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ABSTRACT

Micro-electro-mechanical systems deformable-membrane mirrors provide a
means of focus control and attendant spherical aberration correction for miniaturized
imaging systems. The technology has greatly advanced in the last decade, thereby
extending their focal range capabilities.

This dissertation describes a novel SU-8 2002 silicon-on-insulator wafer
deformable mirror. A 4.000 mm x 5.657 mm mirror for 45° incident light rays achieves
22 um stroke or 65 diopters, limited by snapdown. The mirrors show excellent optical
quality while flat. Most have peak-to-valley difference of less than 150 nm and root-
mean-square less than 25 nm. The process proves simple, only requiring a silicon-on-
insulator wafer, SU-8 2002, and a metal layer. Xenon difluoride etches the silicon to
release the mirrors. Greater than 90% of the devices survive fabrication and release.

While current literature includes several aberration analyses on static mirrors,
analyses that incorporate the dynamic nature of these mirrors do not exist. Optical
designers may have a choice between deformable mirrors and other types of varifocal
mirrors or lenses. Furthermore, a dynamic mirror at an incidence angle other than normal
may be desired due to space limitations or for higher throughput (normal incidence
requires a beam splitter). This dissertation presents an analysis based on the characteristic
function of the system. It provides 2" and 3™ order aberration coefficients in terms of
dynamic focus range and base ray incidence angle. These afford an understanding of the
significance of different types of aberrations. Root-mean-square and Strehl calculations
provide insight into overall imaging performance for various conditions. I present general
guidelines for maximum incidence angle and field of fiew that provide near diffraction-
limited performance. Experimental verification of the MEMS mirrors at 5° and 45°
incidence angles validates the analytical results.

A Blu-ray optical pick-up imaging demonstration shows the utility of these
mirrors for focus control and spherical aberration correction. Imaging results of the first
demonstration of a deformable mirror for dynamic agile focus control and spherical
aberration correction in a commercial table-top confocal microscope are also shown.
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CHAPTER 1

INTRODUCTION

History

The demand for small-form-factor imaging systems continues to push high quality
optics to smaller sizes. Platforms necessitating miniature imaging systems include cell
phone cameras, tablets, endoscopic microscopes and cameras, optical pick-ups, and pico-
projectors. A key mechanism for these imaging systems is focus control. The traditional
mechanism of translating glass lenses by motors and cams has proven difficult to
miniaturize. Figure 1 shows the simplest form of focus control, in which translation of a
single lens shifts the location of focus for the object. As an alternative to translating
lenses, investigators have explored the use of single-element, variable-power optical
elements (Figure 1). Not only are these elements capable of defocus, but they often serve
as adaptive optics by correcting aberrations in optical systems. Investigators have
demonstrated varifocal lenses in microscopy [1-9], ocular adaptive optics [10-14],
cameras [15-22], astronomy [12, 23-25], optical interconnects [26-28], pulse
compression or shaping [29-31], optical data storage [3, 4, 32-34], micromachining [4,
35, 36], and optical tweezers [3, 37, 38]. Active optical elements include deformable-
membrane mirrors [16, 25, 39-48], liquid-filled lenses (including electrowetting) [49-58],
and spatial light modulators [59-61]. Micro-electro-mechanical systems (MEMS)
comprise the majority of such elements due to relative ease of fabrication and their small

form factor.
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Figure 1: (left) Traditionally, translation of a glass lens leads to a change in image
location for a single lens. (right) Active elements differ in that they remain stationary
while changing their optical properties to change their optical power.

The widespread use of cell phones makes them a target platform for many MEMS
applications. According to Johnson [62], smartphones currently have up to 12 MEMS
devices and we can expect to see an increase in future years. Research and Markets [63]
expects new sensors for mobile applications to grow from $2.2B in 2012 to $6.4B by
2018 [63]. MEMS act as sensors or actuators for accelerometers, gyroscopes,
microspeakers, pressure sensors, microdisplays, autofocusing, touchscreens, biochemical
detection, and energy harvesting [63]. Optical MEMS investigators have begun to utilize
the cell phone platform. Graham-Rowe [64] has cited three companies—Varioptic,
Philips of the Netherlands, and the Institute of Materials Research and Engineering— as
competing for successful commercialization of a type of MEMS variable-optical-power
element, the liquid lens, in cell phone cameras. Our research laboratory, in collaboration
with Bridger Photonics, demonstrated the potential for electrostatic MEMS mirrors for
focus control in small-form-factor cameras [15]. In a very different application,

investigators have begun exploring different avenues to integrate microscopes into or for
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use with cell phone cameras. More specifically in the area of optical MEMs, researchers
have begun to explore the utility of a cell phone camera to serve as a platform for a
microscope and spectroscope for identification of sickle cell anemia in developing
countries [6]. As this technology progresses, optical MEMS may play a role in its
miniaturization. In our highly electronically connected world, mobility guides current
technological trends and, as such, pushes miniaturization of the components.

Performance metrics for variable-power elements include speed, maximum
defocus capability, possibility for and quality of aberration compensation, and stability.
The availability of several different types of variable-power elements, plenoptic cameras
(typically lower resolution capabilities), and digital processing capabilities means the
designer of an imaging system must decide on the best technology for their given
application. An understanding of the imaging performance of MEMS mirrors for focus
control under different conditions should aid the designer in making an optimal choice
between the available technologies. Furthermore, for a given optical system, an
understanding of the inherent aberrations of these mirrors should help guide future mirror

structures and electrode patterns to take best advantage of their unique capabilities.

Deformable-Membrane MEMS Mirrors

Two main categories of deformable MEMS mirrors exist. The majority of MEMS
mirrors on the market and investigated in academia primarily perform aberration
correction with a small amount of defocus capability. The term adaptive means these
mirrors can dynamically adapt their aberration balance by fine shape control with the use

of several (typically 35 or more) pixelated actuators. Figure 2a shows a common
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hexagonal grid pattern for the electrodes; designers also frequently use a rectangular grid
or segmented concentric circles. Of these pixelated adaptive mirrors, some have large
stroke and perform significant defocus in addition to aberration correction. Our lab group
has focused on a unique approach: a small number of concentric electrodes (Figure 2b)
correct spherical aberration with the intention of minimizing complexity and overall cost.
For no-field imaging, such as in confocal microscopy, performing defocus while
concurrently managing attendant spherical aberration may be sufficient for satisfactory
image quality. This dissertation will concentrate primarily on deformable mirrors that are

capable of large stroke or, equivalently, significant defocus.

(a) (b)

Figure 2: (a) Hexagonal electrode pattern. MEMS mirrors with 32 or more actuators
provide pixelated control of aberrations. (b) Concentric rings electrode pattern allow for
control over defocus and spherical aberration while minimizing control complexity and
overall cost.

Deformable MEMS mirrors are variable-power, reflective optical elements that
have several compelling properties. Figure 3a shows a mirror with displacement, o, that is
inversely proportional to its paraxial focal length. MEMS mirrors tend to be less than
1 inch in diameter. The mirrors presented in this dissertation range from 750 um to 5 mm

in nominal diameter (Figure 3b shows scale) to aid in miniaturization of imaging systems.
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Figure 4 illustrates the utility of a MEMS mirror at 45° incidence angle for no-field
electronic focus control in a quadlayer optical disk. With the membrane mirror flat, it
exhibits no optical power and the Blu-ray objective lens focuses rays on the deepest
layer, LO. With a deflection, &, the rays focus at a shallower depth, up to layer L3 in the
disk. These MEMS mirrors are not limited to no-field imaging for optical disk pick-ups
and confocal microscope type of applications, but have also been demonstrated for finite-
field-of-view imaging applications, such as small-form-factor cameras [15]. The
relatively large wavefront sag possible with electrostatically actuated (or other means of
actuation such as piezoelectric, thermal or magnetic) deformable mirrors provides a
useful optical power range, typically exhibiting a focal range from infinity with a flat
mirror to less than 100 mm for mirrors less than 4 mm in diameter. In the case of
electrostatically actuated mirrors, the number and arrangement of electrodes proves
flexible, allowing for adaptive surface shapes and a simple interface for control. (For
instance, a 3 mm x 4.24 mm elliptical mirror discussed in Chapter 6 adjusted both
primary (3™ order) and secondary (5™ order) spherical aberration with only three
concentric electrodes.) Due to low mass of the thin membrane, these elements can be
quite fast (10s of kHz) in comparison with other similar technologies. Furthermore,
reflective elements possess the advantage of being achromatic. Not surprisingly, several

companies have commercialized deformable-membrane mirrors [65-69].
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Figure 3: (a) Schematic of a MEMS mirror with a variable deflection o that has an
inverse relationship with the focal length of the reflected rays. (b) Picture of a mounted
I mm x 1.4 mm MEMS mirror with thumb for scale.
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Figure 4: Disc-read optical layout with quadruple-layer BDXL™ disc layer specifications
shown. Deflection, o, of the MEMS mirror shifts the focus of the beam from the deepest

layer, L0, to layer L3, which is 46.5 um closer to the objective lens than LO [70].




Previous MEMS Mirror Development

The first published single-wafer, wet-released polymer (SU-8 2002) large-
deflection mirrors minimized cost and fabrication complexity when compared with other
common methods of MEMS mirror fabrication [1]. A wet-release process has the
potential for release of several wafers at one time versus a more expensive dry-release
process that is often limited to a single wafer. SU-8 2002 also has the advantage of being
photo-patternable, which only requires photolithography equipment for processing in
comparison with silicon nitride and other membrane materials that require additional
vapor deposition equipment. Exploration of the photosensitive polymer’s process
parameters minimized residual stress, significantly improving their overall focal range [1,
71]. A dry-etch process results in greater gap depth without damage to the SU-8 film and
prevents stiction of larger dimension membranes, while also simplifying the process,
eliminating the need for two oxide layers and their associated masks [1].

For the wet-release processes, 1 um thermal oxide is grown on a <100> silicon
(Si) substrate to increase electrical isolation (Figure 5). Sacrificial oxide pads extending
to the perimeters of the mirrors are created by depositing 150 nm LPCVD 8%
phosphosilicate glass (PSG) (Figure 5a). The PSG allows for quick lateral etching by
BOE 6:1 to expose fully the thermal oxide for release of the membranes. A 2.5-um-thick
SU-8 2002 membrane is then spin coated and patterned with etch vias (Figure 5b). To
provide a reflective coating and top electrodes, 60 A chrome and 150 nm gold are
evaporated over 3-um-thick NR-1500PY Futurrex negative resist using a metal liftoff

procedure (Figure 5¢). The patterned Futurrex consists of the electrode pattern as well as
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plugs to protect each via and cutout to prevent metal from evaporating into the SU-8
openings. Finally, after protecting the front side with a thick layer of S1813, we
evaporate a backside layer of 60 A chrome and 200 nm gold. The metal coating improves
electrical contact with the silicon counter electrode. During release, the oxides and silicon
are wet etched through the 3-um-square vias by BOE 6:1 and TMAH, respectively
(Figure 5d).

The dry-release devices have the SU-8 2002 film directly on a <100> silicon
substrate (Figure 6). Because the release etch is isotropic, no PSG layer is required for
lateral etching so that layer is eliminated, and for simplicity we eliminated the thermal
oxide film. The metallization steps are the same as for the wet-release processes. Etching

of silicon in xenon difluoride (XeF,) in a XACTIX etcher releases the membrane.

B Silicon [ ] Ocxide 2 PSG
[] SU-82002 ] Cr/Au [ ] Air Gap

Figure 5: (a) A 1 um thermal oxide layer is grown and 150 nm PSG is deposited. (b)
2.5um of SU-8 2002 is photo-patterned. (c) 60 A chrome and 150 nm gold are
evaporated as a reflective coating and to form the top electrodes, patterned using a liftoff
process; 60 A chrome and 200 nm gold are evaporated onto the backside for the silicon
counter electrode. (d) An air gap is created by wet etching of the oxides and silicon
through the small vias in the SU-8 and gold layers [1].



10 pm

M Silicon 0 SU-8 2002 Cr/Au

Figure 6: Cross section of the process-3 SU-8 2002 mirrors, which are dry-etch released
in XeF,. 2.5 pm of SU-8 2002 is photo-patterned; 60 A chrome and 150 nm gold are
evaporated as a reflective coating and to form the top electrodes, patterned using a liftoff
process; 60 A chrome and 200 nm gold are evaporated onto the backside for the silicon
counter electrode; an air gap is created by dry etching the silicon through the small vias

[1].

Further exploration of the tension and stress of SU-8 2002 under different
processing parameters by Oliver et al. [71] suggests more pliable membranes are
possible, indicating potential for greater stroke/optical power range. Furthermore, a
capacitive control system, sensed directly at the electrode of the device, increased the
maximum displacement of one of our mirrors by 150% when comparing performance of
closed-loop versus open-loop control [72, 73]. Until recently, 10 um stroke seemed the
most typical displacement achieved by similarly sized mirrors with relatively simple
fabrication schemes and materials. Wang et al. [17, 74] and Tsai et al. [75] have also been
pushing the displacement Ilimits of similar nominal-sized mirrors to improve
performance. Wang et al. use a two-wafer process with an amorphous fluoropolymer,
CYTOP, membrane to achieve 27 pum deflection with a 4.5 mm diameter mirror at 160 V.
Hseih et al. use a two-wafer process with a polyimide membrane to achieve 12 pm
displacement with a 3 mm diameter mirror (20 diopters). Both investigators use
reasonably complicated fabrication schemes and require several etchants for release.

Greater deflection than the 15-20 um we currently see for 3-5 mm devices proves

advantageous for meeting focus control requirements of current applications. Realizing a
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large focus range offers little benefit, however, if self-induced aberrations severely
degrade image quality. These deformable-membrane mirrors naturally deflect
parabolically for small displacements [76]. For infinite-conjugate, no-field imaging, a
paraboloidal mirror shape introduces no aberrations. With greater displacements,
however, the electrostatic pressure is non-uniform due to the varying air gap size in the
capacitor. As a result, the mirror shape deviates from parabolic, leading to aberrations.
Furthermore, greater focus range may push the limits of other optics, such as objective
lenses, in the system beyond their optimal design configuration.

Evaluation of Imaging
Performance of MEMS Mirrors

Compensation of aberrations arising from other optics in the system and self-
induced aberrations requires precise control of the optical surface shape. We
demonstrated this in a simple 0.4 numerical aperture (NA) 40x microscope [1]. A 3 mm x
4.24 mm MEMS mirror with three concentric electrodes provided focus control at 45°
incidence angle for the demonstration. The images in Figure 7 are from Group 7,
elements 4-6 of the 1951 USAF target. The smallest bars are 228 Ip/mm. With no voltage
applied to the actuation electrodes, we observe a clear image (Figure 7a). With all three
electrodes connected in parallel with 196 V applied, the best focus is found at
Af=137 um (Figure 7b). The image contrast here is degraded, indicating aberration in
the system. Applying varying voltages on the three concentric electrodes eliminates

200 nm balanced spherical aberration and results in a pure defocus (parabolic) shape of
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the MEMS mirror. These control voltages produce the image in Figure 7c, improving

image contrast.

(a) (b) (c)
=i = =M
= Il =1l =
=1 = =

Af=0um Af =137 pm Af =137 pm
0V Electrode 1 196 V  Electrode 1 178 V. Electrode 1
0V Electrode2 196 V. Electrode 2 197V Electrode 2
0V Electrode 3 196 V  Electrode 3 230V Electrode 3

Figure 7: Group 7 elements 4-6 USAF target images with the corresponding focus
adjustment Af[1]. Element 6 has 228 lp/mm. Electrode 1 is the inner-most electrode and
electrode 3 actuates the perimeter. All three electrodes have equal change in radius
length.

Chapter 6 contains a demonstration of the feasibility of deformable-membrane
mirrors for focus control and spherical aberration compensation in a Blu-ray disc pick-up.
There we show correction of wavefront aberrations of primary and secondary spherical
aberration with peak magnitude in excess of 1.3 um while defocusing the wavefront by
10 um by use of only three electrodes (Figure 70, Figure 71, Figure 72) [70]. We also
show the inability to correct residual asymmetric aberration with concentric electrodes
(Figure 73).

These studies examine the current capabilities of MEMS deformable mirrors to
compensate spherical aberration while also exhibiting defocus. In addition to the Blu-ray
disc application, Chapter 7 demonstrates the utility of these mirrors in a commercial,

table-top confocal microscope. Figure 8a shows the traditional data acquisition method

for confocal microscopy. The user acquires a 3D x-y-z stack for later data processing.
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Figure 8b and Figure 9 show the capability of a MEMS mirror in a commercial confocal
microscope to perform oblique plane imaging by synchronization of the MEMS mirror
with the x- or y-axis scanning mirror. Fast and agile focus control (Figure 8c) could
advance time-critical imaging of biological phenomena, as well as reduce photobleaching
during longitudinal studies.. Chapter 7 not only investigates the effect of surface shape of
the MEMS mirror on spherical aberration, but the effect the mirror shape has on the axial
point-spread-function (PSF) of the entire system in different focal planes of a water

objective lens.

G2 N

(a) (b) (c)
Figure 8: Acquisition modes with a confocal microscope. (a) Traditional method. Several
x-y planes are acquired and stitched together to form a three-dimensional x-y-z stack. (b)
Imaging of an oblique plane. (c¢) Imaging of a specific z-trajectory to follow relevant
biological structures for time-critical imaging and/or to reduce photobleaching of the
sample.

28 um

0pum 28 pm 55 pum
E 0 “m 55 “m

Figure 9: Three en face sections and an oblique section of Muscodor albus fungus taken
using MEMS focus control [77].
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Motivation for Aberration Analysis

Varifocal elements, whether refractive or reflective, are a relatively new
technology. With regard to deformable-membrane mirrors, I previously discussed
significant improvement in maximum displacements of these MEMS mirrors in the last
few years due to more pliable membranes and closed-loop control techniques. Greater
deflection leads to more significant inherent aberrations. The increasing use of these
elements warrants a thorough understanding of how they perform in terms of aberrations.
The current approach to understanding aberrations introduced into an optical system by a
MEMS mirror involves expressing the aberrations of a built device in terms of Zernike
polynomials [78-80]. This provides some insight to the designer as to what kind of
performance one might expect of the mirror in an imaging system, but does not capture
the overall limitations of the mirror in terms of field of view. It also fails to predict what
kind of performance one might expect as maximum displacement continues to increase.
Effort also has been made to identify requirements for imaging applications with regard
to focus control [81] and aberrations, such as spherical [81], and due to the
inhomogeneous structure of biological specimens [3, 61, 82]. Again, these papers do not
sufficiently address the inherent capabilities of deformable MEMS mirrors for meeting
these requirements.

Sometimes non-circular mirrors with non-normal incident light are desirable to fit
optical systems into tight space constraints. Moreover, non-normal incidence mirrors
mitigate the need for a beam splitter. A common static off-axis mirror for ideal infinite-

conjugate imaging at non-normal angles of incidence is an off-axis paraboloid. Himmer
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et al. [105, 106] introduced the concept of deformable-membrane mirrors with elliptical
boundaries to act as dynamic off-axis mirrors. These studies compared experimental
polynomial curve fits of mirrors actuated up to 2.5 um deflection with the ideal infinite-
conjugate condition of an off-axis paraboloid (of equivalent paraxial focal length) to
assess peak-to-peak wavefront aberration of the varifocal mirrors [105]. They compared
the analytical equation for an elliptical-boundary paraboloidal mirror used off-axis with
the equation for an off-axis paraboloidal mirror to calculate theoretical aberrations, but
did not separate out the different types of aberrations (e.g., coma, astigmatism) that arise
nor assess their impact for specific conditions.

An analytical approach to analyzing mirror aberrations is useful for understanding
the inherent limitations of these mirrors over a broad focal range. Specific types of
aberration trends and relationships to particular variables may be more apparent with an
analytical result than only using ray-tracing software for analysis. Even an aspherical lens
designed for one configuration may perform less well than a spherical lens when
observing performance over a range of object and image locations. In addition, an
analytical analysis should guide the pattern and number of electrodes for future mirrors,
where every electrode increases complexity and cost to control. This analysis should
benefit the future design of such mirrors and provide guidance when choosing these types
of variable-focus mirrors for specific applications. These mirrors also perform reasonably
well in a wide-field microscope [2, 40] and a camera [15]. These applications require a

full-field aberration analysis to describe their behavior adequately.
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Relevant Analyses of Aberrations for Varifocal Mirrors

An analysis based on the characteristic function of a single MEMS mirror system
should provide the designer with the inherent limitations and capabilities of a dynamic
varifocal mirror. Several analyses of aberrations for static reflectors exist [83-94]. Some
are specific to both normal incidence [93, 95] and off-axis [91, 92, 96-103] paraboloidal
or ellipsoidal mirrors. Hamiltonian analyses of static mirrors have been done previously
for various shapes (spherical, conical) of mirrors out to 2™ order or 3™ order in terms of
pupil- and image-coordinates [89, 104]. However, these analyses do not capture the
dynamic nature of varifocal elements. More specifically, the physical structure of
varifocal MEMS mirrors is not adequately represented by the variables in the aberration
coefficients. Furthermore, much of the work on paraboloidal mirrors assumes infinite-
conjugate imaging. While ellipsoidal mirrors are designed for finite object and image

locations, the analysis by Murphy [103] neglects field considerations.

Contribution of This Work

This dissertation introduces the first in-depth analysis of off-axis aberrations for
elliptical-boundary, varifocal mirrors under infinite- and finite-conjugate imaging
conditions. One may note that a circle represents a special case of an ellipse; therefore,
the analysis is valid for circular-boundary mirrors. The more common axially symmetric
analyses may not be used for plane-symmetric systems, such as these mirrors, so a
Hamiltonian optics approach is used. This paper includes an aberration analysis that is

relevant to current deformable-membrane mirror technology by capturing their
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performance over a range of optical power (i.e., for different peak deflections of the
membrane) and over a range of incidence angles (0-90°). By providing aberration
coefficients in terms of incidence angle, the analysis can be extended to mirrors that
incorporate tip/tilt and dynamic focus control [107]. I provide general guidelines for
maintaining a 0.8 Strehl ratio in terms of field and incidence angle for these mirrors with
parabolic deflection shape. The aberration analysis provides 2™%- and 3™- order ray-
aberration coefficients for a MEMS mirror represented as both 2™- and 4™- order even
polynomials. A comprehensive treatment of the aberrations of varifocal mirrors should
allow a designer to predict performance of a deformable mirror in a particular dynamic
optical system. Knowledge of the inherent aberrations of the MEMS mirror by itself may
also help guide system design. Additionally, the individual aberration terms are
dependent on specific MEMS mirror shapes in the exit pupil. This knowledge may guide
future design of electrode shapes and/or design of overall mirror structure.

The contribution of this work includes a novel design for a large-deflection,
single-SOI-wafer, deformable-membrane mirror. We demonstrate a maximum center
deflection of 22 um. The mirrors exhibit excellent optical quality (peak-to-valley less
than 150 nm and root-mean-square less than 25 nm for most devices). The process results
in greater than 90% yield per wafer. The new mirrors increase concentric electrode count
from three to four to provide more flexibility in controlling spherical aberration.
Experimental testing of these mirrors with a wavefront sensor verifies the aberration
analysis. Finally, two in-depth imaging demonstrations (Blu-ray disc and confocal

microscope) with these mirrors show the mirrors’ utility in imaging systems. This
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dissertation is unique in that it consists of analytical aberration results, a novel
electrostatic, deformable-membrane mirror, and experimental verification of the

aberration analysis.

Dissertation Organization

Chapter 2 describes the novel design of a deformable mirror on a silicon-on-
insulator (SOI) wafer. Chapter 3 contains the framework for the Hamiltonian optics
analysis with presentation of the global and local coordinate systems. It also defines the
characteristic aberration function. Chapter 4 analyzes the inherent aberrations and
imaging performance of a single varifocal mirror. Chapter 5 experimentally verifies my
Chapter 4 analysis with the mirrors described in Chapter 2. Chapters 6 and 7 demonstrate
these mirrors in two no-field imaging systems: an optical disk pick-up and a commercial

confocal microscope.
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CHAPTER 2

MEMS MIRROR DEVELOPMENT

Novel MEMS Mirror Designs

This chapter provides an overview of MEMs mirrors developed for my master’s
degree as background and motivation for the mirrors developed in this dissertation. A
wet-release and a dry-release process etched these single silicon wafer mirrors. A low-
stress SU-8 2002 recipe was developed that reduces the required voltage for a given
displacement of similar sized mirrors and air gaps. The second mirror design uses a
silicon-on-insulator wafer to create a vertical etch stop for the dry-release process. It
results in large deflections, high optical quality, and has high yield.

Wet- and Dry-release MEMS
Mirrors on Single Silicon Wafer

My master’s degree work developed simple electrostatic wet-release and dry-
release single wafer deformable mirrors. Optimizing the SU-8 processing parameters
allowed for a total stroke of approximately 15 um for a 3 mm by 4.24 mm elliptical-
boundary mirror at 320 V, limited by snapdown [1]. Figure 10 shows a picture (a), an
interferometric photograph (b), and a surface profile (¢) of our dry-release mirrors [1].
The fixed-perimeter mirrors exhibited excellent optical quality with less than 50 nm
peak-to-peak surface deviation when at rest. The simply supported mirrors (mirrors

supported by thin 20% duty width strips at the perimeter) exhibited less than 100 nm
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peak-peak. I briefly describe these mirrors as background to the refined mirrors

developed as part of this dissertation.

Figure 10: (a) Picture of two 2 mm x 2.82 mm elliptical-boundary mirrors mounted and
wire-bonded on a TOS5 header. (b) Optical interference micrograph of a 1 mm x 1.4 mm
ell'iptical boundary mirror. (c¢) Surface profile of a 1 mm x 1.4 mm elliptical-boundary
mirror.

Two of the developed SU-8 2002 processes survived a wet-etch release in
BOE 6:1 and tetramethylammonium hydroxide (TMAH). One process yielded
membranes with half of the intrinsic stress as the other, but demonstrated poorer adhesion
for long etch times in TMAH (limiting air-gap depth). The reduced stress allows twice
the stroke for similarly sized devices at the same voltage potential. The intrinsic stress
value met the lowest published SU-8 2002 intrinsic stress value for devices requiring
etching of several microns of substrate, which was 13 MPa for a dry-release device [112].
To my knowledge, these mirrors are the only published large-deflection polymer mirrors
released by wet etching, where wet etching allows processing of a large number of wafers
at one time and has lower equipment costs than dry etching. Another one of the

developed SU-8 processes benefited from use of a gentler dry-etch release in xenon

difluoride and presents a simpler process that eliminates the need for two oxide layers



20
and their associated masks. The dry etch resulted in greater gap depth without damage to
the SU-8 film and prevents stiction of larger-dimension membranes.

For the dry-release process, xenon difluoride (XeF) in a XACTIX etcher etched
silicon beneath the membrane for release. A surface micromachining process in
combination with an isotropic etchant (XeF,) created 10 um peak-peak scalloping of the
bottom silicon counter electrode (Figure 11). This scalloping minimized their total stroke
capability and indicates local variation in etch depth. The silicon-on-insulator devices
described in this dissertation mitigate these problems and create a controlled etch depth

by means of an oxide etch stop.

Figure 11: A 200x scanning electron microscop image of a 1 mm fixed-perimeter,
circular-boundary mirror after xenon diflouride etching with the top membrane removed.
The etch vias were above the centers of the numerous dark circles. The lighter gray areas
are higher silicon peaks where the etch fronts merged [1].

Fixed-perimeter devices show 3 dB frequency responses (frequency at which
magnitude decreases by 12 from its maximum magnitude when actuated at low
frequency) of 3-20 kHz with lower stress and larger diameter mirrors having the lowest
frequency responses. Simply supported devices show 3 dB frequency responses of

500 Hz-20 kHz. The mirrors range from 1-3 mm in diameter and have circular

boundaries for normal incidence to elliptical boundaries for a, = 45°.
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Dry-release MEMS
Mirrors on Single SOI Wafer

We describe here and in a previous paper [115] the use of a silicon-on-insulator
(SOI) wafer to utilize the buried oxide layer as a vertical etch stop. This ensures a flat
profile at a prescribed depth for the bottom of the air gap (Figure 12). Investigators have
previously used a single SOI wafer to fabricate scanning mirrors (tip/tilt) [116] and a
process using more than one SOI wafer for focusing mirrors [117], but this is the first
focusing mirror that we know of that requires only one SOI wafer. The simple process
has greater than 90% device yield and results in high-optical-quality mirrors as shown
below.

Figure 12 shows the design of the mirrors. First, we spin and pattern SU-8 2002
on an SOI wafer. Table 1 lists the steps performed for three different SU-8 2002
processes that we explored. We present in detail the steps of process-1. Initially, 10 min
at 115 C on a Barnstead PMC DataPlate Digital Hot Plate 722A dehydrates the wafer.
SU-8 2002 is spun onto the wafer at 3250 RPM for 30 s. The wafer rests for 30 min at
ambient to allow the solvent to evaporate [118]. Patterned exposure at 78 mJ/cm? defines
4 um vias in the SU-8 2002 for later release of the membrane (Figure 12). The post
exposure bake (PEB) consists of ramping from 45 °C to 60 °C at 1 °C/min, holding at
60 °C for 60 min, and allowing the wafer to cool on the hotplate. SU-8 developer
develops the film in 15 s and isopropyl alcohol stops the process prior to a de-ionized
water rinse. The wafer ramps from 45 °C to 118 C at 3 °C/min, holds at 118 °C for
30 min, and cools on the hotplate for the hardbake step. Next, a metal lift-off process

utilizing NR-1500PY Futurrex negative resist creates 5 um vias in the top 6 nm chrome
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(Cr) and 160 nm gold (Au) reflective surface and top electrodes. An additional 6 nm
Cr/200 nm Au is evaporated onto the backside of the wafer to provide good electrical
contact with the silicon counter electrode. Dicing to 125 um depth on the backside of the
wafer prepares it for future separation of individual mirrors. Acetone and IPA remove
S1813 from the frontside. At 3 torr in a Xactix XeF, etcher the mirrors are released
(Figure 12 (right)) with 25 etch cycles for 30 s/cycle, 35 etch cycles for 20 s/cycle, and
360 etch cycles for 25 s/cycle. The initial 10-15 etch cycles remove any oxide that may
have grown on the wafer. For the single silicon wafer mirrors, 30 s/cycle proved ideal.
For this reason, 30 s/cycle was tried first with these mirrors. SOI wafers have more
exposed silicon on the sides of the wafers than a single silicon wafer. Furthermore,
different masks for the two mirror designs resulted in a different amount of surface area
of exposed silicon on the top of the wafers. One observes pressure in the chamber during
etching to watch for it to stop increasing, where an increase in pressure indicates
continuation of the exothermic reaction (2XeF, + Si = 2Xe + SiF4). Etching slows or
stops when there is a lack of free fluoride in the chamber and it can no longer react with
silicon. The reaction stopped early at 30 s/cycle, so 20 s/cycle was tried. The reaction did
not slow or stop with 20 s/cycle, so 25 s/cycle was determined to be the best length of a
cycle for the majority of the etching. Ideally, rest times should be used to prevent heating
of the sample (as was done with the same process on silicon wafers), but were not
possible due to time constraints. The temperature the mirrors reached during this process
was not measured. If the samples reached high temperatures (due to the exothermic

reaction), then it could have acted as an additional hardbake. It was noted that the
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samples were cool enough to handle with standard nitrile gloves immediately after

release and purging of the chamber. Figure 13 shows the flatness (less than 90 nm peak-

peak deviation) of a process-1 released device with a tilted interferogram.

Table 1: Three SU-8 processes and their resulting intrinsic stress of the membrane.

Process # Process 1 Process 2 Process 3
SOI wafer with 1 pm SOI wafer with 2 um | SOI wafer with 2 pm
Substrate oxide layer and 40 um oxide layer and 50 oxide layer and 50
device layer pm device layer um device layer
Membrane 25
Thickness = Hm
Dehydration 115 °C for 10 min
30 min room 30 min room 45°C 1 min, 65°C
Softbake 1 min, 80°C 3 min,
temperature temperature 45°C
Exposure 78.2 mJ/cm® 78.2 mJ/cm® 80 mJ/cm’
o35 °C0, ramp at 45°C 1 min, 65°C | 45°C 1 min, 65°C
1 °C/min to 60 °C 1 hr, } )
PEB ramp at 1 °C/min to 21 | min, I min,
AR E e 85 °C, 45 °C 85 °C, 45 °C
Development 15s 15s 15s
o O 45°C, 45°C,
Hardbake* jos Séﬁ%mf Oarili3n (é/lnzzr; ramp at 3 °C/minto | ramp at 4 °C/min to
’ 135°C 30min, 21 °C | 165°C 30min, 21 °C
ZDGEC e 20 etch cycles for 20 etch cycles for
N 30 s/cycle, 35 etch
Etching in 30 s/cycle and 410 30 s/cycle and 410
. cycles for 20 s/cycle, and
Xactix XeF; etch cycles for etch cycles for
SCH G R 25 s/cycle 25 s/cycle
25 s/cycle Y Y
Intrinsic 8.8 MPa 9.7 MPa 12.7 MPa
Stress

Note: Ramps between set temperatures are done at the automatic speed (approximately 6 °C/min)
of the hotplate, unless otherwise noted. For recipes ending at 45 °C, the wafer is removed from
the hotplate and cooled to room temperature on a clean aluminum surface. For example, for the
process-2 PEB the wafer soaks for 1 min at 45 °C, ramps at the automatic speed of the hotplate to
65 °C, soaks at 65°C for 1 min, ramps at the automatic speed of the hotplate to 85 °C,
immediately begins cooling on the hotplate to 45 °C, and is removed from the hotplate and cooled
to room temperature on a clean aluminum surface.

*Temperature was not monitored during dry-release and an additional hardbake may have
occurred.
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[ Silicon [l Oxide [ SU-82002 [ Cr/Au [ |AirGap
Figure 12: (left) Cross section of the unreleased mirror. 2.5 um of SU-8 2002 is photo-
patterned on an SOI wafer. 60 A chrome (Cr) and 160 nm gold (Au) are evaporated as a
reflective coating and to serve as the top electrodes. 200 nm Au is evaporated onto the
bottom side for the silicon counter-electrode. (right) 4 um vias in the SU-8 and 5 pm vias
in the gold layer allow for dry-etching of the silicon with xenon difluoride to create an air

gap.

Figure 13: (left) Tilted interferogram shO\r;/ing the flatness 0? the process-1 3 mm x
3.011 mm mirror. (right) Top view with labels on the four electrodes.

Three different SU-8 processes yield different intrinsic stress in the film while
still producing a quality film with well-defined (4 um square) lithographic features.
Process 3 nearly repeats a process done for the single silicon wafer design and results in a
similar intrinsic stress value of 12.7 MPa. I incorporate a softbake at room temperature
[118] for the other two processes to try to minimize stress and also for future design of
the devices that may incorporate a lateral etch stop (discussed in more detail below), as it

makes for a better film over surfaces with highly variable height structure. Process 2 also

differs from process 3 by having a lower hardbake temperature of 135 °C. Process 1 has a
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lower hardbake temperature (118 °C) than both processes 2 and 3. It also has a lower
maximum PEB temperature of 60 °C. Keller et al. [118] and Lukes et al. [1] suggest that
lower baking temperatures at all stages lead to lower intrinsic stress levels. Process 2 and
process 1 have intrinsic stress values of 9.7 MPa and 8.8 MPa, respectively. One can find
the details of the intrinsic stress values below in the Device Characterization section.

The single silicon wafer design had two issues. One was the lack of a vertical etch
stop, which these SOI mirrors mitigate with a buried oxide layer. The other issue was a
lack of a lateral etch stop, which prevents precise control over the lateral dimension of the
free membrane. Since xenon difluoride is an isotropic etchant and the etch vias lie in
concentric elliptical patterns for elliptical-boundary mirrors, the lateral etch front expands
at the same rate around the entire perimeter of the mirrors. This means that a 4.000 mm x
5.657 mm mirror with additional etching of 340 um around the perimeter will have a
membrane boundary of 4.340 mm x 5.997 mm (Figure 13). The ratio of short axis to long
axis of the mirror surface is V2/2, whereas the ratio of the membrane is 0.724. Chapter 4
explains the importance of this ratio for ridding a system of parabasal astigmatism.
Ideally, the perimeter of the membrane should be 4.000 mm x 5.657 mm. In the future,
the mirrors should incorporate a perimeter trench filled with a material such as oxide or
silicon nitride to act as a lateral etch stop.

The lateral etch stop would benefit the fixed-perimeter mirrors we describe here.
It also would allow for simply-supported mirrors. Creating cutouts in the SU-8 2002
membrane around the perimeter reduces the percentage of the membrane that “fixes” the

mirror to the perimeter, thus creating a simply-supported boundary condition. Without a
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lateral etch stop, holes around the perimeter in the SU-8 cause great over-etching in the
lateral direction. XeF; has better diffusion through the larger holes around the perimeter
of the membrane compared with the small etch vias. According to Himmer [119], a 10%
duty width support (SU-8 material) around the perimeter reduces the required pressure
needed to deform the membrane by a factor of 2 and leads to more parabolic shape.
Furthermore, Shaw et. al [120] showed that the largest wavefront aberration in high-NA
applications exists at the edge of the pupil, so having flexibility at the perimeter most

likely leads to greater aberration compensation.

Device Characterization

This section includes static characterization of voltage versus center displacement,
surface flatness, and Zernike fits of the mirrors’ surface shape under different voltage
profiles. We also note that these MEMS mirrors are particularly designed for confocal
applications or no-field imaging. They have periodic vias on the topside that diffract
635 nm and 433 nm light rays at 1.2° and 0.8°, respectively. A confocal system spatially
filters these rays out and only a loss of irradiance of approximately 3% (5 um vias spaced
30 pm apart or 5%/30*~3%) should be observed. I identify mirrors by process-#, short-axis
diameter, and incidence angle. For instance, a process-1 4 mm 45° mirror has a short axis

of 4.000 mm and a long axis of 4.000/cos(45°) = 5.657 mm for imaging at ¢, = 45°.
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Displacement due to Electrostatic Pressure

The sag of the mirror surface, assuming C,, = din Equation 13, may be expressed

as,

a’ b? e f%; V2

T 4T (@ + 1) ( )

€35, + % + €2h3)2’
where €, &, and e3, are the relative permittivities of SU-8, air, and thermal oxide,
respectively. The details of this equation may be found in Appendix D. Variables a, b, A,
So, and h3 are the minor semi-axis of the ellipse, major semi-axis of the ellipse,
thicknesses of SU-8, the air gap depth, and thickness of thermal oxide, respectively. V' is
the voltage. Tension, 7, is related to the intrinsic stress, o, of the membrane as follows,
T = o hy. The intrinsic stress values in Table 1 are calculated with values of 3.9 [121] and
4.1 [114] for the relative permittivity of thermal oxide and SU-8 2002, respectively. The
average of linear fits of the voltage applied squared, divided by small displacements
(<5 um of the metal region) of several mirrors determined these values.

Phase shift interferometry (A = 850 nm) measures the deflection of these mirrors
(Figure 14). Because no lateral etch stop halts the isotropic etchant, over-etching occurs.
The voltage versus center deflection data shows displacement of only the optical surface
and not total displacement of the membrane including around the perimeter of the mirror
surface (Figure 15). For example, the process-1 4 mm 45° = o, mirror (shown in Figure
15) has an optical surface that extends 4.000 mm x 5.657 mm, whereas the free-standing

membrane extends 4.340 mm x 5.997 mm. Overall, smaller mirrors, larger air gaps, and
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higher intrinsic stress mirrors require more voltage for a given displacement. Snapdown

into a 50 um air gap limits the maximum mirror sag to 22 um.

Figure 14: A process-3 4 mm X 5.66 mm mirror with 466 V and a maximum deflection
of 22 um (A =850 nm).
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Figure 15: Voltage versus deflection for several mirrors. The perimeters of the mirrors
experienced lateral over-etching of 100-200 um, which makes interpretation of their
voltage profiles complex. One can observe that smaller mirrors, larger air gaps, and
higher intrinsic stress mirrors require more voltage for a given displacement. Snapdown

into a 50 um air gap limits the maximum displacement to 22 um.
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Dynamic Characterization

Larger and lower stress devices have the lowest resonant frequencies. For this
reason, magnitude and phase plots are shown for one of the largest and lowest stress
mirrors released: a fixed-perimeter, process-2, 5 mm 0° mirror (Figure 16). A dc voltage
with a small, superimposed sinusoidal driving voltage actuates the mirror. The mirror
exhibits a 3-dB frequency of 830 Hz and a 90° phase lag greater than 5 kHz, as observed
by reflecting light off the mirror at a small angle and measuring light intensity through a

pinhole near focus.
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Figure 16: (left) Normalized magnitude plot of a process-2 5 mm 0° mirror with 3-dB
response shown. (right) Phase response of a process-2 5 mm 0° mirror.

Surface Shape

Table 2 and Table 3 show Zernike defocus coefficient, Z9 ; Zernike 3" order
spherical coefficient, Z9 ; and Zernike 5™ order spherical coefficient, Z2, for different
voltage profiles (limited to a maximum of 120 V difference between electrodes to prevent
electrical breakdown) on two different mirrors. Figure 13 defines electrodes E1-E4. We

determine Zernike coefficients by imaging the MEMS mirror at normal incidence with a



30
phase-shift interferometer. The elliptical boundary is scaled to a circular boundary and
ZERNFUN2.m [122] subsequently fits the Zernike polynomial out to 36 terms (see
Appendix C). In Table 2, a process-1 3 mm 5° mirror shows a maximum positive primary
spherical aberration of 157 nm at 6.5 um deflection and a minimum negative of -652 nm
at 10 um deflection. This is a total positive to negative range of 809 nm of primary
spherical aberration. The mirror has a range of 324 nm secondary spherical aberration for
displacements between 5.9 um and 8.1 pm. A process-2 5 mm 0° mirror also shows a
range of 1 um of primary and 450 nm secondary spherical aberration over 5.0-7.0 um
deflection (Table 3). (Note: The 5.000 mm mirror requires lesser voltage for the same
displacement.) The spherical aberration correction observed is for these particular
families of voltages. It is illustrative of the range of control available at these deflections,
which are between 20% and 50% of the maximum deflection. They do not represent an
exhaustive characterization of the range of shapes available to the mirrors.

These mirrors typically show excellent flatness. A process-1 4 mm 45° mirror
exhibits 147 nm peak-to-valley and 22 nm RMS when flat (Figure 17). Often, smaller
diameter mirrors (such as 2-3 mm circles) show the best flatness. This large mirror
demonstrates excellent flatness and is representative of the majority of the mirrors

released. Figure 18 shows similar flatness for a process-1 4 mm 5° mirror.
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Table 2: Change in Zernike defocus and spherical aberration coefficients for a process-1
3 mm 5° mirror.

El E2 E3 E4 5 0 0 0
VM M vV em | 2em Ziam  Zomm)
330 330 330 330 4261 2054 42 30
330 330 330 450 4980 2340 71 82
330 330 450 330 5877 2876 91 -110
330 450 330 330 5927 2956 247 -5
450 330 330 330 5313 2487 207 101
330 330 450 450 6458 3084 157 48
330 450 450 330 7664 3788 207 -68
330 450 330 450 6794 3275 -181 73
450 330 330 450 6153 2786 -144 193
450 330 450 330 7008 3335 -103 7
450 450 330 330 7578 3552 485 122
330 450 450 450 8637 4192 234 -38
450 330 450 450 7717 3576 -84 91
450 450 330 450 8092 3727 468 214
450 450 450 330 9929 4588 -519 73
450 450 450 450 10297 4790 -652 110

Table 3: Change in Zernike defocus and spherical aberration coefficients for a process-2
5 mm 0° mirror. The mirror had some charge build-up, which required greater voltages
for the same displacement (less than 20 V higher than if the mirror had no charge build-
up during testing).

El E2 E3 F4 5 0 0 0
M v V) @m | 2ew Ziem 2 em)
320 320 320 320 9978 4993 232 31

200 320 320 320 7699 4094 108 -131
320 200 320 320 6832 3319 182 53
320 320 200 320 7561 3579 -368 218
320 320 320 200 8871 4418 -395 -9

320 320 200 200 6493 3208 -567 134
200 320 320 200 7004 3728 -67 204
200 200 320 320 5358 2705 404 98
320 200 200 320 4942 2232 -67 236
200 320 200 320 5779 2897 -89 42
320 200 320 200 6070 3015 =31 -29
200 200 200 200 2927 1429 8 5
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P-V = 147 nm; RMS = 22 nm
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Figure 17: (left) Surface profile of a process-1 4 mm 45° mirror scaled to a circular
perimeter as measured by phaseshift interferometry. (right) a photograph of the mirror
tilted in the interferometer for a flat (no voltage applied) process-1 4 mm 45° (4.000 mm
X 5.657 mm) mirror. Lateral under-cutting extends the membrane beyond the optical
surface to 4.340 mm x 5.997 mm. This relatively large MEMS mirror exhibits excellent
optical quality with 147 nm peak-to-valley and 22 nm RMS.

P-V =113 nm; RMS = 11 nm
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Figure 18: (left) Surface profile of a process-1 4 mm 5° mirror scaled to a circular
perimeter as measured by phaseshift interferometry. (right) A photograph of the mirror
tilted in the interferometer for a flat (no voltage applied) process-1 4 mm 5° mirror. The
MEMS mirror exhibits excellent optical quality with 113 nm peak-to-valley and 11 nm
RMS.
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Figure 19 shows the same flat mirror as in Figure 17, but with the surface shape
reconstructed from Zernike terms. It also provides the Zernike spectrum with all terms
above 5 magnified by 10. Most Zernike terms are below 8 nm. A process-1 4 mm 5°
mirror also has excellent flatness, as shown in Figure 20. The diagram has Zernike
spectrums for this mirror with 5.0 um and 10.9 um displacement, which correspond with
data presented in Chapter 5. Figure 21, Figure 22, and Figure 23 compare Zernike terms
for a mirror with equipotential voltage and the voltages varied to minimize spherical
aberration. The purpose of showing these surface shapes is purely to aid in understanding
the results in Chapter 5. Equipotential voltages demonstrate the mirrors’ imaging
capabilities if they only had one electrode or one high voltage supply. One can note that
they maintain fairly parabolic shape up to 10 um deflection. At 10 um deflection they
show primary spherical aberration of 200-300 nm and secondary of 20 nm with
equipotential voltages. At small deflections of 5 um, they show even less primary
spherical aberration of 50-70 nm and secondary of 10 nm with equipotential voltages. By
varying the voltages, the secondary and primary spherical aberrations are reduced to

nearly 0 nm.
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Figure 19: A flat (no voltage applied) process-1 4 mm 45° mirror. (a) Zernike terms as
generated from a phase-shift interferometer. Terms above Z5 are magnified by 10x.
Defocus, primary spherical, and secondary spherical are Z5, Z13, and Z25, respectively.
(b) Zernike terms shown in (a) reconstruct the wavefront. (¢) The same wavefront as in
(b), but on a scale used in Chapter 5 for measured wavefront sensor results to allow for
comparison. This data is for physical deflection of the mirror when viewed at normal
incidence. For direct comparison with Chapter 5 data, this surface data needs to be

multiplied by 2*cos(a,) to convert the surface height to appropriate wavefront at 45°
incidence.
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Figure 20: Wavefronts and Zernike coefficients for a process-1 4 mm 5° mirror used in
Chapter 5. All Zernike modes above 6 are 10x. The surface heights are reconstructions
without defocus, tip, tilt, and piston (modes 1, 2, 3, and 5), but include all other terms.
With an equipotential voltage of 0 V, the mirror is flat. An equipotential voltage of 200 V
yields 5 pm mirror sag. The mirror sag is 10.9 um at 247 V.
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Figure 21: Comparison of Zernike terms and wavefronts for a process-1 4 mm 45° mirror
with equipotential (233 V) and varied voltages to minimize spherical aberration terms
(E1=2345V, E2=198 V, E3=255V, and E4=285 V). For both voltage profiles the
center of the mirror is displaced 10 um. (a) Zernike terms as generated from a phase-shift
interferometer with normal incident light rays on the mirror. Terms above Z5 are
magnified by 10x. Primary and secondary spherical aberration decrease for the varied
voltage case, where the varied voltages reduce the primary spherical aberration by
approximately 300 nm. (b) Equipotential wavefront. (c) The wavefront with spherical
aberration minimized.
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Figure 22: Comparison of Zernike terms and wavefronts for a process-1 4 mm 45° mirror
with equipotential (184.5 V) and varied voltages to minimize spherical aberration terms
(E1=195V, E2=173 V, E3=194V, and E4=206 V). For both voltage profiles the
center of the mirror is displaced 5 um. (a) Zernike terms as generated from a phase-shift
interferometer with normal incident light rays on the mirror. Terms above Z5 are
magnified by 10x. Primary and secondary spherical aberration decrease for the varied
voltage case, where the varied voltages reduce the primary spherical aberration by
approximately 700 nm. (b) Equipotential wavefront. (c) The wavefront with spherical
aberration minimized.
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Figure 23: Comparison of Zernike terms and wavefronts for a process-1 4 mm 5° mirror
with equipotential (200 V) and varied voltages to minimize spherical aberration terms
(E1=200V, E2=185V, E3=205V, and E4=225 V). For both voltage profiles, the
center of the mirror is displaced 5 um. (a) Zernike terms as generated from a phase-shift
interferometer with normal incident light rays on the mirror. Terms above Z5 are
magnified by 10x. Primary and secondary spherical aberration decrease for the varied
voltage case, where the varied voltages reduce the primary spherical aberration by
approximately 500 nm. (b) Equipotential wavefront. (c) The wavefront with spherical
aberration minimized.
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CHAPTER 3

FRAMEWORK FOR HAMILTONIAN OPTICS ANALYSIS

Coordinate System and Aberration Coefficients

My analysis of aberrations is based on Buchdahl’s approach in 4n Introduction to
Hamiltonian Optics [108] and Dickensheets’ “Imaging performance of off-axis planar
diffractive lenses” [109]. Figure 24 (a) shows the global coordinate system with the
origin O at the center of the mirror plane and point Q lying on the mirror surface. Both
object and image are in a homogenous medium with refractive index n. The object plane
lies normal to the object-space, base-ray O Py, and contains point P;y. The image plane
lies normal to the image-space, base-ray O Py and contains point Psy. The object and
image planes have local (u;, v;) and (u,, v2) coordinates, respectively (Figure 24b). The

following transformation relates u;, v;, and r; to the global mirror plane coordinate

system,
X, cosary 0 sinay Uy
Y, = 0 1 0 x| v | 2)
1 —sinay 0 cosay r

The following transformation relates u,, v,, and r; to the global mirror plane coordinate

system,
Xy cosaz 0 sinas Ug
Y5 = 0 1 0 x| vy | 3)
2o —sinas 0 cosas 9

The aberration function is specified in terms of the exit pupil coordinates (x, y)

and the image coordinates (u>, v,), where the exit pupil is chosen in a plane perpendicular
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to O Py, and includes the origin. Mapping the optical path difference (OPD) variation
onto a plane perpendicular to the base ray allows direct comparison of aberration terms to
other standard optical elements and is convenient for Fourier analysis to predict the
diffraction properties of the beam in the image plane. The pupil plane, therefore, lies
parallel to the image plane, has its y-axis coincident with Y, and has a center at point O in
the mirror plane. Figure 25 shows the mirror plane (X, Y), pupil plane (x, y), and image
plane (u>, v2). A dotted line illustrates the projection of a ray from point P, in the image
plane through point O on the mirror surface and onto point (x, y) in the pupil plane. The
mirror surface varies along Z as a function of X and Y according to Z,0r = f(X, Y)

(Figure 26).

oyl r P
1157!\10

v

(a) (b)

Figure 24: (a) Global coordinate system with origin O at the center of the mirror plane.
The object plane contains point P;y and lies perpendicular to the object-space, base-ray
O Py. The image-space, base-ray () P lies perpendicular to the image plane where the
image plane also contains point P. (b) Local object (u;, v;) coordinate plane
perpendicular to (2 .
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Restricting our analysis to mirrors, variables r; and 7, must be real. The law of

reflection requires that a; = -¢, where -7/2 < a; < 7/2 (Figure 26a).

Figure 25: Local exit pupil (x, y) coordinate plane for determination of aberration
coefficients. The exit pupil plane contains the origin O of the mirror plane and is normal

to the image-space, base-ray () FPyy.

Object Plane

) Chief Ray u

Mirror Plane Mirror Plane

X Mirror xt  Pupil .
\ Base ch/ Plane

Surface

\ mirror :f(X Y) \ mirror :f(XY)

(a) (b)
Figure 26: (a) The law of reflection restricts the entrance and exit angles of the base rays
r; and r, with respect to the varifocal mirror to be equal in magnitude and opposite in
sign. (b) Detailed drawing depicting the chief ray and ray of interest through point O for
the V-function.
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Neglecting the finiteness of the wavelength and polarization, we develop an
aberration function of the optical system in terms of the image plane and exit pupil
variables. The magnification terms describe the linear relationship between the transverse
object and transverse image coordinates in the Gaussian imaging approximation

according to

(4)

The aberration function calculates the difference between the optical path length for a ray
from point P/ to point P2 through point O on the mirror relative to the optical path length
of the chief ray through the origin (point P/ to point P2 through point O on the mirror),

V = sign(r) + {[PLQ] — [PiO]} + sign(ry) * {[P,Q] — [PO]}. 5)
A positive V-function indicates a longer optical path length for the specified ray than the
chief ray. The sign(r;) and sign(r;) allow for virtual objects (-r;) and images (-7;) to be
analyzed. Figure 26b provides a more detailed view of the mirror, object plane, and
image plane. It shows the reference chief ray as a solid purple line and the comparative
ray through point Q in the mirror as a dotted purple line.

We introduce normalized pupil coordinates and mirror displacement variables,

=
Il

<
I

s and (6)

Qe |

S
I

where a is the minor semi-axis of an elliptical mirror (Figure 30). The major semi-axis is

b. The center displacement of the mirror, 9, is equal to f{0,0). One might note that x and y
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are pupil plane coordinates, where the pupil plane is parallel to the image plane. For the

a
cosaa

case of b =

the rays have a circular projection with radius equal to the minor semi-

axis of the elliptical mirror, @, through the pupil plane. This holds regardless of angle of
incidence, o, (as is further discussed in Chapter 4). Most of the analysis will be restricted
to this case and, consequently, x and y are normalized to a for easier comparison with
other published results that follow a standard convention of a normalized exit pupil.

Expanding the aberration function into a Taylor series about 0, the terms of order
one in the pupil- and image-plane coordinates of the aberration function V' may be
expressed as (pp. 26-30 in [108])

V=G, 4+ a1% + Gy + azug + aqve + O(2), (7)
where @, = V(© and O(n) represents terms of order n and higher. Coincidence with the
base ray occurs for the limit in which u,, v,, #, and 4 go to zero. Because the exit pupil
plane and the image plane lie perpendicular to the base ray, the aberration function has no
linear dependence on pupil- and image-plane coordinates and @, as, as, and a4 are zero.
Aberrations may be discussed in terms of rays or wavefronts. Ray aberrations refer to the
height of a ray where it intersects the image plane. The height of a ray is related to the
local slope of the wavefront, which is the local first derivative of the wavefront. This
indicates that if the wavefront is of order 2 in the pupil plane coordinate, then the ray
height is one order less, or 1. The orders of aberrations in this dissertation are in terms of
rays. The parabasal coefficients, terms of order two in the pupil- and image-plane

coordinates, are defined as follows,
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YV =V3 4+ 0(3),

1- By
G 5?)15:2 + byZus

- 1-
+ b3y + byvg + Ebay (8)
- - 1-
-+ bggu-z + b;’ﬂ’l)g -+ 5()8“;
- 1-
+ i)g?f.g‘??g + 5})1[)??%.
Due to plane symmetry about Y =0, the coefficients of terms for which the sum of

powers in % and v, are odd must be zero and the expression reduces to

1~
V(z) = Ebliz

~ 1 ..
+ bauy + ﬁbs'gz

- 1s ©)
+ bryus + ibguz

1~
+ 5531{]'03.

The coefficients b, and bs prescribe defocus for the tangential and sagittal rays,
respectively. If 51 = 55, then the two astigmatic planes meet. If 51 = 55 = 0, then no

defocus exists at the image plane. We express the second-order aberration terms or terms

of order three in the pupil- and image-plane coordinates as



—t

+ 57;15"{[&)2 -+ *Nfgfi'ug =+ ng’ug’vg (10)
1

a2 pR] = 2
+ =CipTv;5 + gf,ny + —C12Y Uz

2 2
1. 1. 5 . .
+ 5013'}} vy + 5014?;'“2 + C15Y U202
|
+ 5C16YV2-
The coefficients ¢y, 2, ¢5, and ¢;; have a cubic dependence on pupil coordinates, so they
will behave similarly to coma. Unlike 3™ order coma, however, they have no dependence
on image height and the aberration is constant over a finite field-of-view. The terms
Cs. C4, Cg, C7, C12, and €13 are quadratic in the pupil coordinates and linear in the field

variables thus providing linear astigmatism, and cs, cq, ¢19, ¢14, €15, and ¢4 are distortion

terms (wavefront tilt). Due to symmetry, we reduce this to

+ crryvs + §ng'li§ + 561057’05 (1 ])

5125'2?@ + Ci5yusvs.

_|_

The third-order aberration terms are defined as follows,
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v—v®+v®+vm+om

1
Yy = ﬁdlz + dzl‘ ug + 4d3$ uj

1 1 ~ 1

+4@”2 deg2+1%1@
1 -
ad Tl + dgzy u2+dgigu2v (12)
1 -~

+ 5 10-1162”02 —duU + dlz'U U2
1~ 1
Zd 1377 uz + dl4y ’U + zdl)ljuzlg
1- .
Zdietivd

+ 6 16Y Vg

where dy, dy, and dy; are independent of the field variables thus representing spherical
aberration, (fg,cf5,cfg, and (;712 are cubic in pupil coordinates thus providing coma, and
cfg,, cfﬁ,(fg, d~13, and &14 are quadratic in the pupil coordinates thus contributing

astigmatism, and d}, Jw, 5515, and cflﬁ are distortion terms.

Stop Shifting
Figure 27 shows the chief ray CR, that arises from a shift in the stop p from the
mirror plane, where CR refers to the chief ray through the center of the mirror plane.

T2

Using the geometrical relationships = = cxy — duz and y = cyy — dva, where ¢ = ==

and d = %, the corresponding aberration function for a stop shift may be determined.

Using relationships described by Mahajan on pages 12-13 [110], the new aberration
function may be expressed as,

V= V(ﬂfh Y1, Uz, Uz) - V(SU1 =0,y =0, '15-2«.1’2) (13)

= V(x = cx; — dua,y = cyy — dvg, uz, v2) — V(—dug, —dva, us, v3)
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Figure 27: A change in position of stop by distance p changes the reference chief ray
from CR to CR, for calculation of the aberration function.

After transforming to the new coordinate system, substitution of z, = - s and
U = a("‘;’i—’jm provides normalized coefficients in the new exit pupil plane. Equations (9),

(11), and (12) still represent the aberration terms, where I, ¥ are replaced with 1, ;. For
clarity, we subscript the coefficients determined with a stop shift from the mirror plane

with a p.

Implementation Details

We analytically calculate the V-function in Matlab by assuming a specific MEMS
mirror shape in Z-direction. After performing a Taylor series expansion, specific terms of
a given order are found by differentiation. For instance, the x* terms may be found by
differentiating with respect to x four times and then setting x, y, u,, and v, equal to zero to
rid the results of higher order terms. Appendix A explains in more detail how aberration
terms are extracted from the entire V-function. Appendix A also provides verification of
my code by comparing the results of the V-function with optical path difference plots in

Zemax. Appendix B compares our expansion including only 2™ and 3™ order terms with
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the entire V-function for a parabolic MEMS mirror to verify accuracy. It shows less than
2% difference between the two, thus indicating that higher-order terms are not warranted.

The distances 7, r,, and the radius of the exit pupil are in millimeters. The
deflection of the mirrors should be less than 30 um. A slight approximation exists in that
the position of the ray across the mirror in X and Y coordinates assumes the mirror is flat
(i.e., it does not account for the slight shift in X and Y when Z,;,,,,0). This introduces
slight displacement in the pupil plane coordinates from the actual ray crossing at (x’, )
to (x, y) for the aberration function (Figure 28). For an idea of the magnitude of error
introduced because of this approximation, if a ray passed through the image and pupil
planes at 60°, then the maximum error in pupil coordinates x and y for a 3 mm diameter

mirror at 30 um deflection (maximum of Z,;,,,) would be 1.7%.

Figure 28: The actual ray from point QO to P, crosses the exit pupil at (x°, y’), but our
analysis provides the ray location as (x, ).
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Definition of Surface Shape for Elliptical-Boundary Mirrors

Our research group is developing deformable membranes as variable-focus lenses.
We have suggested the use of elliptical-boundary membrane mirrors for light rays at
angles other than normal incidence. Fabrication of the mirror surface on a wafer leads to
a planar boundary such that the perimeter of mirror surface Z(X, ¥) must be at constant

displacement value Z = ¢ (Figure 29).

Surface of

Mi Surf:
1rror sSurface Silicon Wafer

24X, Y)

Elliptical
Perimeter

Figure 29: A typical elliptical-boundary mirror, where the perimeter of surface Z(X, Y)
must be at a constant displacement value 0.

We represent Z as a polynomial in X, Y, with coefficients constrained so that
Zboundary = 0. The relationships X = % and Yy = % map an ellipse to a circle (Figure 30).

Only even powers in X, ¥ are included due to an assumption of symmetry. We define

2" and 4™-order even polynomial (p) equations as follows,



and (14)

(15)

~

dh
g

Figure 30: Mapping an ellipse with semi-minor axis @ and semi-major axis b in X —, Y —
coordinates onto a normalized circle in X —, Y —coordinates.
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CHAPTER 4
IMAGING PERFORMANCE OF A SINGLE MEMS MIRROR

An elliptical-boundary membrane mirror under uniform pressure across its
surface naturally deflects with a paraboloidal shape in the Z-direction. Substituting

Cq2 = dinto Equation (14) from the previous chapter provides the simplest representation

of this shape, Z,,;jror = & [(%)2 + (%)2], which will be used for the entire analysis in

this chapter. The variables 7|, r,, 9, a, and b are real, where a#0.

Parabasal Coefficients

Beginning with the parabasal coefficients, four coefficients are zero due to plane

symmetry, as explained in the previous chapter. All other coefficients equate to zero,

except
~ ‘ (b2 r; cos(as) + b 1y cos(as) — 4 adry 1'2) ~ a2 1a3 5
by = a? - , where by = =—— — ——
b% 1) 1o cos(as) nTEE g b2eos(as)
and (16)
- (a. r+ars —481, 12 cos(n-g)) _ a2 ~
by = a® , where 115”7).13 = — —4adcos(asz).

ar) I T2
For no astigmatism, b; and bs must be equal. If the imaging equation is satisfied, both b,

and bs will be zero. This requires that b = a/cos(«;) (Figure 31) and % +1= %, the

2

a
4dcosas”

imaging equation, be maintained. We define the focal length of the mirror as f =

These two relationships are upheld for the entire analysis unless otherwise noted. The

imaging equation provides the following relationship for the distance to the image plane,
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—ar
Ty = - . 17
? a—446r cosas (17)
MEMS MEMS
Mi 5 Incident Mirror
irror o2
ay Ray
(a) (b)
2bfs_ a, b=a/cos(a;)
2a
()

Figure 31: For the two astigmatic focal lines to coincide in Z, b = a/cos(-a) = a/cos(;)
must be maintained. Alternatively, the diameter of the major-axis, 2b, must project as the
same diameter of the minor-axis, 2a, at a given angle of incidence. (a) MEMS mirror
shown with a flat surface and with center deflection 6. The incident light ray approaches
the mirror at an angle ¢; to the normal of the mirror. (b) An inserted triangle with the
hypotenuse representing the diameter 20 of the MEMS mirror surface. (c) The
relationship between the length of the surface normal to the incident ray 2a and the
diameter of the mirror surface 2b.

The aberration coefficients use the definition of F-number, F' = Table 4

r2
2a°
provides values of r, and F for several deflections and incidence angles for the case of

r1 = 00. We present these values, because one should consider their coupled nature when

interpreting the following aberration coefficients and plots.
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Table 4: Corresponding natural focus at distance, 7,, and F-number, F, for a given
deflection, o, and incidence angle, o, for r; = o0 and a =2 mm.

7, (mm) F (mm)

S(um) | =0 =20 =45 | =0 @&=20" o=45"
5 200 213 283 50 53.2 70.7
10 100 106 141 25 26.6 354
15 66.7 70.9 94.3 16.7 17.7 23.6
20 50 53.2 70.7 12.5 13.3 17.7
25 40 43.3 56.6 10 10.8 14.1
30 33.3 35.5 47.1 8.3 8.9 11.8

Second-Order Aberrations

Deferring to Buchdahl’s and Hamilton’s preference for describing the order of
aberrations in terms of ray aberrations, I define the orders of aberrations in the same

d .
manner. The 2"%-order aberrations are defined as

[

~ ~2 ~9
2(;3:1: Uy + —C5TY

1 1
V('}) = 6(:}]_.’}"53 + -

= o

~ ~ -~ 2 ~ 2
+ Crryve + 5(18;1:'11.2 + 5(:10;1:'1;2

~ A2 ~ o~
+ =C12Y Uz + C15YUaVs.

Applying the two constraints for b, = bs = 0, to rid the system of parabasal
astigmatism and defocus, the 2" order aberration terms with variable stop location, p,

arc
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6ad (sin(aez) — 2F 6 sin(2 (,1{2))

Cip =

ja :
26 sin(cs) (Qp—l— r,—12Fép cos(ag))

= F (p—r2) ’

i 2a6 (SiIl(()ﬂg) — 2F 6 sin(2 (xg))

Csp = 7

i 26 sin(as) (1'2 —4Fép C.os(ag))

= Fp)

i 20p (p sin(ag) + 2715 sin(ag) — 6 F 0 p sin(2 (1'2))

e Falp—n)

i 28 p (p sin(ap) — 215 sin(as) + 2 F 0 p sin(2 052))
T Fa(p—ra)°

26 sin(as) (rg —2p+4Fép cos(ag))

Cap = — 1) , and

i 25;02 (sin(ag) —2F% sin(2 052)) (18)
s Falp—n) |

One should note that ' = 72 is defined with reference to the mirror only and not the

optical system, where F for the optical system would be divided by the stop diameter. All
terms go to zero for a normal incidence circular-boundary mirror (o, =0). The field-
independent terms, ¢; and Cs_have no dependence on stop location.

The linear astigmatism term, ¢, goes to zero for stop at position p = 2f, where the
physical aperture would most likely lie in object space. At p = 2f, the other two linear
astigmatism terms are equal, €3 = €;,. This only occurs for a particular deflection, or f, of
the mirror. The resulting image plane is tilted in the Z direction with linear dependence

on up.
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For an object at infinity (r, — oc), Equation (17) reduces to 72 = m‘;m). Using

the relationships > = NA = 55, it may be shown that 6= m The normalized c-

terms for an object at infinity with a variable stop location may be expressed as,
_ 3atan(ay)

513),-.-"1 —0o0 T ] 2
_ (—tan(ag)) p — 4 Fa tan(ay)

Gpimoe = T TG p 1 16 Foa

. _a tan(as)

Y

. _ tan(az) p— 4 Fa tan(ay)

oo = T TREN p 4 16 FRa

. _ (—tan(ay)) p* + (8 Fa tan(ag)) p (19)
“Bpiri—vo0 = (8F%a) p> + (=32 F3%a?) p+ 32 F*a?’
i (=3 tan(az)) p* + (8 Fa tan(az)) p
AUpri=o0 = (92 0) p2 + (=32 F3a?) p + 32 Ft a3’
i3 300 = (=3 tan(az)) p+ 4 Fa tan(as) and.

(—SF2) p+16F%a
tan(c) p?
(8F2a) p* + (=32 F3a?) p+ 32 Fta®

Clip,ri—o0 =

All of these terms go to zero for normal-incidence angle (tan(0) = 0).
Placing the stop at mirror surface, or p =0, omits three distortion terms from the
general case of 2"order terms with variable stop location (Equation (18)). For stop at

mirror, the coefficients reduce to
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6ao (sin(az) —2F 6 sin(2 012))

c1 = F
5 26 sin(az)
Cqg = ——— 8,
3 F ’
2a6 (Sill((.l’.g) —2F5% sin(2 052)) (20)
5 = fa ’
24 sin(a
G = Sipn(az) and
_ 20 sin{asg)
Clg = ——F—.
12 F

The ¢, and Cs coefficients remain constant across the field-of-view in the image plane;
therefore, I refer to them as Z“d-order, field-independent terms. The ¢}, and &3 coefficients
result in an astigmatic aberration. The - astigmatic shape in the exit pupil is linearly
proportional to the field location u,. The ¢; coefficient also represents an astigmatic
aberration, where the yX shape in the exit pupil is linearly proportional to the field
location v,. All of the 2™-order ray aberrations go to zero for a normal angle of incidence
mirror.
For an object at infinity (r1 — o) and stop at mirror, the terms simplify to

3a tan(ay)

Clri—oc = S 2

. tan ()

C3,r1—oc = — A F2

_ a tan(asy)

C5,r1—00 = Y (21)
- tan(ao

CTri—so0 = — 4 fpz )1 and

~ tan(as)

€200 = 7

One might note that off-axis paraboloidal (OAP) mirrors introduce no spherical

aberration when used for infinite-conjugate imaging (Figure 32). The use of an elliptical-
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boundary deformable mirror with parabolic shape at a given angle of incidence differs
from using an OAP mirror, however, because it has two 2" order spherical terms, ¢; and
Cs. that are non-zero. An off-axis paraboloidal mirror is not symmetric about X =0. For
simplicity of actuation and control, our research group is unique in that we use symmetric
electrodes, which allow for control of spherical aberrations. This means the elliptical-
boundary mirrors described in this dissertation are symmetric about X =0. The 2" order,
field-independent terms, ¢; and s, represent a type of spherical aberration, since they
only depend on exit pupil coordinates. They are different from the most commonly
discussed 3"-order spherical aberration in that they have cubic dependence on pupil
coordinates. They manifest more similarly to coma for this reason (Figure 32). They are
the dominate shape difference between a deformable off-axis mirror that is symmetric

about X = 0 and the ideal infinite-conjugate OAP mirror shape for perfect imaging.

Dynamic paraboloidal )
MEMS mirror Off-axis paraboloidal
s mirror from parent
on-axis paraboloidal mirror

-2p 0.1 -2p 0.1

-1k 0.05 -1 0.05
E g
é 0 0 (um) g O 0 (um)
> >

1k -0.05 1k -0.05

2 A o 1 2 2 A o 1 2

X (mm) X (mm)

Figure 32: For infinite-conjugate imaging with zero field, an off-axis paraboloidal (OAP)
mirror introduces no aberration to the system. A dynamic MEMS mirror with plane
symmetry introduces a small amount of 2" order, field-independent aberration that
presents similar to coma. The wavefronts shown have r, =150 mm or 6=9.4 um for an
o =45° mirror.
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Although the case r; =, may not be completely practical in the sense that these
mirrors have dynamic focus control, having an understanding of what the best midpoint
condition might be for mid-range performance of a given device may improve ease of
implementation of these devices in optical systems. For instance, root-mean-square
(RMS) graphs later in this chapter will show a plateau in aberrations for no-field
conditions as the mirror deflects through | = r,. It limits variation in RMS values across
a range of deflections of the device, which should create a more uniform image than a
more varying range of RMS values over a given deflection range. Furthermore, these
types of mirrors offer high-speed focus control where a small focal range may be
sufficient for a given application. This plateau in aberrations near r, = r, appears to be

greatest for no-field conditions. For the object and image at equal distances from the
= . 1 .
and 0 = TFeodas)’ which

are both twice the values as for the infinite-conjugate case. We may express the

normalized c-terms for stop at mirror and ri = r, (object and image at equal distances) as,

Clri=ry = C5,ry=ry — 0,

. tan(cay)

C3ri=ry = — 2F2

. tan(ay) (22)
C7ri=ry = BV and

. tan(ag)
612"-"1 —=ry = W .

For this case, no field-independent, 2™-order aberration exists due to symmetry about

plane X = 0.
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Peak-to-valley, 2"*-Order
Aberration Terms for an Object at Infinity

The peak-to-valley, 2"_order aberration terms for different angles of incidence
and displacements of the mirror are shown in Figure 33. The plots shown in (a) present
astigmatism with a linear dependence on field variables (values shown are for
atan(uy/ry) = atan(v,/ry) = 1°). The left plot shows peak-to-valley astigmatism aberration
for a field of atan(uy/r;) = 1° with a mirror at @ = 2.5° and 6 = 20 um (the displacement
achievable by the SOI mirrors presented in this dissertation) to be 61 nm. A peak-to-
valley aberration of 61 nm maintains A/10 imaging for 633 nm wavelength light.
Increasing the incidence angle to only 5° doubles the peak-to-valley aberration to 122 nm.
This indicates that using these mirrors at large deflections results in large astigmatism
values as the incidence angle increases even at small field angles (1°). However, if one
desired to only use 5 um of deflection, then the mirror could be used at any angle of
incidence while still maintaining A/10 imaging for field angles of 1°.

Field-independent aberration, shown in Figure 33b, has a peak-to-valley of 70 nm
for a mirror at o =2.5° and 8 =20 um. It does not maintain A/10 imaging for 633 nm
wavelength light. Increasing the incidence angle to 5°, approximately doubles the peak-
to-valley aberration to 134 nm. These values slightly exceed the values for astigmatism.
As it does for 2™-order astigmatism, the mirror maintains A/10 imaging at any angle of

incidence with less than 5 um of deflection.
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Figure 33: Second-order ray aberrations for a mirror with minor axis radius ¢ = 2 mm and
case 13 = 00. (a) Astigmatism with linear dependence on field variables, where
atan(up/r,) = atan(vo/r;) = 1°. Given the linear nature of the field dependence, one can
multiply the results by any value of u, or v, to determine aberrations for larger fields.

(b) Spherical aberration that behaves similar to coma due to a cubic dependence on
normalized exit pupil variables (7 (72 + %) = 7p%).
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Third-Order Aberrations

The symmetry-allowed, 3" order aberrations are defined as

1 - 1~ . 1=
Yo = ﬂdlfs“* + gdz:ﬁsuz + Ed:ﬁ?ug

1- 1~ 1-

“da 7 + Sds1 v “deiv?
+ 1% Y-+ 5% Yyuy + 46TV
1+ . 1- -
—dﬁtu; + idgii'gzug + doTyugvs
1- 1 -~ 1~ ..

—dqoTusv? + —d it + =dio v
+ =dqp 23+24 1Y +612J 2

+

(@]

N 1~ _ 1- _ .
13‘3}21)3% -+ idlﬂjzvg + §d15y‘u§7)2

1 -
+ —dlﬁﬁfug.

W | = O

+

D

The aberration coefficients again use the definition F' =

r2
2a

. The third-order

aberration coefficients with variable stop position, p, are shown in Equation 23 on the

following page.
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F2 cos(ag)
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B

(F2 cos(az)) p— F2ry cos(az)
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Whereas all 2nd-order coefficients with variable stop go to zero for a normal-incidence
mirror, none of the 3rd-order coefficients go to zero for a normal-incidence mirror. If
these terms are simplified to the normal incidence case, then they agree with published
Seidel aberration terms [110]. The section Seidel Aberration Terms for Normal Incidence
Mirror below presents the comparison. For variable stop location with an object at

infinity, the terms reduce as shown in Equation 24 on the following page.
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For on =0 and the infinite-conjugate case, spherical aberration remains zero (terms
dlp,rl—wm d4p,r1—>005 and dllp,rl—mo)-
Setting the stop at the mirror plane rids the system of 3™-order distortion terms
ds, dio, dis, and d ¢, and the astigmatic term dis,
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dia = — - , and

FZ

- 26 cos(as)

e F2a
The d; coefficient goes to zero for a; = 0.

For an object at infinity (1 — o0), we utilize the relationships 72 = 4“:72) and

0 = m The normalized d-terms for the object at infinity and stop at the mirror may

be expressed as,
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45a (COS(Q’Q)Q —1)

A
b 32 T3 cos(an)’
Joy o0 = —— &
BT cos(ap)?  16F3’
1 1
d ri—oc — .
e 4a F3 cos(ap)®’
. Ta ((:09(0{2)2 — 1)
d4,r1—>oo — - ] 3 .
32 F3 cos(a)
A B
Ry o cos(ap)®  16F3’
i cos(ay)® — 1
ag,r oo — T o 9
e 4aF3 C(‘)S(ug)z
i ’ !
ag ri—soc = - s
o 16F%  8F3 (tos(af,g)z
5 1
d.t),m—mo = —W,
7 3a 1
111,r 00 = s— 1],
e 32F° (COS(U{Q)Z ) '
i 3 26
A2y 500 = 163’ and (26)
5 1
d14.nﬁoo = 7@

All spherical aberration coefficients, dqr, »w, d4r, -0, a0d d117, 00, and the astigmatic
coefficient, dgr, 0, 0 to zero for ap =0. Three terms, do; o, d127,50 a0d d14r oo

have no dependence on the angle of incidence.

For the object and image at equal distances from the mirror plane (11 = 773), the
relationships 2 = m and 6 = m hold. We may express the normalized d-

terms for stop at mirror and ry = r; as,
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~ 3a
d]_!, 1=ry — ,3—2
4F3 cos(ag)
i 3 3
a9 pi—p, = — s
2T g s cos(ap)®  2F°
~ 1
d: ri=rg — - ’
e 2 a F3 cos(a)’
- a
d r1=r = L, 9
BT s cos(a2)’
i B 1 1
R o cos(ay)®  F¥
i B (:03(@'2)2 —1
GnTTE T S G Fe cos(az)®’
J B 1 1
SRR s cos(ay)®’
~ 1
d‘),rl:rg = —ma
~ 3a
d r=rs — | —w <93
HEr T s COS(O!Q)2
(;512‘?1:,‘2 =0, and (27)
~ 1

All comatic coefficients, dy, —y,, dsy =r,» dgr,=r,» and dys, —p,, and the astigmatic
coefficient, dgy —y,, g0 to zero for o, =0. For the 7 = 72 case, the system proves

completely reversible about the stop at the MEMS mirror. For reversible systems, lower

orders of coma tend to zero (page 141 in [108]).

Seidel Aberration Terms
for Normal-Incidence Mirror

For additional validation of the veracity of the aberration coefficients, the third-
order-aberration terms may be compared with the more traditional Seidel aberration
terms. We evaluate our system at normal incidence by setting a» = 0, thereby making the

system axially symmetric for a circular-boundary mirror. All 2"_order aberration terms
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evaluate to zero for normal incidence. We set = = p coso, y = p sing, and v, = 0. This
provides

VW =8 pt + C p? cosp uy + A p* Ul cos’p
+ F p? ug + D pcoso ug,

(28)
where S, C, A, F, and D are the spherical, coma, astigmatism, field curvature, and
distortion coefficients, respectively.

Equations 4-3 through 4-6 in Mahajan [92] provide axially symmetric aberration
coefficients with a shift in stop position for a spherical mirror and Mahajan’s Equation 6-
11 provides an additional wavefront deviation for a conic. Using the case of a
paraboloidal mirror (Equation 6-14 in Mahajan [92]), aberration coefficients for a
variable stop can be compared. We substitute L = r,-p and S” = r,. The radius of curvature

R is negative. For coma, the substitution of R into &zp and &sp results in a coefficient

proportional to ¥p2. To un-normalize the exit-pupil coordinates (power of 3 in the case of

3
coma), the coefficient is multiplied by ( ) . Using a similar approach for all

a (r;—p)
aberration terms, the terms with variable stop position in Equation (23) agree with
Mahajan (Table 5).

The axially symmetric aberration coefficients (Equation (28)) of a paraboloidal
mirror were compared with Mahajan’s Equation 6-65b [92]. This equation is for an object

lying at infinity at an angle S from the axis of the mirror. Equation
Lmirror = ﬁ * (X o Yz) and the constraints and values provided in Table 6 are used in

the 3™-order aberration terms for comparison. Accounting for the difference in signs for

the focal length f (the analysis in this paper defines it positive and Mahajan's analysis
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defines it negative for a concave mirror) and converting the u, variable into 8*f, the 3"-

order terms generate the same aberration equation as Mahajan (Table 7).

Table 5: Comparison of 3™-order, variable-stop-position terms with Mahajan’s axially
symmetric terms. All terms agree.

Aberration Coefficient Analysis Values Mahajan's Values

S 3 (R+213) S*R+2S)
4R*(p —m)* 4 [* R?

C —FR+p+1n) ~S?(R—L +285
RZ(p—1)" iR?

A r7(R+2p) S2(R-2L +25")
R?*(p —rp)* L*R?

F p(—Rp+2Rr, +2713) ~(L—S"Y(RL+RS' +25?)
2R%(p —ry)* 2 L*R?

D p(Rp—2Rr,—3pr,+p? 12-5'2  (L-5n?(L+2S")
R2(p — 1rp)* L*R L*R?

Table 6: Constraints and values given to variables to compare 3" order aberration terms
with Mahajan’s Equation 6-65b.

Variable Constraint Imposed Relationship Imposed Value Assigned
rl positive inf
r2 positive f
f positive
al -
a2 0
u2 s
v2 0
n 1
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Table 7: Axially symmetric aberration coefficients for an object lying at infinity at an
angle S from the axis of a paraboloidal mirror.

Aberration Coefficient Values
S 0
c B/4/)
A BY/(2f)
F 0
D 0

Setting & = p cos¢, § = p sing, and simplifying terms in Equation (12) of order 4

in pupil coordinates, the 3™-order spherical aberration may be written as,

1  pt 1 L pt cos?
SPHABr'rIorde-r:m—mo = ( - 1) ap - ( — 1) ap cos ¢ . (29)

cOS2ava 256 F3 082y 16 F3
The first half of the equation shows that some spherical aberration with dependence only
on p* or (#*+7°)* exists when not at normal incidence. The second half of the equation

has an (¥*+9°) &* contribution that is 16 times greater than the symmetric portion.
y g ym p

Peak-to-valley 3"-order
Aberration Terms for an Object at Infinity

Figure 34 shows the peak-to-valley 3" order aberration terms for an ¢ =2 mm
mirror with atan(uy/r,) =atan(vo/r;) =1° where appropriate. Peak-to-valley depends on
the shape in the exit pupil. For instance, ds has dependence on exit pupil coordinates with
relationship #*y. Knowing quadratic and linear dependence in both coordinates, I assume
the maximum and minimum values occur at radius of 1 in the exit pupil. This provides
%*=1-y. Substituting into %7, differentiating with respect to ¥, and settting equal to

zero indicates that maximums and minimums occur at § = +\(1/3). This gives a peak-to-
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valley of —= \/ The aberration coefficient also has a multiplier of 2 that is taken into

consideration, resulting in peak-to-valley aberration of —- \/ ds v.

Table 8 summarizes the maximum aberration values at & =0° and o, =45° for
the mirror deflected to 30 pm with 7, — co. One might note that the 3™-order, peak-to-
valley values are generally more than an order of magnitude less than 2"*-order aberration
terms. Both 2™- and 3™-order coma increases with an increase in incidence angle for field

variables of 1°.

-
]
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—
]

-
[

aberration 0?1/24 (nm)
=)

Peak-to-valley 3rd order

-
[

—— = 5|J.m —x—a 10 um mr— 15|J.m —— = QOp.m —a—5- zspm ——~5=30 um|

Incidence Angle (°)

Figure 34: The 3"-order, peak-to-valley aberrations for various deflections and incidence
angles of an ¢ = 2 mm mirror and 7; = oo. Although atan(u,/r,) = atan(vy/r,) = 1° for all
plots, the vertical axis labels show dependence of the aberration terms on field angles for
ease of changlng field angles Plots a, b, ¢, d, e, f, g, h, i, j, and k are for coefficients d,
da, d3, da, ds de, ds, do, d11, di2, and d s
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Figure 34— CONTINUED
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Figure 34: The 3"-order, peak-to-valley aberrations for various deflections and incidence
angles of an ¢ = 2 mm mirror and 7; = oo. Although atan(u,/r;) = atan(v,/r,) = 1° for all
plots, the vertical axis labels show dependence of the aberration terms on field angles for
ease of changing field angles. Plots a, b, ¢, d, e, f, g, h, 1, j, and k are for coefficients di,
d~2, d~3, d~4, d~5, d~6, d~g, dg, d]], dlz, and d14.
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Figure 34— CONTINUED
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Figure 34: The 3"-order, peak-to-valley aberrations for various deflections and incidence
angles of an ¢ =2 mm mirror and r; = oc. Although atan(uy/r,) = atan(v,/r,) = 1° for all
plots, the vertical axis labels show dependence of the aberration terms on field angles for
ease of changing field angles. Plots a, b, ¢, d, e, f, g, h, 1, j, and k are for coefficients di,
d~2, d~3, d~4, d~5, d~6, d~g, dg, d]], dlz, and d14.
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Figure 34— CONTINUED
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Figure 34: The 3"-order, peak-to-valley aberrations for various deflections and incidence
angles of an ¢ =2 mm mirror and r; = oc. Although atan(uy/r,) = atan(v,/r,) = 1° for all
plots, the vertical axis labels show dependence of the aberration terms on field angles for
ease of changing field angles. Plots a, b, ¢, d, e, f, g, h, 1, j, and k are for coefficients di,
d~2, d~3, d~4, d~5, d~6, d~g, dg, d]], dlz, and d14.



75

Figure 34— CONTINUED
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Figure 34: The 3™-order, peak-to-valley aberrations for various deflections and incidence
angles of an ¢ = 2 mm mirror and 7; = oo. Although atan(uy/r,) = atan(v,/ry) = 1° for all
plots, the vertical axis labels show dependence of the aberration terms on field angles for
ease of changing field angles. Plots a, b, ¢, d, e, f, g, h, 1, j, and k are for coefficients di,
&2, &3’ &4, &5’ &6, &8, d~9, d~11, d~12, and d14.
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Figure 34— CONTINUED
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Figure 34: The 3"-order, peak-to-valley aberrations for various deflections and incidence
angles of an @ =2 mm mirror and r; = oco. Although atan(uy/r,) = atan(v,/r;)=1° for all
plots, the vertical axis labels show dependence of the aberration terms on field angles for
ease of changlng field angles Plots a, b, ¢, d, e, f, g h, i, j, and k are for coefficients d,

dy, ds. dy, ds, de, ds, do, d11, d12, and d 4.
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Table 8: Peak-to-valley aberration values for the case a=2 mm, 6=30 pum,
atan(uy/ry) = atan(va/r;) = 1°, and 71 = 00,

Type of Aberration Signond-  0°incidence  45°%incidence
Aberration coefficient angle (nm) angle (nm)
154
Spherical T () 0 71.6
]. 7 ~3
Coma gdz*’f‘ U2 (+) 62.8 157
. . 1 7 }-.2? 2
Astigmatism 1% g (-) 18.3 25.9
1+ 5.
Spherical 1 4-‘1»‘2?2 (-) 0 16.7
1~ 5.
Coma 5 T (+) 242 84.7
1 -
Astigmatism 1 Peatl (-) 0 12.9
1 -
. . ~ 3
Distortion 6 7Tuy 0 0 0
1 -
Coma > s (+and -) 16.8 12.1
Astigmatism gg.’fﬁﬂz?;‘g (-) 36.6 25.9
i ; lcf Fugvs
Distortion 9 10+ 5252 0 0 0
1 - .
Spherical ﬂdny (+) 0 4.77
-
Coma gduzy%z (+) 62.8 31.4
1 -
Astigmatism Zdlgi}gu% 0 0 0
1- .
Astigmatism Z—ldmﬁztré (-) 18.3 12.9
Distortion %ﬁfmﬁﬂ-%?f‘z 0 0 0
Distortion %d‘"lﬁ,g,”g 0 0 0

Figure 35, Figure 36, Figure 37, Figure 38, and Figure 39 show peak-to-valley,

3" order aberrations for terms with non-linear dependence on field angles. Figure 35
shows d%m and 071411_)00, which have no dependence on base-ray incidence angle.

These astigmatic terms exceed 50 nm around 2° of field angle for deflections greater than
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15 um. The other figures show the other astigmatic terms d3‘r1_,00 and &6’r1_>oo, for
op =0° 5° 10° and 45°, respectively. The term d&rl_,oo is zero for op = 0°. Although
astigmatism resulting from field parallel (u;, u;) to the long axis of the MEMS mirror is
greater overall, it shows less change with an increase in angle of the mirror. At o, = 0°,
5°, 10°, and 45°, the astigmatic term ds . . exceeds 50 nm around 2° of field angle for
deflections greater than 15 um. At o, =5° and 10°, the astigmatic term &611_,00 with
quadratic dependence on v, remains below 60 nm for all deflections of the mirror out to
10° field angle in the v,-direction. At o = 45°, however, it becomes significant with only

a 2° field angle.
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Figure 35: The 3™-order, peak-to-valley aberrations for various deflections and field
angles of an a=2 mm mirror with r; — oco. These two aberration terms, do, ., and
dy4r,-0, Nave no dependence on a,. The field angle along the diagonal means that u, = v,.
For instance, if atan(uy/r,) = atan(v,/r,) = 3.54°, then field angle along the diagonal is 5°.
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Figure 36: The 3™-order, peak-to-valley aberrations for various deflections and field
angles of an @ =2 mm mirror at 0° incidence angle with r; — oc. The term ds,, ., is zero
at normal incidence. The field angle in the u; direction is atan(uy/r»).
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Figure 37: The 3™-order, peak-to-valley aberrations for various deflections and field
angles of an ¢ =2 mm mirror at 5° incidence angle with ; — oo. The field angle in the

u, direction is atan(u,/r;). The field angle in the v, direction is atan(v,/r,).
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Figure 38: The 3" order, peak-to-valley aberrations for various deflections and field
angles of an @ =2 mm mirror at 10° incidence angle with 71 — oo. The field angle in the
u; direction is atan(u,/r;). The field angle in the v, direction is atan(v,/r,).
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Figure 39: The 3" order, peak-to-valley aberrations for various deflections and field
angles of an @ =2 mm mirror at 45° incidence angle with 71 — oo. The field angle in the
u; direction is atan(u,/r;). The field angle in the v, direction is atan(v,/r,).

RMS Wavefront Aberration

The RMS wavefront aberration is defined as

RMS = \/% //[V(.Ly) — piston/tip/tilt]* dz dy, (30)
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where A is the area of the exit pupil and the integration occurs over the area of the exit

pupil. Numerically, this can be calculated as

RMS = \/% Doy 2 Vi, y) — piston/tip/tilt] Aw Ay.

Assuming a full exit pupil, we have less than 3% error when compared with ray-
tracing results in Zemax for the RMS calculations. For all graphs in this chapter,
31,064 sample points over a rectangular grid are used to calculate the wavefront surface.
A mask filters out all points except those within the circular aperture of the exit pupil.
The deflection of the mirror, &, has a step size of 1.6 um. All graphs show a mirror with
deflection ranging from 0 pm to 40 um unless otherwise specified. As ¢ increases, 1/f
also increases. The imaging equation provides a relationship of 1/7+1/r, = 1/f. Blue on
the graph (< 50 nm) represents A/10 imaging for visible light and A/20 imaging for
A =1 pm. Green (< 100 nm) represents A/10 imaging for A = 1 um. Infinite-conjugate
imaging may be found on the 1/r; = 0 axis.

Figure 40 shows RMS values for o, = 0°, 5°, 10°, and 45°. The left column shows
RMS values for no-field imaging with u; = v, = 0. The right column shows RMS values
for 5° of field along the diagonal in the image plane (atan(uy/ry) = atan(vy/ry) = -3.54°).
The corresponding u; and v, values are opposite the sign of r; for 5° of field along the
diagonal. This definition will be used for all RMS plots with diagonal field angles. 1t
results in the largest angle of incidence for a point object at coordinate u, along the long
axis of the MEMs mirror, thus providing the greatest and most limiting RMS value for
diagonal field. Quite a range of deflection may be achieved with good performance up to

10° incidence angle. However, without any compensation of astigmatism (most likely



85
requiring extra elements to the system), the RMS error proves significant with 5° field
angle along the diagonal for incidence angles greater than or equal to 5°. The bifurcation
in the no-field, normal-incidence RMS plot shows the minimization of RMS values when
either the object or the image is at infinite-conjugate. In contrast, non-normal-incidence

mirrors show a minimization of RMS error along a diagonal where r; = 7.
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Figure 40: Wavefront RMS for &, = 0°, 5°, 10°, and 45° shown in rows. The left column
shows no-field imaging with u, = v, = 0 and the right column has 5° of field along the
diagonal in the image plane. All graphs show the mirror with a deflection ranging from
0 pm to 40 pm.
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Figure 41 provides a plot of wavefront RMS for 5° incidence angle with 3° along
the diagonal. The comparative plots with 3° in only u,- or v,- direction indicate that an
increase in field in u, introduces more aberrations than an increase in v,. A field of 1°
along the diagonal, only in the u, direction, and only in the v, direction for a= 45° is
shown in Figure 42. The graphs do not differ much from each other due to such a small
angle of field-of-view. For r; = 150 mm and /= 70.8 mm, a field of 1° along the diagonal,
only in the u,-direction, and only in the v)-direction for a= 45° results in RMS values of
202.5 nm, 203.4 nm, and 200.0 nm. The RMS value is lesser along the diagonal than for
strictly 1° in the u,-direction due to the fact that the angle in wup-direction is reduced to

0.707° for this case.
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Figure 41: Wavefront RMS for 6= 0 um to 40 um for 5° incidence angle. The top plot
shows a field of 3° along the diagonal. The bottom two plots show the aberrations with 3°

field in the individual field coordinates.

Figure 43 and Figure 44 include wavefront RMS for mirrors with different radii
for incidence angles 0° and 45°, respectively. One might note that a smaller-diameter
mirror has greater optical power than a larger-diameter mirror with the same deflection.

In practice, smaller mirrors tend to move less far for the same stress and voltage than

larger mirrors (Equation (1)). All graphs show 6= 0 um-40 pm.
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Figure 42: Wavefront RMS for =0 pum to 40 um for 45° incidence angle. The top plot
shows a field of 1° along the diagonal. The bottom two plots show the aberrations with 1°
field in the individual field coordinates.

Utilizing different fabrication and actuation schemes, a convex shape in addition
to a concave shape can be attained with deformable-membrane mirrors. Figure 45 shows
the wavefront RMS values for ap = 0°, 5°, 10°, and 45°. These graphs have deflection
increments of 6.3 um. The left column shows no-field imaging and the right column has
5° of field along the diagonal in the image plane (atan(u./r;) = atan(vo/ry) = -3.54°) with
uy and v, being opposite in sign than ;. All graphs show deflection ranging from -20 um

to 20 um to easily compare a total 40 um deflection with the purely concave mirrors
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analyzed in Figure 40. One might note that —10 pum of deflection yields more aberrations
than +10 um of deflection. The total usable stroke with 5° field along the diagonal proves
similar for o = 5° and o = 45°. At a» = 0°, the concave/convex mirror has better
performance over the entire deflection range with 5° field along the diagonal. It also has a
more useful deflection range for no-field imaging with greater incidence angles.

a=2 mm

400
350
300
250 g
200
150 5
100
50

Figure 43: Wavefront RMS for MEMS mirrors with different radii. All graphs show
results for o, = 0° with a deflection range of 0 pm to 40 um. Mirrors with larger radii
have less optical power for the same deflection as smaller radii mirrors.
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Figure 44: Wavefront RMS for MEMS mirrors with different radii. All graphs show

results for o = 45° with a deflection range of 0 pm to 40 um.
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Figure 45: Wavefront RMS for a, = 0°, 5°, 10°, and 45° shown in rows. The left column
shows no-field imaging with u, = v, =0 and the right column has 5° of field along the
diagonal in the image plane. All graphs show the mirror with a deflection ranging from

-20 um to 20 pm.
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Comparison of a Circular and Elliptical Mirror at 5° Incidence Angle

Sometimes only circular-boundary mirrors may be available to the designer and
not elliptical. The designer then has a choice between using a beam splitter and
maintaining normal incidence with the circular mirror or using the mirror slightly off-
axis. Table 9 illustrates RMS values for 10 and 20 um of deflection of an elliptical and
circular-boundary mirror used at 5° incidence angle. The circular mirror has RMS values
of approximately 20 nm and 40 nm for 6= 10 um and 6= 20 um, respectively, with no-
field at ap = 5° for both instances. RMS for no-field conditions of an elliptical-boundary
mirror proves negligible. The circular-boundary mirror has greater than A/10 (for visible
light) RMS values for most field conditions, whereas the elliptical-boundary mirror is
less than A/10 for 10 um of deflection. The circular mirror does show smaller RMS

values for field only along its short axis than the elliptical-boundary mirror.
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Table 9: Comparison of an elliptical and a circular mirror used at 5° incidence angle with
r1=200 mm and ¢ =2 mm.

RMS (um) of a»=5"° elliptical mirror used

Conditions at 5° incidence angle
@=5°, u;=v;=0 mm 0.0001 (0.004)
=5°, u1=12.3 mm or 5°, vj=0 mm 0.030 (0.060)
a=5°, u;=0 mm, v;=12.3 mm or 5° 0.047 (0.095)
=5° u;1=0 mm, v;=24.6 mm or 10° 0.115(0.229)

=5°, 11=12.3 mm or 5°,

vi=12.3 mm or 5° 0.050(0.100)

RMS values are for 6=10 gm (6=20 um)

RMS (um) of circular mirror used at 5°

Conditions incidence angle
=0° u;=12.3 mm, vj=0 mm 0.019 (0.037)
=0°, u;=24.6 mm, v;=0 mm 0.075 (0.150)
=0°, u1=12.3 mm, v;=12.3 mm 0.038 (0.074)
=0° u;=12.3 mm, v;=24.6 mm 0.094 (0.188)
=0°, u;=24.6 mm, v;=12.3 mm 0.094 (0.188)

RMS values are for 6=10 gm (6=20 um)
Strehl Ratio

According to Planchon et al. [111], the Strehl ratio may be accurately

approximated by

21 RMS\”
s:1-($), 31)

for small aberrations. Typically, a Strehl ratio greater than 0.8 implies essentially
diffraction-limited performance. For imaging with 4= 633 nm, an RMS value of 45 nm

provides S =0.8.
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Conclusions and Guidelines for a Paraboloidal Dynamic Varifocal Mirror

This section provides guidelines for maximum recommended deflections for
given incidence angles. It also offers suggestions for field limitations to maintain S = 0.8.
The recommendations are for ; = oo and ¢ = 2 mm. I first discuss the dominant 2" order
aberrations, which are generally an order of magnitude greater than the 3" order
aberrations. Next, [ present guidelines for 3" order aberrations, including & = 0°
imaging. Finally, I briefly review what others in the literature suggest for designing
optical systems to address the attendant astigmatism and coma that comes with off-axis

imaging.

Comparison of 2"- and 3"-order Terms

The MEMS mirrors described in this dissertation may correct spherical aberration
with their concentric electrodes. The non-symmetric astigmatism and coma aberrations
depend on location in field and prove more difficult to correct. Figure 46 shows 2"%-order,
3" order, and combined 2"- and 3"-order astigmatism and coma aberration terms versus
F for an ap = 5° and a = 2 mm mirror with atan(uy/r,) = atan(v,/r;) = 1° at r; = co. It also
includes the 2"-order, field-independent terms that present similar to coma. The 2" and
3" order coma terms include the 2"-order, field-independent terms. An increase in center
displacement (or alternatively a decrease in F) leads to greater astigmatism and coma.
Observation of the peak-to-valley curves confirms this. An increase in center
displacement of the MEMS mirror of 25 um increases 3" order, peak-to-valley

astigmatism and coma by approximately 6% and 35%, respectively. Astigmatism
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dominates the aberrations. Coma plays a more significant role for /< 100 than greater F
values. The 2"- and 3™-order coma exceeds 2™ order astigmatism for F < 11.5. The 3"-
order coma exceeds 3™-order astigmatism for F'<20. The 2"-order, field-independent
terms exceed 3"™-order astigmatism for F < 36. Figure 47 is a similar plot, but has larger
aberrations for an @ = 45° and ¢ = 2 mm mirror with atan(uy/r,) = atan(vo/rp) = 1° at

1= o0,

- 3rd order coma terms
T e e 2nd order field independent terms
10 »— 2nd and 3rd order coma terms
e 3rd order astigmatism terms
i‘\ """"" 2nd order astigmatism terms
/é\ \ 2nd and 3rd order astigmatism terms
e
c 10
N
g
10
o
D
3
o
10°
10" -
0 50 100 150 200 250 300 350 400
F

Figure 46: The 2" order terms, 3™-order terms, and total peak-to-valley coma and
astigmatism decrease with increasing F for an o = 5° and ¢ = 2 mm mirror with
atan(uy/ry) = atan(vo/ry) = 1° at r; = oo,

Coma and astigmatism versus angle of incidence are shown in Figure 48 for an
F=50 system with r; = oo and a =2 mm for atan(u,/r,) = atan(vy/r,) = 1°. Astigmatism

contributes more of the total aberration for the system as the angle of incidence increases.

The 3"-order coma increases with increasing a,. The 2™-order, field-independent terms
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exceed the 3™-order coma terms for o, greater than 2.8°. Overall, astigmatism proves the
dominant aberration for these large F' mirrors. Coma terms influence imaging most in
comparison with astigmatism at very small incidence angles. The 3" order coma

increases much more than 3™-order astigmatism with increasing angle of incidence.
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Figure 47: The 2" order terms, 3"-order terms, and total peak-to-valley coma and

astigmatism decrease with increasing F for an & = 45° and @ = 2 mm mirror with
atan(uy/ry) = atan(vo/ry) = 1° at r; = oo,

Third-order aberrations dominate 2™-order aberrations for small incidence angles
(Figure 49). The figure is for »; = o and is valid for all center displacements of a
parabolic mirror. The larger the field-of-view in the image plane, the more 3™-order
terms influence image quality. RMS values for a mirror at 6= 10 um are provided for

reference. RMS values for only 2" order astigmatism versus only 2" order, field-

independent aberrations were determined, but are not shown. The results indicated that
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for most deflections and angles of incidence, 2™-order astigmatism RMS values prove
greater than 2"-order, field-independent RMS values for field angles along the diagonal
less than 0.1°. The field-independent term does grow more greatly with increasing
displacement of the mirror than the astigmatism terms though. While 2"-order
aberrations limit off-axis mirrors, a, = 0° mirrors do not have any 2™ _order aberrations.
Their largest sources of aberrations are coma terms, dz,rl—wo and dlz,rl_)oo, and
astigmatism terms, 623_r1_>00, dg_rl_)oo, and d14,r1_>oo. These coma and astigmatism terms
also negatively impact off-axis mirrors. Furthermore, &1,r1_,oo, d5_r1_,oo, and d~6,r1_>oo
significantly contribute to the spherical, coma, and astigmatism of off-axis parabolic

varifocal mirrors. The reader should reference Table 8 for more details.

10°
"é‘ ...................................................
4 10°
S
)
[ib]
—
g
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ij _______________ === 3rd order coma terms
1 mg mnndng order field independent terms
& —+—2nd and 3rd order coma terms
== =3rd order astigmatism terms
L DU S| v Znd order astigmatism terms
b L L —=—2nd and 3rd order astigmatism terms
''''''''''''''' L |r'|| R

Figure 48: Peak-to-valley coma and astigmatism versus angle of incidence, o, for an
F =50 system with r; = oo and a = 2 mm for atan(uy/r,) = atan(v,/ry) = 1°.
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Figure 49: Field angle along the diagonal (where image plane variables have the opposite
sign as r,) in the image plane versus incidence angle for which RMS of either 2"-order or
3" order aberrations dominate for r1=oo. The field angle at which 3" order aberrations
have a larger RMS than 2"_order aberrations remains the same for all deflections, o, of
the mirror. The total RMS for a mirror at 10 um deflection is also shown.

Incidence Angle and Field Limitations

The 2™-order aberrations compose the biggest limitation to imaging performance
of these mirrors, as was shown in the previous section. This section provides guidelines
for maintaining S = 0.8 for A =633 nm (RMS < 45 nm). We use RMS values generated
by the entire V-function for »; = and a = 2 mm.

Table 10 provides incidence angles that maintain S = 0.8 for a given center
displacement of a mirror with no field. For the mirrors presented in this dissertation

(6 <19 um), they should be able to be used at o, = 45° without significant degradation
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of image quality. One would expect a parabolic mirror at 6=40 um to have good

imaging performance up to ap = 7°.

Table 10: Maximum recommended angle of incidence for given deflections to maintain
S=0.8 for A, =633 nm, ; = 0, and ¢ = 2 mm.

S (um) ur=vy=0°"

o<19 o < 45°
25 o < 19°
30 o < 12.5°
35 o <9°
40 oo <7°

Table 11 and Table 12 provide maximum field guidelines to maintain appropriate
Strehl ratios for r; = co. A mirror at &, = 5° and with 6= 10 um should not have a field
angle that exceeds atan(uy/r;) = 2.8° with no field in v,-direction. A mirror at o = 5° and
with §= 10 pum should not have a field angle that exceeds atan(v,/r,) = 3.4° with no field

1n v, direction.

Table 11: Maximum recommended field angle of atan(u,/r;) with v, =0 for given
deflections to maintain S = 0.8 for A = 633 nm, ; = o0, and ¢ = 2 mm.

S(pm) | @=0° =5 @®=10° @=45°

5 7.8° 4.8° 3.1° 0.89°
10 5.5° 2.8° 1.6° 0.43°
20 3.8° 1.5° 0.81° NA

30 3.1° 0.96° 33° NA
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Table 12: Maximum recommended field angle atan(v,/r;) with u, =0 for given
deflections to maintain S = 0.8 for A = 633 nm, r; = o, and a = 2 mm.

S(um) | @=0° =5  @=10° @a=45°
5 7.8° 5.9° 3.6° 0.90°
10 5.5° 3.4° 1.8° 0.43°
20 3.8° 1.7° 0.86° NA
30 3.1° 1.1° 0.37° NA

Table 13 provides maximum field angle along the diagonal in the image plane
(u; = v,) to maintain appropriate Strehl ratios for A =633 nm, r; =, and ¢ =2 mm. A
mirror at o = 5° and with 5= 10 um should not have a field angle along the diagonal that
exceeds 2.9°. A mirror at o, = 0° can have 3° of field for up to 5= 30 um. For design
purposes, the maximum incidence angle with $=0.8 image quality for a field angle of 5°
along the diagonal and 6= 10 pm is calculated as &, = 0.9°.

Table 13: Maximum recommended field angle along the diagonal (u; =v,) for given
deflections to maintain S = 0.8 for A = 633 nm, r; = and ¢ =2 mm.

o(um) | a,=0° =5 ao=10° ao=45°
5 7.8° 5.0° 3.2° 0.89°
10 5.5° 2.9° 1.7° 0.43°
20 3.8° 1.5° 0.82° NA
30 3.1° 1.0° 0.34° NA

Zemax Overview

This section uses Zemax to show spot diagrams for 2"_order dominant

aberrations and 3™-order dominant aberrations.
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One Wave of 2™-order Astigmatism for Object at Infinity. To appreciate the

influence of 2™-order aberrations, we can calculate the maximum values u, and v, for
peak-to-valley astigmatism to remain under 1 A for the infinite-conjugate case. The 2"

. . : 1i~ ~2 ~ o~ _ 1~ ~2 ~2 Fo Y019 :
order astigmatic expressions 3 (C3@” + C127”)ug = 5C12(§° — ©°)uz and C7TYV; provide

ANF?
1 A of 2nd order astigmatism : ,,,, = and
tancs
4 )\ FZ (32)
1 A of 2nd order astigmatism : v,,,, =
) tanas

As an example, one would expect approximately 1A of astigmatism for
u; =2 mm and v, =2 mm when using a 5 mm x 7.071 mm elliptical-boundary mirror
(Z=.0016X>+.0032Y%) at 45° incidence angle with A =1 pm and 6=20 um (Table 14).
As shown in Figure 49, 2™-order aberrations dominate RMS values for this case. The
distance r is infinity and r, is 110 mm. Figure 50, Figure 51, and Figure 52 show optical
path difference fans, wavefront surfaces, and through-focus spot diagrams, respectively.
These plots show full wavefront aberration, but are dominated by second-order terms.
Approximately 1A of astigmatism is observed for (u;=2mm, v,=0mm) and
(u =0 mm, v, =2 mm). The peaks and valleys of the surface shape in the exit pupil for
(*-x%) and xy rotate 45°. Since these are linearly dependent on u, and v, the 45° rotation
between (u; =2 mm, v, =0 mm) and (#; =0 mm, v, =2 mm) may be observed in the
wavefront surfaces and through-focus spot diagram. After passing through the Gaussian
focal plane, the spot diagram rotates 90°. This corresponds with the two focal lines

associated with rays originating from the x- and y-plane in the exit pupil. While
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dominated by astigmatism, the OPD fans are also influenced by field-independent, 2"-

order aberration.

Table 14: Constraints and values given to variables to observe 1A of 2" order
astigmatism.

Variable  Relationship Imposed  Value Assigned

Zlens 6[(%)2 + (%)2}
r inf
S —
r 44 cosas
o 20 um
o -02
(25 -45°
u 0 or 2 mm
v, 0 or 2 mm
a 2.5 mm
a
b COSQo
0 mm, 0 mm 2 mm, 0 mm

IMA: ©.000Q, 2.0008 MM MA! 2.0000, 2.00808 MM
u j | E l | }

i"'w/'Epk “““ [ Py/twk
0mm, 2 mm 2mm,2 mm

OFTICAL FRTH DIFFERENCE

Figure 50: Zemax optical path difference fans for four different image locations (u2,v,) to
verify approximately 1 wave of astigmatism due to 2"-order aberration terms. A
5.000 mm x 7.071 mm elliptical-boundary mirror represented as an even polynomial
(Z=.0016X*+.0032Y%) is analyzed here with A =1 pum. Variable r; is infinity and 7, is
110 mm.
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Figure 51: Zemax wavefront surfaces without tilt for four different image locations (uy,
) to verify approximately 1 wave of astigmatism due to 2"_order aberration terms. A
5.000 mm x 7.071 mm elliptical-boundary mirror represented as an even polynomial

(Z=.0016X*+.0032Y?) is analyzed here with A=1 pm. Variable r; is infinity and r», is
110 mm.
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Figure 52: Zemax through-focus spot diagrams for four different image locations (uy, v;)
to verify approximately 1 wave of astigmatism due to 2"order aberration terms. A
5.000 mm x 7.071 mm elliptical-boundary mirror represented as an even polynomial

(Z=.0016X*+.0032Y%) is analyzed here with A =1 pum. Variable r; is infinity and r», is
110 mm.
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Figure 53 and Figure 54 show 1 A of astigmatism generated by an image at a field
height of 22 mm (or equivalently 11.2°) for a circular-boundary, normal-incidence mirror
with the same optical power as the previous 45°-incidence mirror (Table 15).
The through-focus spot diagram (Figure 55) does not show evidence of field-
independent, 2" order aberration. Because there are no field-independent, 2" order
aberrations, the OPD fans also appear symmetric.

Table 15: Constraints and values given to variables to observe 1A of 2™-order
astigmatism.

Variable Relationship Imposed Value Assigned

Zlens 6[(%)2 + (%)2}

r inf
__a

r 46 cosag

o 14 um

a -02

(44 OO

u 0 or 22 mm

1) 0 or 22 mm

a 2.5 mm

a

b COSQo
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Figure 53: Zemax optical path difference fans for a 5 mm circular-boundary mirror
represented as an even polynomial (Z=.00224X>+.00224Y%) with A =1 um, where r; and
r, are infinity and 112 mm, respectively. (b) Wavefront surfaces. (¢) Through-focus spot
diagrams at the four different image locations.
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Figure 54: Zemax wavefront surfaces without tilt for a 5 mm circular-boundary mirror
represented as an even polynomial (Z=.00224X>+.00224Y%) with A = | pm. Variable r is
infinity and 7, 1s 112 mm.
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Figure 55: Zemax through-focus spot diagrams for a 5 mm circular-boundary mirror
represented as an even polynomial (Z=.00224X>+.00224Y%) with A = | pm. Variable r is
infinity and 7, is 112 mm.

Finally, a mirror at small incidence angle may represent a compromise that avoids
a beam splitter without suffering unduly from the 2™-order aberration terms. For 5° field
angle, we previously indicated that less than 1° incidence angle should maintain S= 0.8
for a =2 mm at r; = . For comparison purposes to the two previous Zemax cases, we
investigate a 5° incidence angle mirror with a = 5 mm. Figure 56 and Figure 57 show 1 A
of astigmatism generated by an image at a field height of 22.3 mm (or equivalently
11.4°). The mirror has the same optical power as the previous 0° and 45° incidence
mirrors (Table 16). The OPD fans and wavefront surfaces indicate some asymmetry,

which is most likely due to the small amount of 2™-order, field-independent aberration.
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The through-focus spot diagram (Figure 58) does not show significant evidence of field-

independent, 2™-order aberration.

Table 16: Constraints and values given to variables to observe 1A of 2" order
astigmatism.

Variable  Relationship Imposed  Value Assigned

Zlens 6[(%)2 + (%)2}
r inf
__a
r 46 cosas
o 14.2 um
(25 -02
(49 50
u; 0 or22.3 mm
1) 0 or 22.3 mm
a 2.5 mm
a

b COSxo
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Figure 56: Zemax optical path difference fans for four different image locations (u,, 1) to
verify approximately 1 wave of astigmatism due to 2"-order aberration terms. A
5.000 mm x 5.019 mm elliptical-boundary mirror represented as an even polynomial
(Z=.00226X*+.00227Y?) is analyzed here with A =1 um. Variable r| is infinity and 7, is
110 mm.
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Figure 57:

Zemax wavefront surfaces without tilt for four different image locations (u»,
V) to verify approximately 1 wave of astigmatism due to 2"_order aberration terms. A

5.000 mm x 5.019 mm elliptical-boundary mirror represented as an even polynomial
(Z=.00226X*+.00227Y?) is analyzed here with A =1 pum. Variable r is infinity and r, is
110 mm.
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Figure 58: Zemax through-focus spot diagrams for four different image locations (u,, v2)
to verify approximately 1 wave of astigmatism due to 2™-order aberration terms. A
5.000 mm x 5.019 mm elliptical-boundary mirror represented as an even polynomial
(Z=.00226X*+.00227Y%) is analyzed here with A =1 pm. Variable r| is infinity and r, is
110 mm.

One Wave of 2™-Order Astiematism for Object and Image at Equal Distances. To

compare aberrations for 7} = oo versus a reversible system with r; =, (image and object
planes are symmetric about the MEMS mirror), we calculate the maximum values u, and
v, for astigmatism to remain under 1 A for the r; =7, case. The 2" _order astigmatic
expressions %(63:,"1 B2+ C12pymry U7 JUg and &, _,. Fjjv, provide

2AF?

tancy

2AF?
1 A of 2nd order astigmatism : vy, =

and

1 X of 2nd order astigmatism : 4,4, =

(33)

tanos
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Based on these calculations, one would expect approximately 1 A of astigmatism
for u, =4 mm and v, =4 mm when using a 5 mm x 7.071 mm elliptical-boundary mirror
(Z=.0016X>+.0032Y?%) at 45° incidence angle with A=1pm and &=20 um. This
provides the same field angle as the case of 1 A for an object at infinity with the same size
mirror and angle of incidence. The distances ) and », are both 220.97 mm. Figure 59,
Figure 60, and Figure 61 show optical path difference fans, wavefront surfaces, and
through-focus spot diagrams. Approximately 1A of astigmatism is observed for
uy; =4 mm, v, =0 mm and u, = 0 mm, v, =4 mm. As indicated by ¢; and s going to zero

for this case, 2™%-order, field-independent aberration does not exist.

Table 17: Constraints and values given to variables to observe 1A of 2" order
astigmatism.

Variable  Relationship Imposed  Value Assigned

Ziens S[(5)* + ()]

r 221 mm
—a

" 29 cosas

1] 20 um

oq -02

(0] -450

u 0 or 4 mm

V2 0 or 4 mm

a 2.5 mm

a

b COSQo
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Figure 59: Zemax optical path difference fans to verify approximately 1 wave of
astigmatism due to 2"-order aberration terms. A 5.000 mm x 7.071 mm elliptical-
boundary mirror represented as an even polynomial (Z =.0016X*+.0032Y%) is analyzed
here with A =1 um. Variables r; and », are 221 mm.
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Figure 60: Zemax wavefront surfaces to verify approximately 1 wave of astigmatism due
to 2™-order aberration terms. A 5.000 mm x 7.071 mm elliptical-boundary mirror

represented as an even polynomial (Z=.0016X?+.0032Y?) is analyzed here with A =1 pm.
Variables rj and r, are 221 mm.
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Figure 61: Zemax through-focus spot diagrams to verify approximately 1 wave of
astigmatism due to 2"-order aberration terms. A 5.000 mm x 7.071 mm elliptical-
boundary mirror represented as an even polynomial (Z =.0016X*+.0032Y%) is analyzed
here with A =1 um. Variables r| and r, are 221 mm.
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MEMS Mirror Represented as an Even Polynomial with 2™ and 4"_order Coefficients

For this section the aberration coefficients are determined for a mirror with

a

deflection defined as Z,, = C,, {(%)2 + (%)1 + Cuy [(%)2 + (L)Z] 2. The parabasal

coefficients are

o (0?11 cos(ay) + 071y cos(ay) —4Caary o)

??1 =a
b? 1y 19 cos(an)

and (34)

~ ,(a?1y 4+ a’ry — 4 Chary 1y cos(as))

b5:(1

Iy I'a

—a®r

and T2 = a?—4 Cyo 11 cosag?

Setting these equal to zero, the two conditions, b = must

cosag
be upheld to rid the system of focus error and parabasal astigmatism. Substituting o for
C,» and assuming no 4™-order contribution (i.e., Co = 0), these two relationships are the
same as for the parabolic mirror case analyzed above. The 2™-order coefficients also

show agreement with the parabolic case and do not have any dependence on C,4,

. 6Cg (sin(ag) — 2 F Cyy sin(2 ) /a)

C1 = R

r
~ 2 Cyy sin(ag)
=TT Fe
2C, (sin(ag) — 2 F Cuasin(2 o J
G = 2 (sin(a) Cuzsin(2 ay) /a)’ (35)
F
2 Cyosin(a
Cr = —%(02), and
N 2 Cyo sin(avs)
Ci9 = T

As one would expect, symmetric 4™_order control over the mirror shape with Caa,
only affects the 3" order spherical aberration coefficients. They are d;, d,, and d;;. The

3" order coefficients are defined in Equation 36 on the following page.
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CHAPTER 5

EXPERIMENTAL VERIFICATION

Onptical Test Layout

For this chapter, we test the SOI mirrors described in Chapter 2 to verify the
aberration coefficients and V-function in Chapter 4. Figure 62 shows the exit pupil plane
of a test mirror at 45° incidence angle. It also shows the variables and local coordinate
systems used in the aberration analyses. A 1x relay images the exit pupil plane onto a
Thorlabs Shack-Hartmann Wavefront Sensor WFS150-5C. We vary previously defined

object distance, 7}, and object positions, u; and v; (Figure 63) for testing.

Figure 62: A point source at #; =v; =0 in the object plane illuminates a MEMS mirror at
45° incidence angle. The image plane has coordinates of uy, v,. The exit pupil plane (x, y
coordinates) is normal to the image plane.
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Figure 63: (a) A point source (A =633 nm) illuminates the MEMS mirror from a distance,
r1. A 1x relay consisting of two f'= 30 mm achromats images the MEMS mirror onto the
wavefront sensor. When the natural focus of the MEMS mirror equals r;, the MEMS
mirror collimates the green light rays as shown. The exit pupil plane is imaged onto the
WES. (b) The same optical set-up as shown in (a) with local coordinate systems shown.

Results

For the measured experimental wavefronts, the wavefront sensor fits 24 Zernike
terms to the measured wavefront. These 24 terms (neglecting piston Z1, tip Z2, tilt Z3,
and defocus Z5 as described in Appendix C) are used to reconstruct the wavefront of the
specified experiment. The results shown under Experimental Results also subtract the
baseline wavefront measured with zero volts applied to the mirror from each measured
wavefront to account for error arising from the relay. These experimental wavefronts are
compared with wavefronts generated from the entire V-function. Chapter 4 separates 2™
and 3"-order aberration terms out of the Taylor series expansion of the V-function.
Wavefronts generated from these 2™- and 3"-order terms are also shown. As one may
observe, up to 3" order terms do accurately model the aberrations of these mirrors.

Results for a 45° and 5° incidence angle mirror are shown below.
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Process-1 4.000 mm x
5.657 mm 45° Incidence Angle Mirror

The Characterization section in Chapter 2 presents surface profiles for the
process-1 4.000 mm x 5.657 mm 45° incidence angle mirror (Figure 17, Figure 19, Figure
21, and Figure 22). Although the optical surface is 4.000 mm x 5.657 mm, lateral under-
cutting extends the membrane beyond the optical surface to 4.340 mm x 5.997 mm. The
dimensions of the membrane dominate its behavior and the elliptical boundary prescribes
a 43.6° angle of incidence. We give the mirror a label of process-1 4 mm 45° mirror in
reference to its optical surface. A deflection of 5 um on the mirror corresponds with a
voltage profile of E1 =195V, E2 =173 V, E3 =194 V, and E4 =206 V. A deflection of
10 um on the mirror corresponds with a voltage profile of E1 = 234.5V, E2=198 V,
E3 =255V, and E4 =285 V. Figure 64, Figure 65, and Figure 66 show the experimental
results with different amounts of field and deflection of the mirror at »; =284 mm,
r1 =141 mm, and r; = 76 mm, respectively. Generally, the experimental results show
agreement with overall shape of aberrations, but they typically are slightly more in
magnitude. Figure 67 shows how minimal the aberrations should be for no-field imaging,

but no experiments were done for this case.
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Figure 64: Wavefronts generated from the entire V-function, 2™%- and 3"-order aberration
terms, and Zernike terms from the WFS for r; = 284 mm.
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Figure 65: Wavefronts generated from the entire V-function, 2" and 3™ order aberration
terms, and Zernike terms from the WFS for r; = 141 mm.
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Figure 66: Wavefronts generated from the entire V-function, 2"~ and 3™-order aberration
terms, and Zernike terms from the WFS for »;1 = 76 mm.
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Figure 67: Wavefronts generated from the entire V-function to demonstrate theoretical
aberrations for no-field imaging for »; = 284 mm, ;= 141 mm, and r; =76 mm.
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Process-1 4.000 mm x
4.015 mm 5° Incidence Angle Mirror

The Characterization section in Chapter 2 presents surface profiles for the
process-1 4 mm 5° mirror (Figure 18 and Figure 20). Lateral under-cutting extends the
membrane beyond the optical surface to 4.450 mm x 4.465 mm. The dimensions of the
membrane dominate its behavior and the elliptical boundary prescribes a 4.7° angle of
incidence. Figure 68 shows the experimental results with different amounts of field and
displacement of the MEMS mirror at »; = 284 mm. Generally, the experimental results do
not show a significant amount of aberration. The experimental results do appear to have
more spherical aberration than the theoretical predictions. These results are for
equipotential voltages of 200 V (6=5 pum) and 247 V (6= 10.9 um). The shape of the
MEMS mirror for these experiments did not minimize spherical aberrations. However,
subtracting out the spherical aberration contribution predicted from phase shift
interferometry did not result in better agreement with theoretical wavefront shape

predictions.
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Figure 68: Wavefronts generated from the entire V-function, 2™%- and 3"-order aberration
terms, and Zernike terms from the WFES for r; = 284 mm. Note: The shape of the MEMS
mirror was not minimized to reduce spherical aberration, as was done for the 45°

incidence mirror results above.



124
CHAPTER 6
DEMONSTRATION OF FOCUS CONTROL AND SPHERICAL ABERRATION
CORRECTION FOR MULTI-LAYER DISCS

This chapter outlines the membrane mirror optical requirements in terms of stroke
and aberration compensation required for multi-layer focusing for current digital versatile
discs (DVD) and blu-ray disc (BD) standards. I demonstrate an adjustable range of at
least 1.6 um peak wavefront spherical aberration correction at a membrane displacement
of 7 um, which should be sufficient capability for quadruple-layer BDXL™ discs. The
majority of this chapter comes from a conference proceedings paper [70]. The
demonstration is done with a 3 zone, single silicon wafer mirror at 45° incidence angle.

Optical discs present a cost-effective means for portable data storage. Of these
discs, BDs provide the greatest amount of storage due to their high NA of 0.85 and short,
405 nm, wavelength light, resulting in a diffraction-limited spot size with diameter less
than one-half of DVDs’ spot size (Table 18) [123]. Commercially, the BDXL™ format
has increased the capacity of such discs to 100 gigabytes (GB) of read-write storage on
triple-layer discs and 128 GB of write-once storage on quadruple-layer discs. Read-only
octalayer [124] and 20-layer discs with 500 GB of storage [125] have been proposed for
the future. These multi-layer discs not only need accurate and fast focus control, but the
associated variation in optical path length through the glass disc medium comes with
greater spherical aberration. The induced aberrations of the objective lens when not used
at its ideal infinite-conjugate configuration may also prove significant at 0.85 NA.

Current optical pick-up heads utilize liquid crystals [126], magnification change of the
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objective lens [127], diffractive optical elements [128], diffractive-refractive elements
[129], hologram optical elements [130, 131], a wavelength-selective filter [132] or
deformable mirrors [32-34, 80, 133] for spherical aberration compensation. The
advantages for the deformable mirrors are that they are achromatic and typically have fast
response times, where speed is important for reading and writing data quickly. Switching
between layers also requires focus control. As a more compact alternative to the
translation of lenses with motors, some investigators have proposed deformable mirrors
for focus control [32, 53, 134]. Aoki et. al. demonstrated a single-actuator elliptical-
boundary mirror at 45° incidence angle for compact focus control and spherical
aberration correction of a dual-layer BD [34, 133]. This design is novel in that it alters the
stress distribution of the device to control its shape as it deflects under piezoelectric
actuation. I present here the use of a large-stroke 3 mm x 4.24 mm elliptical deformable-
membrane mirror at 45° incidence to achieve a very compact optical system capable of
fast multi-layer focusing in a DVD or BD optical pick-up unit (OPU). The MEMS mirror
replaces a lens translation mechanism and liquid crystal compensator, resulting in a
single optical element to control both focus depth and compensation of attendant focus-

dependent spherical aberration.

Table 18: Optical disc format specifications.

NA Wavelength Cover layer thickness
CD 0.45 780 nm 1.2 mm
DVD 0.6 650 nm 600 pum
Blu-ray 0.85 405 nm 100 pm
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MEMS Requirements for Focusing and Aberration
Correction of Multi-layer DVD and BDXL™ Discs

A 3 mm x 4.24 mm elliptical-boundary mirror with an approximate 25 um air gap
used at 45° incidence in the back focal plane of a disc-read objective lens (Figure 4 and
Figure 6) provides both focus control and spherical aberration correction to compensate
change in the glass thickness for multi-layer discs. Table 19 specifies requirements for a
quadruple-layer BDXL disc. The major and minor axes of the elliptical mirror and its
electrodes are in proportion of 1 : \/53 so that they project with circular symmetry along
the optical axis. I assume the objective lens is well corrected for spherical aberrations for
infinite-conjugate imaging with the focus occurring at the deepest layer in the disc (L0 for
BDXL™). To address other layers in the disc, the MEMS mirror is deflected, resulting in
a shorter focal distance within the disc (L/-L3 for BDXL™). For dual-layer DVD, the
full-range focus shift AZ between the two layers is 25 pm, while quadruple-layer
BDXL™ has four layers with aggregate change in thickness AZ of 46.5 um (Figure 4). 1
calculate the necessary change in MEMS focus f;, and corresponding nominal deflection

based on paraxial analysis. Table 19 tabulates the results.

Table 19: Focus control and spherical aberration correction requirements for multi-layer
DVDs and BDs.

Peak spherical

Maximum MEMS Deflection ;
aberration due to

change in Objective lens focal Sof MEMS

. R focal length . change in disc
disc thickness length f,, required thickness
Dual-layer
DVD disc 25 pm 2.33 mm 340 mm 2.4 ym 0.16 um, 0.26 A
Quadruple-layer
BDXL™ disc 46.5 pm 1.76 mm 106 mm 7.5 um 1.3 um, 3.3 A
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The spherical aberration due to refraction at the air-disc interface is calculated by
assuming a point object is located at a depth Z in the disc medium, with its Gaussian
image point located in air at a distance Z/n from the air/disc interface. I assume the
system is well corrected for the deepest layer with Z = Z;, and calculate the residual
spherical aberration when the system is refocused at a different depth Z, where

AZ = Zy - Z) is the distance between layers. This wavefront aberration W is given by,

W(#) = /_\Z{n( tan®(6) + 1 — l) —%( n?tan?(f) + 1 — 1) }, (37)

where ¢ is the ray angle in glass, and the maximum wavefront aberration corresponds to
0 = 0o = sin (N A/n). The peak spherical aberration due to the maximum change in disc

thickness for DVDs and the quadruple-layer BDXL™ discs are also shown in Table 19.

Demonstration of Necessary Performance

I demonstrated MEMS focus and aberration compensation with a Panasonic
EYLGUDMI128 DVD objective lens (NA = 0.6) using a HeNe laser with A =633 nm,
because a blu-ray objective lens was not readily available. Since the four-layer
BDXL™ disc has the most stringent requirements for the membrane lens, I present a
demonstration with the DVD objective lens that is representative of focusing and
aberration correction in a BDXL™ disc. Specifically, I construct the experiment so
that the overall membrane peak deflection is 7.5 um. This corresponds to the range of
focus control necessary for quadruple-layer BDXL™ format. I adjust the glass layer

thickness so that the peak wavefront spherical aberration is 1.3 pum, corresponding to
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the peak spherical aberration incurred when changing focus in BDXL™ from the

deepest layer to the shallowest.

Using the interferometer set-up shown in Figure 69, I took interferometric
images of the objective lens aperture. The 633 nm light is spatially filtered using
single-mode fiber and expanded to achieve uniform illumination of the aperture. The
two lenses with /= 150 mm and f'= 200 mm form an image of the DVD objective
lens aperture on the CCD camera, with a magnification of 1.33. Initially, I placed a
glass layer of 620 um total thickness on top of a flat optical mirror behind the DVD
objective lens to represent the cover layer of a DVD disk for which this lens is well
compensated. The glass layer is composed of a stack of microscope cover slips (BK7,
n = 1.52), using index matching oil between each slide. Reference interferograms are
recorded, verifying that the lens is indeed diffraction limited when focused through

this thickness of glass.

Next, the deformable mirror is deflected to approximately 7.5 um and the
thickness of the cover slips is reduced to 370 pum, with the mirror/glass assembly
repositioned to the location of best focus. This glass thickness change (250 um
differential) causes 1.6 um of spherical aberration at NA = 0.6, similar to what is
expected for BDXL™ (NA = 0.85) when changing the focus from the deepest to most
shallow layer (47 um differential). That spherical aberration has a peak value of
1.3 pum, which is 3.3 waves of aberration at A = 405nm. I chose a value with slightly

higher spherical aberration due to availability of cover slips with only specific
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thicknesses. Interferograms are recorded for a variety of control voltage combinations

until the aberration is minimized.

DVD Objective Lens is _
imaged.

C% f=200 mm Lo

Beam Beam m e

Coupling  Collimating —
Lens Lens
- [ @ | 45° MEMS Mirror
\/ smFiber | | o
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Mirror
Refe_rence 77777
Mirror

Figure 69: Interferometer for observing aberrations at the DVD objective lens.

Finally, an 835 nm Michelson interferometer was used to directly characterize
the MEMS mirror. The interferometer provides surface shape data for the mirror with
the specified control voltages. The relationship between the mirror displacement ¢ at
normal incidence and the single-pass optical path length in Figure 69 for testing of the

mirror with the DVD objective lens is §+/2.

Results

Figure 70 shows representative interferograms. The DVD lens is well corrected
for the cover layer thickness of 620 um of glass. Figure 70a and Figure 70b verify that

the initially flat MEMS mirror introduces no aberration into the system. Figure 70c shows
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the aberrated interferogram when the glass thickness is reduced by 250 um to a total
thickness of 370 um. The peak spherical aberration introduced measures at 3.2 um in
double-pass reflection. The single-pass value is therefore in agreement with the 1.6 um
peak aberration predicted for this glass thickness using Equation (37).

With the MEMS mirror deflected to 6.7 um at mirror center, with 200 V on all
electrodes, we note that the peak round-trip spherical aberration is reduced by
approximately one fringe (Figure 70 (d)), showing that the shape of the mirror with
uniform voltage on all three electrodes includes some spherical aberration that is partially
compensating the system aberration. We empirically adjusted the voltages until the
fringes were straight (Figure 70 (e)). The required voltages were 189 V, 202 V, and
225V on electrodes 1, 2, and 3, respectively. Based on fringe analysis, we find the
resultant residual single-pass spherical aberration of the system to be less than 130 nm
peak-to-valley. The difference between the single-pass spherical aberration of the system
with the optical flat (Figure 70c) and with the MEMS mirror (Figure 70e) is
approximately 1.6 pm.

Figure 71 shows 6"-order curve fits for the membrane shape corresponding to the
two different electrode voltage combinations used in the imaging demonstration. This
data is taken along the short axis of the membrane and is plotted versus a normalized

pupil radius.
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Figure 70: (a) Interferogram with an optical flat in place of the MEMS mirror and cover
glass with thickness of 620 um. (b) Interferogram with un-deflected MEMS mirror and
620 um cover glass; both (a) and (b) show nearly flat fringes indicating the absence of
spherical aberration. (c) Interferogram with 370 um thick cover glass shows
approximately 3.2 um of spherical aberration in double-pass reflection, corresponding to
1.6 um single-pass. (d) Interferogram with 200 V on all three electrodes, peak mirror
deflection is 6.7 um and round trip aberration is reduced by approximately 1 fringe. (e)
Three-zone control minimized single-pass spherical aberration to less than 130 nm peak-
to-valley.
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The quadratic coefficient of the polynomial curve fit describes a pure defocus of
the system, while coefficients above 2™ order in the pupil coordinate indicate the amount
of spherical aberration the mirrors introduce to the system. Using the polynomial
coefficients determined in Figure 71, the 4™ and 6™-order terms (corresponding to
primary and secondary spherical aberration) are plotted in Figure 72 for the two different
membrane shapes. Figure 72a shows just the 4™- and 6"-order terms, while Figure 72b
shows the same data plotted with balancing defocus to better illustrate the deviation of
the membrane shape from a purely parabolic profile.

We observed asymmetric aberration with the MEMS mirror at 45° incidence.
Figure 73 shows the system aberration with all tilt and defocus removed, with the best
compensation of spherical aberration along the vertical aspect. Residual optical path
difference along the horizontal aspect of the pupil is still present, which is a consequence
of the loss of radial symmetry introduced by the off-axis deformable mirror. For the
demonstration here, with approximately 7 pum membrane deflection, we observe less than
one fringe in double-pass reflection, implying that the single pass aberration is less than

316 nm peak-to-valley.
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Figure 71: The 6"-order, even-polynomial fits (a2r? + asr' 4+ aer®) to the measured
displacements of the membrane with (a) 200 V equipotential, a center displacement of
6.7 um, and a, = 7.72, a; = -1.85 and as = 0.74 and (b) 189V, 202V, and 225V on

electrodes 1, 2, and 3, respectively, a center displacement of 7 um, and a,= 7.50,
as=-1.80 and as=1.23.
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Figure 72: Spherical aberration introduced by the surface shape of the membrane
including (a) plots of asr* + aer® only and (b) the same data with balancing defocus added.

Figure 73: Asymmetric aberration evident when defocus and tilt are removed, and
spherical aberration is balanced along the vertical aspect of the pupil (the short axis of the
membrane).
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Chapter Summary

The three-zone deformable mirror exhibits adjustable spherical aberration,
introducing optical path variation with peak magnitude in excess of 1.6 um superimposed
on a defocus optical path difference of 10 um (7 um membrane deflection). This range of
adjustment should be sufficient to correct for the 1.3 um spherical aberration introduced
by the variable cover layer thickness of quadruple-layer BDXL™ discs. Furthermore, the
range of defocus the membrane mirror can provide is sufficient to address all four layers
of the BDXL™ format.

The complete design of a BDXL™ read head with integral MEMS deformable
mirror would require attention to several other details. The deformable mirror causes
illumination of the lens with a converging beam of light, while the lens was designed for
a collimated illumination beam. This will introduce additional aberrations that must be
considered. Since we did not have detailed information about the aspheric shape of the
DVD objective lens used in our experiments, we simulated the aberrations of a similar
0.6 NA lens illuminated with a converging beam, and we observe that the spherical
aberration introduced by the lens partially compensates the spherical aberration
introduced by the change in cover layer thickness. In this case, the MEMS membrane
mirror must balance the residual aberration of the system. This residual aberration in a
typical BDXL™ system may be less than the 1.3 um optical path difference we
calculated in Table 2, but may require compensation of higher-order terms. At NA = 0.6,
we observe that the best surface shape already contains significant coefficient values up

to 6™ order in the pupil coordinate (as observed in Figure 71b). It is possible that yet
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higher order correction may be necessary at NA =0.85. A mirror to accomplish this
balance may benefit from four or more electrode zones.

The residual asymmetric aberration we observe due to 45° off-axis illumination of
the membrane lens will represent an upper limit to the useful focus control range of this
device. If larger focus shifts are necessary for future blu-ray formats, then the membrane
lens would require an electrode pattern that allows for correction of aberrations that lack
axial symmetry (such as the residual aberration shown in Figure 73). This could be
addressed, for instance, with a more complex electrode structure.

We showed spherical aberration correction with a 3 mm x 4.24 mm deformable-
membrane mirror, while having a large center displacement. Additionally, electrostatic
actuation only requires connections at the electrodes for shaping of the membrane, thus
allowing for easy implementation in miniature optical systems. Therefore, we conclude
that the elliptical MEMS deformable-membrane lens used at 45° incidence angle
possesses the inherent characteristics necessary to realize an ultra-compact multi-layer

read-write head with integral focus control and aberration correction.
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CHAPTER 7
AGILE SCANNING USING A MEMS FOCUS CONTROL
MIRROR IN A COMMERCIAL CONFOCAL MICROSCOPE

This chapter comes from a conference proceedings paper [115]. The introduction
discusses other investigators’ approaches to achieving fast focus control and/or spherical
aberration compensation in confocal microscopy. Although this demonstration shows
utility of the MEMS mirror in a bench top microscope, our technology is unique in that it
can be easily miniaturized to address endoscopic microscope needs. Again, spherical
aberration and focus control over a large optical power range can be achieved by one of
our devices instead of needing several components.

Confocal microscopy has proven useful for real-time imaging of tissues,
potentially as a replacement to biopsies for the detection of dysplastic or cancerous cells,
and routinely for the study of intact animal or plant cells. Traditionally, acquisition of x-
y-z stacks (Figure 8a in Chapter 1) provides information that can be further processed for
observation of arbitrary planes within the stack. Commercial microscopes have begun to
make oblique plane imaging (Figure 8b) and other spatial data acquisition possible. Smith
et al. [135, 136] introduced an additional objective lens and mirror to a two-photon
microscope to perform aberration-free oblique plane imaging and has also analyzed
resolution capabilities with oblique plane imaging. The ability to directly acquire image
data along biologically or clinically relevant cross-sections within the tissue improves
temporal resolution, limits photobleaching and/or phototoxicity, and likely improves the

usefulness of the data. For instance, one might want to follow a prescribed z-trajectory
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(Figure 8c) within a sample (e.g., follow the curve of a cell membrane). GObel and
Helmchen [137] used a sinusoidal signal on a piezo actuator to drive an objective lens in
a two-photon microscope to take in vivo images of dynamic signaling in neuronal
dendrites along a prescribed trajectory. Mansoor et al. [138] also demonstrated a
magnetically driven objective lens for focus control in confocal microscopy.

Typically, translation of the microscope stage or the objective lens allows for z-
axis scanning in confocal microscopes. This mechanical translation of a massive object
proves slow and can introduce vibrations during imaging. Not using an objective lens at
its designed imaging configuration and changing the depth of focus in a sample
introduces spherical aberration to an imaging system. Investigators have analyzed the
effects of specimen structure and change in imaging depth on aberrations, and proposed
methods for correcting aberrations [3, 82, 139-142]. Botcherby and Smith demonstrated
diffraction-limited imaging over large focal ranges by the use of more than one objective
lens in multiphoton microscopy [8, 136], where Botcherby has shown imaging at kHz
rates of neuronal activity [143]. Micro-electro-mechanical systems (MEMS) mirrors
prove a fast and easily miniaturized alternative method for focus control and aberration
compensation. Albert and Sherman demonstrated a deformable MEMS mirror as an
adaptive optics element for aberration correction in multiphoton confocal microscopy [7,
144]. Poland et al. [145] performed focus locking to minimize in vivo movement effects
with Okotech’s deformable-membrane mirror. Kner et al. [149] performed focus control
and aberration correction with Imagine-Optic’s Mirao52D mirror in wide-field

microscopy.
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This chapter presents a novel process-1 3-mm x 3.011-mm MEMS mirror with
four concentric electrodes (Figure 74) for a simple electronic interface that allows focus
control over 123 um at 0.5-0.64 NA. Since the elliptical-boundary mirror lies at 5°
incidence angle, it does not require a beam splitter. Previously, we showed a mirror at 45°
incidence angle for a compact optical set-up [77] and observed off-axis aberrations [70].
A smaller incidence angle should introduce less off-axis aberration during large
deflections of the mirror. This chapter explores the influence of altering voltage
potentials on the four electrodes on surface shape and on the axial point spread function

of the microscope with the MEMS mirror.

Figure 74: (left) Tilted interferogram showing the flatness (.l.c;ss than 90 nm peak-peak
deviation) of the process-1 3-mm x 3.011-mm mirror. (right) Top view with labels on the
four electrodes.

Optical Design

We examine a 3 mm x 3.011 mm elliptical-boundary mirror used at 5° incidence
near the back focal plane of an Olympus 20x water objective lens (Figure 75). Ensuring a
circular projection of the MEMS mirror on the reflected beam eliminates primary
astigmatism. All elements shown in the light green box in Figure 75 represent the MEMS
module that we add to the Olympus Fluoview 300. The f =-166 mm lens pushes the focal

plane out (Figure 6); initially it is 40 um deeper than the natural focal plane of the
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objective lens. The MEMS mirror then can pull it back to 83 um closer than the natural
focal plane, for a total range of 123 um axial focus for the experiments presented here.
The MEMS mirror lies close to the galvo scan plane, but not exactly at it. This causes the
beam to fill a variable percentage of the area in the back aperture of the objective lens
with focus adjustment. This equivalently causes a change from 0.50-0.64 in NA as the

focus adjusts from shallow to deep.
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Figure 75: Olympus Fluoview 300 with MEMS module shown in the green box. The
MEMS module consists of an f = -166 mm lens to push the focal plane in the specimen
out from the objective when the MEMS miirror is flat.
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Figure 76: The natural focal plane of the Olympus water objective is defined as 0 um.
With the MEMS module (including the negative lens) inserted with an un-deflected
MEMS mirror the focus lies at -40 um. An increase in voltage on the MEMS mirror
increases its displacement until the focal plane behind the objective lens lies at 83 pum.

Onptical Characterization

Using the Zernike polynomials and mapping used by Fricker in his MATLAB
routine ZERNFUN2.m [122], we characterized surface profiles of the mirror with a
phase-shift interferometer at wavelength A = 835 nm. Table 20 provides definitions of
the three axially symmetric aberrations, which concentric electrodes can influence.
Figure 77 shows three different voltage profiles on the electrodes of the mirror to
attain (a) parabolic shape, (b) positive primary and negative secondary spherical

aberration, and (c) negative primary and positive secondary spherical aberration.
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Table 20: Radially symmetric Zernike polynomials of concern.

Term# nmfor Z7" Polynomial p-p amplitude Aberration type
5 2,0 2171 2 Defocus
13 4,0 6r'-617+1 1.5 Primary spherical
25 6,0 20/°-30/"+12/2-1 2 Secondary spherical
Defocus

center displ = -4365 nm

0 2000 10x
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[
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Figure 77: Three voltage profiles with corresponding surface shapes and Zernike terms.
The amplitude of each Zernike mode higher than mode 5 (defocus) is shown plotted 10x
the measured amplitude for all three spectra. Mode 13 is primary spherical and mode 25
is secondary spherical. (a) A voltage of 350 V on the three inner electrodes and 400 V on
the outermost electrode results in a parabolic shape (introducing almost no spherical
aberration). (b) Much higher voltage on the outer rings than the centermost electrode
yields 230 nm of positive primary spherical aberration and -70 nm of secondary spherical
aberration. (c¢) Having the greatest electrostatic pressure in the center of the membrane
results in a more cone-like surface as evidenced by a smaller area of blue (greater
than -3000 nm) in the surface profile. It produces -180 nm primary and 75 nm secondary
spherical aberration.

Prior to investigating the influence of the focus control mirror on the microscope,

we inserted water, a 170 um cover slip, more water, and a flat optical mirror behind the
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objective lens and used a depth scan with 0.1 um axial steps on the microscope to obtain
the baseline axial point spread function PSF of the microscope. The intensity of the laser
beam, as observed on a power meter, varied by as much as 10% during one PSF
measurement. Figure 78 shows the axial PSF with A = 633 nm of the microscope without
any alteration. The strong secondary lobe suggests the system may have some

uncorrected spherical aberration (Figure 78).
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Figure 78: Axial point spread function (A = 633 nm) of the microscope with no MEMS

module inserted.

Figure 79 shows the axial PSFs obtained with the MEMS mirror controlling
different focus depths, with the same voltage applied to all electrodes (equipotential
results). We used 0.4 um axial steps for these measurements. Beginning with 200 V
(at -25 um axial focus displacement), we applied 300 V, 330V, 360 V, and 400 V to

reach 83 um. The full width at half maximum (FWHM) at 2 um axial displacement is
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measured to be 4 um. The theoretical FWHM at 0.6 NA with our pinhole diameter of 0.5

aperture unit is 2.8 um (FWHM = b4ﬁ [150]).
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Figure 79: Axial point spread functions (A = 633 nm) of the microscope with the MEMS
module inserted and equipotential voltages applied. The MEMS mirror begins nearly flat
for the PSF at an axial displacement of -25 um. As the MEMS mirror increases power,
the axial displacement increases in the positive direction.

Table 21 lists electrode voltage configurations that improved the axial PSFs at
given axial displacements. Figure 80 shows the improved PSFs at their respective axial
displacements with the same coloring as in Figure 79. The PSFs narrowed, showed a
decrease in side lobe structures, and showed an increase in intensity at more positive

axial displacements with shaping of the mirror surface.
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Figure 80: Altering voltages on the four electrodes improves the axial PSFs (A = 633 nm)
while maintaining similar focal planes as in Figure 79.

T

Table 21: Varied voltages on electrodes defined in Figure 74. These voltage
configurations improved the axial PSFs (Figure 80) when compared with equipotential
voltages on the electrodes.

Axial Displacement (um) E1(V) E2(V) E3(V) E4()

-25 210 200 200 190
2 300 300 300 300
26 320 330 330 350
50 355 355 360 370
83 390 400 410 430

Figure 81 illustrates how altering the voltages on the four electrodes can change
the shape of the axial PSF. Greater potentials on the outer electrodes yield a very poor
PSF (Figure 81a). A high voltage on only the centermost electrode produces an improved
PSF (Figure 81b). Applying 300 V on the inner two electrodes and 400 V on the outer
two electrodes gives a recognizable PSF with a substantially larger intensity on the center

lobe (Figure 81c). All three graphs have the same horizontal and vertical scales.
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Figure 81: Axial point spread functions (A = 488 nm) of the confocal microscope for
three different voltage profiles. Defocus remained constant for the three measurements.
All horizontal (axial displacement) and vertical (intensity) axes are the same scale. (a)
The point spread function has several large side lobes with the center electrode’s voltage
being 160 V less than the outer two electrodes. (b) The side lobes shift to the left-hand
side of the main lobe with 350 V on the centermost electrode and 300 V on the outer
electrodes. (c) With 300 V on the inner two and 400 V on the outer two electrodes point
spread function gains intensity on the central lobe and it narrows to approximately 5 pm
FWHM.

Imaging Results

We compared the performance of electronic focus with the MEMS mirror (i.e.,
applying a voltage to change its radius of curvature) versus translating the microscope
stage in z-direction by acquiring images of Drosophila third-instar larvae dyed with
mCherry in reflectance mode at 633 nm (Figure 82). Both mechanisms had similar image

quality throughout the focal range. Instead of the 5° incidence angle used for the majority
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of the results in this chapter, Figure 83 shows a similar experiment with the MEMS

mirror at 45° incidence angle [77] for comparison.

MEMS Focus Control

-40 pm -25 pm 2 pm 26 pm 50 pm 83 pm

Z-stage Translation of Microscope Stage i Deeper in tissue

Figure 82: Comparison of focus control by changing electrostatic pressure on a MEMS
mirror at 5° incidence angle (top) versus translating the microscope while leaving the
MEMS mirror flat (bottom). The image quality appears comparable for both mechanisms.

Change in Focus Depth
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Z-stage
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Focus
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Figure 83: Images of a Stage 28 chick embryo spinal cord, comparing focusing using z-
stage translation to focusing with a MEMS mirror at 45° incidence angle.

We synchronized the MEMS mirror with the fast scan (x-axis) galvanometer
mirror of the Fluoview 300 to perform oblique plane imaging. Figure 84a shows an

oblique scan with the mirror pulling focus from -40 um to 83 pum over 9 ms during each
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horizontal scan. The oblique plane lies at 16° in the sample. Halving the ramp time
doubles the angle of the oblique plane to 32° (Figure 84b), while traversing the sample a
lesser distance in the x-direction. It may be noted that different features can be seen along

the two distinct oblique sections through the tissue.

111 Hz Drive Frequenc 222 Hz Drive Freqg

100 pm 100 um
(a) (b)

Figure 84: (a) Oblique scan starting at z = -40 pm, increasing to z =83 um, and returning
quickly to z=-40 um to begin the next line at a new y-coordinate. The change in z-
direction occurs over 9 ms. (b) An oblique scan occurring in 4.5 ms or at 32° angle in the
sample. Different features present in the first 100 pum of the x-coordinate than at a 16°
angle oblique scan due to a different profile in z.

Figure 85 illustrates how shaping the mirror surface by altering the voltages can
improve contrast and brightness in an image. With 400 V applied on all electrodes, the
axial PSF at 543 nm is poor. With 300 V on the centermost electrode, 400 V on the
middle two, and 500 V on the outer electrode, the axial PSF and clarity of a fluorescent

image of part of a honey bee stinger (dyed with Invitrogen’s Dil paste) improves.
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Figure 85: Comparative axial point spread functions (same scaling) and single x-y plane
fluorescent images of a honey bee stinger, all taken at 543 nm. The voltages correspond
with a focal point in the sample at 83 um in z-direction.

In summary, we demonstrated the use of a MEMS mirror for agile focus control
over a 123 pm range at 0.5-0.64 NA in a commercial confocal microscope. We
synchronized the mirror with the fast scan axis of the microscope to attain oblique plane
imaging, where changing the speed of the focus control mirror alters the angle of imaging
in the sample. The MEMS mirror did not lie precisely in the back focal plane of the
objective lens. Ensuring this would preserve the NA of the objective lens over the entire
focal range.

This chapter shows the utility of four concentric electrodes for changing the
spherical aberration balance on the mirror surface and the shapes of the axial PSFs of the

microscope. In the future, optimization of the voltage profiles on the mirror may further
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improve performance in the confocal microscope. This could be done in conjunction with
a wavefront sensor or by optimizing image metrics such as overall intensity.

MEMS mirrors provide electronic focus control. Their fast response times and
small size makes them appealing for agile focus control in both table top and endoscopic
imaging systems. Fast imaging along a specified z-trajectory should minimize
photobleaching in samples, allowing for better longer longitudinal studies, and/or

allowing for imaging of time-critical phenomena.



151

CHAPTER 8

DISCUSSION

The focal range capability of deformable MEMS mirrors has greatly improved
over the last couple of decades. This dissertation presents a new and simple method that
utilizes a one SOI wafer for fabrication of mirrors that continue to push focal range
capability. These mirrors are not only capable of large deflections (approximately 22 um
for devices that are approximately 5 mm in diameter), but they are of high optical quality
and have high yield. A motivating application for varifocal mirrors is in vivo microscopy,
which allows discernment of benign and malignant tissue, making it unnecessary to
remove tissue for biopsy. For confocal microscopy in particular, penetration depths rarely
exceed 200 pum, so being able to control focus throughout that full range is a reasonable
objective for varifocal mirrors. The MEMs mirrors fabricated previous to the dry-release
mirrors presented in this dissertation tended to have a maximum of 5 pum deflections. For
0.8 NA imaging in water this leads to a change in focus of approximately 42 pm. With a
deflection of 20 um, this increases to a focal range of 165 um, nearly a four-fold
improvement. For real-time imaging this would provide imaging to much greater depths
and provide focus control throughout most of the range available in confocal microscopy.

The single-SOI-wafer fabrication process has room for improvements. The
isotropic nature of xenon difluoride causes under-cutting in the lateral direction. This
means that the perimeter of the membrane does not match the perimeter of the reflective

mirror surface. Lateral etch stops can be used in the future by etching side trenches and
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filling the trenches with oxide. The bandwidth of the devices is limited by air damping,
so 3dB frequencies occur below natural resonant frequencies. Careful design of the vias
that allows for sufficient airflow while also having a large enough diffraction angle due to
periodic spacing for the diffracted rays to be filtered out could mitigate this problem.
Furthermore, the vias could be larger in size to increase airflow and decrease total etch
times, but total light throughput should be concurrently considered.

Current literature on aberrations of reflective mirrors does not capture the
dynamic nature of varifocal mirrors. The aberration analysis presented here presents the
aberrations in terms of varying focal power and incidence angle of elliptical-boundary
mirrors. The veracity of the analysis is shown by experimental testing of the novel
MEMS mirrors presented in this dissertation with a WFS and comparison of the
V-function with Zemax results and published aberration coefficients. People in the field
now have basic guidelines moving forward for use of these mirrors in optical systems.
These mirrors exhibit the best imaging performance over a narrow field of view,
regardless of incidence angle. At 45° incidence angle, a parabolic mirror with up to
20 um deflection, such as the mirrors presented in this dissertation, should have nearly
diffraction-limited performance with a narrow field of view.

The aberration analysis distinguishes the different types of ray aberrations and
separates the orders up to order three of the ray aberrations that are inherent with these
mirrors. Generally, lower order terms degrade image quality more significantly than
higher order terms. At normal incidence angle, 2"%-order terms are zero. As incidence

angle increases, the 2" order terms more significantly degrade image quality. Non-
g g y deg ge q y
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symmetric aberrations, such as astigmatism and coma, affect image quality more
considerably at non-normal incidence angles. They cannot be corrected with the
concentric electrodes that we currently use. Astigmatism proves to be the dominant non-
symmetric aberration for these low F-number mirrors. Another key difference between
using these mirrors at normal incidence angles and non-normal incidence angles is that
the RMS plots show normal incidence angle parabolic mirrors perform best at infinite
conjugate imaging. If the mirror shape deviates to another conic, then a different result
for object and image locations would be optimal. However, off-axis mirrors with
concentric electrodes will always prefer symmetry or equal object and image locations (a
reversible system), because the electrodes cannot cause an asymmetric shape (like an off-
axis paraboloid).

Guidelines in terms of incidence angle and field of view for achieving nearly
diffraction-limited performance (S > 0.8) are presented. Many useful optical systems do
not need this high of a Strehl ratio, and the RMS plots may be used to determine
guidelines for lower Strehl ratios. Generally microscopes and some telescopes require a
Strehl ratio of greater than 0.8, but few other imaging instruments. For instance, very
high quality cameras can have modulation transfer function curves that are considerably
worse than diffraction limited. Additionally, the wide-field microscope discussed in
Chapter 1 used a 45° incidence angle mirror with conditions leading to less than 0.8
Strehl ratio according to our analysis. The 0.4 NA 40x microscope images taken with a
+1.7° x +£1.3° field of view still show discernable 1-2 um tendrils in a fungal mat (Figure

86).
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Figure 86: Wide field (+1.7° x £1.3°) images taken with a 0.4 NA 40x microscope with a
45° incidence angle mirror that should have less than a 0.8 Strehl ratio.

The aberration analysis assumes the short axis of the elliptical mirror surface is
proportional to the long axis times the cosine of the incidence angle to eliminate
parabasal astigmatism. One may extend this analysis to tip/tilt mirrors that are also
capable of defocus by accounting for the fact the mirror surface stays one size for
different incidence angles. This means that incidence angle in the analysis should remain
constant, while field angle changes with tip or tilt.

Peak-to-valley of 3" order spherical aberration terms remain below 100 nm for all
of the cases examined. Chapters 2, 6, and 7 show our current devices can compensate
100s of nm of 3"-order spherical aberration. The ability of the MEMS mirror to
compensate spherical aberration proves advantageous, because spherical aberration
dynamically changes with a change in defocus.

If a MEMs mirror introduces too much aberration to an optical system, then
correction of attendant coma and astigmatism may be required. Chang et al. [146]
specifically address mitigation of linear astigmatism by the use of two reflective mirrors

that have equal and opposite astigmatism. Rogers [147] discusses the use of 2 or 3
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mirrors, or 2 mirrors and a weak cylindrical lens to mitigate these aberrations. Most likely
a similar approach would work to minimize aberrations by use of two active MEMS
mirrors.

Not only are coma and astigmatism asymmetric aberrations, but they depend on
field position. This limits what can be done to address these aberrations with a single
mirror. Any scanned system that addresses a single point in the field of view at one time
could adapt on the fly. If the system changes between a limited number of points, then the
mirror shape could be specific to those points. For general access to the full field of view,
a more general electrode pattern would be required. If more than one dynamic mirror is
used in a system, then it may be possible to intentionally link them together to control
them in a favorable way to balance the aberrations. Some investigators have moved to a
“woofer tweeter” approach, where one dynamic MEMS mirror performs gross focus
control and a second high-order (high electrode count) mirror dynamically compensates
aberrations.

Chapter 6 shows imaging performance of a 45° incidence angle mirror for
compact focus control and spherical aberration correction for optical discs. The results
suggest that for 7.5 um deflection, the mirror performed sufficiently well to image all
layers of a quadlayer Blu-ray disc. The residual 2"%-order, field-independent aberration
was observed. Chapter 7 shows imaging results when synchronizing a mirror with the
fast-scan axis of a commercial confocal microscope. It also shows improvement of axial
point spread functions at different defocus locations by correction of spherical aberration

with four concentric electrodes. In the future, agile focus control over specified
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trajectories should lead to real-time imaging of fast physical phenomena and should
decrease photobleaching and phototoxicity for longitudinal studies. In our experience,
dynamic focus control with a deformable membrane mirror reduces complexity of the
optical instrument, offering a path for miniaturization of a system that preserves the
ability to change the focus throughout the useful field of view.

The large focal range of the novel MEMS mirrors presented in this dissertation
combined with the predictions of the aberration analysis show these mirrors have great
promise for agile imaging in the future. This could benefit medical diagnostic or
procedural equipment with better imaging capabilities. If optical biopsy can be
demonstrated as a diagnostic tool, this can lead to less unnecessary tissue removal for
physical biopsies. I hope that this analysis is useful for new designs of optical instruments
that incorporate active focusing mirrors, leveraging their precision, speed, and small size
to build more functional and useful instruments for biomedicine and industrial imaging

applications.
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APPENDIX A

VERIFICATION OF V-FUNCTION WITH ZEMAX RAY TRACING RESULTS FOR
STOP AT MIRROR
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Zemax ray tracing has a couple of main differences from the characteristic
equation results (V-function) presented in this dissertation. The V-function calculates the
optical path difference between the chief ray and the ray of interest from point to point.
Zemax determines the optical path of the ray of interest until it reaches the image plane or
from point to plane. Figure 87 shows a spot diagram when the mirror is used at 20°
incidence angle with the object at infinity with no field. With only 5 um deflection, the

rays extend out to 5 um from the chief ray at (0, 0). By simple geometry this leads to a

difference in OPD of /22 + 212.835552 — v/2.0052 4+ 212.835552 mm = 47 nm. Most

likely, this error increases with greater deflections and greater angles of incidence.
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Figure 87: Zemax spot diagram of a 20° incidence angle 4 mm x 4.26 mm elliptical

mirror with 5 um deflection and an object at infinity with no field.
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Additionally, the Hamiltonian aberration analysis assumes all rays of interest
reflect off the MEMS mirror surface and fill the exit pupil. When the MEMS mirror is
used in a system with strongly diverging rays, however, the rays may vignette and under-
fill the exit pupil. For example, with & = 45°, r; = 10 mm, and r, =-13.944 mm,
vignetting occurs at the MEMS mirror surface on the side of the mirror furthest away
from the object and the rays never reach the exit pupil (Figure 88). The Hamiltonian
analysis assumes all rays reach the exit pupil, which is equivalent to allowing the MEMS
aperture to increase to ensure all rays reflect off its surface. In Zemax, the RMS

calculation provides 0.8867 um and 1.17 um for the under-filled and filled exit pupil,

respectively. My analysis calculates 1.16 um for the RMS for these conditions.

Exit pupil is
under-filled.

Vignetting Un-constrained MEMS aperture

Figure 88: (left) For greatly divergent rays, the rays from the object miss the far edge of
the MEMS mirror and never reach the exit pupil. (right) The Hamiltonian analysis
assumes the exit pupil is filled or that the MEMS aperture may be extended to ensure all
rays pass through the exit pupil and reach the image (r, = -13.944 mm for the case
shown).
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The V-function used to generate the aberration terms with stop at the mirror in
Chapter 4 is compared with Zemax OPD fans. It may be noted that Zemax normalizes the
pupil coordinates and considers y-direction in the pupil plane to be the tangential plane
regardless of optical system. The y-direction in the pupil plane for our system is the
sagittal plane. Rays reflected from a mirror in Zemax result in negative Z-displacement,
whereas it is defined as positive Z-displacement for the V-function. The wavelength in
Zemax is set to 1 um. A multitude of incidence angles and field conditions were verified,
but only a few are presented here to aid the reader in having confidence in the results in
this thesis. Zemax OPD fans for incidence angles of 0°, 5°, and 45° are compared with

theoretical results from the V-function.

Normal Incidence Mirror with No Field

Initially, I compare the V-function for no-field imaging of a circular-boundary
mirror (a; = 0) with Zemax results (Table 22). Although not shown, the OPD fans in
Zemax and from the analytical analysis for a circular mirror with »; = co and no field both
show agreement with values of zero across the pupil. Table 22 shows the constraints used
to compare OPD fans for the case ; = 200 mm and 6= 20 um. Figure 89 and Figure 90
show agreement between Zemax and the analytical OPD fans. At 0.75 of the normalized

pupil the OPD is 0.000949 um.



Table 22: Constraints and values given to variables to compare Matlab code with Zemax.
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Variable

Relationship Imposed

Value Assigned
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Figure 89: OPD fans in Zemax for circular mirror with

0=20 um, and r; =200 mm.
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Figure 90: OPD fans from V-function for circular mirror with normal incidence,

0=20 um, no field, and »; =200 mm.

5° Incidence Mirror with Small Field in up-direction

Table 23 shows the system that is compared: an &, = 5° mirror with u, = 0.5 mm
and 0=2 um. Values on the OPD fans in x- and y-directions show good agreement
(Figure 92 and Figure 93). At 0.75 on the normalized pupil in Zemax, the graphs provide
values with magnitudes of 0.00195 um, 0.000483 um, and 0.000097 um. Analytical
results provide values and

with magnitudes of 0.001952 um, 0.0004827 um,

0.000097 pm.
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Table 23: Constraints and values given to variables to compare Matlab code with Zemax.

Variable Relationship Imposed Value Assigned
X Y
ZL o[(5 )7+ (5)7]

rl inf
2

—a’ry
r2 a?—4 6 r1 cosasy
b 2 um
al -0.2
a2 -5°
u2 0.5 mm
v2 0 mm

a 2 mm
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Figure 91: OPD fans in Zemax for 5° incidence mirror, §= 2 pum, u;=0.5 mm,
v, =0 mm, and r; = oo.



V function (um)

Figure 92: OPD fans from V-function for 5° incidence mirror, 6=2 pum, u, =0.5 mm,
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v, =0 mm, and r| = .

45° Incidence Mirror

Table 24 shows a system that is compared: an o, = 45° mirror with no field and
0= 20 pm. Figure 93 provides details of the layout in Zemax. Values on the OPD fans in
x- and y-directions show good agreement (Figure 94 and Figure 95). At 0.75 on the
normalized pupil in Zemax, the graphs provide values with magnitudes of 0.000447 um,

0. 170031 um, and 0.167346 um. Analytical results provide values with magnitudes of
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V function (um)

0.0004475 pm, 0.1756 pum, and 0.1622 um.
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Table 24: Constraints and values given to variables to compare Matlab code with Zemax.

Variable

Value Assigned

Relationship Imposed

7L o[(5) + (1)

rl inf

—ary
r2 a?—4 6 r1 cosasy

b 20 um
-0.2

al
o2 -44.9999°
u2 0
v2 0

a 2 mm
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Figure 93: Lens Data Editor and 3D layout in Zemax for 45°
0 =20 um, u, =0 mm, v,= 0 mm, and | = co.

incidence mirror,
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Figure 94: OPD fans in Zemax for 45° incidence mirror, § =20 um, u, = 0 mm,
v, =0 mm, and r; = 0.
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Figure 95: OPD fans from V-function for 45° incidence mirror, § =20 pum, u, =0 mm,
v, =0 mm, and r; = .
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Table 25 shows a system that is compared: an o = 45° mirror with u, =5 mm,
v, =0 mm, and o= 20 um. Figure 96 provides details of the layout in Zemax. Values on
the OPD fans in x- and y-directions show good agreement (Figure 97 and Figure 98). At
0.75 on the normalized pupil in Zemax, the graphs provide values with magnitudes of
1.122332 um, 1.113697 um, and 0.825761 um. Analytical results provide values with

magnitudes of 1.121 um, 1.081 um, and 0.8486 pum.

Table 25: Constraints and values given to variables to compare Matlab code with Zemax.

Variable Relationship Imposed Value Assigned

7L o[(5) + (3]

rl inf

—a?ry

r2 a?—4 8 ry cosas

6 20 um
al -0.2

o2 -44.9999°
u2 5 mm
v2 0

a 2 mm

a

b COS¥2
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Figure 96: Lens Data Editor and 3D Layout in Zemax for 45°
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Figure 97: OPD fans from Zemax
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Figure 98: OPD fans from V-function for 45° incidence mirror, §=20 um, u, =5 mm,
v, =0 mm, and r; = .

Table 26 shows a system that is compared: an @, = 45° mirror with u, = 0 mm,
v, =5 mm, and 6= 20 um. Figure 99 provides details of the layout in Zemax. Values on
the OPD fans in x- and y-directions show good agreement (Figure 100 and Figure 101).
At 0.75 on the normalized pupil in Zemax, the graphs provide values with magnitudes of
0.103078 um, 0.055711 pm, 0.089472 pum, and 0.245362 um. Analytical results provide

values with magnitudes of 0.09021 pum, 0.06676 um, 0.08493 pum, and 0.2571 pum.
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Table 26: Constraints and values given to variables to compare Matlab code with Zemax.
Variable Relationship Imposed Value Assigned
X2 Y2
ZL o[(5)* + (5]

rl inf

—a3r

r2 a?—4 6 r1 cosasy

b 20 um
al -0.2

o2 -44.9999°
u2 0

v2 5 mm
a 2 mm

b COSYo
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Figure 99: Lens Data Editor and 3D Layout in Zemax for 45° incidence mirror,
0=20 pm, u, =0 mm, v, =5 mm, and | = .
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Figure 100: OPD fans from Zemax for 45° incidence mirror, =20 um, u; =0 mm,
v, =5 mm, and r| = .
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Figure 101: OPD fans from V-function for 45° incidence mirror, 6= 20 pum, u; =0 mm,
v, =5 mm, and r; = o,
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Table 27 shows a system that is compared: an @ =45° mirror with no field,
6=20 pum, and »; =200 mm. All of the previous graphs for an o, = 45° mirror were for
r1 =oo. Values on the OPD fans in x- and y-directions show good agreement (Figure 102
and Figure 103). At 0.75 on the normalized pupil in Zemax, the graphs provide values
with magnitudes of 0.000594 um, 0.050923 um, and 0.047945 um. Analytical results
provide values with magnitudes of 0.0008565 pm, 0.00503 um, and 0.04856 um.

Table 27: Constraints and values given to variables to compare Matlab code with Zemax.
Variable Relationship Imposed Value Assigned

Ziens oF) + (5]

rl 200 mm
—a’ry
r2 a?—4 6 r1 cosasy
o 20 um
al -o2
a2 -45°
u2 0
v2 0
a 2 mm
a

b COS(Y9
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Figure 102: OPD fans from Zemax for 45° incidence mirror, =20 um, u; =0 mm,
v, =0 mm, and r; = 200 mm.
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Table 28 shows a system that is compared: an a =45° mirror with
uy=v,=5mm, 6=20 um, and »; =200 mm. Values on the OPD fans in x- and y-
directions show good agreement (Figure 104 and Figure 105). At 0.75 on the normalized
pupil in Zemax, the graphs provide values with magnitudes of 0.767519 um,
0.748501 um, 0.679464 um, and 0.581489 um. Analytical results provide values with
magnitudes of 0.76 pum, 0.7558 um, 0.6589 um, and 0.5987 pum.

Table 28: Constraints and values given to variables to compare Matlab code with Zemax.
Variable Relationship Imposed Value Assigned

X2 Y2

Zlens 5[(?) + (E) }

rl 200 mm

—a2r1

r2 a?—4 8 ry cosas

o 20 um
al -a2

a? -45°
u2 5
v2 5

a 2 mm

a

b cO8Q9
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Figure 104: OPD fans from Zemax for 45° incidence mirror, =20 um,
v, =5 mm, and r; = 200 mm.
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APPENDIX B

VERIFICATION THAT 2™ and 3 ORDER
TERMS ACCURATELY REPRESENT V-FUNCTION
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The difference between the entire V-function and summing 2" and 3"- order
terms of the V-function generally remains below 1% error for the case of stop at the
mirror and paraboloidal shape of the mirror. One may find tables with conditions
examined and plots of only the 2™- order terms, the 2™%- and 3"- order combined terms,
and the entire V-function below for a few specific cases. Table 29 provides system details
for a parabolic mirror with 5° incidence angle, =20 um, u, =0 mm, v, =0 mm, and
r1 =o. Figure 106 illustrates the contribution of different orders of terms of the V-
function. It also shows strong agreement between the entire V-function and 2™- and 3.

order terms only.

Table 29: Constraints and values given to variables.

Variable  Relationship Imposed  Value Assigned

Ziens O3+ (3]
rl inf
—a2r1
r2 a?—4 8 ry cosas
1] 20 um
al -0.2
a2 -5°
u2 0
v2 0
a 2 mm
a

b COS(¥2
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Figure 106: (left) Comparison of total calculated V-function, parabasal, 2"-order
aberration contribution, and 3"- order aberration contribution for a parabolic mirror with
5° incidence angle, =20 um, u, =0 mm, v, =0 mm, and r, =o0. The optical path
difference is shown for x in the pupil plane (tangential plane). (right) The optical path
difference and Taylor series expansion of the V-function are shown for y in the pupil
plane (sagittal plane).

Table 30 provides system details for a parabolic mirror with 45° incidence angle,
0=20 um, u, =0 mm, v, =0 mm, and r; = oo. Figure 107 illustrates the contribution of
different orders of terms of the V-function. One might note that 2"*- order terms primarily
contribute to its aberration, whereas for 5° incidence angle the contribution of the 2™-

order terms were minimal. It also shows strong agreement between the entire V -function

and 2"- and 3"- order terms only.
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Table 30: Constraints and values given to variables.
Variable Relationship Imposed Value Assigned

o) + (%))
Ziens b a
rl inf
—a’ry
r2 a?—4 6 r1 cosasy
o 20 um
al -02
a2 -44.9999°
u2 0
v2 0
a 2 mm
a
b COS(Y9
=10"
16 T T T 0.4 r . T
— ¥ function — V function
14 *  parabasal coefficients 03+ = parabasal coefficients
= 18 ©  2nd order aberration coefficients % O 2nd order aberration coefficients
1N . Q H
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Figure 107: (left) Comparison of total calculated V-function, parabasal, 2"- order
aberration contribution, and 3"- order aberration contribution for a parabolic mirror with
45° incidence angle, =20 um, u, =0 mm, v, =0 mm, and r, =oo. The optical path
difference is shown for x in the pupil plane (tangential plane). (right) The optical path
difference and Taylor series expansion of the V-function are shown for y in the pupil
plane (sagittal plane).
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APPENDIX C

ZERNIKE DEFINITIONS
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Matlab generated Zernike fits to surface profiles at normal incidence in
reflectance mode. Fricker’s zernfun2.m and zernpol.m are used [122]. The wavefront
sensor generated Zernike fits for measured experimental results. Zemax Zernike
coefficients are used for general comparison with the experimental results. Table 31 lists
rectangular Zernike terms and how they are defined for all three cases mentioned above.
Zemax and Matlab map onto a circular exit pupil and use equivalent polar coordinates for
their circularly symmetric fit. Matlab Zernike coefficients are not normalized, whereas

Zemax and the WFS have normalized coefficients.
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Table 31: List of Zernike term definitions.

Matlab  Zemax Wavefront  Order Frequency Normalization ZP(X,Y) where X>4+Y?=p" <1
Mode*' Mode*  Sensor Mode (j) (n) (m) Factor
1 1 1 0 0 1
2 2 1 -1 2 Y
3 2 3 1 1 2 X
4 5 4 2 2 V6 2XY
5 4 5 2 0 \3 @x*2Y%-1)
6 6 6 2 2 V6 (X*-Y?)
7 9 7 3 3 \8 (3X%Y-Y?)
8 7 8 3 -1 \8 (3XPY+3Y*-2Y)
9 8 9 3 1 \8 (BX*+3XY22X)
10 10 10 3 3 \8 (X*-3XY?)
11 15 11 4 -4 V10 (4X°Y-4XY?)
12 13 12 4 2 V10 (BX°Y+4XY?)
13 11 13 4 0 5 (6X*+12X°Y*+6Y*-6X-6Y+1)
14 12 14 4 2 V10 (4X*-4Y43X%43Y?)
15 14 15 4 4 \10 (X*-6X2YH+YY
16 21 16 5 -5 V12 (X*Y-10X7Y*+Y")
17 19 17 5 3 V12 (15X*Y+10X2Y-5Y - 12X2Y+4Y?)
18 17 18 5 -1 V12 (10X*Y+20X2Y3+10Y°-12X*Y-12Y*+3Y)
19 16 19 5 1 V12 (10X°+20X°Y*+10XY*-12X3-12XY*+3X)
20 18 20 5 3 V12 (5X*+10X°Y?-15XY*-4X*+12XY?)
21 20 21 5 5 V12 (X-10X3Y*+5X YY)
22 27 22 6 -6 V14 (6X°Y-20X°Y*+6XY")
23 25 23 6 -4 V14 (24X°Y-24XY -20X°Y+20XY?)
24 23 24 6 2 V14 (30X°Y+60X° Y +30XY*-40X Y-40X Y +12XY)
25 22 25 6 0 \7 (20X +60X*Y*+60XY *+20Y°-30X*-60X>Y>-30Y +12X*+12Y>-1)
26 24 26 6 2 V14 (15X5+15X*Y 215X Y - 15Y0-20X 20 Y +6X>-6 Y?)

*Note: Zemax and Matlab use equivalent polar coordinates and assume a circularly symmetric fit
'Note: Matlab Zernike coefficients are not normalized.
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APPENDIX D

ELECTROSTATIC PRESSURE VERSUS DISPLACEMENT
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I develop the relationship between the electrostatic pressure due to a voltage
across the mirror and the mirror’s maximum center displacement. Figure 108 shows the
geometry of an elliptical-boundary SU-8 2002 membrane with minor radius a, thickness
hsu.s, and permittivity ;. In-plane tension 7 [N/m] suspends the membrane above a fluid
medium with permittivity &. A layer of oxide with thickness /4,4, e€xists below the fluid
medium with permittivity &. A conductive film at the top supports a voltage V. We
assume the bottom silicon electrode maintains a ground voltage, V'=0. The charge
densities in the top conductive film, at the bottom of the membrane, and between the
oxide and the fluid medium are ¢;(X, ¥) [C/m*], go(X, ¥) [C/m*], and ¢3(X, Y) [C/m?],
respectively. Deflection of the membrane into the initial air gap s, is described by shape
s(X, Y). Assume the membrane, fluid medium, and oxide are non-conducting, the gap is
small compared to the radial extent of the membrane, and the electric fields £, E», and E;

are everywhere  directed.

RA TT T T T T ITTTIT00] IlIlIlIlIIIlIIIlIIIIIIIIIIIIIIIIII"

Figure 108: Electrostatic pressure schematic.

Using Gauss’s law, where the total outward flux through the surfaces of a volume

must equal the total charge enclosed, charge densities at the boundaries may be
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determined. The charge densities and applied voltage can be related to the electric fields
as follows,
=€l =6l —ekF., q=e¢ls — ek,
andV = hEy. + (s, — s(r))Es. + h3Fs..

Assuming that g, = 0 and ¢; = 0 or that the membrane and oxide layer hold no charge,

50 — 5(X,Y)] ek
E:jE:'jz = €2E2z = ElElz and V = Elz (h] + El[q :( : )] + Flf 3).
2 3

This provides

€QE3V
esls, — s(X,Y)] + % + €ahy

@(X.Y)=eFL(X.Y)= [C/m?], (38)

The equation for stored energy in a capacitor is W, = %Qg/ C, where C [F] is the
capacitance and Q [C] is the charge. The equation for capacitance of a parallel-plate
capacitor is C' = eA/d, where A4 is the area of the plates and d is the distance between
plates. Substituting in the series capacitance of the three dielectrics, the stored energy for

the membrane with constant charge is,

1 ¢2A
We=2 4 (16203 + ee3hy + er€3[s, — s(X,Y)]) [J] (39)
2 €1€2€3
The electrostatic force is defined as F = — 57 W, [N]. We are only concerned with the 2-

direction and can, therefore, analyze the problem as a scalar. Taking the derivative of W,
with respect to s(X, Y) and dividing by A4, the electrostatic pressure is
P(X.Y) = ¢2(X.,Y)/(2¢;) [N/m®]. In terms of the applied voltage this is

Egeg Ve

(63[50 —5(X,Y)] + Ez%%ﬁl + €2fl3]

P(X)Y) = S[N/m?] (40)
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The equation of motion for a membrane is

9?s(X,Y)

T s(X,Y)+P(X,Y)=0p 50

(41)

where p [kg/m?] is the mass density of the membrane [148]. Tension 7 is related to the
intrinsic stress o of the membrane as follows,

T =oh (42)
The intrinsic stress of the membrane varies with process parameters. Under equilibrium

.. . 925 . .
conditions assuming 5z = 0, the equation of motion for a membrane reduces to

P(X,Y
vh(xy) = -5 @3)
T
Using the Laplacian operator, the membrane motion may be described by
2, 92
Fs(XY)  0%s(X,Y) _ _PX, Y). (44)

oxz oy T
Equation (14) with C,> = 6 may be substituted in for s(X,Y) in Equation 44, resulting in

. —P(X)Y) &2W 292 ¢y ¢2 V2
s —PXY) a _ e beq 5.(45)

2 2 2 2
2T a? + b 4 ‘T| (a. +b ) (63[50 - S(X; Y)] + % + Ezh‘g)

Assuming small deflections s(X, Y) <<s,, this may be simplified to

B a’ b? € €3 V2
T 4T (a® +b2) (

5 (46)
€35, + % + €2h3)

The intrinsic stress values in Table 1 (Chapter 1) are calculated with values of 3.9 [121]

and 4.1 [114] for the relative permittivity of thermal oxide and SU-8 2002, respectively.
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