where the nonlinear behavior of the VO, is incorporated in the model
as an external force applied to the system. A Preisach model is used to capture the hysteresis behavior
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of the VO,. The parameters for the whole model are identified using simulation and experimental
results. Finally, the hysteresis model is validated with a different set of experimental results including
quasi-static and dynamic responses. The proposed model can be translated to other actuators of the
MEMS mirror, and this work facilitates the control of the device.

2. Experimental Procedures

The VO,-based MEMS mirror used in this paper is shown in Figure 1 and the design has been
reported in [7,29,30]. The device consists of four mechanical actuators (legs) coupled with a reflective
platform (mirror). Tilting of the mirror platform is achieved by individual actuation of the legs, which is
independently controlled, or by actuation of all the legs using the same input signal simultaneously,
which generates a piston-like movement. There are two actuation mechanisms: stress due to the
thermal expansion difference of the materials forming the bimorph regions of the device, and stress
generated during the phase-change transition of the VO,. Outside the phase transition region of VO,,
the only active mechanism is thermal expansion, while, during the phase transition, both mechanisms
exist, but the phase transition of VO, dominates [26]. The generated stress is capable of bending
a thin bimorph rectangular structure composed of continuous SiO, (~1.4 pm) and VO, (250 nm) layers
and a thin patterned metal (130nm) layer. To increase the vertical displacement of the leg, a rigid
structured (frame), composed of a thick (50 pm) layer of Si, connects the bimorphs. The transition of the
VO; film is induced using Joule heating, where an input current is applied through the monolithically
integrated resistive heater of the leg. The metal traces are designed to have a smaller width in the
bimorph parts of the leg. This is done to create a higher resistance in these regions of the heater,
which increases the dissipated power and localizes the generated heat in the bimorph regions.

Figure 1. SEM image of a VO,-based micro-electro-mechanical system (MEMS) mirror (top view),
where the different parts of an actuator leg are labeled: frame, bimorph and the connector between the
mirror platform and the actuator leg.

2.1. Design and Fabrication of VO,-Based MEMS Mirrors

The VO,-based MEMS mirror presented here follows the same fabrication process as in [10],
but different metal layers are used to increased the yield per wafer—this is discussed in more detail
in Section 2.2. Device fabrication starts with a two-inch double-sided p-type <111> polished Si wafer
as the substrate with a thickness of 300 um. A thin SiO; layer (1 um) is deposited on both sides of
the wafer by plasma enhance chemical vapor deposition (PECVD) at a temperature of 300 °C. One of
the SiO; layers is used as a mask for the Si back-side etch, while the other (top side) forms the first
layer of the bimorphs over which the VO, films are deposited. A thin film from any material that can
survive most chemicals used in standard MEMS processing (i.e., Si3N4) would have been an acceptable
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choice for the backside. However, the selection of SiO, material for the top side is based on the larger
mechanical actuation across the VO, phase transition, which is due to the higher orientation of the VO,
grains with monoclinic (011)y; planes parallel to the substrate [20]. Although higher VO, orientations
are expected from crystalline substrates (i.e., quartz, sapphire), their processing represents major
fabrication processing hurdles. The VO, is deposited by pulse laser deposition (PLD) and patterned
with dry etching using reactive ion etch (RIE), following the procedure shown in [10].

After the deposition of the VO, the remaining processes are performed at temperatures lower
than 250 °C to avoid any degradation in the VO, due to over-oxidation of the film. A 200 nm SiO; layer
is grown by PECVD using a temperature of 250 °C on top of the VO,, for electrical isolation from the
metal traces that will be deposited next. The electrical connections and resistive heaters are fabricated
by depositing and patterning via lift-off layers of Cr (20nm)/Au (110 nm), where the Cr is used as
an adhesion layer between the SiO, and the Au. Another 200nm of SiO, is deposited to insulate
the metal traces from the ambient (air), reducing the thermal losses. This is followed by a sequence
of SiO, dry etch steps by RIE in order to expose the metal contacts, pattern the legs and platform
of the device, and expose the Si substrate. The same SiO, etching is repeated on the back-side SiO;
layer to expose the Si substrate. During the processing of the back-side, the top side was protected by
spinning PMGA (polymethylglutarimide) resist. After processing the backside, the PMGA is removed
by submerging the sample in photoresist stripper (Microposit Remover 1165). Using the SiO; as
a hard mask, the exposed Si layer on the backside was etched with deep reactive ion etch (DRIE).
The DRIE etching is timed to remove 250 um of the Si layer, reducing the Si substrate from 300 pm to
50 pm. The mirror structure is released by etching the remaining 50 um of the Si substrate from the
top by DRIE. Finally, to remove the Si from certain parts of the legs and create the bimorph sections,
a Si isotropic etch is performed using XeF, gas. This process is timed to only etch the desired parts
avoiding any undesired over etch that would affect the frame regions of the legs.

2.2. Increasing Yield by Reducing Intrinsic Stress

In our previous work [10], we used Ti/Pt for the metallization. The rationale for the combination
of these metals was to have a high-temperature metal in case it was necessary to change the order of the
deposition of materials in the fabrication process flow that would require the deposition of VO, after
the metallization. However, the use of Ti/Pt created a low yield (x12.5%) in the final devices, due to
peeling of the metal. We thought this was due to the intrinsic stress of the evaporated Ti/Pt metal layer
on Si0,, which could be as high as 340 MPa (compressive stress) [31,32]. In order to address the issue,
in the present work, we have substituted the Ti/Pt layer with evaporated Cr/Au, which has lower
intrinsic stress (250 MPa tensile stress) [33,34]. This has increased the yield to ~75%.

2.3. Experimental Setup

The device is characterized by actuating only one of the four actuators and measuring the tilting
angle produced by the movement. Due to symmetry of the device, the characterization of one leg can
then be used to describe all the other actuators and derive the model for the entire device.

A schematic of the experimental setup is presented in Figure 2. The movement of the mirror is
tracked using a laser scattering technique, where an infrared laser (A = 985 nm) with a low power
is focused on the platform of the mirror and aligned with a two-dimensional (2D) position sensing
detector (PSD). The 2D PSD is used to facilitate the alignment of the setup and capture any 2D
movement of the device. A digital camera (Nikon 1 J1, Nikon Co., Tokyo, Japan) with an external
objective lens (10x Mitutoyo Plan Apo Infinity Corrected Long WD Objective lens, Mitutoyo Corp.,
Kawasaki, Japan) is used for calibration purposes, by enabling the conversion of the voltage output
from the PSD sensor to the tilt angle of the mirror platform. The camera is placed at the side of the
sample to monitor the movement of the device. The resolution of the optical setup is 0.577 pm/pixel
with a speed of 30 frames/s. The video is analyzed using Tracker Video Analysis and Modeling
software tool (Version 4.94). All the electrical signals to/from the experimental setup were controlled
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through a virtual instrument in LabVIEW and a National Instrument data acquisition system (DAQ).
The electrical current applied to the legs is controlled through the base voltage applied to a BJT NPN
transistor (2n3904) in an emitter follower configuration. A resistance in series between the transistor
and the actuator was used to measure the voltage and calculate the current. The transistor device was
used in forward active mode.

Figure 2. Measurement setup used for characterization of VO,-based MEMS mirror.

3. Modeling

The connection of each mirror leg to the mirror (as shown in Figure 1) is not symmetrical along
a perpendicular axis crossing the platform’s center. This offset causes the VO,-based MEMS mirror
to have a 2D movement upon actuation. Therefore, the description and modeling of the system will
involve movements along two perpendicular axes: pitch and roll. Figure 3 shows a schematic of
the platform with the two axes used to describe the tilting movement of the platform. The force (F)
represents the actuation generated by the legs. A set of two equations (one per degree of freedom:
pitch and roll) is used to model the movement of the mirror. The inclusion of the VO; in the device
adds a nonlinear term to the equations due to the hysteretic behavior of the material. A non-monotonic
Preisach model is developed to capture the hysteresis term. The effect of the VO, is included in the
external force that generates actuation. The parameters for the linear part of the equation that describe
the system’s mechanical response are obtained from a combination of experimental measurements and
finite element method (FEM) simulations (details in Section 3.1). The coefficients of the nonlinear part
of the equation are calculated from a set of experiments (details in Section 3.2).

Pitch Axis

Figure 3. Schematic of the mirror platform showing the force (F) applied by the actuated leg, and the
axes of rotation for pitch and roll angles, where a, (115 pm) and a, (300 pm) are the distance between
the force and each axis. In this case, the current i is applied to the bottom-left leg.

163



Micromachines 2017, 8,138

3.1. Linear Model

The linear model characterizes the dynamic behavior of the system, which is approximated with
a second-order differential equation
JO+GO+ko =T, 1)

where | is the moment of inertia, G is the rotational damping coefficient, k is the rotational spring
constant of the actuated leg, T is the external torque produced by the force F, and 6 is the angle of
the mirror’s platform generated during actuation. The characteristic equation of the system can be
derived by applying the Laplace transformation to Equation (1) and rearranging the expression to
get Equation (2):

G k

sz+57+7:0, )

which is in the format of a second-order characteristic equation:
2 2 _
57 4+ 20wys + wy” =0, 3)

where wj, is the resonant frequency and ( is the damping ratio of the actuated leg. By combining
Equations (2) and (3), the moment of inertia and the rotational damping coefficient can be expressed
in terms of resonant frequency and rotational spring constant:

k
G= 2gw£”. )

The rotational spring constant (k) is calculated using FEM simulation of the mechanical structure,
while w, and { are obtained from experimental results. The actuation force (F) from VO, is represented
in T via

T=axF, (6)
where 7 is the distance between the force and the axis of rotation. The generated force (F) from the

VO, can be expressed as:
F=T[T—T), @)

where T is the temperature of the leg, Ty is the ambient temperature, and I' is the hysteresis operator
describing the relationship between the generated force and the temperature of the mirror leg.
The thermal process (i.e., Joule heating) can be represented as follows [35]:

T — 1) — o] + o),

T =T(t)— Ty,

where d; and d; are positive coefficients related to the properties of the materials, and 7 is the input
current. Applying the Laplace transform to the previous equation results in

sT = —diT' + dziz(s),

T — da iz,
s+dq
dy
T — d; iZ At 1-2
£ 41 Ts+1 7
a4 th
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where 1y, is the thermal time constant, and A7 is the gain of the thermal transfer function. The external
force can now be expressed as:

o "o AT 2
F—F[T}—F{Tr}1s+1z]. (8)

The time constant and the gain A7 are found from experimental results. Finally, the torque
generated by this force is expressed as:

L Ar
T=uacos(f) xT [Tths—i—ll } , 9)

which, since 6 is close to zero and thus cos(f) ~ 1, is simplified to

= At
T_axr[‘r,hs—&-ll]’ (10)
where the value a for the roll axis (a,) is 115um and for the pitch axis (ap) is 600 um, as shown
in Figure 3.

3.2. Nonlinear Model

The actuation force (F) is generated by two actuation mechanisms: one is the stress due to the
thermal expansion difference of the materials forming the bimorph regions, and the other is the stress
generated during the phase-change transition of the VO,. Similar to [26], a non-monotonic hysteresis
model is developed:

T[T') = Tc[T') +T&(T'), (1)

where I'¢[T'] is the phase transition-induced force captured by a Preisach model, and I'g(T’) is the
differential thermal expansion-induced force modeled as a linear term.

3.2.1. Phase Transition-Induced Force

The relationship between the phase transition-induced force and the temperature is monotonically
hysteretic, and a Preisach model [36] is employed:

relT')(t) = /P 1B, &)1 [T'(-); o] ()dB da + co, (12)

where Py is the Preisach plane Py e {(B, &) : Tnin < B < & < Tmax}, [Timin, Tmax] define the phase
transition range, y is the density function, g, denotes the basic hysteretic unit (hysteron), T'(-) is the
temperature history, T'(17), 0 < 7 < t, and ¢ is a constant bias.

The hysteron is a memory-dependent operator. With the initial condition, {y € {—1,1}, the output

of the hysteron can be expressed as

1T > g
VpalT'(-);00) = —1 i T'(t) <B, (13)
T HB<T(H<a

In practical usage, the integral expression of the Preisach model is typically approximated by
discretizing the weight function y to a finite number of parameters [36,37]. The weight function
is approximated as a piecewise constant function—the weight w;; is constant within cell (7, j),
i=1,2,--,N;j=1,2,--- ,N —i+1, where N is called the discretization level and wjj is the model
parameter. At time 7, the output of the discretized Preisach model is expressed as
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T[T (n

HMZ

N+1—
Z z]sz] + €o, (14)

where w;; is the weight for the cell (7, j) that is non-negative, and s;;(1) is the signed area of the cell
(7,7), which is determined by the history of the temperature values up to time n.

The model parameters consist of the weights {w;;} and the constant bias cg. The model
identification can be reformulated as a constrained linear least-squares problem and solved efficiently
with the MATLAB R2010b (Mathworks, Natick, MA, USA) command Isqnonneg [26,37].

3.2.2. Differential Thermal Expansion-Induced Force

The differential thermal expansion-induced force is resulted from the thermal expansion difference
of the VO, and SiO; layers. This component was modeled as a linear term and a quadratic term in
previous studies [26,27]. The following linear model is adopted in this work:

Te(T') = —koT, (15)

where kg is a constant term related to thickness, modulus of elasticity, and thermal expansion
coefficients of VO, layer and SiO; layer, and the negative term is introduced due to the fact that
the thermal expansion-induced force has an opposite direction as the phase transition-induced force.

It is noted that the nonlinear model (Equations (11), (14), and (15)) can be conveniently identified
with the linear least-squares method [26]. It is shown in Section 4.3 that the proposed model can
accurately capture and estimate the non-monotonic hysteresis behavior of the MEMS mirror.

Finally, combining all the terms, the equations describing the movement of the mirror can be
expressed as:

Ar
Jpby + Gpblp +kpby = Ty =a x T Tt}15+1 16)
Jby 4+ G+ kb, =Ty =axT _Ar p 17)
rvr TVr rvr T r Tfh'S‘i’l 7

where the subscript p and r are references for the pitch and roll motions, the values for the linear
parameters are presented in Table 3, I', and T’ are the nonlinear models (Equation (11)).

4. Results and Discussion

4.1. Simulation Results

An FEM model is created in COMSOL (Version 5.2a, COMSOL Inc., Burlington, MA, USA) to
calculate the rotational spring constant of the leg. The parameters used for the materials on the
simulation are taken from the COMSOL library and from [19] shown in Table 1. The FEM model
consisted of the entire MEMS mirror structure, including the four legs, the mirror platform, and all
the material layers. A force sequence of increasing magnitude is applied as a point load at the top of
the leg that connects to the mirror’s platform. Four different simulations are run where the force is
applied at different locations, as shown in Figure 4. The rotational spring constant at each location is
extracted from the simulation results. To obtain the value of k, the displacement caused by the force is
converted to an angle (6s;,,) with respect to each axis by using Equation (18):

~1 (=)
P
where 11 and h; are the displacements at the point load (caused by the force) and at the axis, and d is
the distance between the point load and the axis. The torque is then calculated by using the distance
between the point load location and the corresponding axis. Finally, the torque is divided by the angle

Osim = sin (18)
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resulting in the rotational spring constant of the leg. This is done for both angles (pitch and roll) and
the results are shown in Table 2.

Table 1. Parameters of the materials used in finite element method (FEM) simulations, where the Si,
SiO,, and Au are obtained from the COMSOL library, while the VO, properties are reported in [19].

Materials
Properties Si Si0, Au VO,
Density [Kg/m®] 2320 2200 19300 4670
Young’s Modulus [GPa] 187 [38,39] 70 70 140
Poisson Ratio 0.22 0.17 0.44 0.33

Figure 4. Finite element method (FEM) model schematic of the VO,-based MEMS mirror used to find
the rotational spring constant by applying a sequence of increasing force as a point load. The force is
applied at different locations (1, 2, 3 & 4) for each simulation.

Table 2. Rotational spring constant from FEM simulation.

Rotational Spring Constant

Pitch (x107° 22 Roll (x107°5:2)

Point Load Location

1 2.29 1.219
2 2.29 1.217
3 2.29 1.217
4 2.29 1.217

4.2. MEMS Mirror Mechanical Model

A set of experiments are used to characterize the mechanical response of the structure and the
nonlinear behavior of the VO, when actuating only one leg. Before each experiment, a pre-heating
stage is performed to improve the stability and repeatability of the measurements, caused by the use of
gold as the metal trace [40,41]. A similar process was performed in [7], where a sine wave was applied
as the input voltage to anneal the metal layers. For the VO,-based MEMS mirrors in this work, the
pre-heating stage consisted of applying a 12 mA to all of the actuators for a total of 10 min. An input
sequence of increasing voltage steps is used to measure the thermal time response of the actuated
leg. The input is applied to the base of the transistor and had increasing amplitude steps of 0.5V,
which corresponds to ~0.7 mA (once the transistor is on). Each step is held for 1 s before the next
step started. The thermal time response (1;;,) within steps is calculated from the rise time using the
following equation:

t .
T = (19)
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where t,;;, is the time taken for the structure to go from 10% to 90% of the output signal for one step.
The results are shown in Figure 5. The thermal time response is calculated where the main dominant
actuation mechanism is the thermal expansion difference of the materials forming the bimorph and
not the transition of the VO,, the values for the pitch and roll movements are 14 ms and 14.79 ms.
During the transition of the VO,, the system showed a pseudo-creep effect where each step took
longer to reach steady state compared to outside the transition. This effect can be caused by the added
stress from the legs that are not actuated. The added stress can move the transition temperature of
the VO,, which has been observed previously in VO, thin films [42,43]. Even more relevant to the
present case, this effect was also observed in VO,-based MEMS mirrors [10], where it was found
that individual leg actuation and piston-like actuation required different actuation voltages—note
that, during individual actuation, the remaining mirror legs add a stress that is not present during
piston-like movement. The pseudo-creep is not included in the modeling of the device, in order to
focus on the fundamental thermal and mechanical dynamics in the general case, and, as verified
in later experiments, the presented model (ignoring the creep effect) shows adequate capability in
predicting the mirror dynamics.
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Figure 5. Time response measurements from actuating one leg for both variables: pitch (left) and
roll (right) angles.

A frequency response measurement is performed to observe the mechanical response of the
system. A sine wave signal (i = 1.4sin(27ft) + 0.00714 mA) is applied as the input of one of the legs
while the frequency is swept from 0.1 Hz to 2000 Hz. The magnitude of the displacement is measured
across the whole range of frequency, and then it is divided by the magnitude of the input current.
Using the software Origin Pro9.0 (OriginLab Corporation, Northampton, MA, USA), the data is fitted
using the magnitude of Equation (20), with a R? of 0.856 and 0.7797 for roll and pitch, respectively.
Equation (20) is a linear approximation of the system, including the thermal and mechanical dynamics.
Although the thermal response of the system in Equation (20) cannot capture the nonlinear behavior
of the VO, it does capture the mechanical response of the system. The values for the resonance
frequency (wy) and the damping ratio ({) for each degree of freedom are found by a curve fit, and
fitting parameters are shown in Figure 6. It is worth noted that the presented curve fitting method
works well at low frequencies and produces larger errors at higher frequencies above 150 Hz. This is
likely due to the fact that the fitting uses linear approximation and that the mechanical couplings
between each leg and between the legs and the mirror are not fully captured. The highest frequency
considered in the mechanical response of the system is 10 Hz, and the model follows the experimental
results fairly well in this frequency range. Analysis and modeling at higher frequencies are potential
extensions to this study:

0 AT wnz

- = . 2
2 Ts+ 1824 2(wy)T + wp? (20)
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Figure 6. Frequency response for the actuation of one leg. A fitted curve is used to find the damping
ratio ({) and the gain Ar. Both pitch (left) and roll (right) angles have the same resonant frequency
with the value of 739 Hz.

4.3. Identification and Verification

4.3.1. Identification

A quasi-static measurement is performed to observe the static behavior of the leg across the phase
transition. A series of current steps (each held for 550 ms) are applied to one of the legs with intervals
of 0.1 V. The steady-state values are obtained by averaging the last 50 ms of the pitch and roll angles.
This measurement will also be used to identify the unknown variables of the hysteresis model, since it
contains the minor loops of the hysteresis. The plots are shown in Figure 7. It is shown that both of the
hysteresis curves exhibit non-monotonic behavior.
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Figure 7. Identification plots of the pitch (left) and roll (right) angles, used to find the coefficients of
the hysteresis model.

In order to identify the proposed model, the discretization level (N) of the Preisach model (T'¢)
is chosen to be 20. Further increasing the discretization level would increase the model complexity,
but does not generate significant improvement in modeling accuracy. The root-mean-square error
(RMSE) is chosen to quantify the accuracy of the model identification and verification results.

Figure 8a,b shows the identified weights of the Preisach models for the pitch and roll motions,
respectively. Figure 8c shows the modeling performance for the hysteresis between the pitch angle and
the current input, and Figure 8d shows the corresponding modeling error. The RMSE is 0.007 degrees.
Similarly, Figure 8e—f shows the modeling performance for the hysteresis between the roll angle and
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the current. The RMSE is 0.003 degrees. It is shown that the proposed model can accurately capture
the non-monotonic hysteresis of the MEMS mirror.
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Figure 8. Parameters values (weights) used in the Preisach model for the (a) pitch and (b) roll;
(c) the modeling performance; and (d) modeling error for the hysteresis between pitch angle and the
current input; (e) the modeling performance; and (f) modeling error for the hysteresis between roll
angle and the current input.

170



Micromachines 2017, 8,138

4.3.2. Quasi-Static Verification

The model identification results show that the proposed model can effectively capture the
hysteresis under the chosen current step input. To confirm that the model can reliably and robustly
predict the pitch and roll angles under any reasonable step input, additional experiments utilizing
random step inputs are conducted. A randomly-chosen current step input, as shown in Figure 9a,
is applied to the MEMS mirror. Each step is held for 1 s and the corresponding steady-state pitch
angle and roll angle are recorded. With the chosen current input, the pitch angle and the roll angle
estimations are calculated based on identified model shown in Equations (16) and (17) with parameters
provided in Figure 8a,b and Table 3. Since the quasi-static condition is considered, the derivative terms
of the angles will not affect the system performance. The experimental angles are compared with the
estimated values. Figure 9b shows the pitch estimation performance, and the RMSE is 0.027 degrees.
Figure 9c shows the roll estimation performance, and the RMSE is 0.013 degrees. The effectiveness of
the nonlinear model is confirmed.

Table 3. Coefficient values of the model.

Constant Name and Units Pitch (0,) Roll (6,)
Ar Gain [deg/A?] 79,743 33,871
T Time response [s] 0.0014 0.001479
wy Resonant Frequency [rad/s] 4643 4643
4 Damping ratio 0.00363 0.00447
T Moment of Inertia [Kg-m?] 610%x 10715 323 x10°1°
G Rotational Damping coefficient [N-m-s/rad] 205.6 x 10715 134 x 107 1°
k Rotational Spring coefficient [N-m/rad] 132 x 10~ 69.7 x 10~
a Position of the force with respect to the axis [pm] 600 115
co Constant bias of Preisach model [deg/pum] 0.99 0.38
ko Thermal expansion-induced force term [N/°C] 1.4 x 10* 3.8 x 10°
x10°
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Figure 9. (a) A current step input for model verification; the measured and estimated steady-state
(b) pitch angle; and (c) roll angle.
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4.3.3. Frequency Verification

In order to verify that the model can effectively predict the performance of the mirror under
dynamic inputs, sinusoidal current inputs with different frequencies are applied to the mirror, and the
corresponding pitch angle and roll angle are recorded (Figure 10). As can be seen, the hysteresis
relationships between the pitch angle and the current, and between the roll angle and the current,
change under different frequencies. On average, the RMSE pitch angle estimation error is 0.074 degrees
and the RMSE roll angle estimation error is 0.031 degrees. The model can capture the dynamic mirror
motions reasonably well. It is noted that the estimation error becomes larger under higher frequencies,
which is likely due to the mild discrepancies between the actual and calculated time response values.
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Figure 10. The pitch and roll angle verification performances for current inputs with different frequencies.

4.3.4. Multi-Frequency Verification

Furthermore, the model verification for multi-frequency inputs has been conducted. The current
input (1.35sin(27tt) 4 1.35sin(107tt) 4 1.35 sin(207tt) 4 0.00705 mA), as shown in Figure 11a, is applied
to the system. The model estimation performances for the pitch and roll angles are shown
in Figure 11b,c, respectively. The RMSE pitch angle estimation error is 0.097 degrees and the RMSE roll
angle estimation error is 0.033 degrees. The effectiveness of the proposed model for the MEMS mirror
is thus further validated.
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Figure 11. (a) A multi-frequency current input for model verification; the measured and estimated
(b) pitch angle; and (c) roll angle.
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5. Conclusions

In this article, we have derived and verified the model for MEMS mirrors actuated by
phase-change materials. The model included mechanical and thermal processes, and accounted
for nonlinear behavior typically found in most phase-change materials. The approach presented here
involves a combination of theoretical and experimental results, resulting in a comprehensive hybrid
analysis. Although the emphasis of the present work is on MEMS miirrors actuated by phase-change
materials, particularly VO,, the work can be extended to simpler electrothermal designs based on
typical TEC difference or phase-change materials. Therefore, the present work presents a platform that
can be adapted for the design of a broad scope of MEMS mirrors. Future work will focus on generalizing
the presented model to other actuation modes and observing the effect of the other legs in the actuated
leg and studies at higher frequencies,introducing a closed-loop control design, based on the present
model, to accurately manipulate the different tilting angles of the mirror. Furthermore, future work
will focus on incorporating the control system on each actuator of the VO,-based MEMS mirror for
different purposes such as creating a 2D image or laser tracking. Additionally, a comprehensive model
will be studied to incorporate the pseudo-creep behavior of the device, which is relevant for quasi-static
positioning applications.
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Abstract: The design of a micromirror for biomedical applications requires multiple output responses
to be optimized, given a set of performance parameters and constraints. This paper presents the
parametric design optimization of an electrothermally actuated micromirror for the deflection
angle, input power, and micromirror temperature rise from the ambient for Optical Coherence
Tomography (OCT) system. Initially, a screening design matrix based on the Design of Experiments
(DOE) technique is developed and the corresponding output responses are obtained using coupled
structural-thermal-electric Finite Element Modeling (FEM). The interaction between the significant
design factors is analyzed by developing Response Surface Models (RSM) for the output responses.
The output responses are optimized by combining the individual responses into a composite function
using desirability function approach. A downhill simplex method, based on the heuristic search
algorithm, is implemented on the RSM models to find the optimal levels of the design factors.
The predicted values of output responses obtained using multi-response optimization are verified by
the FEM simulations.

Keywords: micromirror; Micro-Electro-Mechanical Systems (MEMS); bimorph; optimization;
biomedical; desirability function; response surface models

1. Introduction

Micro-Electro-Mechanical Systems (MEMS) technology-based micromirrors are microscale devices
used in optical systems to project light over a wide range of reflection angles. Micromirrors are
generally used in various applications depending upon their geometric configuration, actuation
mechanism, and output performance characteristics. The major application areas of micromirrors
include optical switches [1], optical communications [2], optical displays [3,4], microscopic topometry [5],
barcode scanning [6], biomedical imaging [7,8], and optical interconnects [9]. The deflection angle of
a micromirror can be adjusted statically or dynamically by an actuation mechanism that allows the
rotation of the mirror surface. The actuation mechanisms for the deflection of micromirror plates for
optical scanning are mainly divided into four categories: electrostatic, piezoelectric, electromagnetic,
and electrothermal. The choice of an actuation mechanism is generally dependent on the maximum
angular displacement, device size, input power, input voltage, and microfabrication process [10].

Electrothermal actuation for micromirrors allows us to achieve relatively large angular deflection
in the mirror plate at low actuation voltages. Moreover, the electrothermal micromirrors have almost
linear response between the deflection angle and actuation voltage, high fill factor, simple design,
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and easy fabrication process. These characteristics make electrothermal micromirrors a suitable
choice for biomedical imaging applications [11-14]. The electrothermal actuators may be designed
using either a single thin-film metal structural layer to achieve an in-plane or out-of-plane deflection
corresponding to an applied voltage [15,16] or a combination of two material layers (typically a metal
and dielectric) bonded at an interface with a significant difference in their coefficients of thermal
expansion (CTE) [17-19]. When an increase in temperature is applied, the thermal bi-layer actuator
bends towards the side of the material that has a lower CTE value. The displacement caused by bending
is used in micromirror designs to rotate the mirror surface. A mirror plate is usually attached to the
end of the actuator and deflects at an angle equal to the tangential angle of the bimorph end. In optical
imaging applications, like an Optical Coherence Tomography (OCT) system, the optical scanning angle
has twice the mechanical deflection angle of the mirror plate. Earlier work on the application of the
bimorph thermal actuators for the micromirror was presented by Bulher et al. [20]. Ataka et al. [21]
reported a bimorph actuator based on a dual-layer polyimide material for the distributed micromotion
systems. Yang et al. [22] reported a precise position tracking based on SiO, /doped silicon bimorph
actuator, where the proposed micromirror can be vertically actuated by 1 pm at an input power of
3 mW. Jain et al. [23] demonstrated an electrothermally actuated micromirror design with optical scan
angles larger than +30° in two dimensions with driving voltages of less than 12 V. The bimorph
layers used in this design were aluminum and silicon dioxide. Singh et al. [24] demonstrated
an electrothermal micromirror based on an aluminum/silicon bimorph actuator with a reflecting
metal-coated silicon mirror plate. The device size was 2.5 mm x 2.5 mm and achieved 17° angular
mechanical deflection at an actuation voltage of 1.6 V. Xie et al. [25] presented a micromirror design
using Al/SiO; bimorph thermal actuators for laser beam scanning in an OCT system. Izhar et al. [26]
presented an electrothermally actuated multi-axis micromirror design for OCT systems and reported
an optical scanning angle of 32° with an applied voltage of 6 V and input power of 12 mW. Liu et al. [27]
presented a micromirror with aluminum/tungsten bimorphs for fast thermal response with an optical
scanning angle of £11° at 0.6 V. A large optical scanning angle of £60.4° is reported in [28], at an actuation
voltage of 9.8 V, corresponding to a mechanical deflection angle of 18.1° only. The large optical scanning
angle is achieved by submerging the mirror into a mineral oil with a refractive index of 1.47 and
utilizing the “Snell’s window effect”. Samuelson et al. [29] reported a micromirror actuated by ladder
actuators showing 0.25° lateral mechanical deflection angle at 90 um piston mode displacement, with
an actuation voltage of 1.2 V. Jang et al. [30] reported a MEMS-based parallel plate-rotation (PPR) device
for a single-imager-based stereoscopic endoscope. The fabricated MEMS PPR device rotates an optical
plate with a rotation angle up to 37°. Recently, Duan et al. [31] presented a microendoscopic OCT probe
with a tilted electrothermal micromirror, directly integrated on a silicon optical bench. The micromirror
consists of a two axis scanning single-crystal-silicon (SCS) mirror tilted using an Al/SiO, bimorph
thermal actuator. The maximum scan angle of the mirror plate is 40° at an actuation voltage of 5.5 V
for both axes. The main performance characteristics of a micromirror design discussed in the literature
for biomedical applications in general, and for an OCT system specifically, include micromirror plate
deflection angle and input power. For an OCT system, a higher micromirror deflection angle allows
us to scan a large area from a certain distance. The power dissipated in the micromirror due to the
electrothermal actuation results in a temperature rise in the device, which adversely affects the output
power of the laser integrated in the OCT system [26].

The main challenge in the design of a MEMS device is to obtain the optimal geometric
configuration of the device while considering multiple performance constraints. Conventionally,
optimization of MEMS devices is carried out by developing analytical models, FEM models, topology
optimization, artificial neural networks, and genetic algorithms. These techniques for multiple
output responses become impractical due to the complex geometry and high computational costs
involved, especially for electrothermal micromirrors, which involve complex structural-thermal-electric
interactions. A multi-response optimization using Design of Experiments (DOE) allows for
investigating the design space of a MEMS device at different sample points using FEM models
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with less time, effort, and computational costs and facilitates the analysis of the effect of different
parameters on output responses in detail. Previously, authors have discussed the application of
the DOE technique for single-response optimization of a RF-MEMS switch to achieve a reliable and
optimized design considering the microfabrication process uncertainties and residual stresses [32].
In this paper, a DOE-technique-based multi-response optimization for the scanning electrothermal
micromirror design, to be integrated in the sample arm of an OCT system, is presented, considering
mirror plate optical deflection angle, input power, and temperature rise from the ambient in the
mirror plate.

2. Design and Working Principle of the Proposed Micromirror

The proposed micromirror design consists of a mirror plate and four bimorph electrothermal
actuators, which are symmetrically connected to the mirror plate on four sides through flexural
connectors, as shown in Figure 1. The bimorphs consist of two structural layers of aluminum and
silicon with an embedded platinum heater. An oxide layer is used for electrical insulation between the
structural layers and the heater. The heater pads are exposed to apply the input voltage. To achieve
a high out-of-plane displacement, the elecrothermal actuators are optimized with a rectangular notch
at the end. Once a voltage difference is applied to the exposed heater pads of a bimorph, a current
passes through it and heats it up due to joule heating. The bimorph tends to deflect out-of-plane
because of the significant difference in values of CTEs of both constituent structural layers. As a result,
the micromirror rotates with a certain angular deflection. For piston mode motion, all four actuators
are excited to make a vertical out-of-plane displacement of the micromirror. The micromirror design
presented in this paper is optimized considering the microfabrication process presented in [26].

Embedded Pt Hoater

Upper Al Layer

Micromirror Plate

Rectangular Noteh

Heater Pad
Bottom Si Layer

Pt Hoater Embeddad in 510,

[

(a) (b)

Figure 1. (a) Schematic of the micromirror design consisting of flexural springs with a reflecting
plate in the center; (b) schematic of the electrothermal actuator with bottom Si layer, top Al layer,
and embedded Pt heater. The presence of the rectangular notch at the heater end allows for achieving
higher vertical deflection in the actuator.

Figure 2 shows a basic layout of a time domain OCT system consisting of a monolithically
integrated broadband light source, silicon germanium photodiode (used as a photodector), waveguides,
and micromirrors in the reference and sample arms. In its simplest form, an OCT system operates
by splitting a single beam of light into two with a beam splitter. One of the beams travels towards
the target sample through the sample arm and the other beam travels to the reference mirror through
the reference arm, and reflects back towards the beam splitter from a movable reference mirror.
This reflected light from a reference mirror then interacts with the light reflected from the target and
produces interference fringes. These signals are then read and electronically processed to determine
the reflectivity values of the target as a function of the depth into the tissue. The scanning depth can be
swept by changing the path length of the reference mirror.
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Figure 2. A basic layout of an Optical Coherence Tomography (OCT) system with axial and transverse
scanning micromirrors [26].

3. Micromirror Design Optimization Using Design of Experiments (DOE)

A DOE-based design matrix consists of a sequence of FEM simulations to be carried out in terms
of design factors set at pre-defined levels. The rows and columns of the design matrix represent
the simulation runs and initial design factors settings, respectively. Initially, the identification of the
important design factors, affecting a particular output response, is carried out using a screening design
matrix. The screening of the significant design factors allows for analyzing and optimizing an output
response with respect to design factors in detail using response surface methodology. Figure 3 shows
a complete layout for the multi-response optimization using DOE based FEM simulations. The output
responses considered in the optimization of the micromirror design, presented in this paper, are the
optical deflection angle (twice the mechanical deflection angle), input power, and the temperature
rise in micromirror plate from the ambient. Initially, nine design factors that may affect these output
responses are considered on two levels, as shown in Table 1. The levels of the design factors are decided
based on the previous designs presented in the literature for electrothermally actuated micromirrors.
The size of the micromirror plate is considered to be 500 um x 500 pm, large enough to allow the
easy focus of the laser beam spot in optical imaging applications. The low and high levels of the
electrothermal actuator length (L) and width (W), shown in Table 1, depict a minimum and maximum
L/W ratio of 10 and 16, respectively. The out-of-plane deflection of the actuator can be increased by
further increasing this L/W ratio. However, the maximum length of the actuator is limited by the
chip size and fill factor, while the width of actuator is dependent on the width of the embedded Pt
heater. Moreover, since the thermal response time of the electrothermal actuator is proportional to the
square of the actuator length [33], a larger value of actuator length results in lower switching rates for
electrothermal micromirrors.
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Figure 3. Flowchart showing the schematic layout of the steps implemented for the optimization of the
micromirror using Response Surface Models (RSM)-based Design of Experiments (DOE).

Table 1. Design factors with their respective codes, selected at two levels, for the optimization of
the micromirror.

Code Design Factor (um) Low Level (—1) High Level (+1)
X1 Actuator Length (L) 500 800
Xo Actuator Width (W) 50 100
X3 Silicon Thickness (SiT) 1 1.5
X4 Heater Thickness (HT) 0.1 0.5
X5 Heater Length (HL) 200 300
Xe Metal Thickness (MT) 0.5 1.5
Xz Spring Length (SpL) 400 500
Xg Spring Width (SpW) 8 10
Xo Mirror Thickness (MIRT) 5 10

3.1. Screening Design Matrix for Significant Design Factors

Screening designs are the most important DOE design matrices that determine the most significant
design factors in the optimization process. The Placket-Burman design matrix is the most common
screening design matrix used to identify the significant factors in a minimal number of simulation runs
with a good degree of accuracy [34]. The Placket-Burman design matrix is based on the first-order
model given by:

Y = Bo+ Y BiXs, (1)

where Y is the output response, (3 is the model intercept, 3; is the linear coefficient, and X; is the level
of the design factor. The Placket-Burman design matrix, with 20 simulations and the corresponding
three output responses, is shown in Supplementary Table S1. The output responses, for the different
combinations of the design factors, are obtained using FEM-based structural-thermal-electric coupled
analysis in ANSYS. The structural parts are modeled using SOLID98, which is a coupled field
tetrahedral solid element. The micromirror is constrained at the electrothermal actuator ends for
both structural and thermal boundary conditions. The material properties used in the FEM simulations
are summarized in Table 2. The variation in the material properties with a change in the temperature
was previously discussed by the authors in [26] and the temperature coefficient of resistance for
the embedded Pt heater in the bimorph actuator was observed to be significantly affected by the
temperature. However, in the present work, it is assumed that all the material properties exhibit
a linear elastic behavior and remain constant despite changes in the temperature. In general, the heat
transfer modes for the electrothermal actuators include conduction, natural convection, and radiation.
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For a similar micromirror design, presented in [26], the heat transfer due to conduction, convection,
and radiation was simulated to be 85%, 14%, and 1%, respectively. These results show a negligible
effect of convection and radiation as compared to conduction, and a similar effect has also been
presented for electrothermal actuators in [22,35-38]. Therefore, to reduce computational time during
the FEM simulations, only heat transfer due to the conduction is considered, with the assumption that
most of the heat transfer occurs along the bimorph actuator and connecting springs as compared to
the heat loss from the air. A fixed input voltage of 0.8 V is applied across the electrothermal actuator
pads and the corresponding deflection angle, input power, and temperature rise from the ambient in
the micromirror plate are obtained. Based on the desired performance of the micromirror, an overall
figure of merit (FOM) is obtained considering all three output responses:

Deflection angle

FOM = . 2
Input power (mW) x Temperature rise from the ambient (°C) @
Table 2. Material properties used in the FEM simulations [22,24,39,40].
Material Properties Aluminum Platinum Silicon Silicon Dioxide
Young’s modulus (GPa) 70 170 162 70
Poisson ratio 0.33 0.38 0.22 0.17
Density (kg/um3) 23 %1071 214 x 10715 232 x 10710 2.66 x 10712
Specific heat (p] /kg K) 9.02 x 10™ 1.3 x10M" 7.53 x 101 10 x 10
Resistivity (TQ-pum) 283 %107 109 x 1071  132x10"M 1.0 x 1010
CTE (1/K) 23.1 x 107 8.8 x 107° 2.66 x 1076 0.5 x10°°
Thermal conductivity (pW/pm K) 23.7 x 107 7.1 x 107 1.5 x 108 0.1 x 107

3.2. Mean Effect Model and Analysis of Variance for the Screening Design

The output responses obtained using the FEM simulations for the screening design matrix can be
described by a linear statistical model given as:

i=12,,,a
R B 1erry 3
Yij p’z"!‘&]{ ]-:1,2,,,” ’ 3)

where y;; is the ijth response value, 7 is the number of times the design factor level appears in the
design matrix, y; is the ijth design factor level, and ¢;; are the random errors. The means for each design
factor at low and high level are obtained for each output response, as shown in Figure 4. The horizontal
axis for each design factor is the low and high level value, while the vertical axis is the mean value of
the output responses for each design factor level. A large difference in the means of two design factor
levels shows that the design factor has a significant effect on the output response. Figure 4a shows
a steeper slope for the two levels of the design factors L, W, SiT, MT, HL, and HT. Figure 4b shows that
the only heater length (HL), heater thickness (HT), and actuator width (W) have a significant effect
on the temperature rise of the micromirror plate. For the input power, the slope of the heater length
(HL) and heater thickness (HT) is high compared to the other design factors, as shown in Figure 4c.
Since the mean effect of the design factors at low and high levels is not the same for all three output
responses, the mean effect plot for the figure of merit is obtained using Equation (2). Figure 4d shows
the mean effect plots of the design factors for the overall FOM.
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Figure 4. Mean effect plots for the output responses: (a) mean effect plot for the deflection angle.
Design factor actuator length (L) has the highest change in the mean value with change from low level
to high level. (b) Mean effect plot for the micromirror central plate temperature rise from the ambient;
The design factor heater thickness (HT) has a highest deviation from the mean; (c) Mean effect plot
of the input power. The design factor HT and heater length (HL) have a visible change in the mean
values while all other factors have negligible effect on mean at two different levels; (d) Mean effect
plot of the figure of merit showing the design factors HT and L to have the highest change in the mean
value going from the low to high factor level.

Analysis of variance (ANOVA) is a collection of statistical design models that analyze the effect of
considered design factors on a specific output response. This technique is based on the assumption that
the sources of variability in the output response variables can be attributed to the design factors as well
as to the random noise in the experiments. The total variation in the output response for each design
factor is calculated in the form of the total sources of variance SSt, which is a combination of variable
sum of squares (variance due to design factors effects) SS4 and error sum of squares (random error)
SSg. These total source variance can be represented as [41]:

SSt=S5S4+SSg 4)

$54= Y. Y. (7~ 7) ®)

i=1j=1

SSe =Yy Y (v — 7)) ©
where ; is the design factor level group mean, ¥ is the overall mean, a is the number of levels of the
design factor, y;; is the the ijth response in the ith variable level, and ; is the number for which the
variable is at i level. The assumptions for ANOVA (that the random errors are normally distributed
with mean zero and constant variance) are initially verified using Anderson-Darling [42] and Levene
tests [41]. A detailed description of these tests is provided by the authors in [43]. p-values > 0.05
are obtained for both these tests, thus verifying the basic ANOVA assumptions. ANOVA results are
generally described in terms of p-value. A p-value < 0.05 for a design factor means that it can be
concluded with 95% confidence level that the considered design factor has a significant effect on the
output response. For the angular deflection, p-value < 0.05 is obtained for the design factors L, W, SiT,
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HT, HL, and MT. Similarly, the analysis showed p-value < 0.05 for the design factors W, HT, and HL
in the case of micromirror temperature rise from ambient. For the input power, the design factors
HT and HL showed p-value < 0.05. The results obtained using ANOVA are further verified using
half-normal probability plots [44]. The half-normal probability plots are used to find out whether and
to what extent the distribution of the design factors follow the normal distribution. The estimates for
the significant design factors do not follow the normal distribution. Figure 5 shows the half-normal
probability plots for the three output responses of the screening design matrix.
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Figure 5. (a) Half-normal probability plot for deflection angle. The effect of the actuator length (L) is
highest among the significant factors, while that of the mirror thickness (MT) is lowest; (b) Half-normal
probability plot for the micromirror temperature rise from the ambient. Among the three significant
factors, heater thickness (HT) has the highest effect on temperature rise and silicon thickness (SiT)
has the lowest; (c) Half-normal probability plot of the input power. Heater thickness (HT) and heater
length (HL) are the two significant design factors.

3.3. Design Matrix for Multi-Response Optimization

The ANOVA and half-normal probability plots show that the significant design factors for the
angular deflection also include the design factors that were proven to be significant for the micromirror
temperature rise and input power. So, the significant design factors L, W, HL, HT, SiT, and MT,
obtained using a Plackett-Burman based screening design matrix for the angular deflection, are further
investigated using response surface metamodels. The response surface method is based on a statistical
approach to develop an appropriate relationship between an output response and the design factors
using the following second-order model:

y = Bo+ Liy Bixi + ¥ ic; Byxixj + Liy Bix? +e (d=2), @)

where € is the random error and the {3 coefficients are obtained by the method of least squares
regression, such that the sum of the squares of the predicted values and the actual values are minimized.
In matrix form, Equation (7) can be written as:

Y=bX+E, (©)
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where Y is the matrix of the measured output response values and X is the matrix of the design factors.
The matrix b of the 3 coefficients can be obtained as:

b= (xX'x) “Ixty. ©)

The selection of a proper design matrix for the response surface-based optimization is very
important. In this work, we have selected Central Composite Design (CCD) design matrix for
multi-response optimization. The CCD requires only a fraction of all the possible combinations of the
design factors. The number of simulation runs required for the CCD design matrix are N = 2 + 2k + Cy
where k is the number of the design factors and Cy is the number of central points. Table 3 shows the
significant design factors at three levels used for the response surface metamodels.

Table 3. Design factors and their three levels for the Central Composite Design (CCD) design matrix.

Code Design Factor (um) Low Level (—=1)  Medium Level (0)  High Level (+1)

X1 Actuator Length (L) 500 650 800
X5 Heater Thickness (HT) 0.1 0.3 0.5
X3 Actuator Width (W) 50 75 100
Xy Silicon Thickness (SiT) 1.0 1.25 1.5
X5 Heater Length (HL) 200 250 300
X6 Metal Thickness (MT) 0.5 1.0 1.5

The CCD design matrix with 53 simulation runs and the corresponding output responses
(deflection angle, input power, and temperature rise in the mirror) obtained through FEM simulations
are shown in Supplementary Table S2. The non-significant design factors SpL, SpW, and MIRT are
kept at the levels that gave a maximum value of FOM in the Plackett-Burman screening design.
Polynomial equations for the responses Y; = deflection angle, Y, = Input power, Y3 = micromirror
temperature rise obtained, using the second-order model and calculating the value of the 3 coefficients
(using Equations (7)—(9)), are given as:

Yy = 23.59 + 9.86X; + 7.39X, — 4.66X3 — 523X, — 4.62X5 — 1.02Xg -+ 2.84X1 X5 —
124X X3 — 1.81X Xy — 1.27X1 X5 + 0.048X; X — 159X, X5 — 1.03Xo Xy —

10
0.88X,Xs5 — 0.24X>X¢ + 0.97X3Xy + 0.67X3X5 + 0.29X3X¢ + 0.89X4 X5 + 2.10X4 X5+ (10)
0.088X5X¢ + 0.37X% — 1.52X2 + 5.71X3 + 0.28X3 + 0.60X2 — 1.94X2.
Y, =748 +5.18X; —0.20X3 — 1.65X5 — 0.13X, X3 — 1.10X» X5 4 0.080X3 X5 (11)
—2.953¢4X? 4 2.047e~*X3 — 0.075X% — 2.953¢ 4 X7 + 0.38X2 — 2.953¢*X2
Y3 = 27.06 — 0.17X; + 13.65X, — 7.50X5 — 1.33X4 — 5.64X5 — 3.70Xs + 0.1X1 X, —
0.015X1 X3 + 9.906¢ — 003X X4 + 0.026X1 X5 + 0.16X1 X — 3.35X2 X5 — 0.70X» X4 — 12)

164X, X5 — 2.15Xp X6 + 0.53X3 Xy + 1.21X3X5 + 1.32X3 X6 + 0.24X,4 X5 + 0.77X4 X6+
0.38X5X¢ — 0.33X% — 0.030X3 + 7.68X% — 0.23X7 + 0.62X2 + 0.74X2.

3.4. Regression Analysis for the CCD Design Matrix

To verify that the developed response surface models for the three output responses, given in
Equations (10)—(12), provide an adequate approximation of the true behavior of the micromirror,
a regression analysis is carried out. The first step in the regression analysis is to ensure that none of
the least squares assumptions, i.e., errors in the model, are normally distributed with mean zero and

variance 02, are violated [41]. These assumptions are verified by analyzing the residuals from the least

squares fit defined by e; = y; — Q,., i=1,2,..,n where y; is the vector of actual observed values and ;i
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is the vector of the fitted values. The relationship of the vector of fitted values to the vector of actual
observed values is given as:

y = Xb = X(XX) Ty, (13)

To verify the assumptions for the response surface models obtained from the CCD design matrix,
standardized residuals-based normal probability plots and fitted values versus standardized residual
plots are obtained, which verified the basic assumptions for the regression analysis. The test for the
regression analysis is based on the following null hypothesis [41]:

Ho:B1—Bs— ... — By =0 1)
Hy : Bj # 0 for atleastone j |

The regression analysis test is used to verify if a statistical relationship exists between the output
response and at least one of the design factors. If the null hypothesis is rejected, then it means that at
least one of the design factors significantly affects the output response surface model. The test for the
hypothesis is carried out using the following F-test ratio:

_ MSg

Fy= ,
0~ MSg

(15)
where MSg and MSg are the regression and residual mean square, respectively. The null hypothesis is
rejected if the calculated Fy > F, 1 (or p-value < «), where «a is the level of significance, k is the
number of design factors, and 7 is the number of observations [41]. A regression analysis for the three
output responses is performed and F-test ratios and corresponding p-values for each output response
model are obtained. Supplementary Table S3 shows the regression analysis results.

3.5. Interaction Analysis of the Design Factors for Angular Deflection

The regression analysis results, given in Supplementary Table S3, for the output response angular
deflection (Y;) show that the design factor interactions X1 X, X1 X3, X1 X4, X1 X5, XoX3, X2 X4, X2 X5,
X3X4, X3X5, X4 X5, and Xy X, are significant with p-value < 0.05. These interactions for the design
factors can be further analyzed with respect to the output response using 3D surface and contour
plots. In this paper, the design factor interaction X;X, with the highest F-value of 83.2 is further
investigated using 3D surface and contour plots as an example. Figure 6 shows that the deflection
angle increases with an increase in both the electrothermal actuator length L (X;) and heater thickness
HT (X3). The deflection angle is more sensitive to the change in L as compared to HT. When the
actuator length is 500 pm, the change in the deflection angle is less affected by the change in the heater
thickness as compared to when the actuator length is at 800 pm.

N
o

Deflection Angle (degree)

Deflection Angle (degree)

L fpoem)

(b)

Figure 6. (a) 3D surface plot and (b) contour plot for L and HT for fixed values of W, HL, SiT, and MT.
The output response considered is angular deflection.
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3.6. Interaction Analysis of the Design Factors for Input Power

In Supplementary Table S3, the p-values < 0.05 for X;X3, X»Xs5, and X3X5 show that there is
a significant relationship between the W and HT, HT and HL, and HL and W for the output response
input power (Y3). The interaction between HT and HL has the highest F-value among the three significant
design factor interactions. Figure 7 shows the 3D surface and contour plots for HT and HL, with all other
design factors set at their medium levels. The plots show that input power decreases with the increase in
the heater length and a decrease in the heater thickness. The change in the output power is more sensitive
to the change in the heater thickness as compared to the heater length. Moreover, the change in the input
power value is less than the change in the HL when HT = 0.1 um, as compared to when HT = 0.5 pm.

Figure 7. (a) 3D surface plot and (b) contour plot for HL and HT for fixed values of W, L, SiT, and MT.
The output response considered is input power.

3.7. Interaction Analysis of the Design Factors for Temperature Rise

The design factor interactions X»X3, X2X5, X2Xs, X3Xs5, X3X6, and X4X4 are observed to be
the significant interactions for the temperature rise in the micromirror plate from the ambient.
Figure 8 shows the 3D surface and contour plots for the interaction between the electrothermal
actuator width W (X3) and heater thickness HT (X3). The interaction between W and HT has the
highest F-value of 117.4 for the temperature rise as compared to all other significant design factor
interactions. The interaction plots between W and HT are highly non-linear, with a noticeable curvature.
The plots show that the temperature rise in the micromirror plate is less sensitive to the change in the
electrothermal actuator width W as compared to the heater thickness HT for a fixed value of all other
design factors. However, for W < 75 um, the temperature rise in the micromirror is more influenced
by the change in the HT as compared to when 75 um < W < 100 pm.
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Figure 8. (a) 3D surface plot and (b) contour plot for W and HT for fixed values of L, HL, SiT, and MT.
The output response considered is micromirror central plate temperature rise from the ambient.
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3.8. Multi-Response Optimization

The design optimization of electrothermally actuated micromirror, considered in this paper,
involves optimization of three output responses simultaneously for a given set of design factors.
For the multi-response optimization of the micromirror, an optimization objective function is initially
defined, which is given as:

Maximize deflection angle
Minimize input power :
Temperature rise in the micromirror plate < 30 °C
such that :
500 um < L < 800 um
0.1 um < HT < 0.5 pm
50 um < W < 100 pm
1um < SiT < 1.5 um
200 um < HL < 300 um
0.5um < MT < 1.5 pm.

(16)

One of the traditional methods for multi-response optimization is overlaid contour plots.
This method is mainly useful when there are two or three design factors, since in higher dimensions it
loses its efficiency [45]. The most practical method to optimize multiple output responses was proposed
by Derringer and Suich and is based on the desirability function approach [46]. The desirability
function allows us to find suitable values for the design factors to simultaneously reach an optimal
solution for all the output responses considering the desired objective function. Initially, an individual
desirability function d;(y;) for each response y; is calculated using the developed response surface
models and defined objective function. If the output response y; is at the goal defined in the objective
function then d; = 1, and if it is outside an acceptable region then d; = 0. If the objective function is to
maximize the output response then d;(y;) is given as [45]:

0 if yf(x) < L;
dilrix) = (HE)" ML <w) < U a7
1 if yi(x) > U;

If the objective function is to minimize the output response then d;(y;) is given as:

1 if yf(x) < L;
i) = (%a)® i L<w <u; (18)
0 if yi(x) > U;

When the output response is to be optimized with respect to some target T then d;(y;) is given as:

0 . if y,-(x) < Li
(y’gclzl[“’) ! if L <yi(x) < T
di(yi(x)) = 1 . ifyi(x) =T, (19)
. —1]: 2 .
(y’#lulu‘) if T; <yi(x) < U;
if yi(x) > LI,-

where U; is the upper value of the desired output response range, L; is the lower value of the output
response range, and T; is the target value for the output response. The parameters rq and r, define
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the importance of the output response to be close to the desired value. The optimum solution can be
obtained by combining the individual desirability functions, given as:

1
n

D(ealy1 ()], daly2(0)), -+ dalya))) = (T, dilyn()]) " 20)

The desirability values for the multiple output responses can be maximized by using the
well-known Nelder-Mead downhill simplex algorithm-based heuristic search algorithm [47].
This search algorithm finds a local optimum solution to a problem with multiple variables and
iteratively narrows down to a design factor value that maximizes the desirability of the objective
function. Figure 9 shows the optimal solution for three output responses and the corresponding values
of the design factors with respect to the optimization objective function defined in Equation (14).
The values of the simultaneously optimized deflection angle, input power, and micromirror
temperature rise from the ambient are 43.9°, 2.85 mW, and 29.3 °C, respectively. The value of the
combined overall desirability function is 0.72.

500.00 800.00 0.10 0.50 50.00 100.00
A:L = 800.00 B:HT = 0.10 C:W = 50.00
1.00 1.50 200.00 300.00 0.50 1.50
D:SiT = 1.00 E:HL = 217.95 F:MT = 0.99
6.3 79.6 2.008 16.19 134 82.35
Deflection Angle = 43.9 Input Power = 2.8511 Mirror Temperature Rise = 29.331

Figure 9. The optimal values of the design factors obtained using the Nelder-Mead downhill
simplex-based heuristic search algorithm.

The regression analysis results for all three output responses, given in Supplementary Table S3,
show that the interaction between the design factors W and HT is a significant interaction with p-value
< 0.05. This gives an opportunity to further explore the effect of these two factors on the individual
output responses and overall desirability by keeping all other design factors at the optimized values
predicted by the desirability function approach. Figure 10 shows the contour plots for the effect of
W and HT on the deflection angle, input power, and micromirror temperature rise from the ambient.
For the deflection angle, the interaction between the electrothermal actuator width W and heater
thickness HT is highly non-linear, with large contours. The deflection angle increases considerably
with the increase in the HT up to 0.5 um. The change in the deflection angle is more sensitive to
the change in HT than W. For the input power, the contour plot shows linear behavior. The input
power changes sharply with the increase in the HT, while the effect of the change in W is negligible.
The contour plots for the micromirror temperature rise from the ambient show that the output response
is very sensitive to the increase in HT as compared to W. However, for W > 62.5 um, change in W has
an almost negligible effect on the temperature rise.
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Figure 10. Contour plots for (a) deflection angle; (b) input power; and (c) micromirror plate temperature
rise from the ambient. The contour plots show interaction between W and HT for the final optimized
design, while all other design factors are kept at the optimized values predicted by the direct
search algorithm.

Figure 11 shows the overlay contour plots for the three output responses with respect to HT and
W. The individual contour plots are obtained using response surface models by using the predicted
design factor values. The yellow region shows all the feasible solutions that lie within the defined

objective function of Equation (16).

Overlay Plot

Deflection Angle
Input Power
Mirror Temperature Rise

X1=B: HT
X2=C:W

Actual Factors
A: L = 800.00
D: SiT = 1.00
E: HL = 217.95
F: MT = 0.99

Mirror T Rise: 30|

W (pm)
2

62.5 Defiection Angle: 43.8532
Input Power: 2.85108
Mirror Temperature 29,3319

X1 0.10
X2 50.00
50.0 I /I 1 .
0.1 0.2 0.3 0.4 0.5

HT (um)

Figure 11. Overlay contour plots for all three output responses. The yellow region shows the acceptable
solutions according to the objective function defined in Equation (16). However, the best solution with
highest desirability is highlighted in the text box.

189



Micromachines 2017, 8, 107

3.9. Verification of the Multi-Response Optimization

The results obtained using desirability function-based multi-response optimization are verified
using FEM simulations. The micromirror model is developed with the optimal values of the design
factors, shown in Figure 9. Figure 12a shows the vertical deflection in the micromirror plate with
a maximum upward and downward deflection of 18.4 pm and 263.4 pum respectively, in opposite
corners of the micromirror plate. An absolute deflection angle of 43.4° is calculated for the micromirror
plate deflection using trigonometric functions. Figure 12b shows the temperature distribution in the
micromirror. The temperature rise in the micromirror plate from the ambient is 27.4 °C at an actuation
voltage of 0.8 V. The calculated input power for the optimized design for an actuation voltage of
0.8 V is 2.94 mW. These actual values of the deflection angle, micromirror plate temperature rise from
ambient, and input power, obtained using FEM simulations, lie within the 95% confidence interval
of the predicted output responses, thus verifying the accuracy of the developed response surface
models-based multi-response optimization.

NODAL SOLUTION AN NODAL SOLUTION AN
STEP=1 STEP=1
SuB=1 SUB=~1
TIME=1 TIME=1
UZ (AVG) [TEMP (AVG)
RSYSa0 RSYS=0
DMX 642,175 DMK =642.175
SMN =642.175 SMN =299.912
SMX 2451416 |SMX =406.734

IJ' — [ ¥

X X
e

L6422 4802 -336.3 B33 .30.3 2990 3237 3474 AT 394.9

-565.7 4127 -250.8 -106.8 46.14 ms 3355 3583 3830 408.7

(a) (b}

Figure 12. (a) Vertical deflection plot for the final optimized design; (b) temperature distribution within
the final optimized design. The temperature rise in the micromirror plate is much less than the bimorph
actuator temperature.

The DOE-based optimization technique discussed in this paper is implemented only for the
scanning micromirror used in the sample arm of an OCT system. However, for the use of a micromirror
in the reference arm of an OCT, or for in-depth tissue scanning, an out-of-plane displacement (piston
mode operation) is desired. To analyze the possibility of using the optimized tilting micromirror in the
reference arm of an OCT system, all four bimorph actuators are simultaneously actuated in the FEM
simulations. A vertical displacement of nearly 500 pum is obtained in the micromirror plate, as shown
in Figure 13. The temperature rise in the micromirror plate from the ambient is observed to be 110 °C
for the piston mode, which is much higher than the case of angular deflection.

S
¥ -390, 2394 79,
6384 4788 -319.2 -150.6 0.328E-05

Figure 13. Vertical deflection in the final optimized design for piston mode operation. All four
electrothermal actuators are simultaneously actuated.
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4. Discussion

The output responses considered in the optimization of the electrothermal micromirror using
Response Surface Models (RSM) are deflection angle, input power, and micromirror temperature rise
from the ambient. However, for an OCT system, the scanning speed and overall device area of the
electrothermal micromirror are also important output responses. The scanning speed is dependent
on the thermal time response of the bimorph actuator, while the overall device area is decided by the
electrothermal actuator and micromirror reflecting plate dimensions. These output responses may
also be considered in the multi-response optimization of the electrothermal micromirror, following the
optimization steps discussed earlier. For the final optimized design presented in this paper, the overall
micromirror size is 1.65 mm x 1.65 mm, with a mirror plate size of 500 um x 500 pm. For a fixed
mirror plate size, the device area may be minimized by decreasing the electrothermal actuator length.
For example, with an actuator length of 400 um, the overall device area is 0.825 mm x 0.825 mm and
the corresponding RSM-based deflection angle, input power, and micromirror temperature rise from
the ambient are 18.3°, 3.3 mW and 34.8 °C, respectively. These values are obtained by modifying the
objective function given in Equation (16) with L = 400 um and repeating all the optimization steps.

The performance of metal thin-films-based MEMS devices is significantly affected by the
time-dependent accumulation of plastic strain under the influence of applied stress and temperature
(the creep effect). This leads to a change in both the static and dynamic response of the device [48].
In MEMS, the creep effect was initially reported in electrostatically actuated digital micromirror
devices (DMD), fabricated using a series of aluminum metal depositions [49]. The micromirrors
were tested at a temperature of 65 °C and a change in the static response was observed. In the
electrothermally actuated micromirrors, the temperature in the actuators is generally higher than room
temperature. Mu et al. [50] have reported a temperature of 90 °C in a Al/Si bimorph thermal actuator
with a relatively low temperature of 30 °C in the mirror plate. Bauer et al. [51] have implemented
Au/Si bimorph actuators in a scanning micromirror design for an initial offset of the angular vertical
comb-drives. The temperature in the bimorph actuators is simulated to be 380 °C, while a very high
temperature of 770 °C in the comb-drive supporting beam is reported. For an electrothermally actuated
micromirror, temperature values of nearly 160 °C and 65 °C in the Al/W bimorph actuator and mirror
plate, respectively, are reported in [14]. For the optimized micromirror design, presented in this paper,
the temperature distribution in the micromirror (Figure 12) shows a temperature increase of nearly
106 °C and 27.4 °C from the ambient in the bimorph actuator and micromirror plate, respectively.
These high temperature values in the metal thin-film-based electrothermal micromirrors may initiate
the creep phenomenon and affect long-term reliability. The other mechanical reliability issue related to
micromirrors is the formation of residual stress during the microfabrication process, which may result
in curling in both the thermal actuators and central plate, like all other MEMS devices [52]. Similarly,
the application areas of the micromirrors involve cyclic loading, which may deteriorate the flexural
stiffness if the device is operated for a large number of cycles (the fatigue phenomenon) [53]. Generally,
during the design and optimization phase of the MEMS in general, and electrothermal micromirrors
in particular, these reliability issues are not considered. A reliable design of an electrothermally
actuated micromirror requires a robust design optimization considering both thermal and mechanical
reliability issues. A DOE-based robust multi-response-based design optimization using the dual
response surface method [54] or mixed array design [36] can be a good alternative to the conventional
design optimization methodologies for electrothermal micromirrors.

5. Conclusions

A DOE-based multi-response design optimization methodology for MEMS devices is presented.
The device considered for optimization is an electrothermally actuated micromirror for OCT system
applications. Three output responses, deflection angle, input power, and micromirror temperature
rise from the ambient, are considered for simultaneous optimization and the respective response
surface models are developed through regression analysis. A desired objective function is defined
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and the optimal values of the design factors and corresponding output responses, satisfying the
objective function, are obtained using combined desirability functions and a Nelder-Mead downhill
simplex-based heuristic search algorithm. A deflection angle of 44° with an input power of 2.85 mW
and a temperature rise of 29.3 °C from ambient, with an overall device size of 1.65 mm x 1.65 mm,
is predicted by the developed RSM model at the optimal level of the design factors. These predicted
values are verified using FEM-based confirmation simulation. The proposed multi-response design
optimization methodology can be implemented for the optimization and detailed interaction analysis
of different design factors of MEMS devices at the design level.
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Abstract: The collimation of free-space light propagating in-plane with respect to the substrate
is an important performance factor in optical microelectromechanical systems (MEMS). This is
usually carried out by integrating micro lenses into the system, which increases the cost of
fabrication/assembly in addition to limiting the wavelength working range of the system imposed by
the dispersion characteristic of the lenses. In this work we demonstrate optical fiber light collimation
using a silicon micromachined three-dimensional curved mirror. Sensitivity to micromachining and
fiber alignment tolerance is shown to be low enough by restricting the ratio between the mirror
focal length and the optical beam Rayleigh range below 5. The three-dimensional curvature of
the mirror is designed to be astigmatic and controlled by a process combining deep, reactive ion
etching and isotropic etching of silicon. The effect of the micromachining surface roughness on
the collimated beam profile is investigated using a Fourier optics approach for different values
of root-mean-squared (RMS) roughness and correlation length. The isotropic etching step of the
structure is characterized and optimized for the optical-grade surface requirement. The experimental
optical results show a beam-waist ratio of about 4.25 and a corresponding 12-dB improvement in
diffraction loss, in good agreement with theory. This type of micromirror can be monolithically
integrated into lensless microoptoelectromechanical systems (MOEMS), improving their performance
in many different applications.

Keywords: curved micromirrors; three-dimensional fabrication; Gaussian beams; surface roughness

1. Introduction

Optical microelectromechanical systems (MEMS) technology has attracted great attention over
the past couple of decades because of its reduced size, light weight and low cost [1]. There are two
main architectures in the optical MEMS, namely in-plane architecture [2], where the light propagates
from one component to another parallel to the substrate, and out-of-plane architecture [3], where the
light hits the optical component either perpendicular to or with inclination on the substrate. For many
applications, such as in optical telecommunication [1], optical coherence tomography [4] and on-chip
sensing [5], the light source is connected to the optical MEMS device through a single-mode optical
fiber, where the optical beam output from the fiber behaves as a Gaussian beam [2]. In this case, the
propagation can be associated with beam size expansion before detection, leading to optical losses.
This is even more serious in optical MEMS due to the size limit of the optical components [6,7]. Several
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solutions were introduced as shown in Figure 1 to overcome this challenge, such as the use of a lensed
fiber [4] or an external lens integrated into the system in the form of a graded-index (GRIN) lens or a
ball lens [6-11]. The lensed fiber solution is costly due to the piece-by-piece process of lens formation
on the fibers, in addition to the reliability issue to possible fiber tip breakage. The external lens solution
suffers from the cost and complexity of the assembly. In addition, refractive lenses have chromatic
aberration and require anti-reflective coating to eliminate the reflection. The aberration and the coating
both lead to limited working wavelength range.

Lens
(ball, GRIN) In-plane
curvature
Lensed
fiber
Out-of-plane
curvature
(a) (b) (<) (@

Figure 1. Optical beam propagation for the different architectures of (a) a cleaved fiber; (b) an integrated
lens fiber; (c) an external lens; and (d) the proposed solution in this work.

Reflecting curved micromirrors are achromatic and can provide much a wider spectral response,
but they need special attention during fabrication to obtain the curved surface. The common non-planar
micro surfaces fabrication techniques are gray-tone mask [12], excimer laser [13], Reactive Ion Etching
(RIE) lag effect [14] and photo resist (PR) reflow [15,16]. On one hand, non-silicon curved micromirrors
were reported using a polymer dispensing and sucking technique [17], residual internal material stress
resulting from deposition of gold on polysilicon for the purpose of light focusing [18], trapping of
gas bubbles during melting a stack of small borosilicate glass tubes under a nitrogen atmosphere and
further grinding and polishing for atomic studies [19] and deep silicon etching and PR reflow targeting
optical interconnects [20]. On the other hand, silicon curved micromirrors fabricated on the wafer
top surface were reported using isotropic chemical etching for the sake of optical detection of single
atom [21], selective polishing method on the top of MEMS tunable vertical-cavity surface-emitting
laser [22] and ion beam irradiation and electrochemical etching for atomic studies as well as optical
interconnects [23]. The principal axis of the aforementioned micromirrors is oriented out-of-plane
with the respect to the wafer substrate. This rendered the micromirror incompatible with silicon
micro-optical bench systems where the light is propagating in-plane with respect to the substrate.
Three-dimensional (3-D) micro optical bench systems requiring further assembly or mounting steps
after fabrication were introduced in the literature. The most common is to use rotational assembly
to create micro-optical subsystems that process free-space beams travelling above the surface of the
chip [24]. Non-monolithically integrated mechanical mounting systems for connecting and aligning
optical components on a micro optical bench (OB) were also reported [25,26]. This is, however,
not compatible with the monolithic integration efforts for the microoptoelectromechanical systems
(MOEMS) [27-30].

In this work, we demonstrate optical beam collimation and propagation loss reduction using
a monolithic micromachined curved mirror with an in-plane principal axis, which is compatible
with silicon micro-optical bench technology [31]. The paper is organized in the following manner.
In Section 2, a theoretical study is carried out for the possibility of Gaussian beam collimation using
curved surfaces exhibiting microscale focal lengths, i.e., not so large compared with the incident
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Gaussian beam Rayleigh range. The design of astigmatic micromirror curvatures is related to incidence
angle of the incident Gaussian beam in order to generate a stigmatic collimated beam. The effect of
the surface roughness of the micromirror is analyzed in Section 3. Then, the fabrication steps of the
micromirror and the resulting structure are presented in Section 4. Finally, optical measurements are
presented and discussed in Section 5 using the introduced curved micromirror for single-mode fiber
output collimation and propagation loss reduction where the fiber axis lies in-plane with the substrate.

2. Theoretical Analysis of Optical Beam Collimation
Consider the incidence of a Gaussian beam on a curved micromirror as shown in Figure 2.

The parameters of the reflected beam are related to the incident beam by:

G. = Wout _ 1 )

Vin Q= di/ P23
dowr _ 22/ f* = din/ f(1 = din/ f) ?
f (1—din/ f)* +23/ £

where w;, and wo,; are the min waist radii for the incident and reflected beams, respectively, d;,, and

dout are the distances between the beam waist location and the mirror surface at the point of incidence
for the incident and reflected beams, respectively, f is the focal length of the mirror and z, is the
Rayleigh range of the incident beam. The beam-waist ratio we:/w;, is denoted by G, and represents
the collimation gain. The dependences of the beam-waist ratio and the ratio do;:/f on the ratio d;,, /f
for different ratios of f /z, are shown in Figure 3. The beam-waist ratio has a maximum value occurring
when the input distance and the focal length are equal. The maximum beam-waist ratio is given by:

_f

Ge = = ©)
The variation of the beam-waist ratio around d;,, /f = 1 is symmetric. The variation of the ratio
dout /f possess odd symmetry around the point (d;,/f =1, dout /f = 1). The output beam waist location
doesn’t change with the input beam Rayleigh range when the input beam waist is located at the focus
of the mirror. Negative values of do/f are obtained when d;,, /f <1, which means the output beam
waist is located virtually behind the mirror and the beam is diverging after reflection. The opposite
case occurs when d;, /f >1 and the beam is reflected in a converging state. The output beam waist may
have its waist located just at the mirror surface for a single value of d;, /f when z,/f = 2 and for two
value of d;,, /f when z,/f = 0.5; one time for a very small value of d;,, /f and the second time for a d;,, /f

that is slightly smaller than unity.

In-plane curvature Out-of-plane curvature

Reflected beam

Incident beam

(a) (b)

Figure 2. Three-dimensional curved micromirror used in beam collimation. (a) In-plane cross section;
(b) out-of-plane cross section.
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10 10
5
:‘F
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0.5 0.75 1 1.25
dm f
(a)

Figure 3. Dependence of the beam-waist ratio G, and the ratio d,¢/f on the ratio d;, /f in (a) and (b),
respectively, for different f/z, ratios.

The microfabrication process tolerance may result in a variation of the curved micromirror radius
of curvature, which affects the obtainable beam’s beam-waist ratio. The impact depends on the gain
sensitivity to the curved surface focal length. The corresponding change is determined by:

AGC f— Aifdm/f(l dxn/f)+<zv/£32

P la—di/ P+ G/ 7] “)
_ Af Zo n . ~
=7 () dasrx

For a given percentage change in the focal length, the gain sensitivity becomes very high when
the ratio z,/f is very small. As depicted in Figure 4a, the beam-waist ratio is less sensitive to the
focal length variation when z,/f is larger than 0.2. The output beam waist location is, however, very
sensitive to the variations as shown in Figure 4b. In the case of z,/f > 0.2, the fabrication tolerance
impact on the output beam waist location can be compensated by active axial alignment.

10 Less sensitive 6
>
8 Magnification 4

_- N
i Demagnification El
i =
i =

i
i
¥

0 -4

0 02 05 1 1.5 2
2 /f z/f
(a) (b)

Figure 4. Dependence of the beam-waist ratio Gc and the ratio d;,, /f on the ratio z,/f in (a) and (b),
respectively, for different d;, /f ratios.

The inclined incidence of the beam on the mirror in a tangential plane, while being normal to the
sagittal plane, has the effect of splitting the focal length as well as the input ratio d;,, /f of the mirror
each into two different values:

fip = 0.5R;, cos(Bisc) ©
fop = 0.5Rop/ cos(Bnc) ©
din _ L
<7)ip * Ripcos(Binc) ’
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(@) _ 2d;, cos (i) )
f op Rop

where the subscripts “ip” and “op” are used for the in-plane and out-of-plane directions, respectively,
and R is the radius of curvature of the mirror in the indicated plane. The inclined incidence has
the effect of effectively increasing the out-of-plane focal length of the curved surface while at the
same time decreasing its in-plane focal length, and therefore, a stigmatic inclined curved surface
should have non-equal radii of curvature in the two orthogonal planes. As will be shown in the
fabrication section, the out-of-plane plane radius of curvature can be limited to 100 pm. Fortunately,
increasing angle of incidence compensates for this limit. For instance, focal length matching occurs
at incidence angles 0, =0°, 45° and 60° for Roy/Rj, = 1, 0.5 and 0.25 respectively. Away from
the stigmatic beam generation angle, the reflected beam exhibits an elliptical cross section as well
different beam waist location in the two orthogonal planes. This can be of particular interest in beam
shaping /matching applications.

3. Effect of Surface Roughness

The effect of the surface roughness expected from the micromachining of the 3-D curved surface
on the collimated optical beam profile is investigated in this section. For this purpose, the overall phase
transformation of the 3-D mirror is divided into the phase curvature responsible for the collimation of
the beam, which is already considered in Section 2, and a random phase due to the surface roughness.
The phase curvature corresponding to the curvature of the mirror surface is given by:

27 x2 + 2
= ©
A 2f
where f is the equivalent focal length of the mirror. The random phase is given by:
27
On = TZn (10)

where z,, = f(x,y) is the random height variation of the surface due to the surface roughness. In our
analysis, f(x,y) is assumed a random rough surface that has a Gaussian height distribution function
and Gaussian autocovariance functions (in both x- and y-direction). The surface is assumed to have an
RMS height 0,5 and assumed to be isotropic in the sense that the correlation length L. in the x- and
y-direction are assumed equal.

The simulation procedure is carried out using the Fourier optics approach as follows [32]. The field
at the mirror surface, denoted by E;,(x,y,d;,), is multiplied by the phase transformation function and
the new output field is denoted by E,(x,y,d;,) :

Eo(xr]//din) = E[(xry/din)exp(*jq’n 7]47) (11)
A fast Fourier transform (FFT) is applied to get this output field in the spatial frequency domain:

Go(fx, fy din) = FFT{Eo(x,y,din)} (12)

The field is propagated a distance doy+ by phase multiplication in the spatial frequency domain:

Go (fx, fy/ dout) = Go(fx/ fyz din) eXP(*jkzdaut) (13)

where k; is the axial components of the wave vector. Finally, the output field profile after propagating
the distance dy; is obtained by inverse Fourier transform:

Eo(x, Y, dout) = IFFT{Go(fv, fy, dout) } (14)
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A simulation study was carried out to analyze the effect of the surface roughness of the etched
mirror on the collimated beam. The effect is evaluated by calculating the coupling efficiency (overlap
integral) between the resulting and the ideal beam. The radius of curvature of the mirror in the in-plane
direction is assumed 300 um, while the out-of-plane radius of curvature is 150 um, similar to the value
obtained practically as will be shown in the next section. The incident beam has a minimum waist
radius of 5 um, a wavelength of 1550 nm and located at the focal plane of the mirror in a 45-degree
incidence orientation. The RMS roughness o5 is assumed in the range of 0 to A/10. Three values of
the correlation were assumed: 5A, 10A and 20A.

The resulting coupling efficiency is depicted in Figure 5a. Since the roughness generation is a
stochastic process, the simulation was repeated 20 times for each point and the average was taken.
The coupling efficiency decreases with the increase of the RMS value of the roughness, as expected.
It reaches about 75% for the case of L. = 10A and 0,5 = A/10. If we would like to maintain at least
95% of the coupling efficiency, then ¢,;s should be less than 0.04A, 0.06A and 0.1A for L. = 5A, 104
and L. = 207, respectively. Example resulting beam profiles for the case of /s = 0.1A are shown
in Figure 5b. The x-axis is normalized to the waist of the resulting beam profile in case of The loss
in efficiency is resulting from the asymmetry in the beam profile in addition to the widening of the
profiles out of the 4w limit due to the surface roughness.
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Figure 5. Effect of surface roughness on coupling efficiency and collimated beam profile. (a) Coupling
efficiency versus RMS roughness normalized to the wavelength at different roughness correlation
lengths; (b) collimated beam profile versus the transverse dimension normalized to the ideal beam
waist radius.

4. Silicon Micromirror Fabrication

The optical axis of the target 3-D curved micromirror lies in-plane with respect to the wafer
substrate to collimate the optical beam generated from single-mode optical fibers located horizontally
on the wafer substrate or any other light source integrated in the system. It enables the use of the
fiber-mirror configuration to replace the lensed fiber as previously shown in Figure 1d. The fabrication
of the micromirror was carried out into six main steps [33]. First the definition of the in-plane profile of
the micromirror with a 300-um radius of curvature was performed using standard photolithography
(see top view in Figure 6a). The lithographic process ends with a patterned SiO, mask layer for the
following etching. Second, anisotropic deep reactive ion etching of the silicon was carried out, ending
with a deeply etched cylindrical surface as shown in Figure 6b [34]. By this anisotropic etching step,
the central line of the out-of-plane curvature (principal axis) is defined. The axis depth with respect to
the wafer top surface was chosen to be large enough that optical fiber can be inserted and aligned with
micromirror. Then, side wall protection was carried out using a Teflon-like layer to prevent sidewall
etching from top and ensure the following isotropic etching starts at the mirror principal axis as shown
in Figure 6¢. The protection step was followed by a long isotropic etching step using SFs plasma to
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achieve the desired out-of-plane profile of the micromirror as shown in Figure 6d, in a similar way
to that used to fabricate micro fluidic channels reported in [35]. The out-of-plane radius of curvature
of the micromirror surface is about 150 um. Achieving larger radii of curvatures requires deeper
etching, which may result in a fragile wafer. The protective layer was removed in the fifth step as
shown in Figure 6e using a high-temperature oxygen plasma ashing process. As will be shown below,
the resulting surface roughness was about 22 nm RMS. Therefore, the surface was post-processed for
optical quality requirement by smoothing and Aluminum metallization as shown in Figure 6f. Top
and tilted views of the fabricated micromirror after step 5 are shown in Figure 7a,b, recorded using a
scanning electron microscope (SEM).

Cut-of-plane
curvature

~_

Silicon substrate

1: Photolithography

4: Izotropic etching

@

3: Passivationremoval

2: Deepreactiveion etching

®

Protective layer

¥  Centrallne

3: Sidewall passivation

6: Metallization

© ®

Figure 6. The fabrication steps of the collimating 3-D curved micromirror. (a) Photolithography,
(b) deep reactive ion etching, (c) sidewall passivation, (d) isotropic etching, (e) passivation removal,
and (f) metallization.

100 pm

Wafer lop

(a) (®)

Figure 7. Scanning electron microscope (SEM) images of the fabricated micromirror. (a) Top view where
the in-plane curvature is emphasized; (b) tilted view where the out-of-plane curvature is emphasized.
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More than one effect was encountered regarding the isotropic etching of silicon using SF. First,
a significant dependence of the etch rate on the trench width was observed, as shown in Figure 8.
The etch rate is normalized with respect to the etch rate of the largest trench width. The data markers
represent the measured normalized data while the solid line is a logarithmic fitting. This kind of
logarithmic behavior is well-known for a diffusion-limited etching process [14]. The etch rate for a
10 um trench width is about one fifth the rate for a 500 um trench width. The second observation is the
correlation between the mask opening width and the isotropic etching roughness as shown in Figure 9.
The smaller the mask opening is, the higher the roughness. Considerable roughness can be observed
in the smallest opening by inspecting the SEM images with the naked eye, while the roughness in the
largest opening is much less, but still observable. The atomic force microscope (AFM) was used in
order to get a quantitative measurement for the roughness of the largest opening. The top and 3-D
tilted views of the surface topology, obtained using the AFM on an area of 10 um by 10 pum, are shown
in Figure 10a,b respectively. The measured roughness has a peak of 319 nm, an average of 16 nm and
an RMS 22 nm. The lag effect as well as the surface roughness of the isotropic etching roughness can
be interpreted knowing that a diffusion process governs the transport of the etching radicals from
the plasma, where it is created, to the substrate, where chemical etching occurs. Due to this diffusion
process, a lower amount of etchants is received in thinner trenches. This directly relates to the lag
effect. At the same time, when the amount of etchants is not enough, a rough surface results from the
etching process because the surface is not overwhelmed by the etchants.

Normalized etoh raie

0 L . " L '
1] 100 200 300 400 500
Trench width (tam)

Figure 8. Normalized isotropic etching rate versus the etched trench opening width while. The trench
length is 300 um. The measured data (in markers) is fitted to a logarithmic function (in line).

]i."Z|||z||

(]

Figure 9. SEM images showing the roughness of the isotropically-etched trenches. The opening widths
are 75 pm in (a); 150 pm in (b) and 500 pm in (c).
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Figure 10. The isotropic etching roughness measured in a 500 um trench using the atomic force
microscope (AFM). A top view of the measured surface is shown in (a) while a tilted 3-D view is shown
in (b).

5. Measurement Results and Discussion

In this section, the manufactured 3-D curved micromirror is utilized for collimating the output
beam of single-mode fibers and propagation loss reduction thereof. Consider the arrangement shown
in Figure 11.

Collimating
mirror

Scanning-slit
beam profiler

Single-mode
optical fiber

Figure 11. Measurement setup of the reflected beam from the fabricated mirror.

A single-mode optical fiber is inserted on the silicon substrate such that its optical axis is parallel
to the silicon substrate and tilted with respect to the mirror principal axis. For the sake of optical
spot characterization, the reflected beam is captured in the far field on a scanning-slit beam profiler.
The observed beam ellipticity, defined by the ratio of the spot size in the in-plane direction to the
out-of-plane direction, is adjusted to be close to unity (about 1.05) by letting the incidence angle of
the beam on the mirror be about 45°. The axial distance between the optical fiber and the mirror was
adjusted such that the fiber tip is located at the micromirror focal plane by minimizing the observed
output beam diameter at the far field. The collimated output beam spot diameter was measured at
different locations away from the micromirror and compared to the measurements of the optical fiber
output beam without using the micromirror.

In the case of using a standard single-mode fiber with a core radius of 4.5 um fed from 1550 nm
laser source, a reduction in the divergence angle of the beam by a factor of 2 was achieved by the
micromirror. The output beam has a minimum waist radius of about 10 um, which is a typical value
for many optical MEMS applications. A typical captured beam profile at one location d is shown in
Figure 12a. The profile was fitted to a Gaussian profile with average root mean square errors smaller
than 1% and 1.5% in the x- and y- directions respectively as shown in Figure 12b,c. This is an indication
of the good performance offered by the fabricated micromirror, using the presented method, in terms
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of its phase front transformation function. This experiment was repeated with a special single-mode
fiber with a core radius of 2 pm working at a 675 nm wavelength. The special fiber is positioned at the
same location used for the standard one because of the constant focal length of the mirror independent
of the wavelength value. A reduction in the divergence angle of the beam by a factor of 4.25 was
achieved. The resulting output beam has a minimum waist radius of about 10 pum as well. This visible
beam will be used hereinafter for evaluating the propagation loss reduction offered by the micromirror.
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Figure 12. Measured spot profile: (a) contour plot; (b) in-plane beam profile (markers) fitted to a
Gaussian profile (line), and (c) out-of-plane beam profile (markers) fitted to a Gaussian profile (line).

The collimation of the beam by the micromirror was also evaluated by measuring the detected
power in free space with a limited-aperture detector as shown in Figure 13.

Collimating Detector

mirror

Figure 13. Measurement setup of the power on a detector with aperture radius a.

Theoretically, the transmitted power in terms of the system aperture radius a and the beam spot
radius at the detector is given by [36]:

2
p= 1—exp<—22}—2> (15)

The power collected by a detector with 3.5 mm aperture radius is shown in Figure 14a. The power
was measured at different distance d in the far field away from the beam waist. The measurements
were carried out one time for the collimated beam by the micromirror, denoted by P., and another
time for beam originally emitted by the single-mode fiber, denoted by P,. The experimental data are
depicted using markers while the theoretical data are depicted using lines. The power is normalized
with respect to the initially maximum power. The measured power clearly starts to fall when the beam
diameter starts to exceed the detector aperture as given by Equation (9). The micromirror significantly
reduces the propagation losses with respect to the original fiber output. The detected power from the
micromirror has a slower roll-off and drops to half its maximum value 25 cm far from the micromirror
compared to less than 8 cm without using the micromirror. The ratio between the two detected powers
is depicted in Figure 14b, where the improvement reaches about 11-12 dB. Indeed, in the far field, the
ratio between the detected powers is given by:
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2
1- exp<72 " 2>
05 .d
Gp _ PC _ div—c (16)

Py 2
o 1 7eXp<729§aﬁ>

where the beam spot radius in the far field was replaced by wd/z, = d/0 4, The maximum improvement
is achieved when the spot radius becomes much larger than the detector aperture. In this case, Taylor
expansion of the exponential terms can be applied to second order and Equation (16) becomes:

2

[
Gpfmax = egzvfc = Gcz (17)

div—o

The maximum power gain due to the usage of the collimating mirror is given by the beam-waist
ratio squared. For the fabricated micromirror and using the single-mode fiber at 675 nm, the power
gain is Gy = (4.25)% = 18 that is about 12.5 dB, in good agreement with the measured data. This value
is independent of the specific sizes of the beam spot and the detector aperture, as long as significant
truncation loss is encountered.

Figure 14. (a) The normalized power collected by the detector; (b) diffraction loss reduction in dB
using the collimating micromirror. The measured data is given in markers when the theoretical one is
given in lines.

6. Conclusions

Optical beam collimation was analyzed and successfully carried out using a micro-reflector with
a three-dimensional curved surface. The surface was etched in silicon by a technique combining
deep reactive ion etching and isotropic etching technologies. The produced surface is astigmatic with
an out-of-plane radius of curvature that is about half the in-plane radius of curvature. Having the
incident beam in-plane and inclined by 45° with respect to the principal axis, the reflected beam is kept
stigmatic with about a 4.25-fold reduction in the beam expansion angle in free space and about 12-dB
reduction in propagation losses. The fibre-mirror configuration may serve as a potential replacement
for the lensed fibers widely used in the MOEMS system. This replacement has the advantage of
producing monolithically integrated systems with a wider-band spectral response.
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Abbreviations

The following abbreviations are used in this manuscript:

RMS Root mean square

MOEMS Micro-opto-electro-mechanical systems

RIE Reactive ion etching

PR Photo resist

3-D Three-dimensional

OB Optical bench

SEM Scanning electron microscope

AFM Atomic force microscope
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