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Abstract

A fabrication technology called SOI-CMOS-MEMS is developed to realize arrays of electrother-
mally actuated micromirror arrays with fill factors up to 90% and mechanical scan ranges up to +45°.
SOI-CMOS-MEMS features bonding of a CMOS-MEMS folded electrothermal actuator chip with a
SOI mirror chip. Actuators and micromirrors are separately released using Bosch-type and isotropic Si
etch processes. A 1-D, 3 x 3 SOI-CMOS-MEMS mirror array is characterized at a 1 mm scale that
meets fill factor and scan range targets with a power sensitivity of 1.9 deg-mW’1 and -0.9 deg-mW'1 on
inner and outer actuator legs, respectively. Issues preventing fabrication of SOI-CMOS-MEMS micro-

mirror arrays designed for 1-D and 3-D motion at scales from 500 um to 50 pm are discussed.

Electrothermomechanical analytic models of power response of a generic folded actuator topology
are developed that provide insight into the trends in actuator behavior for actuator design elements
such as beam geometry and heater type, among others. Adverse power and scan range scaling and
favorable speed scaling are demonstrated. Mechanical constraints on device geometry are derived.
Detailed material, process, test structure and device characterization is presented that demonstrates the

consistency of measured device behavior with analytic models.

A unified model for aspect ratio dependent etch modulation is developed that achieves depth pre-
diction accuracy of better than 10% up to 160 um depth over a range of feature shapes and dimensions.
The technique is applied extensively in the SOI-CMOS-MEMS process to produce deep multi-level

structures in Si with a single etch mask and to control uniformity and feature profiles.

TiW attack during release etch is shown to be the driving factor in mirror coplanarity loss. The
effect is due to thermally accelerated etching caused by heating of released structures by the exother-
mic reaction of Si and F. The effect is quantified using in situ infrared imaging. Models are developed
that predict suspended device temperatures based on a power balance model using a single parameter,

the proportion of etch heat carried away by volatile species, as the sole fitting parameter.
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Chapter 1 SOI-CMOS-MEMS: An Opening

SOI-CMOS-MEMS:
An Opening

“Believe nothing ... unless it accords with your own reason and your own common sense.”

- Siddhartha Gautama

Implicit in the Buddha’s admonition is the necessity to hone one’s intellect, expand one’s knowl-
edge, deepen one’s insight, eliminate one’s ignorance and move beyond one’s existing preconceptions.
Experience is the best means for cultivating the requisite state of mind in which this counsel leads to
valid judgment. So, throughout this dissertation, a premium is placed on theory and analysis backed up

by experimental data.

The exacting nature of MEMS provides a rigorous test of the correspondence between conception
and reality and is one of its most alluring aspects. A device must be well-conceived, meticulously
designed, deliberately fabricated and insightfully tested, or, by its failure, bring into stark relief the
opportunity for deeper learning and the potential for further improvement. And so it must be done:
education must be wielded, pen put to paper, fingers to keyboards, wafers to equipment, die to pack-

ages and probes to pads to gain the experience that bestows valid judgment.

1.1 Micromirror Applications

Optical MEMS comprise lenses, gratings, single mirrors and mirror arrays. The work described
here focuses on micromirror arrays actuated electrothermally. To introduce the topic, these devices are

placed in the context of their position in the application space.
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With the exception of lenses, optical MEMS components make use of their reflective effect on
light. The reflective components were first investigated in the late 1960°s and 1970’s as arrays for use
in displays [1][2] and as spatial light modulators (SLMs) [3] with the goal of using SLMs as the
enabling component in coherent optical computing [4]. In these early devices, the reflective elements
were deformed by electrostatic force. By the late 1970’s, Si was demonstrated as a suitable material for
fabrication of optical MEMS [5] and the first rigid mirror with flexible springs was reported [6], thus
opening the way for the on-chip integration of reflective elements and electronics [7] that ultimately

led to the extremely successful Digital Light Processing (DLP) chip from Texas Instruments [8].

SLMs are high density arrayed devices (characterized by fill factor FF = reflective area/pitchz)
either in a row-column matrix of mirrors with small full scale deflection (FSD < 10°) [8] or as a linear
array of reflective elements forming a deformable grating that requires rastering in the image plane [9].
In each case, the array element dimensions are on the order of the wavelength of the incident light and
the speed of operation must be a minimum of video rate (i.e. 30 Hz) for square arrays, or, for linear
arrays, a factor of the orthogonal array dimension higher in speed to account for rastering. The main
application area for SLMs is in projection display technologies, like TI’s DLP, which are being scaled
into personal space [10] and extended to autostereoscopic displays [11]; however, SLM-type devices
are also used for adaptive optics and scanning. In adaptive optics, known aberrations in electromag-
netic wavefront are compensated by small variations in phase difference between different elements in
the SLM [12] or, conversely, regular wavefronts are shaped to suit a particular function [13]. In SLM
scanners [ 14], the SLM acts as a phased array or makes use of higher diffraction orders to achieve fast,
small angle deflections (~3°). A SLM projection technology currently generating a lot of commercial
interest is maskless lithography [15], where costly reticles are replaced by SLMs that hold the litho-
graphic pattern. Not only are expensive reticles eliminated by maskless lithography but the manufac-
turing time lost in retooling expensive lithography equipment with new reticles is recovered to

production.




Chapter 1 SOI-CMOS-MEMS: An Opening

At the other end of the optical MEMS application space are scanning applications such as biomedi-
cal imaging [16][17] and laser beam deflection [18]. The optically active component in these scanning
applications is typically a rigid mirror with dimensions on the order of the width of the incident light
beam (~ mm). SLM-type scanners are not typically suitable for these applications because of their rel-
atively small scan angles. The goal in single element devices is to have large deflection angles (>10°)
and large mirrors (~mm). These characteristics provide large scanned areas for a single device position
and low signal loss. Single mirror display systems have also been demonstrated [19] and are now

entering the market [20].

Between the mm-scale single mirror scanners and the pum-scale mirrors arrayed in SLMs are optical
networking applications, such as optical cross-connects (OCX) and wavelength-division multiplexers
(WDM) [21]. Devices in this space are arrayed reflectors that require large scan angles to enable large
channel counts but smaller mirrors (~100 pm) are acceptable because the free-space distance travelled

by beams between reflective elements is typically at mm-scale [22].

A rich application space for single and arrayed micromirrors is illuminated in this sub-section and
illustrates the opportunities available for a scalable device topology with the performance to span the
space. This dissertation covers the development of a fabrication technology to realize high fill-factor
mirror arrays starting at pitches of 1 mm with large deflection angles that can meet the needs of scan-
ning applications and goes on to explore the scaling of the fabrication technology to meet the needs of
optical network applications and ultimately SLMs. In the following sub-sections of this chapter the

various actuation methods and fabrication concepts available to meet these goals are introduced.

1.2 Micromirror Actuation

The literature on micromirrors contains a diverse set of actuation methods such as electrostatic

[23][21][15][24][25][13][14], electromagnetic [26][27][28][19], electrothermal [29][17][30][31][16],
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electrowetting [32][33], pneumatic [34] and piezoelectric [18][35][36][37][38]. Each actuation method
has its advantages and disadvantages and is strongly coupled to the fabrication method in which the
actuator is formed. This sub-section briefly introduces electrothermal actuation for micromirrors and

compares and contrasts it with other actuation methods.

Electrothermal actuation applies the bending moment induced by the mismatched thermal expan-
sion of the different materials in a composite beam [39]. It was introduced to the MEMS community as
an actuation concept in the late 1980’s [40]. Since that time, electrothermally actuated micromirrors
have become the device topology of choice for large angle scanning applications in which speed is not
a critical parameter. For example, Wu [29] recently demonstrated an electrothermal, double-sided SOI
mirror with a 360° optical scan range for endoscopic imaging applications, thus ending the race to the
greatest scan range for a micromirror device, but it can only operate at 60 Hz. The preeminence of
electrothermal actuators in this domain is owed to the simplicity of their mechanism (mismatched ther-
mal expansion), their ease of integration in a given fabrication technology (only two mechanical layers
of differing thermal coefficient of expansion (CTE) and a release layer are needed) and their freedom
from the constraints of a counter electrode (only a single electrically resistive layer is needed for heat-
ing). These factors, in contrast, limit the implementation of electrostatic, electromagnetic, piezoelec-

tric, pneumatic and electrowetting actuated devices for large scan range applications.

Electrothermal devices are the benchmark in low voltage operation, whereby, with suitably chosen
electrical resistances, FSDs are achieved with < 10 V compared to electrostatic devices that typically
require far in excess of this (ex. 40 - 70 V) to achieve smaller (< 10°) FSDs [23][21]. Electrostatic
actuation is at a disadvantage in operating voltage and scan range because of the counter electrode,
which requires the electrode separation, and hence the scan range, to decrease in order to reduce the
operating voltage. Some researchers have overcome the scan range limitation imposed by electrode
separation through the use of vertical combdrives [23], but the problem of high voltage operation is

typically exacerbated by this approach.
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Traditionally, where electrothermal devices falter in comparison to mirrors with other actuation
methods is in their low FF, which made arraying them an impractical proposition, their high power
consumption, due to a relatively inefficient and inherently irreversible transduction method, and their
speed, which is limited by the need for the thermal energy to dissipate to the surroundings through

paths of varying thermal conductance in order for the device to return to rest.

Electrothermal actuators and the reflective surfaces they service are laid out in the same plane typi-
cally [17][16][31][30], such that the actuator dimension, the key feature for increasing scan range,
detracts from the reflective area [17]. This issue has been overcome ingeniously by several electro-
static designs to the effect that FF'=95% is routinely achieved through the fabrication of actuator elec-

trodes under the reflective surface [21].

Electrothermal devices depend on the dissipation of electrical energy through Joule heating in resis-
tive layers at any actuation angle except rest, so there is a power penalty for holding a position that is
not paid by electrostatic and piezoelectric devices, which dissipate power only during the times that
they are charging and discharging. In this respect, when power consumption is a critical performance
parameter and voltage and scan range constraints are loose, electrothermal actuation cannot compete
with electrostatic actuation. To reduce power consumption, greater thermal isolation is needed, how-
ever the consequent reduction in thermal dissipation negatively impacts the speed of the device. This
power-speed trade-off must be finely balanced and the final application of the device must be known to

make appropriate decisions.

The challenge for electrothermal micromirrors is clear: maintain large scan angles and low actua-
tion voltage levels while achieving FF, power consumption and speeds that approach electrostatic
micromirror performance. The performance benchmarks electrothermally actuated micromirrors must
match are shown in Table 1.1 through a performance comparison with devices from the literature in

which other actuation methods are applied. This dissertation discusses how these benchmarks can be
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achieved for electrothermally actuated micromirrors and explores how their performance scales to
SLM dimensions.
TABLE 1.1 Performance comparison of mirrors using exemplary cases of various actuation types
Researcher Actuation Mirror Size Scan Fill Voltage | Speed | Power
/Pl Method (um) Range Factor | for FSD (Hz) (mW)
(degrees) (%) (V)
Tsai/ Wu electrostatic 100 x 100 8.8 926 90 13900 NR
[21]
Wu / Xie [29] | electrothermal 800 x 800 110 16 12 60 ~800
Yalcinkaya / electromagnetic | 1500 x 1500 33 20 NR 2000 NR
Straube [19]
Kang / Kim electrowetting 10000 x 8 85 105 15 NR
[32] 10000
Werber / pneumatic 1000 x 1500 10 17 30 <1 1000
Zappe [34]
Tani / Toshiy- | piezoelectric 1000 x 2000 17 13 20 1500 NR
oshi [37]

*NR = Not Reported

1.3 Micromirror Fabrication Technologies

A MEMS mirror actuation method and the fabrication technology used to form the actuator are
strongly coupled. Electrostatic devices that employ parallel plate electrode topologies require at least
two conductive layers separated vertically by an insulating layer and a release layer [21]. Electrother-
mal devices require only two materials of differing CTE, provided one is resistive, and a release
layer [40]. Electrowetting or pneumatic devices require the placement of mirrors on liquid drops [33]
and the formation of reflective surfaces on hermetically sealed cavities [34], respectively. Electromag-
netic devices often require assembly of the mirror device with a permanent magnet or a solenoid to
produce an external magnetic field [28][19]. Piezoelectric devices [37][38] present challenges in the
integration of reflective and piezoelectric materials with structural materials such as Si or polymers. In
each case, the integration of electronics with the actuator and the structure being actuated is desirable

because it reduces system complexity and size, improves speed and eliminates losses that can occur




Chapter 1 SOI-CMOS-MEMS: An Opening

between chips. However, if the actuator fabrication technology is not compatible with the drive and

sense circuitry they must be fabricated on a separate chip.

Fabrication methods such as CMOS-MEMS [17][31][41], CMOS compatible custom MEMS pro-
cesses [8] and hybrids of custom post-CMOS processing and CMOS-MEMS [42] allow single chip
solutions. In CMOS-MEMS and its variants, the interconnect layers, interlayer dielectric (ILD), and
sometimes the Si substrate, play functional roles in the final MEMS devices. In products like the TI
DLP [8][7], custom release materials and metallization are added in the backend of the CMOS process
to produce large-scale integrated MEMS and electronic devices. An example of a hybrid device is the
transfer bonding of MUMPS mirrors to CMOS chips that contribute the control circuitry to the

system [42]. Following transfer bonding, the mirrors are released in a CMOS-compatible process.

Vertical electrostatic combdrives and electrothermal actuators are readily formed in CMOS-MEMS
and hybrid processes [43]. Multiple metal layers are available separated by high quality oxide and a
polysilicon, or poly, layer is available for use as a resistive layer. For CMOS-MEMS mirror devices,
the reflective surface is formed from one of the interconnect metal layers which requires that the actu-
ator and the reflective surface be formed in the same plane [17]. This limits FF to a maximum of ~60%
which trades-off with mechanical robustness, i.e. if the mirror is large compared to the total device
area, the suspension must be small and hence weak. Electrostatic devices with FF > 90% [21][8][42]
achieve this level by placing the actuators under the reflective surface in a hidden-actuator topology,

allowing the suspension stiffness to be maximized without adversely effecting reflective area.

A goal of the research described in this dissertation is to develop a CMOS-compatible fabrication
technology that combines the benchmark scan range capability of electrothermally actuated devices

with the FF performance of hidden-actuator electrostatic mirrors.
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1.4 Dissertation Outline

This dissertation covers the scope of the performance challenge for electrothermal micromirror
arrays and details the design and fabrication of devices using a CMOS-MEMS foundry technology
platform. Fabricated electrothermal micromirror arrays are characterized and compared to analytic
models to assess how closely the challenges are met. To facilitate conciseness in this text the symbols
and abbreviations used herein are defined in “Symbols and Abbreviations,” on page xv. The reader is

referred to this list.

The contributions made by this work to the body of knowledge in the fields of MEMS fabrication
and electrothermal actuator design are presented in this dissertation. The major contributions are:
1. A hybrid CMOS-MEMS fabrication technology that enables the independent optimization of

CMOS electrothermal actuators and payloads fabricated in other material systems,

2. A 90% fill factor array of electrothermally actuated 1 mm square mirrors with a 90° mechanical

scan range at voltages less than 5 V and power consumptions less than 50 mW,

3. Models of folded electrothermal bimorph and multimorph actuators with discrete and distributed

heaters that are consistent with the behavior of characterized devices and test structures,

4. A DRIE etch rate model that incorporates spatial, pattern-based and aspect ratio dependent etch

variation and is validated to within 10% against test structures of various shapes and scales,

5. A power balance model of suspended MEMS temperature during plasma release etch and its valida-

tion using test structure data collected with in situ infrared imaging.

In Chapter 2, the principles of operation and the design of electrothermally actuated, large angle
mirrors are discussed. Analytical equations and finite element analyses are presented to describe the

scaling behavior of these devices for power and scan range.
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Chapter 3 provides detailed technical information about a hybrid CMOS-MEMS fabrication tech-
nology called Silicon-On-Insulator (SOI)-CMOS-MEMS used to achieve the performance bench-
marks of high fill factor and high scan range. It covers the fabrication of the mirrors and the design and
fabrication of a carrier chip needed to enable mirror FSD angles. CMOS processing is not discussed

and it is assumed that a diced CMOS chip is the starting substrate.

The extensively used fabrication technique of Aspect Ratio Dependent Etch Modulation (ARDEM)
is presented in Chapter 4. The theoretic foundation for this technique is established based on the litera-
ture and the plasma regime is determined to demonstrate the validity of the derived models of etch
depth variation with feature size. The derived models are validated against experimental data collected

from test structures and used to generate masks for use in SOI-CMOS-MEMS processing.

Chapter 5 discusses the issue of process driven selectivity and anisotropy loss that adversely
impacts the electrical performance of large area released structures. The problem is shown to have its
root in the increased temperatures that arise on the suspended structures during release etch due to their
evolving thermal isolation. The temperatures of disc test structures during the release etch process are
presented and used to fit a power balance model comprising power input from ion bombardment and

reaction heat and power loss from suspension thermal conduction and radiation.

Chapter 6 presents experimental data showing the performance of the fabricated micromirrors and
actuators along with key test structures for thermal sensitivity, Young’s modulus and thermal coeffi-
cient of expansion. Micromirror performance data for 1| mm x 1 mm mirrors is given. Due to fabrica-
tion scaling issues micromirrors at smaller scales were not available for testing; however, actuators for

3-D mirrors on a 500 mm pitch and 1-D mirrors on 100 mm and 50 mm pitches are presented.

Chapter 7 discusses the impact of this work and the directions that can be followed to explore the

design and fabrication space for arrays of electrothermally actuated mirrors.
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Electrothermally Actuated
Mirror Design and Operation

“If I had eight hours to chop down a tree, I’d spend six hours sharpening my ax.”

- Abraham Lincoln

The design of MEMS requires a mind open to the exploration of many scientific disciplines, appre-
ciative of the role of beauty and symmetry and cognizant of the needs of society. The process of con-
ceiving a device, analyzing it, predicting its performance, making it, testing its performance and
feeding the acquired insight back into the beginning of the process also yields its own rewards. Each
step requires design, informs design and drives design, while the results of testing provide the hard

shot of reality that turns the wheel of design through yet another cycle.

The design options available for micromirrors are strongly coupled to the fabrication technology in
which they are made. This is unavoidable. It has been the case that the reflective surface of electrother-
mally actuated micromirrors were formed in the same plane as the actuator [17] - [30], producing a
trade-off between optical scan range 0., and fill factor /F. The SOI-CMOS-MEMS fabrication tech-
nology described in Chapter 3 decouples 0,,, and FF, enabling the optimization of both within the con-

straints of the mirror pitch Q.

In this chapter, the relationship between geometric parameters and operational parameters are
developed for 1-D and 3-D micromirrors that use folded electrothermal (FET) actuators. The objective
is to clarify the interplay between the physical principles of operation, the fabrication technology and

the design options. The issues of thermal isolation and speed and power scaling are discussed. The lim-
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itations on device performance arising from the CMOS foundry technology are explained with refer-
ence to the physics describing the electrothermal actuation method. Following some preliminary
definitions and statements of conventions, the principles of electrothermal actuation are explained and
the practical issues of implementing an electrothermal actuator are presented. Electrothermally actu-
ated micromirror topologies are listed and the design and geometric implications of each topology are

discussed in.

2.1 SOI-CMOS-MEMS Mirror Design Parameters

The design of a device is defined through the parts and materials it is made of, the spatial and func-
tional relationship between the parts and the geometric and material parameters of the parts. This sec-

tion presents these for the micromirror devices analyzed in this chapter.

2.1.1 CMOS-MEMS Beam Types

The JAZZ 0.35 pm technology provides four metal interconnect layers and a conductive poly layer.
A beam can be formed over active area, or “active” (i.e. gate oxide under poly) or on field oxide, or
“field”. General CMOS-MEMS beam types are shown in Figure 2.1. CMOS-MEMS beams are typi-
cally analyzed for spring constant, effective mass and their contribution to the damping experienced by
the device they are a part of. For the purpose of this dissertation, two broad classes of cross-sectional
beam geometry are defined: 1. simple, as shown schematically in Figure 2.1 (a) and 2. complex, as
shown schematically in Figure 2.1 (b) and Figure 2.1 (c). Mechanical behavior of a beam whose length
Iy, is much greater than its width wy, is largely independent of the beam type. The thermal behavior of a
complex beam, on the other hand, can only be approximated by a simple beam in very restricted cases,

so it is necessary to distinguish between the two types.

CMOS-MEMS beams with simple geometry consist of a fixed combination of metal layers in

which all the metal layers have the same width equal to the beam width (i.e. wy, =wy,, where

11
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x=1,2, 3, 4 and/or p) and the overall cross-section is approximately rectangular. An additional com-
plication is that each metal layer is actually a sandwich of refractory metals and aluminum; the impli-
cations of this are explained in Chapter 5 and Chapter 6. Between the metal layers there is interlayer
dielectric (ILD), which is typically a form of silicon oxide. However, if beams whose composition and
dimensions vary along their length can be decomposed into sections of uniform width and composition
they can be analyzed independently as beams of simple geometry using energy methods and Euler-

Bernoulli beam theory with appropriate boundary conditions [44] or through nodal simulation [45].

FIGURE 2.1 General MEMS beams geometry. (a) Simple. (b) Complex rectangular. (c) Complex non-
rectangular. Note that in most CMOS processes gate oxide is only present under poly in the active area.

> to scale
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Complex beams, in contrast, are comprised of metal layers of unequal width (i.e. wy,, # wy,, # wy,
where x,y =1, 2, 3, 4 and/or p, but x # y) and may have non-rectangular cross-sections as shown sche-
matically in Figure 2.1 (c). Complex beams are analyzed using composite beam theory [46] in which
the location of a neutral bending axis is identified and the effective stiffness is calculated by summing
the stiffness contribution of each homogeneous member with respect to the neutral axis [47]. The con-
tribution of each member is dependent on its relative position in the beam. The resulting spring con-
stant can be applied in a nodal simulation as though the beam had a simple geometry [48]. Composite
beam theory, as applied to the thermomechanical behavior of complex CMOS-MEMS beams, is
treated in greater detail in Section 2.2. The bending moments generated when the temperature is
changed are a function of the members’ geometry, their positions and their material properties. In this

work, beams of both simple and complex geometry are considered.
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2.1.2 CMOS-MEMS Beam Reference Directions

The equations reported in this chapter are given with respect to a reference direction shown in
Figure 2.2. The mathematical expressions given in this chapter are derived with respect to this beam
orientation. The convention is that the origin of the reference frame is at the anchor of the beam in the

bottom right corner. The coordinates (x,,},2,) are with respect to the beam origin.

FIGURE 2.2 Coordinate reference directions for MEMS beams and the mathematical expressions describing their
behavior under electrothermal actuation. Directions exhibited using a m4321a beam. The beam origin is defined
at the anchor, at the bottom right corner of the beam.
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2.1.3 CMOS-MEMS Beam Descriptor

To describe the beams concisely a coded notation is adopted. A beam is referred to by the conduc-
tive layers it is comprised of and whether it is on active or field. For example, in Figure 2.1 (a) only the
four metal layers are present and the beam is over active; this is a m4321a beam. This is subtly differ-
ent, but equivalent to the binary code applied by Jing [45] and does not require the user to remember
layer positions in the code or layer order. The beam in Figure 2.1 (b) has the same composition except
that it includes poly; it is a m4321pa beam. Finally, the beam in Figure 2.1 (c¢) contains all conductive
layers and it is formed on field; it is an m4321pf beam. The reader should note that the amount of
oxide between the poly layer and the Si is less in a beam on active than it is in a beam on field and is

also true for the amount of oxide between m1 and Si.
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Information about whether the beam has a simple geometry or a complex geometry requires addi-
tional information about the widths of each of the metal layers and their offsets from a reference edge
of the beam. This is explained further when composite beam theory is treated in detail in Section 2.2.2.
While it is uncommon to use complex, non-rectangular beams in CMOS-MEMS structures there are
some notable examples [49][50] that highlight the need for a more rigorous definition and treatment of

beam configuration.

2.1.4 SOI-CMOS-MEMS Micromirror Topologies
SOI-CMOS-MEMS allows the realization of the device structures shown in Figure 2.3 for 1-D and

3-D micromirrors, respectively. 1-D mirrors rotate about a single axis, while 3-D rotate about two
orthogonal axes and translate in the z-direction. The common features of the designs are a CMOS-
MEMS folded electrothermal (FET) actuator and an SOI mirror bonded together through an SOI post
and a CMOS-MEMS pedestal [51], a thermal ground and mechanical anchor and the struts that con-
nect the elements together. The electrothermal actuator is comprised of a number of mla or m1f beams
and a discrete high resistance poly resistor as a heater, or m1pf beams in which a low resistance poly
film embedded along the length of the beams serves as a distributed heater. In the case of m1pf actua-
tor beams, a subset of the beams in the actuator are m1f beams reserved as electrical feedthroughs. In

Figure 2.3, discrete resistors are shown in the actuators.

The 1-D and 3-D topologies differ only in the number, organization and placement of the design
elements. The 1-D FET actuators come in several topological varieties that are explored in Section 2.5.
The structural design parameters are listed with their definitions in Table 2.1. Figure 2.4 illustrates the
relevant dimensions of the SOI and CMOS-MEMS elements of the micromirror. The fixed parameters,

i.e. those that are defined by the foundry process or the post-CMOS process are given in Table 2.2.
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TABLE 2.1 SOI-CMOS-MEMS micromirror structural design parameters. A device critical subset identified by *
is shown in Figure 2.4.

Parameter Symbol
array pitch* Q
mirror length* I
mirror Si thickness Im.Si
mirror Al thickness Im.Al
SOI buried oxide (BOX) thickness 'BOX
post width* Wp
post thickness* t
pedestal width* Wped
pedestal length loed
gap between pedestal and anchor* Zped
Si thickness under pedestal* fped,Si
anchor width* Wane
width of thermal isolation unit Wiso
length of thermal isolation unit Lo
number of thermal isolation units in parallel Npy
number of thermal isolation units in series Ny
strut width* Wy
strut length L
gap between strut and anchor* gs
strut extender length lo
actuator beam width* Wy
actuator beam length* I
number of actuator beams in parallel* Nop
gap between adjacent actuator beams* gb
actuator length Ly
heater width* Wh
heater length Iy
heater poly width* Wp
heater poly enclosure e,
fractional heater position A
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Parameter Symbol
Si undercut of CMOS-MEMS structure* u
via enclosure e,
metal overlap by upper metal (x,y =1, 2, 3) Omxy

TABLE 2.2 SOI-CMOS-MEMS fixed micromirror structural design parameters.Beam thicknesses are
constrained by the thicknesses of the layers from which they are made.

Parameter Symbol
metal x layer thickness tnx
oxide ILD thickness between metal y and metal x foxmyx
minimum mirror gap 8m,min
pedestal thickness Iped
minimum gap between pedestal and anchor 8ped,min
minimum anchor width Wane,min
strut thickness 2
minimum gap between strut and anchor &s,min
minimum actuator beam thickness Wh min
actuator beam thickness t,
minimum gap between adjacent actuators &a,min
heater thickness th
minimum poly enclosure by upper metal layers €p,min
minimum via enclosure by upper metal layers €y, min
minimum m1l width Wm1,min
minimum m1 spacing &gml,min
minimum poly width Wp,min

16



Chapter 2 Electrothermally Actuated Mirror Design and Operation

FIGURE 2.3 Conceptual plan-view and cross-sectional schematics of SOI-CMOS-MEMS electrothermally

actuated (a) 1-D and (b) 3-D micromirrors for arrayed devices.
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FIGURE 2.4 Design dimensions illustrated using (a) a CMOS-MEMS plan-view schematic and blow-up view of
an actuator and (c) a cross-sectional view of the SOI mirror and post and a blow-up of the pedestal.
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2.1.5 Actuator and Heater Types

Joule heating in discrete poly resistors or in low-resistance poly films embedded along the length of
the beams in an actuator provides the electrical energy dissipation into the thermal domain that
increases the beam temperature. In Figure 2.5, the two heater types are shown in plan view and cross-

sectional schematic. The interconnect configuration for external connectivity is not shown.

For mirrors with large Q) that use discrete resistor heating, the values of parameters such as the
heater width, wy, poly enclosure, e,, and via enclosure, e, do not significantly impact the design.
However, it is shown in Section 2.4.3 that a trade-off occurs in actuator angular thermal sensitivity (i.e.

the angular displacement per degree change in temperature [30]) as €, decreases and the proportion
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of the beam length taken up by the heater width increases. A point is reached when the intrinsically
higher sensitivity of the mla and m1f beams is outweighed by the less sensitive m1pf beam which
does not give up valuable length to the essential m2 cover of the poly resistor. Furthermore, the heater
type constrains the strut width wg as Q decreases because it must accommodate contacts and vias that

have a minimum enclosure requirement for reasons that are explained in Chapter 5.

FIGURE 2.5 Electrothermal actuator plan-view and cross-sectional schematics for (a) discrete poly-Si resistors
and (b) poly-Si film embedded along the length of the beam.
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2.1.6 Thermal Isolation Design

The final component of the design is the thermal isolation. It is shown in Section 2.3 that the ther-
mal isolation design is critical to the performance of the devices because the mirror scan angle in each
direction depends on the difference in the average temperature of the actuators. When one actuator is
heated by either a discrete resistor, or embedded poly film, a temperature field is developed. The actu-
ator should be designed such that the maximum temperature in the field occurs somewhere in the pow-
ered actuator. The thermal isolation serves to create large temperature gradients between the powered
and unpowered actuators, the pedestal and the anchor. The larger the gradients between the heated
actuator and the elements it is connected to, the more efficient the device. However, the trade-off is

t

that more thermal isolation, characterized by a lumped thermal resistance Ry, 5o = figo/K is00

iso’ Keff.isoWiso

increases the thermal time constant and reduces the speed of the device.

FIGURE 2.6 Plan-view and cross-sectional schematics for (a) via thermal isolation unit for low electrical
resistance but “high” thermal resistance and (b) strut thermal isolation for high mechanical stiffness and high
thermal resistance.
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To achieve high thermal isolation the length of the isolation /;y, can be increased, the width w;y, and
thickness #;5, can be decreased and/or materials can be chosen with lower thermal conductance x. The

downside to the geometric approach to improving thermal isolation is that the mechanical strength
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decreases and the device becomes subject to breakage, or it can bend under the action of residual and
thermal stresses, which introduces non-linearities [43]. The thermal isolation solutions used in this
work are shown in Figure 2.6. They represent a compromise between thermal resistance and electrical
resistance in the via thermal isolation case and thermal resistance and mechanical strength in the isola-

tion strut case. The finite element analysis (FEA) of these structures is presented in Section 2.3.

2.2 Principles of Electrothermal Actuation

Beams made of materials with dissimilar coefficients of thermal expansion (CTE) bend when they
are heated due to the thermally generated moments arising from stresses whose lines of action are a
finite distance from the neutral bending axis of the beam. The bending leads to changes in the angle
and displacement of the free end of the beam as shown in Figure 2.7. This is the fundamental principle
of electrothermal actuation. The magnitude of the bending and the temperature changes that cause it

are examined in this section.

FIGURE 2.7 Longitudinal beam cross-sections showing the principle of electrothermal actuation. A beam of two,
or more materials of dissimilar coefficients of thermal expansion o. bends when heated and the tip moves through
a distance z;, and an angle eﬁp.
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The actuator beam is broken into discrete elements of rectangular cross-section that are henceforth

called beam "members". For the purpose of analysis and simulation, beam members are assumed to be
linearly elastic, homogeneous and to have isotropic properties. The thermal sensitivity of the actuators
is described using Euler-Bernoulli beam theory, subject to the principle of superposition and the

assumption of temperature uniformity across the width and thickness of the beam. For the first part of
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the analysis, the beam temperature change A7}, is assumed constant, but this is relaxed in Section 2.2.3
to analyze the displacement behavior for expected temperature distributions. Although, for micromir-
ror applications, rotational displacement and not translational displacement, is of primary concern,
translation of the mirror has implications for optical signal processing due to its impact on phase, and

so, translational displacement is also covered.

2.2.1 Bimorph Thermomechanical Response

Timoshenko’s theory of the bimetal thermostat [39] is used extensively to describe the thermome-
chanical behavior of composite MEMS beams made of two materials [30][40] like those of the cross-
section in Figure 2.5 (a), but has also been applied in the analysis of beams made with three
materials [53] like those of the cross-section in Figure 2.5 (b). Timoshenko showed that the radius of
curvature p ¢, of a bimorph subject to a thermally induced stress difference between the two materials

18
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where M, 4, is the thermally generated internal moment about the y-axis, (El)ft,, is the effective flex-
ural rigidity for bending about the y-axis, o1 and a,y, are the CTEs of the m1 layer and the oxide,
respectively, and £’ and E' are the biaxial moduli of the ml layer and the oxide, respectively.
The parameter v is the thermal sensitivity, or curvature per unit change in temperature, and is used to
simplify (2.1) and provide the means by which the response of different types of beams can be com-
pared. Positive values of y indicate the beam bends such that the center of curvature moves in the posi-
tive z-direction when heated, while negative values of y indicate the beam bends such that the center of
curvature moves in the negative z-direction when heated. For graphical purposes, only the magnitude

of'y is plotted in the following graphs.
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FIGURE 2.8 Comparison of y from Timoshenko's theory of the bimorph and vy determined from FEA for m1f and
mlipf beams of fixed total thickness t, and varying t,;. The elastic moduli and CTEs for the FEA come from
Comsol Multiphysics Material Library [52]. The biaxial modulus is used for metal and oxide, while the triaxial
modulus is used for poly.
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A comparison of y from theory and FEA for an actuator of fixed thickness #, and varying metal
thickness #,,,; is shown in Figure 2.8. For a simple beam made of two homogeneous materials, like the
actuators with discrete resistors of Figure 2.5 (a) (ex. a m1fbeam), the theory provides excellent agree-
ment to FEA. However, as the beam becomes complex, like the mlpf beam in Figure 2.5 (b),
Figure 2.8 shows the predictive power of the bimetal theory diminishes (max. error of 26% over the
range of metal thicknesses, which increases as w;, increases relative to wy). An analytic model is

needed that can better approximate the behavior of complex multimorph structures.

The angle at a position x along the length of a bimorph when it is uniformly heated through a tem-
perature AT, is

M
= | —2xth 4, = +
0(x) (El)eff,ydx YXAT, + 6, (2.2)

where 0 is the angle at the origin of the bimorph. With the small angle approximation that the incre-
mental distance along the beam equals the incremental distance from the anchor, the z-displacement of

the bimorph is
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2

z(x) = j 0(x)dx = y%ATa+60x+zo (2.3)

where z is the z-displacement at the origin of the bimorph. For the case of a cantilevered bimorph

anchored at its origin, 6 = 0 and z, = 0 and the angle and the z-displacement at the free end are

Gtip = VI AT,. (2.4)
and
2
Ib
Ztip = YEATa’ (2.5)
respectively.

For beams longs enough to invalidate the small-angle approximation, the z-displacement of the

beam at a distance x from the anchor is the solution of

2 a

j—iz—yAT [1 +(§§)T'S — 0[57]. 2.6)

Equation (2.6) has no simple solution, but for beams with a constant radius of curvature p, the tip z-

displacement is

lb
Zip = Pe 1- cosp— . 2.7)

Comparing z;, from (2.5) and (2.7) normalized to p. in Figure 2.9 demonstrates an error that exceeds
10% when £, > 1.1p., which corresponds to a tip angle 8, ~60°. The application of (2.3) results in an
error that is reasonable given the benefit in analytic tractability it provides. In the following analyses,
the error doesn’t effect the relative differences between mla- and m1pf-based actuators, but should an

exact value of z;, be needed, (2.6) can be solved numerically.
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FIGURE 2.9 Comparison of the normalized beam tip z-displacement zy/p.. as a function of the beam length
normalized to p; and as a function of the tip angle etip [from shape function and geomtery. The error in the shape
function is shown on the secondary y-axis.
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2.2.2 Multimorph Thermomechanical Response

The thermomechanical response of a multimorph depends on the thickness, width, position and
material properties of each beam member. This makes the analytic formulation more involved, but a
systematic approach makes it tractable for beams of many members. The theory is equivalent to
Timoshenko’s for a bimorph but has a different flow of analysis. In contrast to Timoshenko’ bimorph
theory, the multimorph theory [46][47] requires the determination of the position (y,, 2,,) 0f @ neutral
bending axis with respect to the beam origin (y},,z,) = (0,0). Although other authors, such as Todd et
al. [54] assumed that bimorph theory provides a sufficient approximation to the angular and tip dis-
placements of multimorph beams, particularly metal-oxide beams with poly layers embedded in the
beam, it is shown in this sub-section that the error due to this assumption can be significant. The exten-
sion of Timoshenko’s approach to trimorph beams, derived by Lammel et al [30], is an improvement,
but their derivation is not easily extended to beams for which one member does not span the entire

width of the beam and the error can be significant.

The neutral axis is the modulus weighted centroid of the beam. Its position is important to the

behavior of the beam as it defines the position from which the beam's radius of curvature is taken and
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it locates the longitudinal fiber for which the strain under bending is zero. The total strain in the heated
electrothermal actuator is the sum of the thermal strain, the strain due to bending and flexural rigidity,
and the axial deformation. When the moments due to these strains are calculated about the neutral axis,
there is no net contribution from the axial deformation, which simplifies the equation of moment equi-
librium. This is the point of departure from Timoshenko’s theory and must be noted because it leads to
a change in the familiar form of the expression for curvature, while retaining mathematical equiva-
lence. The different approach is taken to simplify the multimorph analytic expressions and to aid intu-

itive understanding of the optimization of the actuator.

The neutral axis is defined by the intersection of the neutral surfaces for bending about the y and z
axes. Its placement in z, z,,,, is shown schematically for a m1pf beam in Figure 2.10 and is calculated

through the condition

wbfynatbizna
I j Ezdzdy = 0, 2.8)

na “Zna

where y and z are coordinates with respect to the neutral axis and E" is an elastic modulus whose exact
definition depends on the type of stress being considered. The assumption of homogeneity allows that

the elastic modulus be treated as constant within a member.

FIGURE 2.10 Transverse beam cross-sections showing (a) the neutral axis location in a mIpf beam, (b) the
coordinate axis for moment and flexural rigidity calculations defined on the neutral axis and (c) the
decomposition of a m1pf beam into a set of members.

i .
b y X | .
T i — S
Yb Xb 3
(a) (b) ()

By performing a coordinate transformation, y =y, - ¥,,,, the distance of the neutral axis from the

beam origin can be found in terms of the material properties and beam geometry using
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-+ Ayl ;T Az
%
Z J'v E;zydzydyy
_ members " %/
Zpa = — Ay, T (2.9)
*
Z J’V E;dz dy,

members %!

where (v, 2, ;) are the coordinates of the i™ member with respect to the beam origin, and Ayy,; and

Azy, ; are the member width and thickness, respectively. Equation (2.9) evaluates to

* AZi
Z E, Ayl.Azl.(zb’l. + _2_)

z = members (2.10)

na
%
z E;AyAz,

members

where the various values of the elements of the summation for the decomposed mlpf beam in

Figure 2.10 (b) are given in Table 2.3.

TABLE 2.3 Dimensions of the elements of the summation in (2.10) for the mipf beam in Figure 2.10 (b).

Member # Zp,i Az; Ay;
1 0 LoxpSi Wh
2 foxpSi t ep
3 foxpSi t wb—Zep
4 LoxpSi I e,
5 toxpSi + tp toxmlp Wh
6 fy = m] Im1 Wh

An analogous equation exists for the distance of the neutral axis from the beam origin in the y-
direction but because of the beam symmetry about the z-axis, the neutral axis is located at wy/2. The
deformation due to thermal expansion occurs in all directions and the actuator structure constrains this
expansion in two dimensions, so the stress in each member is not uniaxial. To account for this, the
biaxial modulus of the /™ member, E' ; = E;/(1-v,),is used in (2.9). However, the poly member is

constrained in 3-D due to the surrounding material, so the triaxial modulus E"; = E,/(1-2v;) is
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used, which is generalized for all such fully encapsulated members. For partially encapsulated mem-

bers, the biaxial modulus is a practical compromise.

With the position of the neutral axis identified, the bending moment about the y-axis, M,, due to an

in-plane stress distribution 64z) in the i™ member is determined using

i TAy, z Az

Z r 6,(z)zdzdy,

members Ji

which, if 6,(z) is constant throughout the member, evaluates to

Az;
My . Z GiAyiAZi(Zb,i_Zna + 7) .
members
The effective flexural rigidity about the y-axis is
+Ay;, z;+Az;
* 2
(El)effy Z r E;z"dzdy

members Ji

%
which, if £, (z) is constant throughout the member, evaluates to

Az:
EDgry = E;Ay.Az, [Az (20 2na* Tl) + (2,1~ Zna

members

The radius of curvature of the multimorph due to the in-plane stresses is

Az

i
Z GiAyiAZi(Zb,i —zZ, T 7

M

_ y _ members

Pc (E[)eff,y

members

In the case of stresses due to thermal expansion
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oy = aE AT, (2.16)

which, when substituted into (2.15), with the assumption of equal temperature change A7, for all

members, gives

* Az
1
Z oE; AyiAZi(Zb,i “Zha T 7)
1 M

_ yth members AT, = yAT,. (2.17)
Pein  (EDe, * Az 2
Z E; AyiAZi[AZi Zbi a3 (2= Zna) ]

members

Equation (2.17) allows y to be calculated analytically for a CMOS-MEMS beam of any level of

complexity and with v in hand, (2.2) and (2.3) are used to calculate 6, and z;,, respectively. As a

tip
comparison with the use of the bimorph theory to describe an actuator with an embedded poly layer
(see Figure 2.8), the multimorph theory agrees with FEA to better than 4% across the range of metal
thicknesses shown in Figure 2.11 (a). The variation in y with #,,; for m1pf beams of varying width is
presented in Figure 2.11 (b). While narrower beams have greater sensitivity, the difference is less than
4%. The multimorph theory has been shown to match experiment for beams more complex than
m1pf[55] and can be used to design new actuator types like the one shown in Figure 2.12 in which the
heater is a stiff, resistive metal such as nichrome. The theory also highlights the advantage of scaling
down thickness as shown in Figure 2.13 to offset some of the negative scaling of 6, with /,. The dif-
ference in thermal sensitivity between an m1f and an mla beam is ~8% as its magnitude increases

from 19.5 m 'K to 21 m™ 'K, respectively. Such a change is not possible for the m1pf beam as the

thicker field oxide is needed to protect the poly from the etchant during release etch.

The final insight for actuator design provided by the multimorph theory is relevant for custom fab-
rication technologies for which the metal:oxide ratio can be defined by the user. In each of the graphs
from Figure 2.8 to Figure 2.12, a maximum is observed in the magnitude of the sensitivity. This condi-

tion occurs when stiff, high CTE materials are confined to one side of the neutral axis and the rela-
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tively pliable, low CTE materials are confined to the other side of the neutral axis. For a JAZZ m1f

beam only an additional 2% sensitivity would be gained from optimizing layer thicknesses, but for an

ml1pf beam the gain would be 6%.

FIGURE 2.1 (a) Comparison of the multimorph theory prediction of y for a mIpf beam and the value extracted
Jfrom FEA over a range of ty, for a fixed t,. The prediction using Timoshenko's bimorph theory is shown for
contrast. The geometry and material parameters of the beam are the same as used for the graph in Figure 2.8.
(b) Thermal sensitivity variation of a m1pf beam for a range of wy, but fixed e, = 0.2 pm.
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FIGURE 2.12 Comparison of m1pf beam sensitivity over a range of t,,| with the sensitivity of electrothermal
actuators of various thickness t, with a nichrome heater above the metal layer.
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FIGURE 2.13 (a) Variation in vy as t, is reduced showing the advantage of scaling thickness. (b) The sensitivity
gain in changing from a 1 pm wide, 1.7 pum thick m1f beam to a m1a beam is a result of a 0.1 yum reduction in t,

The thermal sensitivity variation of an m1pf beam of equivalent dimensions is shown for comparison.
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2.2.3 Impact of Temperature Distributions
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One of the assumptions in deriving (2.2) and (2.3) is constant beam temperature along its length but

this is not practically achievable in real devices. Xie et al. [53] showed that 6, is dependent on the

average temperature change AT, . For single electrothermal actuators this is sufficient, however, for

arrayed mirrors with folded actuators, the rotation angle and the translation of the mirror must be

known to avoid collisions between adjacent array elements. Given a temperature change distribution

AT, (x) along the actuator length, the thermally generated moment about the y-axis is

* Az
— 1
My,th(x) = E o;E; AyiAZi(Zb,i —Zp T 7) AT, (x).

members

Equation (2.18) replaces the numerator in (2.17) to give

* AZI-
Z oE; AyiAZi(Zb,i -z, 7)
L - members
pc * AZI- 2
Z E; AyiAZi[AZi(Zb,i “Zna T ?) (2~ Zpa) J
members
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which is integrated to obtain 6, and z;, for a given temperature distribution.

In the steady-state, neglecting convection into the surrounding air and conduction to the substrate,
the heat equation is solved to give temperature change distributions for m1pf beams and m1f beams.

The temperature change distribution in the m1f beam is

ATa,mlf(x) = Cl,l,mlfx + CO,I,mlf for x < Ay, (2.20)
ATa’mlf(x) = Cl,l,mlf”b + Co,l,mlf for Ay, <x <Ay + wy, (2.21)

and
ATa,mlf(x) = Cl,z,mlf(x —wp) + Co,z,mlf for x > Al + wy,. (2.22)

The temperature distribution in the m1pf beam is

2
ATa,mlpf(x) - C2,mlpfx + Cl,mlpfx + CO,mlpf' (2.23)

The coefficients C;, derived in Section 2.3, depend on the power dissipated in the actuator, the geom-

etry of the beam and the thermal isolation used to manage the thermal dissipation of the device.

For example, typical temperature distributions are shown in Figure 2.14 for a m1f beam with dis-
crete resistors and a m1pf beam. The temperature distributions are generated with equivalent thermal
isolation configurations, actuator geometry and power dissipations to provide a direct comparison of
each beam type. For this comparison, convection and conduction to the substrate are equivalent for

each beam type, so neglecting them for the sake of analytic simplicity does not affect the conclusions.
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FIGURE 2.14 Typical temperature distributions for a mif bimorph (|y| = 18.9 m K ) with discrete resistors and
a mIpf multimorph (y| = 18.1 m ' K1) with embedded poly film shown in plan view schematic. The dissipated
power (P, = 0.5 mW) and beam geometry (I, = 100 um, wy, = 2 um) are the same for each beam type and

A = 0.5 for the resistor in the m1f beam. The thermal isolation is shown as a black box because its detailed
treatment is not covered until Section 2.3. The temperature is assumed constant within the heater.
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For the m1f beam, the angle along the beam 6,(x) is

_ _ Cl,l,mlf 2
ea,mlf,l(x) = lefATa,mlf(x)dx = Ymi T, Y + Co,l,mlfx for x <A, (2.24)
Cl,l,mlf
0, mia(¥) = ymlfxzb(————z e CO,Lmlf) for A< x < My + Wy, (2.25)
and
Cl,Z,mlf 2
Ba’mlm(x) = ymlf(_z (x— wh) + C0,2,m1f(x — wh) for x > Al + wy, (2.26)
(Cl I,mlf Cl 2m1f) 2.2
+ B = A lb + (CO,l,mlf_ Cojzjmlf)klb)

assuming 6, n171(0) = 0 and a rigid heater and noting that 6, p,;r1(Al,) = 0, 1£3(A, + wy). Integrat-

ing 6, 1,11(x) along the length of the beam yields the z-displacement

Y C
Zamigl () = %“(%mlff - coalamlfxz) for x < My, 2.27)
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~ YmigC1imif
Za,mlf,2(x) T 3

+ (x—My)sin®, (ML)

(M)’ + Co g yi(My)’)  For My<x < My + (2.28)

and

Cl 2,mlf 3 COZ 1f 2
Zamig3(¥) = ymlf(——’gfi—(x—wh) T (- wy) forx >y +wy,  (2.29)

(€ lmlf_Cl 2m1f) 22
+( L2 - (Co e~ Co gt M) (5~ W)

(Cl,l,mlf_ Cl,z,mlf)k3l3 (CO,I,mlf_ CO,Z,mlf)x212
a 3 b 2 b

+wysin®, {(A],)

assuming z, ., 1{(0) =0 and noting that z, ,1¢3(Ay, + W) = 2y 111 (M) + wysinBy(rl,) for a rigid

heater.

For the m1pf beam, the angle

C C
_ _ 2,1,mlpf 3 1,I,mlpf 2
9a,mlpf(x) o jymlpfATa,mlpf(x)dx - lepf( 3 X 2 X +C0,1,mlpfx) . (230)

assuming 6, ,1,f(0) = 0. Integrating 6, ;1 ,f(x) along the length of the beam yields the z-displacement

C C C
4 3 2
2.Lmlipf 4 T 1.lmipf 3, “0.Lmlipf ) , (2.31)

Za,mlpf(x) - ymlpf( 12 X 6 2

assuming z, ,1,1(0) = 0.

The angular and z-displacements for the beams and temperature distributions shown in Figure 2.14
are shown in Figure 2.15. Only 4% of the 16% difference in the angle at the free end of the beams,
Biip = 0a(/,), 1s due to the difference in the thermal sensitivities of the two beam types because

Wip = 0.4 um for wy, =2 pm. The remainder of the difference in 6y, for the two beams comes from the
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difference in the temperature distribution in the beams. Similarly, 14% of the 18% difference in tip dis-

placement, z;, = z,(/,), is due to the difference in temperature distribution.

FIGURE 2.15 Graphs of (a) angular displacement O,(x) and (b) z-displacement z,(x) for the beams and
temperature distributions shown in Figure 2.14.
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The shape functions of the beam for angular and z-displacement are necessary for an understanding
of the behavior of the actuator, but it is the 0, and z;, of the free end of the beam that are ultimately
the parameters of interest as they directly translate to the position of the mirror. The tip angle of the

mlf beam with discrete heater resistors is

2
C +(C -C )
_ 1,2,mlf 1,1,mlf 1,2,mlf
etip,mlf - ’lef(laWh)L ) (Zaiwh) (2.32)

+ Comit* (Cotmir— C(),z’mlf)x\]

and the tip displacement is

2 2
vl —w)(C +(C -C,, (320
~ Tmifll, h [ 1,2,mlf 1,1,mlf 1,2mlf (la_wh) ) (2.33)

Ztipmlf — 2 3

+ Coomit T (Cotmir~ Copmip (2~ 707‘] Fwpsing, (A1)
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The tip angle of the m1pf beam is

C C
. 2,1,mlpf,;2 1,1,mlpf
etip,mlpf - ymlpfla( 3 la + 2 Za + CO,I,mlpf) (2.34)
and the tip displacement is
I e C
_ imlpftal ~2,1,mlpf,;2 1,1,mlpf
Ztip,mlpf - 2 ( 6 Za + 3 la * CO,I,mlpf) : (2.35)

This section raises many questions related to the temperature distribution in the beams. They are
answered in the next section when the thermal design is analyzed. But this section demonstrates how to
assess electrothermal actuator compositions of two or more members using Timoshenko’s bimorph
theory and a multimorph theory, respectively. The common types of vertical electrothermal actuator
available to the MEMS designer are examined. It is shown that there are two advantages to using the
m1fbeam with discrete heaters as opposed to an m1pf beam: 1. an inherently better thermal sensitivity
v and 2. a temperature distribution with a higher maximum temperature for a given input power. It is
also shown that an mla beam can be substituted for an m1f beam to produce an 8% higher y than the
mlf beam. However, the issue of the heater width in an m1f or mla beam becomes significant as the

actuator scales down. This is addressed in the following section.

2.3 Actuator Thermal Design

As shown above, electrothermal actuation occurs when the temperature of a bimorph or multi-
morph of suitable configuration and material properties is heated. In this section, the thermal proper-
ties of a folded electrothermal actuator and the mirror it actuates are analyzed to derive an expression
for the temperature change distribution in terms of the geometry, material properties and configuration
of the elements. The power scaling of the two actuator beam types is derived and the optimal place-

ment of the heater resistor along the m1f beam is determined. The goal in this section is to highlight
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the design trade-offs between the mla/m1f beams with discrete heater resistors and m1pf beams as the
micromirrors are scaled down and to demonstrate how the different thermal isolation elements contrib-

ute to overall device performance.

FIGURE 2.16 Detailed plan-view schematics of the elements considered in the thermal analysis of the
micromirror system for (a) a mla-based actuator with discrete heater resistors and (b) a m1pf-based actuator.
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2.3.1 Folded Electrothermal Actuator Thermal Model

A schematic of a folded electrothermal actuator is shown in Figure 2.16. There are two legs to the
actuator, identified as “outer”, which is connected to the anchor and “inner” which is connected to the
mirror pedestal. The convention for reference directions is shown in Figure 2.16. The reader should
note that for the purposes of analysis, the origin of the inner actuator is taken from the end at which it
is joined to the outer actuator, and its reference frame (x’,)’,z’) rotates with the tip of the outer actuator.
In this way, the equations derived in this section can be applied equally to both inner and outer legs of
the actuator. The elements considered in the thermal analysis are the struts connecting the actuators to
each other, the mirror and the anchor, the via isolation units designed to increase the localization of the
temperature gradients, the bimorph/multimorph beams, the resistive heater and the pedestal being

actuated.

In general, convection and conduction through air to the substrate occurs for each element in the
device, however a detailed 2-D analysis of an electrothermally actuated mirror by Lammel et al. [30]
that considered these factors, found only 2% of heat in their device was lost to free convection from the
actuator (for convection coefficient A, = 10 Wm'zK'l). Exact analytic solutions exist for the tem-
perature distribution in a thermally conducting beam due to heat loss from its surface [56]. Examina-
tion of these exact analytic distributions find agreement with Lammel’s observation. For example, the
temperature drop along a cantilever whose base is maintained at 100 °C increases from 0.1 °C to
2.6 °C as the general thermal transport coefficient Ay, increases from 10 Wm™K™! to 250 Wm™2K™! (hy,
is defined to encompass all surface loss mechanisms). However, Lammel et al. found that convection
and conduction through air to the substrate by the mirror did contribute a significant heat loss to the
device (10%) due to its relatively large area. More importantly, Lammel et al.’s analysis showed that
the modeled shapes of the temperature distributions in their device were not altered by changing the
values of the parameters describing free convection and air conduction, only the magnitudes were

affected. In effect, air conduction and convection represent a distributed load that globally suppresses
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the temperature response of the various elements of the device. In light of this, a 1-D analysis of all the
elements, with the exception of the pedestal, is deemed sufficient to first order, to understand the effect
on 6y, and z;, of varying thermal isolation, heater placement and pedestal size as the devices are
scaled down. Air conduction and free convection from the pedestal to the substrate and surrounding air
are modeled as a single thermal resistance. The reader should note that the convection and air conduc-
tion losses scale with area, so their impact reduces as the device scales down, however, the surface area
to volume ratio increases and convection losses increase, as shown in Section 2.3.4, proportional to
conduction losses through the solid. This effect could bear further scrutiny but is beyond the scope of

this work.

With the exception of the beams, in which a true temperature distribution is desired, only the tem-
perature drops across the other thermal elements of the device are needed and they are treated as
lumped elements. The lumped, 1-D thermal resistance of the elements are Ry, |, for a bank of via isola-
tion units (i.e. a number N, ; in parallel), Ry, o, Rip s m and Ry, ¢ anc for the struts joining the actuators,
connected to the mirror and connected to the anchor, respectively, and Ry, peq for the pedestal. The

lumped resistance of each leg of the actuator, Ry, ,, is also a necessary quantity as shown below.

With respect to a particular actuator, inner or outer, the 1-D lumped thermal resistances of all the
thermal elements between the actuator and ground can be grouped into two parameters: Ry anc, the
thermal resistance to the anchor side and Ry, ,, the thermal resistance to the mirror side, which allows
each actuator to be represented as the equivalent circuits shown inFigure 2.17. The exact value of each

thermal resistance depends on which part of the actuator is considered.
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FIGURE 2.17 Equivalent steady state thermal circuit schematics for (a) the m1* type actuator and (b) the m1pf
type actuator.

Rth,anc 7‘Rth,a (I'X)Rth,a Rth,m
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\"4
For the outer actuators in Figure 2.16 (a) and (b)
Rip anc.outer = NsvRihy T Rihsanc (2.36)
and
Ry mouter = NovBiny T Riha T Rinsa T Rihsm * Rth,ped : (2.37)
Similarly, for the inner actuator
Ripancinner = NsyvRiny T Rina ¥ Ringa T Rin g anc (2.38)

and
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=N_R, +R

Rth,m,inner S,V "th,v th,s,m

Ry g (2.39)

where N , is the number of thermal isolation banks in series in any particular heat path.

The heat power dissipated in the actuator in both cases for an applied voltage V' is
P, = 2, (2.40)

where, N and N, are the number of heaters electrically connected in series and parallel, respec-

tively.

Equations (2.36) to (2.39) embody the crux of the problem in optimizing the thermal performance
of the folded electrothermal actuator: the resistance to heat flow is not the same in each direction and
are not equivalent for the inner and outer actuators. Values for each parameter are determined analyti-
cally or by FEA in Section 2.3.4, but the next step is to apply the above equations to determine the
temperature distributions by solving the heat equations for the inner and outer actuators and for m1la/
mlf and m1pf beams. The reader should note that R}, is also dependent on temperature and its treat-
ment as a constant is an approximation. Todd et al [54] and Lammel et al. [30] addressed this issue and
it is felt its inclusion in this analysis would not significantly change the conclusions but would add

considerable complexity to the analytic expressions.

2.3.2 Multimorph Actuator Response with Discrete Heaters

It is shown in Section 2.2.3 how the shape functions of the actuator beams depend on the coeffi-
cients of the temperature change distributions in the beam. The general form of the distributions arise

from the heat equation for isotropic media,

(PaCh)egrpATaa = Moty VAT 0 a+ Q6 — QL (2.41)

41



Chapter 2 Electrothermally Actuated Mirror Design and Operation

where pg is material density, C,, is specific heat capacity at constant pressure, (pgCp)efry, 18 the effec-
tive heat capacity of the beam per unit volume, .y, is the effective thermal conductivity of the beam,
Qg is the rate of heat generation in the beam per unit volume and Q) is the rate of heat loss in the beam

per unit volume.

The analysis here is steady-state so AT ad = 0. For multimorph beams with discrete resistor heaters,
there is no heat source, or heat sink, in the beam so both O and Q; are zero. Convection and air con-
duction are assumed negligible in the beam, so only conduction along the length of the beam is consid-
ered. Therefore,

2
d"AT, 4 _

dx2

(2.42)

and the distribution is linear, such that AT, 4(x) = C;x+ (.

The beam is divided into two sections by the heater. The coefficients of the temperature change dis-
tribution must be found for each section. This is done by determining A7}, through thermal circuit anal-
ysis:

(7\‘Rth,a * Rth,anc)((1 B 7L)Rth,a * Rth,m)
R + Rth a T R

th,anc th,m

The denominator of (2.43) recurs frequently enough in this chapter that it is replaced by Ry, gy (i-€.
the sum of all the thermal resistances in the system). AT}, is consequently the maximum temperature

change AT, in the discrete resistor heater actuator. Similarly,

AT, 1-AMR +R
h - p ( th,a th,m (2‘44)

P = nhn
anc,d h
XRth,a + Rth,anc Rth,sum

and
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AT, Ry, + R

_ _ th,anc

P P, . ——
md (1- 7L)Rth,a + Rth,m h R

th,sum

(2.45)

which are needed to determine the angular displacement of the non-powered actuator.

The heat power flowing to the anchor and mirror determines the temperatures at the ends of the beam:

((1- }“)Rth at Rth m)Rth anc
ATa,d(o) = Panc,thh,anc = Py R (2.46)
th,sum
and
(AR, +R )R
AT, (1) = Py Ry = Py —2 7 te it (2.47)
th,sum

The known temperatures, AT}, AT,(0) and AT,(/,) are used to determine the coefficients of the tem-

perature change distributions in the beam so (2.20) and (2.22) are re-written as

(1 *K)Rth +Rth Rth
AT, 4(x) = Py S

x+R for x <Ak, (2.48)
Rth,sum la ~Wh th,ancJ

(XRth,a + Rth,anc)(( 1 - ?\')Rth,a + Rth,m)

ATa’d(x) = P R, for Mp<x < Al + wy, (2.49)
,sum
and
AR, . +R R
tha "~ th, h,
AT, 4(x) = Py - Ra anc[ ; _t 4 x+ Ryt R, mj for x > My, +wy, (2.50)
th,sum a~ "h ’

Equations (2.24) to (2.29), (2.32) and (2.33) are now presented in their general forms:

(1-M)R, . +R R
ea’d(x) _ YPh‘ th,a th,m th,a 2

7 20— Wh)x + Rth,ancxj for x <Ay, (2.51)
a

th,sum
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1-M)R,  +R Miva | p
[( - ) th,a th,m] 2 th,anc

0, 4(x) = YP My - for My<x <My +wy, — (252)
th,sum
AR, . +R R
h,a th,anc th,a 2
0,4(x) = 7P}~ { , ? ( ——(x—wy)"  forx> Ay +wy, (2.53)
ad Rth,sum 2(13 - Wh)
R, (I.—w)
2 h, h
Ry T Ry (= wh)J AR }
P (1-MR, +R { R ]
h th,a th,m th,a 3 2
Zpd(X) = v - : : —Xx +R x| forx <Al (2.54)
» 2 Rth,sum 3(l,—wy) thanc

AR
th,

P, (ML) [(l—k)Rth,ﬁRth,m][ 3 a+Rth,anc:|

2, 4(¥) = 5 -

for My<x <Ay +wy,  (2.55)

th,sum

+(x— llb)sinea’d(klb)

(x—wp) for x> Ay + wp, (2.56)

z. (x) = Yi . xRth,a + Rth,anc Rth,a
a,d 2 R 3(la — Wh)

th,sum

AL —
- (Rth,a * Rth,m)(x B Wh)z} - kZRth,a(la - Wh)((x - Wh) - ( a3 Wh)):|

+wy,sin®, 4(Al)

P, R
_ h"'th,a
6tip,d - Y(Za_ Wh) IR

{Rth’anc(l +2)(1-2) + Ry A1~ 1) 2.57)

th,sum

2R R
th,anc”"th,m
+ Ry (2= 1) + e - }
th,a

and
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2
_ Y(Za B Wh) Pthh,a
Ztipd ~ 2 3R

2 3 2 3
{Rth,anc@% L) Ry (A =307 +07) (2.58)

th,sum

3R R
Ry, (34— 3ty ——th—@:——th—@} +wysin®, 4(Aly)
th,a

Equations (2.51) to (2.58) are used directly to analyze the electrothermomechanical response of a mul-
timorph beam with discrete heater resistors for any combination of thermal isolation. Additionally,

(2.57) contains the average temperature change of the beam

P R 2R, . R

7 h%th, h,anc"th,

AT, 4 = S Ry ane(1+ M) (1 =) + Ry A(1 = 1) + Ry M2 —4) + —E0E T | (2.59)
2Rth,sum Rth,a

which is used later to compare the shape functions of beams with different temperature distributions.

2.3.3 Multimorph Actuator Response with Distributed Heaters

The heat equation
(pdcp)eff,bATa,e - Keff,bvaTa,e +06- 9L (2.60)

for beams with isotropic members and resistive films embedded along their length has a different solu-
tion than that for discrete resistor heaters. With the conditions of steady-state operation and no internal

heat sinks and the assumption of no losses from the surface of the beam, the heat equation simplifies to

2
AT, O

; , 2.61)
dx Keffb
where
0 i (2.62)
G = _— .
Ny sWhbl

is the heat generation in the beam per unit volume.
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Integrating (2.61) twice gives the polynomial temperature distribution in (2.23) for which the coef-
ficients must be determined, AT a’e(x) = CZ’ ex2 + Cl, X Co’e. C, ¢ s found directly from the inte-

gration, but derivation of C ¢ and C  is more involved. From the conservation of energy

P =P, .tP .- (2.63)

anc,e m,e
From thermal circuit analysis,

AT, (0) = P R = Cpe (2.64)

anc,e” " th,anc
and

AT, (1) = P (2.65)

m,eRth,m :

Together, (2.64) and (2.65) are used to derive an expression for C; , which is substituted into (2.23) to

give

QG 2 (P eRthm Panc eRth anc QGZa
ATa’e(x) = x + 2 2 — 2 s+ X+Panc,eRth,anc' (2.66)

) L Ly 2K g,

Fick’s law is then used to derive expressions for the boundary conditions for the first derivative of

AT, . atx = 0 and x = /, that provide the additional equations to solve for P, . and Py, . which lead to

R
th,a
2 +Rth,m
Pince = Ph — % (2.67)
th,sum
and
R
th,a
Rth,anc+ 2
Pre = Py —f———. (2.68)
th,sum

Further, it is noted that for an m1pf beam /,, = /, which leads to
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QG _ Ph —p la . l _ Pthh,b _ Pthh,a (2.69)
h . .
Kefth  Keftn™Np,b"blblo N e P
a a’'pb a
These expressions are substituted into (2.66) to produce
R R
th,a th,a
Ry q 2 ( 2 +Rth,m) Rth,a ( B + Rth,m) Rth,anc
AT, (x) = Py 2= x x+ . (2.70)
’ 2 Z2 ZaRth,sum Rth,sum

a

The maximum temperature in the beam is found by differentiating (2.70) and equating it to zero to

obtain

R
th,a
P h(_z + Rth,m)

R R
_ th,a th,a
AT, max,e R 2 (( P + Rth,m) 2 + Rth,anthh,sum) : (2.71)

th,sum

The coefficients of (2.70) are substituted into equations (2.30), (2.31), (2.34) and (2.35) to obtain:

R R
th,a th,a
Rth,a 3 ( 2 " Rth,m) Rth,a 2 ( 2 + Rth,m) Rth,anc

0,.(x) = vP, X x + x|, (2.72)

e 61§ 2laRthgsum Rth,surn

R R
th’a th,a
Ry a4 ( P +Rth,m)Rth,a 3 ( b +Rth,m)Rth,anc )

Z,o(X) = yP | —=x + X+ x|, (2.73)

e 24[5 6laRth,sum 2Rth,sum
0. —y Pthh,a[Rth,anc + Rth,a + Rth,m n Rth,mRth,ancj (2.74)

tip,e aRth,sum 3 12 3 Rth,a

and
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2
_ Y_laPthh,a(SRth,anc + Rth,a + Rth,m + Rthstth,ancj (2.75)

Zipe™) = 3R 12 2 4 R

th,sum th,a

Equations (2.72) to (2.75) are used directly to analyze the electrothermomechanical response of a mul-
timorph beam with embedded resistive layers along the beam length for any combination of thermal

isolation. Additionally, (2.57) contains the average temperature of the beam

_ _ Pthh,a[Rth,anC n Rth,a n Rth,m n Rth,mRth,anCJ , (2‘76)

AT,
e R 3 12 3 R

th,sum th,a

which is used later to compare the shape functions of beams with different temperature distributions.

2.3.4 Thermal Resistance of Device Elements

To use the equations in Section 2.3.2 and Section 2.3.3, the thermal resistances of the various ele-
ments must be known. This subsection details how these quantities are calculated analytically, approx-

imated using FEA or inferred based on the literature.

The thermal resistance to heat conduction through a piece of homogeneous solid material of length

1, width w, thickness ¢ and thermal conductivity « is

/

th,cond =

R .
Kwt

(2.77)

When N, such elements are arrayed in parallel, such that the temperature difference across each is

equal, the thermal resistance becomes

[

Rth,cond = NpKwt > (2.78)

and similarly if N of the N, parallel elements are arrayed in series, such that the same heat flux flows

in each,
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N

Ry cond = e (2.79)

The lumped thermal resistance of the mirror pedestal is calculated using an effective heat transfer
coefficient A, that models two surface heat loss mechanisms. For a structure of surface area A4, the

thermal resistance to heat loss from the surface is

1

R = —
th,surf

(2.80)

The heat transfer coefficient /4, comprises heat transfer through convection (%,,,) and heat transfer by

conduction through the air surrounding the structure to the substrate (/,,q), such that

hy = oy +h

conv cond *

2.81)

The value of A, is found analytically using the Nusselt number of the structure [56], assuming a
shape and orientation dependent correlation function, and lies in the range from 5 Wm?2K! to 15 Wm’
2K-! for MEMS structures from micron to mm scale. However, 3-D heat transfer through air is a prob-
lem that can only be solved analytically for a narrow set of structures. In this work, 5.4 is analyzed

through FEA.

For the purposes of analysis, the substrate is assumed to have a constant temperature 7, = 273 K.
As shown in Figure 2.18 (a), the model comprises a square hole of width Q - w,,. representing the
etch pit around a folded electrothermal actuator and a square plate of width wy,.4 and thickness 7,4 at
the center of the upper plane of the hole represents the pedestal. The pedestal is given a fixed tempera-
ture Tjeq = 373 K. The symmetry of the structure allows it to be modeled using a quarter section to
reduce the DOF. The temperature distribution and heat flux results from a COMSOL Multiphysics 3-D
heat transfer simulation are shown in Figure 2.18 (b) to (e) for two cases: 1. Q- Wy > Wpeq
(Figure 2.18 (b) and (c)) and 2. € - wy < Wpeq (Figure 2.18 (d) and (¢)). The heat flux in case 1 is pre-

dominantly vertical. In case 2, there is significant lateral heat conduction from the pedestal to the
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anchor and as Q decreases lateral conduction through the air from the sidewalls of the pedestal

increases in dominance.

FIGURE 2.18 FEA of heat transfer through air from a suspended plate in an etch pit. (a) The model geometry.
(b) Temperature distribution in the air in an quarter section of the structure for a large lateral gap between the
plate and the sidewall. (c) Heat flux from the plate to the sidewall for a large lateral gap. The length of the arrow
represents the magnitude of the heat flux. (d) Temperature distribution in the air for a narrow lateral gap.

(e) Heat flux for a narrow lateral gap.

(b)

340
330
320
310
300
250
280

‘a
- 4

(d)

Min: 273.15
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FIGURE 2.19 Trends of hy, and Ry, peq extracted from FEA simulation over a.range of Q - Wan and Wpeq. (@) hy,
variation with € for a number of Wyeq. The red line is the locus of 5% increase in hy, from the constant value at
large pitch. (b) hy, variation with Wpedfo” a number of (L (c) R ped variation with wpedfor a number of ()
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Simulations are performed over a range of € - w,, and wy.q and values of A4 are extracted by
integrating the heat flux over the pedestal surface and dividing by 7},.q -7 and the total pedestal sur-
face area. Values of Ry, ,eq and /y, are calculated using (2.80) and (2.81), respectively. Graphs of the
trends in these parameters are shown in Figure 2.19. In Figure 2.19 (a), Ay, is constant over a wide
range of Q for which vertical heat flux dominates. The red line is the locus of 5% change in Ay, from
the constant value at large pitch. It represents the transition from a region of the design space in which
vertical air conduction dominates. As ¢, decreases, the locus moves towards smaller values of Q. As

Wanc Increases, the locus moves toward larger values of Q. As 7.4 increases, the locus moves towards
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higher value of Q. For values of € for which vertical conduction dominates, Ry, 5eq is approximated

using the function R = 38w;)el('11 fitted to the simulation data shown in Figure 2.19 (a).

th,ped

For a multimorph beam the effective thermal conductivity

E Kl.witl.

Kopp = members (2. 82)

E wt;

members

is used to calculate the effective thermal conductivities of the actuator beams and the struts. For beams
comprising only members whose widths equal the beam width, (2.82) simplifies to the thickness

weighted average

E Kiti

— members ) (2.83)

K
eff
Iy

The via isolation structures have a complex 3-D structure as shown in Figure 2.6 and the heat flux
lines are not parallel in the structure. This requires the use of FEA to determine x ¢ and is done by gen-
erating a 3-D model of the structure and applying a known temperature difference AT across the ends.

By extracting the heat flow through one end, K. is calculated using Fick’s law:

P

in [
mn

Temperature fields and heat flux from a Comsol Multiphysics 3.5 FEA are shown in Figure 2.20
and demonstrate how the heat flow is contained within the via chain. The thermal conductivity values
for the simulation are taken from the Comsol Multiphysics Materials Library [52]. The extracted val-
ues of Kefr , for two values of via enclosure are shown in Table 2.4. It is clear that via enclosure limita-

tions are a constraint on the achievement of higher thermal isolation, for example, reducing e, from
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0.9 um to 0.2 um reduces kg, by 30%. In the CMOS-MEMS technology used for this work, the

structures become very hot during release etch (see Chapter 5) and the etch rate of the TiW barrier

metals and W vias is accelerated, necessitating larger via enclosures. If this effect could be prevented

by sidewall encapsulation by oxide, or some other material, the thermal isolation of the devices could

be enhanced and better performance could be achieved.

FIGURE 2.20 Thermal FEA on via isolation structure of the type shown in Figure 2.6 (a) to extract Ky for (a)

ey, = 0.2 um and (b) e, = 0.9 um.The upper image shows the temperature field for a fixed AT = 100 K across the
length and the lower image shows an arrow plot of the heat flux. The length of the red arrows is proportional to
the heat flux.

Keftyy = 21 Wm 'K Kefry = 31 wmlK! Max: 373.15
370
360
350
340
330
320
310
300
290
T'=373K T=373K 280

Min: 273.15

(a) (b)

The effective thermal conductivities of various CMOS-MEMS beam types are given in Table 2.4.

The values are calculated using (2.82) with Ksio, =21.4 Wm 'K, Kmet=191Wm‘1K'1,

Kpoly

=34 Wm''K! [52]. The thicknesses used in the calculations are mean values of JAZZ layer

thicknesses taken over a number of runs. The thermal sheet resistances are also given because the layer

thicknesses are fixed for a given beam type and this gives a better comparison of the relative amount of

thermal isolation provided by each beam type.
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TABLE 2.4 Effective thermal conductivities and thermal sheet resistances of various CMOS-MEMS multimorph
beams based on statistical, measured JAZZ layer thicknesses.

Beam Type Kegrin Wm™'K™! | Thermal Sheet Resistance in KW™!/square
mla 71 8961
mlf 67 8950
mlpf 72 8256
m2f 46 6843
m21f 78 4054
m3f 39 5536
m32f 51 4246
m321f 81 2698
m4f 68 1578
m4321f 98 1095
mA43 strut 34 3143
via isolation, e, = 0.9 um 31 -
via isolation, e, = 0.2 pm 21 -

The values of k. for each device element are used with the geometric parameters to calculate their

thermal resistances. The heaters in m1*-based actuators are treated as thermal shorts as they have a

continuous layer of m2 and almost continuous layers of m1 and poly. The thermal resistances are

and

R

_ Ry _ Ly
Ria = T Nt
p,b p,b eff,bb*b
_ Rth,iso _ Ziso
th,V b}
Np,v Np,erff,vwisotiso

1

R =
th,ped ’
pe 2hthlped( Zped +2 tped)

_ 2N p(wy, tgy,) — gy,

th,s,a
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Keff,swsts

R - R (2.89)

th,s,anc th,s,m

An example of the thermal resistances for the topology shown in Figure 2.16 with /, = 100 pm,
Wy =2 um, g, =2 um and /peq = 50 um are given in Table 2.5. For this set of device parameters the
struts contribute 1% at most to the thermal resistance, with the exception of the anchor strut, for which

it is ~3.5%.

TABLE 2.5 Examples of thermal resistances for the device topology in Figure 2.16.

Device Element Dimensions (um) Ry, (KmW)

mla actuator, Ry, , I, =95.5 pm, wy, =2 um, 224
ty=1.57 pm, N, p, =2, wp =4.5 pm,

mlpfactuator, Ry, , | i, =100 um, wy, =2 um, #, = 1.68 pm 207
Nyp=2

anchor strut, Ry g anc | Ws = 11.8 pm, g, =2 pm, 2
t,=9.36 um

actuator strut, Ry, ¢, | as above 4

mirror strut, Ry, oy, | @s above 2

via isolation, Ry, ligo = 6.6 um, wi;, = 1.2 pm, 57

tiso = 1.57 pm, N, , =2

pedestal, Ry, peq Wped = 50 pm, #,64 =4.37 pm 2046
Rth,anc,inner formla 515
Rth,anc,inner for m1pf 498
Rip m inner 2105
Rih anc,outer 59

Rth,m,outer for mla 2555
Rth,m,outer for m1pf 2538

2.4 Folded Actuator Electrothermomechanical Response

The coupling of two electrothermal actuators to make a folded electrothermal actuator like those

shown in Figure 2.16 results in a pedestal motion that depends on the temperature distribution in both
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legs of the actuator. This section explores the optimization of the actuator, the angular scan range and

the power scaling of the folded electrothermal actuator.

2.4.1 Pedestal Displacement

The devices in Figure 2.16 are abstracted to the line drawings shown in Figure 2.21 to demonstrate
the geometric dependence of the angular displacement 6,,, z-displacement z.q and x-displacement
Xped Of the mirror pedestal on the tip displacements 6, and z;;, of each beam. The “ped” subscripts for
the x- and z-displacements reflect that the pedestal and mirror translations are not the same, as shown
in Section 2.5.3. The diagrams are conceptual and the reader should note that although they have been
drawn using elements of constant curvature, in reality the curvature varies along the length of the
beam. The angular displacement of the mirror pedestal as shown in Figure 2.21 (b) when the outer

actuator is powered, or in Figure 2.21 (¢) when the inner actuator is powered, is

6 =20

m tip,outer

9tip,inner . (2-90)

This formulation is a consequence of the alternate axes for the inner actuator shown in Figure 2.16.

FIGURE 2.21 Abstraction of the folded electrothermal actuator shown in Figure 2.16. The powered actuator is
shown in red, while the unpowered actuator is shown in blue. Constant curvature beams are used for indication
only. (a) Definition of mirror pedestal angular displacement 0, and translational displacements Xped and Zpeq in
the x- and z- directions, respectively. (b) Demonstration of Oy, relation to the angular displacements of each
actuator in the folded structure with the outer actuator powered. (c) Angular displacement when the inner
actuator is powered.

z unpowered folded powered actuator unpowered actuator
actuated structure ) electrothermal actuator with finite AT,(x)  with finite AT, (x)

actuator joint ¢ — O e
X o __0

anchor #

! 'wetip,inner

............

etip,outer
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The temperature distribution in the unpowered actuator results from the heat flux from the powered
actuator. It is valid for the two actuation cases i.e. inner actuator powered, outer actuator unpowered
and vice versa. 8y, for the powered actuators is given by (2.57) and (2.74) and the expressions for 6,
for the unpowered actuators are derived below. A more general form for 8,, would relate all the angles
back to the anchor using a single coordinate axis and 0,,, would be given by the sum of all tip angles.
However, due to the small number of beams and their simple interconnection, (2.90) is acceptable. The
author made a cursory investigation of the forward and inverse kinematic problems in the field of
robotics for a solution to the problem of many beams with arbitrary interconnections, but could not
find an analytic treatment applicable to members of varying curvature. This should be investigated fur-

ther.

The temperature distribution in the unpowered actuator is derived from Fick’s law using the known
input heat flows P;, taken from (2.44), (2.45), (2.67) and (2.68), the temperature at the nearest end of
the powered actuator AT, ., and the temperature drop across the thermal isolation joining the two

actuators. The temperature distribution is

P.
_ in
Ta,un,inner(x) T K Wit x+ ATa,near - Pin(Rth,VNs,V + Rth,s,a) (2.91)
effb""'b’b
for the inner unpowered inner actuator and
AT _ P P. (R, N. +R,_ +R 2.92
a,un,outer(x ) = x a,near in( th,v''s,v th,s,a th,a) 2. )

KetfbWblb

for the outer actuator, where Ny, is the number of via isolation units in series. For actuators with dis-
crete resistor heaters, when the inner actuator is powered Py, = Pyne d inner a0d AT, pear = AT, g inner(0)
and when the outer actuator is powered Py, = Pp, g outer a0d AT, near = AT, g outer(la)- Similarly, for

actuators with embedded resistive films along their lengths, when the inner actuator is powered
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Pin = Pance and AT, peqr = AT, ¢ inner(0) and when the outer actuator is powered Pj, =Py, . and

AT,

a,near

AT,

a,e,outer(z a)-

The displacement angle and the z-displacement of the tip of the unpowered actuators are found by

integrating (2.91) and (2.92) to obtain

R
_ th,a
etip,un =1l |:A Ta,near - Pin( B + Rth,st,V + Rth,s,a)} (2.93)

for both the inner and outer actuators,

2
- Yolar p(Rhaip N g 2.94
Ztip,un,inner 2 anear  ©in{" 3 th,v!¥s,v ths,a) |° (2.94)
for the inner actuator and
2
Tk 2Ry,
Ztip,un,outer 7 [A Ta,near o Pin( 3 + Rth,st,V + Rth,s,a)i| (2.95)

for the outer actuator. In the case of actuators with discrete resistors, (2.94) and (2.95) have additional

z-displacement terms of wy sin0, 4(A/,) to account for the rigid heater resistor.

Analysis of the translational displacements of the mirror pedestal is shown in Figure 2.22. The mir-
ror pedestal displacement in the z-direction is approximated geometrically by assuming the curvature
of both actuators is constant so that x, inner = -la(1 - 8InCO;ype;), While retaining the exact expressions

for the tip angles and z-displacements, which leads to

z ped Fz tip,outer tz tip,inner Ccos 6tip,outer - lasmc etip,inner Sin etip,outer ’ (2.96)
The mirror pedestal displacement in the x-direction is approximated by
Xped la [sinc etip,outer — Sime etip,inner cos etip,outer] ~ Ztip,inner ST etip,outer : (2.97)
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FIGURE 2.22 Analysis of mirror pedestal translational displacement using abstracted line drawings of the folded
electrothermal actuator for (a) powered outer actuator and (b) powered inner actuator.
". Ztip,inner
Xtip,inner: . ! .
P ¥ _xgip,innersmetip,outer

Y ;Ztip,innercosetip,outer

.-‘;: SR Zped

(a)

7. etip,outer
tip,outer

xtip,innersmetip,outer

(b) SR - )
——— . Ztip,inner®O8Ytip outer

At this point all the equations are in hand to describe the rotational and translational motion of the

mirror pedestal when a voltage V is applied to either leg of the actuator. The angular displacement in

the negative rotational sense is

0 =0 0 (2.98)

m- tip,outer ~  tip,inner,un
and in the positive rotational sense

0 ,=0 0 . (2.99)

m+ tip,outer,un ~ " tip,inner
The angular displacement range is

0p = 6 (2.100)

m+,max 6m-,max >

where the “max” subscript denotes the angle achieved at the power that leads to the maximum reliable
temperature of operation AT}, at some point in the actuator beams. A similar set of equations can be

formed for the positive and negative z-displacements and the z-displacement range.
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2.4.2 Optimal Resistor Position for Reduced Power Consumption

The optimal resistor position for the discrete heater resistor actuator is that position A which leads
to the maximum rotation angle 6,, for a given heater power P},. For the purposes of exposition, the
device shown in Figure 2.16 with a mla beam and the geometric parameters and thermal resistances
listed in Table 2.5 is considered. For the embedded poly film actuator, the beam must be on field to
protect the poly from the release etch processes. However, for the discrete heater resistor actuator field

is not needed and the thermomechanical advantage of the thinner m1a beam can exploited.

As laid out in Section 2.3 the temperature distribution and the power necessary to reach a given
heater temperature are dependent on the position of the resistor. For each leg of the actuator, heat dis-
sipated by the resistive elements flows to the anchor through Ry, 4 and to the mirror pedestal through
Ry - If the heater is placed at the anchor end of the outer leg of the actuator more dissipated heat
flows to the anchor than if it is placed at the joint end. However, if the heater of the outer leg is placed
at the joint end, the temperature of the inner actuator is higher and the overall angular displacement is
lower. So, two factors are in opposition, the need to reduce power consumption and the need to have a

large difference in the average temperatures of the two legs of the actuator.

FIGURE 2.23 Normalized angular displacement ®, variation with discrete resistor heater position A for various
actuator lengths 1, of (a) the outer leg of the actuator and (b) the inner leg. In each graph the red line is the locus
of maxima of ®, with respect to \.
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The optimal position of the heater in each leg is established by considering the normalized mirror

pedestal angular displacement

0
__m (2.101)

Y(la - Wh)Ph

m

as a function of the heater placement for a range of actuator lengths. The graphs in Figure 2.23 show
the trends of ®,, with A for a range of /, for the inner and outer actuator and the loci of maxima to
guide the designer in the placement of the resistor. For the set of thermal resistances and geometries in

Table 2.5, 0.16 < Aqp guter < 0.34 and 0.73 <A inper < 0.87 over the range 100 pm < Q <1000 pm.

As the trends in Figure 2.23 are particular to a given design of thermal resistances, the variation in
O, with X for various multiples of Ry, ,eq and /, =500 pm is shown in Figure 2.24 for both actuator
legs to demonstrate the sensitivity and design implications of varying elements of the thermal isola-
tion. Figure 2.24 highlights the opportunity the pedestal thermal resistance presents for equalizing the
response of the actuator legs. For example, ARDEM (see Chapter 4) could be used to create fins on the

backside of the pedestal that would increase surface area and reduce Ry, peq-

FIGURE 2.24 Normalized angular displacement ®, variation with discrete resistor heater position for various
multiples of Ry, eq and an actuator length [, = 500 um for (a) the outer leg of the actuator powered and (b) the
inner leg of the actuator powered.
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2.4.3 Scan Range Scaling

The scaling of the scan range 6y is analyzed for the mla- and m1pf-based actuators over a range of
device pitches €2 The heater positions A = 0.25 and A, = 0.80 for the mla-based actuator are set
to values in the middle of their range for the range of Q considered. Figure 2.25 (a) shows the scaling
comparison between the mla- and the m1pf-based actuators. The better performance of the mla-based
actuator is a result of the higher thermal sensitivity (1, = 20.6 m K1 cf. Ymipt = 18.4 m'K!) and
the ability to control the position of the maximum temperature AT,,,, along the actuator beams. The
graph in Figure 2.25 (b) shows the scaling of 8 with Q for various multiples of Ry, yeq. The increase
in O with decreasing Ry, peq 18 counterintuitive on its face because lower thermal resistance is associ-
ated with lower temperature changes and tip displacements, however, in the case of the folded actua-
tor, a lower Ry, ,q means that proportionately less heat flows through the unpowered actuator, which
consequently has a lower AT, a lower Byip and hence a smaller negative impact on 6;,,. For compari-
son, the scan range scaling for Tsai and Wu’s gimbal-less electrostatic mirror [21] is included. On the
basis of this comparison, electrothermal actuation should be applied when QQ > 180 um for discrete

heater devices and Q2 > 200 um for distributed heater devices.

FIGURE 2.25 (a) Scaling of mla- and m1pf-based folded electrothermal actuator scan range Oy with device pitch
Q The scan range scaling of Tsai and Wu's gimbal-less electrostatic mirror is shown for comparison.
(b) Scaling of mla-based actuator scan range Og with device pitch Q for various multiples of Rip ped-
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FIGURE 2.26 (a) Scaling of mla- and m1pf-based folded electrothermal actuator scan range Oy at small device
pitch Q) showing the point at which the mIpf-based actuator has a larger response than the mla-based actuators.
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The scaling of Oy is unfavorable, but for very dense arrays with small pitch a change in actuator
type from discrete heater to embedded film heater can improve the situation, as shown in Figure 2.26.
However, rotational performance at small pitches falls far below a device like the TI DLP that pro-
duces O = 20°. The discrete heater has a finite width w}, which takes up actuator length that could oth-
erwise be used to generate angular or translational displacements. In Figure 2.26, the point at which
the m1pf-based actuator produces a larger scan range than the mla-based actuator is Q= 105 um.
This cross-over point, like the other aspects of folded electrothermal actuator design is dependent on

the thermal resistances of the device and must be evaluated for each new case.

2.4.4 Speed Scaling

The speed of a MEMS device is typically characterized by its time constant, resonant frequency, or
-3 dB point. Scanning applications typically require video rate speed, or 30 Hz (0.033 s), so the speed
in both the thermal and mechanical domains must exceed this. In the thermal domain the -3 dB point is
inappropriate as the processes are purely dissipative, however a thermal cut-off frequency f ¢ can be
defined as the frequency at which the device response drops by 3 dB from its DC value. This is mea-

sured experimentally but correlates to the thermal time constant,
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1

— > (2.102)
27ch,th

T = RpnCip =

where Ry, is the total thermal resistance to thermal ground and Cy, is the total thermal capacitance
between the heat source and thermal ground and includes the device and the air around it. The thermal

capacitance contribution of the beams is

Cin = Noplo Z PaiCp,Mili = Npp(PaCp)egenly Wolh (2.103)
members
and the thermal capacitance of the other structural elements are similarly defined while the air under

the structure has the simple thermal capacitance expression.

The lumped electrothermal model of a beam is sufficient for determining Ry, for the discrete resis-
tor heater actuators, but the distributed heating of the m1pf beam requires solution of the 1-D, time-

dependent heat equation

2
dAT, d°AT,

ae _
PaColerrn g7 Keth™ 3 +0g (2.104)
X

to derive an approximate analytic expression for Ry,.

For the simple case of a m1pf beam held at the same constant temperature at both ends, (2.104) has

the solution

(@) 12 i mznzK
AT, (1) = 5 li(1—i)——8§ Z L exp| ~———E0 sin(mnli) L (2.105)
| eff,b| ‘b v on m (pyC.) ool b
= odd d™p’effb'd

The first eigenmode (i.e. for m = 1) dominates the transient term in the solution and serves to define

the time constant 1y, , o for the m1pf beam as
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2
(PaCy) eep!
_ p’effb’b _
Tthae — - Rth,a,e,transCth,a,e,trans' (2.106)
T Keffb
The heat capacity of the dominant mode is
2N _(pC.) oo LW t
,b\Fd ffb bbb
Cth,a,e,trans = : IfT)Ee i [57]. (2.107)

By equating (2.106) and (2.102) and substituting in the expression for Cy, from (2.107) an approxima-

tion of the thermal resistance of the powered m1pf beam from a transient perspective is given as

/
b
R - . (2.108)
th,a,e,t
LTS 20N, bkt Wl

The optimal value of thermal resistance of a mla-based actuator from a speed perspective is achieved

when A = 0.5 which leads to

/ R
b th,a,d
R - — lthad (2.109)
th,a,d,t
a,d,trans 4Np,bkeff,bwbzb 4

On the basis of this analysis, if all other things were equal, © ~ 0.4t , 4 and the mlpf is inher-

th,a,e
ently faster than the mla beam by more than a factor of two.

A comparison of the mla- and mlpf-based topologies from Figure 2.16 is shown in Figure 2.27
using the thermal resistances and geometries from Table 2.5. Optimal resistor positions are used for
the mla-based actuator so the speed scaling analysis is compatible with the power scaling analysis of
Section 2.4.5. In the speed analysis, the thermal circuit in Figure 2.17 (a) represents the m1pf-based
actuator and the thermal resistance from the thermal transient perspective is split equally between the
two halves of the circuit (i.e. the total thermal resistance between the power source and the anchor is

Rinanc T 2R a ¢ trans)- Speed scaling is favorable with decreasing pitch for folded electrothermal actu-
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ators. Changing the thermal resistances of the device can be used to impact the device speed as shown

in Figure 2.27 (b).

FIGURE 2.27 (a) Scaling of the thermal cutoff frequency f. o with device pitch Q) for the actuator topologies
shown in Figure 2.16. (b) Scaling of thermal cutoff frequency f s, of the inner leg of the mla-based actuator with
device pitch Q) for various multiples of Ry, peq
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2.4.5 Power Scaling

It is proposed that the appropriate measure of the rationale for scaling folded electrothermal actua-
tors to smaller dimensions is the angular displacement per unit power at that value of power that results
in the maximum temperature being achieved in the device that can be sustained while ensuring reliable
operation. Similarly, if motion in the z-direction is the desired output, the figure of merit would be the
z-displacement per unit power. Reliable operation is defined as producing output within specification
to a certain tolerance for a specific number of cycles. For CMOS-MEMS electrothermal actuators, the
maximum temperature for reliable operation A7),,,, has not been fully characterized and this is a criti-
cal unknown. However, it has been observed that device failure in the form of diminished response
occurs within hours when the device is raised above 200 °C and, in the form of metal delamination,

within minutes when the device is raised above 300 °C.
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FIGURE 2.28 (a) Scaling of P,y the power to achieve maximum reliable operating temperature, with device
pitch for the inner and outer legs of mla- and mipf- based actuators. (b) Scaling of P .« for the inner leg of the
mla-based actuator with device pitch Q for various multiples of Ry peq
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Similar to the above analyses, the actuator topology is taken from Figure 2.16 and the geometric
parameters and thermal isolation values from Table 2.5. For the m1a-based actuator, the resistor heater
position is the same as Section 2.4.3. The power Py, dissipated to reach ATy, and achieve Oy, ax
for the inner and outer legs of a mla- and m1pf-based actuator is shown in Figure 2.28. P,,,, scales
unfavorably with Q2 because the actuator beam plays a significant role in its own thermal isolation and

as I, decreases, Fick’s law dictates more power is needed to achieve larger temperature gradients.

The unfavorable scaling of folded electrothermal actuators, the angular scaling and the power scal-

ing are demonstrated in the figure of merit and the heat dissipation density,

0
FOM = —m.max (2.110)
Pmax
. P
p - 2.111)
9

respectively, as shown in Figure 2.29 (a) and (b). The trend in P is particularly problematic because to
achieve devices on the micron scale, w,,. must decrease along with the quantity of material making up

the anchor, which further isolates the device and makes the dissipation of the heat more difficult.
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The same sequence of analysis can be done for the various topologies of 1-D folded electrothermal
actuators and 3-D electrothermal actuators and leads to the same conclusion, that in a MEMS fabrica-
tion technology that provides the designer no control over the layer thicknesses or the device materials,
the scaling of the actuator is too unfavorable to allow devices to be designed at the 10’s of microns
scale. The angular displacement advantage of electrothermal actuators is lost as the device shrinks and
the power necessary to reach reasonable angular displacements, and the currents required to generate
the power, become prohibitive, especially considering the number of devices in a given area typically
increases as the device size decreases (i.e. array dimensions only increase). Additionally, the mechani-

cal anchor’s efficacy as a thermal ground is compromised as device density and P increase.

FIGURE 2.29 (a) Scaling of O, max/Pmax With pitch Q for the inner and outer legs of mla- and mlpf- based

actuators. (b) Scaling of the heat power dissipation density PmaX/Q2 with Q
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However, a path to practical micron-scale electrothermally actuated mirrors is discernible, but
requires: 1. the actuator layer thicknesses are optimized for thermal sensitivity and scaled along with
device pitch, 2. the anchors are made of highly thermally conductive materials, 3. the thermal isolation
is formed only of thermally insulating materials, 4. electrical connectivity is formed by materials with
high electrical conductivity and low thermal conductivity, 5. the devices are latched so no power is dis-
sipated when an angular position is being held, 6. the conduction of heat from the surface of the pay-

load is maximized.
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2.5 Actuator Mechanical Design

2.5.1 Self-Assembly

The displacements that occur in MEMS devices when they are released are referred to as self-
assembly and are caused by residual stress in the films comprising the structures. Vertical residual
stress gradients in the actuator beams generate bending moments similar to those generated by mis-
matched thermal expansion that lead to the shape change described by (2.1) and (2.17). If the residual
stress in each member is assumed constant, this effect is described by applying the residual stress in the

i member Oj res 1N (2.15) which gives a radius of curvature of

Az;
i
E Gi,resAyiAZi(Zb,i “Zna T 7)
1 M

yres  _ members . (2.112)

Peres  (EDerr, Az
c,res eity Z EjijAZi[AZi(Zb i " Zna + Tl) + (Zb i_Zna)zJ

members

For the bimorph case, a simple expression similar in form to (2.1) is available [30].

FIGURE 2.30 (a) Folded electrothermal actuator with no z-self-assembly displacement. (b) Folded electrothermal
actuator with large z-self-assembly displacement.

Residual stress is an artifact of the processing [57] and is constant over the length scales of a single
MEMS device s0 pg e 18 constant. Examples of the impact of residual stress on folded electrothermal
actuators are shown in Figure 2.30. The tip angle of an actuator leg, for both types of actuator, result-

ing from residual stress is
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!
0 = b (2.113)

tip,res P
c,res

The z-displacements of the tip for embedded film heater and discrete heater resistor actuator types are

2

o (2.114)

Ztip.e, T e .

1p,e,res 2 pc,res
and

Zf’ 4 ypn sin—-b (2.115)

Ztipdres wy, sin , .

PIEs 2pc,res pc,res

respectively. The x-displacement for both types of actuator is

!
Xiip dres = —zb[l — sinc—2 J (2.116)

pc,res

In the event of ambient temperature variation, for which the temperature change in the beam is con-

stant, the resultant radius of curvature of the beam is constant and is given by

1 _ 1 . 1

Pe pc,res pc,amb

(2.117)

The tip angle and z- and x-displacements are found by substituting p, into (2.113) to (2.116). The dis-
placements of the pedestal of 1-D folded electrothermal actuators or 3-D electrothermal actuators are
found by appropriate combinations of the equations in (2.113) to (2.116) in a manner similar to that
shown in Section 2.4.1 and are not reiterated here as their generality is limited. However, this should
highlight again the need for an analytic framework for kinematic problems general enough to encom-

pass elements of varying curvature.
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It is essential to understand and design for self-assembly as it defines the rest position of the
devices. In arrays, it is even more important to ensure self-assembly doesn’t result in contact between
array members or with other structures. For example, the 1-D actuator topologies shown in Figure 2.31
were analyzed for z- and x-self-assembly assuming pe yoq = 550 pm, /, =480 pm, wpeq =200 pm and
the length of the extender /, as shown. The self-assembly displacements given in Table 2.6 demon-
strate the wide range of translations possible and the need to ensure the topology self-assembly
matches the application. The reader should note that in the case of actuator Type B and Type C, the
benefit of rejection of common-mode temperature variation is lost and significant x- and z-displace-

ments can occur in the unpowered device.

FIGURE 2.31 Plan-views of actuator topologies analyzed for self-assembly displacement.

ex. [s=200 um ex. [s="700 um
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TABLE 2.6 Examples of self-assembly displacements for various topologies of 1-D folded electrothermal
actuator.

Actuator Type x-Self-Assembly (um) z-Self-Assembly (um)
A 0 0
B -71 153
C -257 552
D 0 0
E 0 0

The zero x-self-assembly of types A, D and E make them suitable for arrayed scanning applica-
tions. During the release etch process, there is variation in the release time amongst array elements and
if the x-self-assembly is significant, adjacent array elements can displace to a position that blocks the

etch process and exacerbates intra-array variance. It is also possible that physical contact may occur
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between adjacent elements. Such adverse effects can be avoided by increasing the gap between adja-
cent elements, however this may be undesirable for optical applications in which high FF is desired, so
unless there is an overwhelming application need for an actuator type with significant self-assembly,

the zero self-assembly types should be chosen.

2.5.2 Geometric Constraints

The mirror pitch and the fabrication limitations are the basis for the geometric constraints on the
device. The fabrication-based constraints are common to all devices. The pitch-based constraints are
dependent on the topology of the device and its number of DOF. As an example, the pitch-based con-
straints of the 1-D actuator topology from Figure 2.16 (Type D of Figure 2.31) are examined. In the
aforementioned scaling arguments the variation in /, with Q is implicit but it is assumed that Ny, [ ,
and [ 5, and [ .4 are constant as €2 changes. The variation in /, and other parameters with €2 is made

explicit, which has implications for the mechanical modes of the device as discussed in Section 2.5.4.

The maximum actuator length for the Type D topology from Figure 2.16 is

Woed  IW
lymax = Q—wam—gped—gs—yiso——g——T (2.118)
The maximum number of actuator beams in parallel for a single leg of an actuator is
Ny = e et @.19)
b gb)
The actuator strut length is
o= 2Np,b(wb +8y) — &y - (2.120)
The anchor and pedestal strut lengths are
lsane = Zs,ped = Np’b(wb +gy)- (2.121)
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2.5.3 Mirror and Post Dimensional Constraints

The mirror thickness #;,, post height /, and post width w;, are designed to place the plate and post
bending modes far beyond the modes of the actuator. Through FEA it is found that mirrors up to 1 mm
on a side have a first plate bending mode frequency > 5 kHz down to #,, = 5 um. The posts have their
first torsional mode frequency > 2 kHz down to wy, = 10 um for /, = 500 um. Additionally, the post is
designed to ensure that at the extent of the angular rotation range the edge of the mirror does not con-
tact the chip surface. The z-displacement of the pedestal and the thickness of Si under it leads to a con-
straint on the angular deflection unless additional clearance beyond the thickness of the substrate is

provided.

FIGURE 2.32 Abstracted line drawing of a Type D, 1-D folded electrothermal actuator from Figure 2.16 (a) with
mirror and post for analysis of post height [, constraint based on mirror width I, and expected rotation
angles.(a) At rest. (b) Displacement with inner actuator powered. (c) Displacement with outer actuator powered.

/
< = >
pedestal ) tm ¢ | |
actuator joint g
anchor #
(a) /
p
z

The constraint on the post length /, i, for the actuator shown in Figure 2.16 (a) is demonstrated
through Figure 2.32. When the inner leg of the actuator is powered the pedestal rotates in the positive

sense and the pedestal moves in the negative z-direction. The edge of the mirror sweeps through an
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elliptic arc until it reaches the surface of the chip. If the device is designed for this to be the maximum

rotation angle 0, 4 . then for a given mirror length, the post must meet the condition

) z
I >2tano ___pd 2.122
p 2 m,+,max Ccos em + max ( )

If the thickness of the wafer does not meet the condition

Zpeding + £, 0080 + 2.123
tw > 2 S m,+,max 5i €08 m,+,max Zped @. )
then a carrier chip must be used (see Section 3.3.4) with a pocket depth
t >V—V@sin6 + tq.cosO + —t (2.124)
pocket 2 m,+,max Si m,+,max z ped ‘w :

in order for angular FSD to be achievable.

For example, in the case of an actuator shown in Figure 2.16 (a), with an angular specification of
+45°, the tip of the inner actuator must move through an angle greater than 45° to counteract the para-
sitic rotation of the outer actuator. Both angular displacements contribute to the z-displacement of the
edge of the mirror. Figure 2.33 (a) illustrates the variation in the minimum post height /; .,;, necessary
to ensure the edge of the mirror does not contact the surface of the chip. As 8, 4 . decreases, [, mip
decreases. As the pitch Q decreases, /;, ,;, decreases; however the reader should note that in this case
the temperature changes and the power dissipations necessary to achieve the angles listed in the legend
of Figure 2.33 (a) are not considered. Only geometric considerations have been explored in this graph.
Similarly, Figure 2.33 (b) shows the variation in z-displacement of the outer edge of the pedestal with
pitch Q and provides a comparison of the z-displacement with the thickness of the JAZZ chip for

which ¢, =275 um.
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FIGURE 2.33 (a) Variation in mirror post constraint L, i, with pitch Q for various angular displacements when
the inner actuator is powered for the actuator in Figure 2.16 (a) with geometries given in Table 2.5.
(b) Variation in z-displacement of the outer edge of the pedestal with pitch Q for the same actuator topology and

geometry.
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The constraints in (2.122) to (2.124) are based on the actuator topology shown in Figure 2.16 (a), so

for comparison the analogous constraints for the actuator in Figure 2.30 (a) are illustrated in

Figure 2.34 and are given by

m w
ly> —2—‘[21n9m’+’maX =

o> Wed SN Om,+’max

and

tpocket > Wped Slnem,+,max + tSi cos6 !

75

m,+,max Zped T fwe

(2.125)

(2.126)

(2.127)

(2.128)
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FIGURE 2.34 Abstracted line drawing of a Type A, 1-D folded electrothermal actuator from Figure 2.30 (a) with
mirror and post for analysis of post height I, constraint based on mirror width L, and thickness t, and expected
rotation angles.(a) At rest. (b) Displacement with inner actuator powered. (c) Displacement with outer actuator
powered.
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2.5.4 Mechanical Modes

The actuator beams, struts and via isolation units are modeled as lumped elements for the purpose

of analysis. The spring constant of an element for bending in the z-direction about the y-axis is

_ 3(ED) eff.y

(2.129)
13
b

z
Equation (2.14) or FEA is used to determine the effective flexural rigidity (ED)cfy,). Values of (El)eyr,,
are listed in Table 2.7 for m1a and m1pf beams and the strut and thermal isolation shown in Figure 2.6
and geometries in Table 2.5. The trends in the spring constants of the elements are shown in

Figure 2.35 and demonstrate the actuator beams are the most flexible elements of the structure.
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TABLE 2.7 Examples of effective flexural rigidity of 1-DOF actuator elements from Figure 2.16 topology.

Element (EDessy (Nm2)
mla beam 4.6x 10714
mlpf beam 57x 10714
thermal isolation unit 58x 10714
strut 70x 10712

FIGURE 2.35 (a) Spring constant variation with pitch for the elements of a Type D folded electrothermal
actuator. (b) Approximation of the first mode frequency variation with pitch for a Type D actuator with [, scaled
to maintain a 45° scan angle when the inner leg of the actuator is powered.
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(a)
At large pitches, the actuator is the dominant flexible element in determining the mode frequency.
It is only when the pitch is small (< 200 um in the case shown in Figure 2.35) that elements like the
thermal isolation begin to play a role in the mode frequency. In any case, the important condition is
that the 1%' mechanical mode frequency exceeds the thermal cutoff frequency Jfe.th» Which is demon-
strated by Figure 2.35 (b) for a Type D actuator with /, scaled to maintain 6y, . ., =45° when the

inner actuator is powered, assuming #, = 10 pm and w, =20 pm.

The actuator types in Figure 2.31 have different mode frequencies and shapes. FEA eigenmodes for
the various actuators are shown in Figure 2.36. The mode frequencies given in Table 2.8 represent
actuators with /4, = 550 um, £, =25 um, wyeq =200 pm and wy, = 100 um which explains the differ-

ence with the mode frequencies shown in Figure 2.35 (b). The reader should note that linearity is
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assumed for this analysis and the large FSDs of the mirrors could drive the system into non-linearity

and these values would no longer be valid.

FIGURE 2.36 The first three eigenmodes of the various folded electrothermal actuator topologies.

Type A Type B Type C Type D Type E

TABLE 2.8 Mode frequencies for folded electrothermal actuator topologies.

Actuator Type | 15t Vode, f; (Hz) | 2"¢ Mode, £, (Hz) | 3" Mode, f; (Hz)
A 99 220 542
B 100 224 551
C 134 193 226
D 100 205 3697
E 85 180 280

2.6 Electrothermal Design and Operation Summary

The objective of the chapter is to lay out the factors: material, geometric, physical and fabrication

that affect the design and scaling of micromirror arrays with folded electrothermal actuators.

At the root is the structure of the actuator beam and the heater mechanism that dissipates the heat
that changes the temperature of the beam and causes motion of the structure. Timoshenko’s theory of
the bimorph is shown to be insufficient to accurately model the electrothermomechanical behavior of

complex CMOS-MEMS beams and it is shown how the application of a systematic multimorph beam
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theory can improve the accuracy of analytic predictions. The material dependencies are highlighted

through the analysis of the thermal sensitivity y of several beam cross-sections.

One level up in the design hierarchy is the topological form of the device. 1-D and 3-D actuator
topologies are presented, but for brevity only 1-D actuators are fully analyzed for scaling dependen-
cies. However, the analysis is structured so that 3-D actuators of an arbitrary number of legs can be
similarly explored. Thermal isolation is shown to be a critical factor in the performance of the device

due to its role in isolating the temperature gradients in certain parts of the actuator.

Finally, the mechanical behavior of the device is examined to ensure the modes and mode frequen-
cies are compatible with, and do not limit, the electrothermal response. The issue of self-assembly is

discussed along with its potential adverse impact on release etch processing.

Over the range of CMOS-MEMS device pitch from 1 mm > Q > 50 pum it is shown that the angular
range Oy decreases and the power dissipation P,,,, needed to achieve the maximum temperature
change AT,,,, = 180 °C in the device increases. This is summarized in the FOM, Og/P, .. The adverse
FOM scaling law results from the linear dependence of 6,;, on /, and the difficulty in achieving large
temperature gradients over decreasing distances with constant material parameters. Expectedly, as
power scaling is adverse, speed scaling is advantageous, but this is cold comfort for the most detrimen-
tal scaling behavior, that of the heat dissipation density P. Array dimensions typically remain constant
or increase as device pitch decreases. This improves resolution and increases the functionality per unit
area and hence reduces the overall cost per functional operation. In the case of folded electrothermal
actuators P increases by almost four orders of magnitude over the pitch range considered. The conclu-
sion of the analysis is that high density arrays of electrothermal devices with Q < 100 um requires cus-
tom processing using optimal materials and a latching mechanism at the device level to eliminate
power consumption when an angular position is held. However, through comparison of scan range 6
with electrostatic devices, it is shown that electrothermal devices are desirable when the array pitch Q

scales above approximately 200 pm.
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SOI-CMOS-MEMS
Fabrication

“I never failed once. It just happened to be a 2000-step process.”

- Thomas Edison

SOI-CMOS-MEMS was developed to realize the independent optimization of an electrothermal
actuator and a micromirror. The ultimate goal, to produce a micromirror device with a high fill factor
and a high scan range, qualities not previously achieved together. In this chapter the fabrication tech-
nology is described in detail, highlighting where appropriate the design issues arising from process and
materials choices. The chapter is broken into sections devoted to the CMOS-MEMS steps and the SOI

process steps prior to bonding. The bonding and release steps are covered in a separate section.

For the purposes of this dissertation a small number of devices was necessary and processing was
done at the chip level, but the development of the fabrication technology was done with wafer-level

scaling in mind, with the exception of bonding and release.

The complexity of the SOI-CMOS-MEMS technology may appear excessive and the question
should arise, “Is this process manufacturable?”. To that, it is stated that the question is not whether it is
manufacturable, but rather, “Should it be manufacturable?”” This means that with the right vehicle and
the right profit margin, the necessary minds and development partners can be found to make any pro-
cess manufacturable. Intel’s 90 nm technology gate oxidation process produces a film 1.2 nm thick
film across a 300 mm wafer with atomic scale uniformity [58], an astonishing feat and one that would

have been considered unmanufacturable 30 years ago when gate oxides were 100 nm thick on 100 mm
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wafers. This case in point emphatically demonstrates that when customers want the product, a way is
found to meet the demand. To answer the “Should...?” the device must be fabricated and characterized

and its inherent strengths and weaknesses identified. This chapter deals with the first part of that story.

The SOI-CMOS-MEMS fabrication process steps in which significant changes of research interest
are made to the CMOS and SOI chips and their composite are described in detail in this chapter. The
process flow is broken into sections covering the process steps performed on the CMOS chips, SOI
wafers and the composite SOI-CMOS-MEMS chips. However, there is a large number of tasks whose
successful execution are critical to the finished device’s functionality but are not of research interest,
either because they have been well described in the literature (like spin casting of resist and wirebond-
ing), or are too specific to the peculiar characteristics of the particular environment in which the
devices were fabricated to be of general interest. To provide a complete picture of the process flow
without belaboring such steps, the entire process flow is recorded in Appendix A with additional com-
ments and information to enable the exact reproduction of the SOI-CMOS-MEMS fabrication process.
No further reference is made to Appendix A and the reader is encouraged to follow it in parallel with
the text to appreciate how these steps fit in the overall flow. Furthermore, specific literature references
to generic steps such as cleaning, spin casting, lithography, etc. are not provided, however general pro-
cessing text such as Madou [59], Wolf and Tauber [60] and Plummer et al. [61] are recommended to
readers unfamiliar with standard microsystem fabrication processes. Resist patterns are not shown in
process schematics unless they are present on the chips or wafers during intermediate steps that must

be illustrated in detail.

3.1 Post-CMOS Processing

The formation of MEMS devices from CMOS interconnect and dielectric layers was first proposed
by Parameswaran et al. in 1989 [41]. The concept was extended by Fedder et al. [62] through the appli-

cation of dry Si etching. The advantage of CMOS-MEMS lies in the stability of the foundry CMOS
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processes used to produce them and the electronic integration it affords. Much work has been done in
the intervening period to increase the flexibility of the concept, develop additional processing tech-
niques and demonstrate the capability of CMOS-MEMS in application areas such as magnetic imaging

sensors [63], functionalized chemical sensors [49] and scanning micromirrors [43].

Post-CMOS MEMS processing begins after the completion of CMOS fabrication, which is typi-
cally performed by a semiconductor foundry such as JAZZ Semiconductor or Taiwan Semiconductor
Manufacturing Company, Ltd. (a.k.a. TSMC). At the point that the chips begin post-CMOS process-
ing, the passivation oxide/nitride is intact over most of the chip, with the exception of the bond pads,
which have been opened for wirebonding. An image of a CMOS chip as received from JAZZ Semi-
conductor is shown in Figure 3.1 (a) and a schematic cross-section of a MEMS micromirror is shown

in Figure 3.1 (b).

FIGURE 3.1 (a) Top down microscope image of a CMOS chip as received from a semiconductor foundry.
(b) Cross-sectional schematic of a MEMS micromirror pedestal and actuator.

bond pads mirror pedestals

cross-section relative dimensions
are for indication only

CMOS interconnect i poly [ Sill
oxide [] nitride[]]
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(a) (b)

3.1.1 Backside Aluminum Deposition and Patterning

Aluminum is sputter deposited on the backside of the CMOS chips (see schematic cross-section in

Figure 3.2) to act as an etch mask in the final backside release etch process of the process flow. The
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quality of the surface finish of the Al is not important but the film must be free of pinholes and must
not delaminate during the intervening processes or the backside Si would be attacked during the final
release etch, which would weaken the chip structurally. The thickness of the Al layer is 100 nm and is
deposited on a Perkin-Elmer 8L using the conditions given in Appendix C.1. The thickness was deter-
mined based on experience and the impact of this value on the final device performance has not been

characterized.

FIGURE 3.2 Schematic cross-section of a CMOS chip after backside Al deposition.

CMOS interconnect [l poly @ Sil cross-section relative dimensions
oxide[] nitride[] Al are for indication only

v
T

~100 nm

FIGURE 3.3 Photograph of four CMOS chips mounted on a 75 mm diameter glass wafer and surrounded by Si
tiles whose function is to move the edge discontinuity away from the CMOS edge and reduce edge bead
formation during imaging resist coat. (b) Photograph of the imaging resist after spin coat.

glass wafer Si tiles CMOS chips edge bead CMOS chips
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The CMOS are then mounted face down on a 75 mm diameter glass wafer using AZ4210 photore-
sist. Si tiles of thickness 5 pm of the CMOS chip thickness (i.e. ¢, + CMOS stack thickness) are
arrayed around the CMOS to reduce edge bead formation during the spinning of AZ4210 imaging
resist onto the backside of the CMOS (see Figure 3.3 (b)). Si tile fabrication is described in
Appendix B.4. An edge bead still occurs with Si tiles so the chips should be arranged so the backside
pattern is located towards the center of the CMOS chips. Without tiling the edge bead can reach the
center of the CMOS chips. The width of the backside edge bead on the CMOS limits the minimum dis-
tance from the edge of the chip at which MEMS devices can be reliably fabricated when using back-
side processing, modulated by the depth of focus of the lithography equipment being used. The edge

bead is less than 0.2 mm.

The Al is patterned by exposing the photoresist using direct write lithography (DWL), developing it
using AZ developer and using it as an etch mask for a wet Al etch (see schematic cross-section in
Figure 3.4). Following Al etch, the resist is stripped and the CMOS chips are removed from the glass

carrier wafer and cleaned before being remounted on the glass carrier wafer for backside Si etching.

FIGURE 3.4 (a) Cross-sectional schematic after backside Al patterning. (b) Patterned backside Al.
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3.1.2 Backside ARDEM Si Processing
Backside Si etching thins the Si under the MEMS structures to enable incorporation of the Si sub-

strate in the final device. In this step, the Si underneath the mirror pedestal and the actuators is etched
to different thicknesses using Aspect Ratio Dependent Etch Modulation (ARDEM). The reader is
referred to Chapter 4 for a detailed elaboration of this technique, its theoretic foundation and the ana-
lytic models that enable its application. It suffices to say here, that with ARDEM, a resist pattern with
constant line width and varying space widths, correlated to the features on the frontside of the CMOS
chip, is lithographically defined on the backside of the CMOS chip and used as an etch mask for a
Bosch-type deep reactive ion etch (DRIE) process [64][65][66] whose etch rate varies locally, depen-
dent on the space width [67][68]. High density regions of the ARDEM pattern with small pitches result

in shallower depths than regions of the pattern with lower density and larger pitches.

The thickness of the imaging resist 7. depends on the selectivity of the etch process to Si over

resist

Sq: .
Si-
1-r€S ERres

3.1

For a target etch depth in the anisotropic step of Dyg; 40, the imaging resist thickness after resist hard-

bake must meet the condition that

Deo. .
> Sl,amso. (3.2)

res
S Si-res

To accommodate process and cross-chip variations, the thickness should be increased compared to
(3.2). The amount depends on the trade-off between imaging resolution, which decreases as fq
increases, and the risk of resist breakthrough in the event of the process running at the bounds of the

expected levels of variation.
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For SOI-CMOS-MEMS mirror arrays on the millimeter scale, the pedestal length, /.4~ 200 pm
requires that Si is retained under the pedestal to prevent stress-induced bending of the pedestal in the

finished device. The Si thickness under the pedestal 7,4 s; is not optimized, but based on the work of

Xie [43] fyeq,s; > 25 pm is deemed sufficient to eliminate risk of bending.

FIGURE 3.5 (a) Top down image of the backside of a CMOS chip after ARDEM resist patterning. (b) SEM image
of the CMOS chip after backside Si etch.

dense pattern  sparse pattern dense pattern sparse pattern

(b)

DWL is used to expose the ARDEM pattern (see Figure 3.5 (a)) which is developed in AZ devel-

oper. In the ARDEM pattern image in Figure 3.5 (a) the dense pattern is an array of squares with a
20 um space and the sparse pattern has a space of 50 um width with a length at least 200 um. The
75 mm glass wafer carrying the patterned CMOS chips is mounted on a resist coated 100 mm Si wafer
using 150 °C Revalpha Nitto Denko heat release tape. The carrier wafer is prepared using the process
flow in Appendix B.6. Tapes with lower release temperatures are available and may also be suitable
for mounting the glass wafer on a Si carrier but this was not investigated. The most important aspect of
the mounting process is a uniform, consistent and constant thermal contact of the glass carrier wafer
with the Si carrier wafer throughout the etch process. If the thermal contact is poor initially, or

degrades throughout the process, the surface temperature of the CMOS chips increases and Sg;_eg
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decreases; anisotropy of the process is lost which leads to breakthrough of the resist and loss of the
ARDEM pattern; the Si etch rate accelerates, which leads to the breakthrough of the Si to the CMOS

stack. This is a catastrophic and irrecoverable failure mode.

The Si is etched in a Surface Technology Systems Advanced Silicon Etch (STS-ASE) inductively
coupled plasma (ICP) chamber using the etch process listed in Appendix C.2 to generate the backside
topology shown in Figure 3.5 (b). The backside Si etch process consists of an endpointed anisotropic
etch to reach a depth Dg; ypiso = 230 um (see schematic cross-section in Figure 3.6 (a)), a polymer
removal step to expose the Si of the walls separating adjacent cells in the ARDEM pattern and an iso-
tropic etch to remove the walls of the cells and smooth the bottom of the etch pit. Following backside
Si etch the CMOS chips are demounted from the carrier wafer by heating the arrangement to 90 °C to
soften the resist. The CMOS chips are cleaned to remove all organic residues from the front and back

sides (see schematic cross-section in Figure 3.6 (b)).

FIGURE 3.6 (a) Schematic cross-section of the CMOS chip after the anisotropic step of the backside Si etch
process. (b) Schematic cross-section of the CMOS chip after backside Si processing.

CMOS interconnect [l poly @ Si@ resist[] cross-section relative dimensions
oxide [ ] nitride [] Al are for indication only
5 um dense pattern
* |
DSi,aniso =230 um 240 pm +
70 um
7 | 7 |
|| m | | | . - | | |

(a) (b)

3.1.3 Frontside Oxide Etch
The final process step performed on the CMOS chip by itself is the frontside oxide etch. The passi-

vation and oxide dielectric above the metal layers are removed on a Plasmatherm 790 using the condi-

tions given in Appendix C.3. An SEM image of a micromirror actuator after frontside oxide etch is
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shown in Figure 3.7 (a) and a schematic of the CMOS chip is shown in Figure 3.7 (b). The timing of
the oxide etch is critical to the stability of the mechanical properties of the final device, increasingly so
as higher levels of interconnect are used to define the mechanical structure. This is because the ion
bombardment in the process is large enough to mill and chamfer the Al in the interconnect stack after
the barrier metals are etched away. For example, with an optimized frontside oxide etch time, the

thickness of the Al in the m3 layer is thinned by > 120 nm as shown in Figure 6.2.

FIGURE 3.7 (a) SEM of a MEMS folded actuator after frontside oxide etch. (b) Schematic cross-section of the

CMOS chip after frontside oxide etch.
cross-section relative dimensions

are for indication only
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3.2 SOI Processing
Double-sided polished (DSP) SOI wafers (see Figure 3.8) are used to form the mirror and post of

SOI-CMOS-MEMS mirrors. The post is formed from the handle layer and the mirror is formed from
the device layer. The buried oxide (BOX) serves as an etch stop for the post etch process. As described
in Section 2.5.3, the minimum thickness of the handle layer /, given by (2.122) is defined by the linear
dimension of the mirror, its range of motion and the z-displacement of the pedestal. For the mm-scale
mirrors used to develop the SOI-CMOS-MEMS process the handle layer is 500 um thick. The thick-

ness of the BOX #5nx depends on the selectivity of the post etch process to Si over oxide
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ERg;

ERBOX

Ssi-Box ~ (3.3)

during the overetch portion of the post etch (i.e. that time between the BOX first being exposed and the
Si being completely removed), where ERpx is the etch rate of the BOX. For the BOX to be a success-

ful etch stop layer it must be thick enough that it is not etched through during the overetch.

FIGURE 3.8 Cross-sectional schematic of a DSP SOI wafer used to fabricate the mirrors and posts of the SOI-
CMOS-MEMS mirror arrays.
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For a given etch process, if the minimum Si etch rate is ERg; i, and the maximum Si etch rate is

tBOX¢ t,, device/mirror thickness

ERg; max over the etching area then ERg; can be defined as the median Si etch rate and the Si etch rate

range is

AERg, = ER ER (3.4)

Si,max Si,min -

The condition for a successful BOX etch stop is

i AER.. AER) 2!
fgox > T Sl(l - l(—&jj , (3.5)
SSi-BOX ERSi 4 ERSi

which for most well-engineered etch processes is sufficiently approximated as

(3.6)
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For the post etch process used in this research fgox = 1 pum. The minimum thickness of the device
layer is determined by the mechanical modes of the mirror in comparison to the expected operating
conditions of the device, the ability of the device layer to survive the fabrication process, the impact of
reflective coating stress on mirror curvature and it is constrained on the upper end by the desired FF.

For FF = 95% and mm-scale mirrors, #,, = 25 um.

3.2.1 Mirror and Post Patterning

Al is used to form the mirror surface and the base of the post. The Al is sputter deposited on both
sides of the wafer (see Figure 3.9 (a)) with a Perkin-Elmer 8L using the process conditions given in
Appendix C.1. The Al is 100 nm thick on both sides. This thickness of Al film does not have holes that
could lead to undesirable Si etching at other stages of the process. The impact of Al thickness and
stress on the curvature of the mirrors has not been characterized and is an area that should be investi-
gated further. The surface finish of the mirror is critical to its reflectance and hence substrate cleaning

and inspection must be done with care prior to Al deposition.

FIGURE 3.9 (a) Cross-sectional schematic of the SOI wafer after Al deposition. (b) Cross-sectional schematic of
the SOI wafer after mirror and post patterning.
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Following Al deposition, the mirror and post patterns are formed on the device and handle sides of

the SOI wafer, respectively through contact lithography and wet Al etch (see Figure 3.9 (b)). The two
sides are patterned separately. The side not being patterned is coated with a protective layer of resist to

prevent scratching of the Al surfaces. After the second wet Al etch, the wafer is scribed on the mirror
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side to a depth of ¢, + 5 um to define individual mirror die and then blocks of mirror die are diced
from the wafer (the block size has tended to be driven by handling concerns i.e. large enough to handle
easily, but small enough to prevent breakage - 10 to 20 mm on a side has proved manageable) (see
Figure 3.10). The scribe must be deep enough to penetrate below the BOX on the device side so the

mirror die are singulated during the post Si etch.

FIGURE 3.10 Plan view photographs of (a) the scribed mirror/device side of the SOI wafer and (b) the post/
handle side of the SOI wafer for an array of mm-scale mirrors.
dice scribe single mirror wall post ARDEM pattern
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The ARDEM concept is used for the post etch so the pattern is more complex than simply small Al
islands in a large field. ARDEM in the context of the post etch is used primarily to improve etch rate
uniformity so that thinner BOX layers can be used and the models of Chapter 4 are relevant in this
respect, however ARDE also modulates lateral etching, bowing and notching. These ARDE effects
have not been fully characterized in terms of mask geometry and feature depths and the critical AR
ranges are derived empirically. Post etch ARDEM is illustrated and described in greater detail in the

following section.

3.2.2 Post Profile Control by ARDEM

ARDE has been shown to impact other characteristics of the etch process as well as etch rate. Con-

trol of notching [69][70] and trenching [63] have been demonstrated using sacrificial patterns that
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locally vary the AR of an etching structure and this property is used in post etching. The post ARDEM
pattern consists of concentric rings (see Figure 3.11 (a)) with equal characteristic dimensions d (see
Section 4.3.5) encircling the posts to improve etch uniformity. When the concentric circles begin to
merge the radial symmetry breaks down and more complex patterns are needed to fill the space. Based
on observation of etch rate dependence on shape, acute angles are avoided. The limits of pattern
dependence of ARDE has not been thoroughly explored and could be a useful research area if the pro-
hibition on acute angles proves too limiting. The irregular ARDEM features are designed to maintain
the characteristic dimension of the rest of the pattern and to maintain symmetry when replicated in a
regular array. The automatic generation of features of equal characteristic dimension to fill an arbitrary
space is a problem that has not been explored, but if ARDEM were to be used extensively for irregular

layouts such an investigation would be invaluable.

FIGURE 3.1 (a) Photograph of the detail of the ARDEM and post pattern on the SOI wafer for a mm-scale
mirror. (b) Schematic layout of a post.
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Preliminary post etch tests were done using different ARs around the posts to identify process

trends. The inner ring around the post typically defines d for the rest of the chip but for these tests a

single set of outer rings was used for all posts and only the geometry of the post and the radius of the ‘
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innermost ring was adjusted to vary the AR seen by the post. The 2-D post layout comprises two struc-
tures: a ring and a cross as shown in Figure 3.11 (b). The ring post reduces post mass compared to a
solid post, while the cross structure enhances mechanical stiffness faster than it adds mass for the same
effective width wy,. The post geometry is characterized by the inner and outer radii of the ring r,, ; and

Ip,0» tespectively and the width w;, . and length /, . of the arms of the cross.

FIGURE 3.12 (a) A post chip with BOX breakthrough. (b) Si tiles arrayed around post chips to act as ballast.
(c) A post chip etched using Si ballast tiles has no oxide breakthrough, although edge etch rate variation is
clearly visible.
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500 um handle thickness SOI wafers were used for the tests. The post chips were mounted on a
resist coated 100 mm diameter Si carrier wafer using 150 °C Revalpha Nitto Denko heat release tape.
The carrier wafer preparation is critical because it must withstand ~7 hrs of etching and is done using
the process flow in Appendix B.7. The Si was etched on a STS-ASE chamber using the process condi-
tions given in Appendix C.2. Due to ARDP which leads to an increase in lateral etching of the struc-
tures as the depth increases, the passivation cycle time is increased and the etch cycle time is decreased
as the depth of the etch increases. Without passivation ramping, no posts survived the etch process.
Similar to backside ARDEM, the anisotropic process is followed by a polymer removal and a short
isotropic etch. It was found that an extreme variation in etch rate, likely due to microloading variation,
occurred at the edge of the etching post chips that resulted in BOX breakthrough as shown in
Figure 3.12 (a). By arraying 1 mm thick tiles of Si around the etching chips, as shown in
Figure 3.12 (b), to act as ballast for the reactive F in the plasma, BOX breakthrough is prevented (see

Figure 3.12 (c)). Fabrication of Si etch ballast tiles is described in Appendix B.5.
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The first test was run with a constant radius of 130 um for the innermost ring but varying post
width and shape. Based on the results of this test, a second test was done in which a smaller range of
post widths and varying innermost ring radius was used. The full results of the two tests are shown in
Appendix E, but a sample of etched post images are shown in Figure 3.13 that demonstrate the impor-
tant trends. As AR increases the tapering of the sidewalls at large etch depths increases resulting in a
wider base of the ARDEM pattern that takes longer to remove in the isotropic process. As AR
decreases, the notching and sidewall attack increases to the point that the entire post is etched away
(nb. the post for AR = 6.3 did not survive). It appears there is a small process window between being

unable to remove the ARDEM pattern and maintaining intact posts.

FIGURE 3.13 SEM images of etched posts with r,; = 20 pm and ry, , = 40 pm showing the variation in post
profile for different AR: (a) 13, (b) 10, (c) 8.3, (d) 7.1.

(b) (©) (d)

Based on the preliminary tests, the mm-scale mirrors are fabricated with three types of post with a

cross shape as shown in Figure 3.14 (a) to (c). The post chips are etched as described above for the pre-
liminary tests. Following post etch, the chips are cleaned in an O, plasma to remove all etch polymers
and the BOX is removed in buffered hydrofluoric acid (BHF). The completed mirror chip is shown

schematically in Figure 3.14 (d) and in a SEM image in Figure 3.14 (e).
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FIGURE 3.14 (a) to (c) SEM images of the post types selected for mm-scale mirror fabrication. (d) Schematic
cross-section of a post after etch. (e) Type (a) post chip after etch and buried oxide removal.
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3.3 SOI-CMOS-MEMS Processing
This section describes the process steps in which the CMOS-MEMS die and the SOI mirror die are

bonded together and etched to release all the mechanical structures. During this part of the processing
a catastrophic electrical failure was discovered in which the TiW barrier metals and W vias are etched
away. This effect has its origin in the heating of the structures during the release etch processes. The
investigation of this phenomena is described in detail in Chapter 5. The released structures reach very
high temperatures (as high as 350 °C) which dramatically changes the selectivity of the process to TiW
barrier metal and W vias, leading to their attack. The release processes described in this section reflect
the learning gained from the investigation of etch heating, but otherwise the phenomenon is not dis-

cussed further until Chapter 5.
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3.3.1 Flip-Chip Bonding
A Laurier M9-A device bonder is used to bond the CMOS-MEMS and the SOI mirror chips. The

adhesive is a two-part epoxy system called EPO-TEK 377 [71]. This epoxy was chosen for its operat-
ing temperature of 200 °C, its 98% solid content indicating very little solvent to evaporate and contam-
inate the bonder, its low shrinkage (2%), which minimizes stress during curing, its very low viscosity
(<300 cPs), which makes it easy to dispense and its 24 hour pot life, which allows it to be mixed and
used over a days work in the lab. The curing time for the epoxy is 1 hr at 150 °C but the supplier indi-
cated that the curing time for a two part epoxy is also dependent on the volume, so for the sub-nL
quantities being used the cure time on the bonder was increased to 60 min at 160 °C followed by an
overnight cure at 150 °C. This process is sufficient to bond mm-scale mirrors however optimization of

the curing schedule has not been investigated.

FIGURE 3.15 (a) Cross-sectional schematic of a vacuum diffuser plate. (b) Vacuum diffuser plate, frontside with
mirror chip. (c) Vacuum diffuser plate, backside.
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The bonder has lower and upper chucks and each half of the bonded chip is held on the chucks by
vacuum during the bonding process. Because flatness and coplanarity of the two pieces is critical to
bonding success flexing of either chip must be avoided. Custom vacuum diffuser plates were fabri-

cated that hold down the chips only on their rigid surface or provide a symmetric stress pattern that

96



Chapter 3 SOI-CMOS-MEMS Fabrication

prevents flexing at the bond sites. The diffusers are fabricated from 100 mm diameter, 220 um thick
DSP Si wafers with double sided lithography and etching. The detailed diffuser process flow is given
in Appendix B.2. A cross-sectional schematic of a vacuum diffuser plate is shown in Figure 3.15 (a)

and photographs of the front and back of a diffuser are shown in Figure 3.15 (b) and (c).

The epoxy is prepared according to Appendix B.3 and dispensed to a dip tray using a 1 mL syringe
with a 26 gauge needle. The dip tray is formed from a 100 mm diameter, 500 mm thick Si wafer using
the flow given in Appendix B.1 and is shown in schematic and photograph in Figure 3.16. The surface
of the dip tray is coated with Al to facilitate wetting of the dip tray by the epoxy. For other adhesive

materials different wetting enhancing coatings may be needed.

FIGURE 3.16 (a) Cross-sectional schematic of epoxy dip tray and mirror chip for mm-scale mirrors.
(b) Photograph of a dip tray with post chip.
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Due to limitations in device bonder vacuum control, the posts are dipped into the epoxy under man-
ual control. For mm-scale mirrors, the wall of the mirror chip is removed at the end of the process and
is not dipped into the epoxy. The base of the wall is the only surface that makes mechanical contact
with the dip tray and hence the dipping force is concentrated on it. Manual control of the z-motion of
the bonder lower chuck is used to bring the dip tray up to the mirror chip until a contact force is
observed (~100 g). The dipping force is increased slowly up to 500 g and held for 10 s, This time is

arbitrary but proved to be successful so no further investigation was done. After dipping, the lower
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chuck is returned to its home position while the dipped mirror chip remains on the upper chuck. Photo-
graphs of the camera image of the posts with epoxy on them are shown in Figure 3.17. The cross-arms

of the post appear to be a significant factor in the amount of epoxy picked up the post.

FIGURE 3.17 Photographs of posts from Figure 3.14 after epoxy dipping, in the same order as shown in
Figure 3.14. Magnification is constant.

(@) (b) (©)

The dip tray is removed from the lower chuck and replaced with the CMOS diffuser plate and a

CMOS-MEMS chip (see Figure 3.18). The SOI mirror chip and the CMOS-MEMS chip are aligned
and co-planarity of the two chips is achieved using the pitch and roll adjustment capability of the
device bonder. The CMOS-MEMS chip on the lower chuck is moved up to contact the SOI mirror chip
with a contact force of 200 g. The temperature of the upper and lower chucks is raised to 160 °C and
held for 1 hr. The vacuum is released on the SOI mirror chip and the lower chuck is homed. The now-
bonded SOI-CMOS-MEMS chip shown in Figure 3.19 is placed in a 150 °C oven for 12 hrs (i.e. over-

night) for the epoxy to finish curing.

FIGURE 3.18 (a) Photograph of CMOS-MEMS chip and diffuser plate.(b) Photograph of the mixed camera image
of the dipped SOI post overlaid with the CMOS-MEMS mirror pedestal.
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FIGURE 3.19 (a) Photograph of a bonded and cured SOI-CMOS-MEMS chip. (b) Cross-sectional schematic of
the bonded SOI-CMOS-MEMS chip.
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3.3.2 Backside CMOS-MEMS Release
The SOI-CMOS-MEMS mirror array is released in two stages. First, the continuous Si plate on the

underside of the CMOS is removed and then the mirrors are released. The separate backside and fron-
tside plasma release etch process is an innovation of this research. The SOI-CMOS-MEMS chip is
mounted mirror side down on a blank Si wafer using 120 °C Revalpa Nitto Denko heat release tape.
Again, good thermal contact is essential or loss of Si anisotropy will occur and selectivity to barrier
metals and W vias will decrease leading to electrical open circuits. 120 °C heat release tape is used
because of the three options available from the CMU Nanofabrication facility (90 °C, 120 °C, 150 °C)
it has the lowest residual adhesiveness after heat release. A blank Si wafer is used as a carrier to act as
ballast for the F neutrals in the plasma which reduces the Si etch rate and further protects the chip from

etch heating effects. As a final precaution, the etch process given in Appendix C.2 is modified by
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reducing the platen power in the anisotropic etch step from 12 W to 6 W which reduces ion bombard-

ment and the etch heating caused by it.

The endpoint of the backside release etch process is done manually and the total time is dependent
on the thickness of the Si plate defined by the backside ARDEM process described in Section 3.1.2.
Over etch should be minimized to protect the poly heaters and to reduce the impact of etch heating
induced barrier metal attack. The CMOS-MEMS actuators are fully released in this step and curl under
the action of residual stress in the CMOS stack (see Figure 3.20 (a)). A cross-sectional schematic of
the SOI-CMOS-MEMS chip at this stage is shown in Figure 3.20 (b). This curling and the barrier
metal attack that accelerates after the actuator is released are thought to be the main causes of copla-

narity excursions of mirrors in the array observed after mirror release etch shown in Section 3.3.3.

FIGURE 3.20 SEM of the backside of CMOS-MEMS actuator after backside release etch. (b) Cross-sectional
schematic of the SOI-CMOS-MEMS chip after backside CMOS-MEMS release etch.
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3.3.3 Frontside Mirror Release
Following the backside CMOS-MEMS release etch the SOI-CMOS-MEMS chip is demounted

from its carrier and remounted on the same Si carrier wafer using heat release tape so the mirror side is
exposed to the plasma. The chip is etched using the process in Appendix C.2 to a depth of ~20 pum, at
which point, the platen power is reduced to 6 W and the process sequence is changed so that after
every 2 passivation/etch cycles the plasma is shut off and the chamber is pumped out. In this way,
anisotropy of the Si etch is maintained and the attack of barrier metals and W vias is reduced enough

that the electrical functionality of the chip is preserved.

FIGURE 3.21 (a) SEM of a released SOI-CMOS-MEMS mm-scale mirror array. (b) Close-up SEM of a single
SOI-CMOS-MEMS mirror. (c) Schematic cross-section of a SOI-CMOS-MEMS mirror after release etch.
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An image of a released SOI-CMOS-MEMS chip is shown in Figure 3.21 (a), a close-up of a single
mirror is shown in Figure 3.21 (b) and a cross-sectional schematic is shown in Figure 3.21 (c). The

issue of loss of coplanarity among array elements is visible in Figure 3.21 (a) where the upper-left ele-
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ment of the array has a significant difference in rest angle from the rest of the members of the array.
The cause of this is thought to be barrier metal attack in the actuator beams caused by etch heating.
The actuator beams are multimorphs of oxide, Al and TiW for the JAZZ Semiconductor technology.
Equation (2.112) states that the curvature of a multimorph is inversely proportional to its flexural rigid-
ity (ED)efsy- As the barrier metals are etched away in the release etch (E]).f;, decreases but the main
sources of the residual stress difference, oxide and Al, remain constant, so the curvature increases. The
etch heating power is input to the structure where Si is etching at the pedestal and mirror and where ion
bombardment is greatest at the mirror surface. The temperature gradient from the power source to the
thermal ground leads to the inner actuator being hotter than the outer actuator. The barrier metals of the
inner actuator are etched more rapidly as it is hotter so its curvature increases faster than the outer actu-

ator, breaking the symmetry of the folded structure and inducing a mirror rest angle.

The image of a single mirror in Figure 3.21 (b) illustrates an important point for post geometry
design and bonding performance. The image of the post tips with epoxy on them in Figure 3.17 show a
large quantity of epoxy is picked up during dipping and the quantity depends on the length of the cross
arms /[, .. Figure 3.21 (b) shows the epoxy is not only collected at the tip but is also wicked up the side-
wall of the post to a height of ~100 um and some of the polymer wicks back down onto the pedestal
during bonding. The process of polymer collection and delivery to the pedestal is important to the
strength and quality of the bond. The control of polymer wicking and delivery using post geometry has
not been characterized but it could prove to be a beneficial avenue of research for optimizing device

robustness.

3.3.4 Device Packaging
SOI-CMOS-MEMS chips can be mounted directly on a dual inline package (DIP) (ex.

Figure 3.22 (a)) using an adhesive such as Ag paste, provided the range of motion in the z-direction

does not exceed the chip thickness #,, as described in Section 2.5.3. If the condition in Section 2.123 is
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not met a carrier chip can be used as shown in Figure 3.22 (b) and (c). The carrier chip has a recessed
pocket that allows the mirror pedestals a greater range of z-motion than the thickness of the chip alone.

The fabrication, design and use of the carrier chip is described in detail in [72].

FIGURE 3.22 (a) Photograph of a SOI-CMOS-MEMS chip mounted directly in a DIP. (b) SOI-CMOS-MEMS
chip bonded into a carrier chip that is mounted directly in a DIP. (c) Cross-sectional schematic of an SOI-
CMOS-MEMS chip in a carrier chip.
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3.4 Fabrication Technology Scaling

A goal of the research documented in this dissertation was to develop a scalable fabrication plat-
form that could be used to produce micromirror arrays at a range of scales to span the application space
from large scanning mirrors to SLMs. Actuators for mirror arrays on pitches of 500 um, 100 um and

50 um were designed and fabricated through the foundry CMOS process. Mirror/post chips, dip trays
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and diffuser plates were designed and put through the fabrication sequences detailed in this chapter.
The posts on the 50 um pitch mirror/post chips do not survive post etch. The posts on the 100 um pitch
mirror/post chips do not survive BHF oxide removal. The mirrors on the 500 pum pitch devices do not
survive flip-chip bonding. This sub-section describes and discusses the cause of the scaling failures
and offers suggestions for future process development to overcome these issues. The SOI wafer used
for the process scaling research has a 150 um handle layer, a 0.5 um BOX and a 5 um device layer.

Due to the CD bias of the post patterning process the width of the ARDEM line is 5 pm.

FIGURE 3.23 (a) SEM image of a 50 um pitch mirror actuator with a wpeq = 20 um. (b) Photograph of ARDEM
pattern for the post of the50 pum pitch mirror. (c) SEM image of posts broken during etch by an electrostatic pull-
in failure mode. (d) 50 pm post array processed by varying etch:passivation ratio throughout the etch process.
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3.4.1 50 ym Pitch Post Etch Fabrication

The actuator of the 50 um pitch mirror is shown in Figure 3.23 (a). The mirror pedestal of this
design is 24 pm wide and w;, = 15 um to fit the post and epoxy on the pedestal. The post ARDEM pat-

tern is shown in Figure 3.23 (b). The post is sized at 20 um to account for the lateral shrinkage that
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occurs during the isotropic part of the post etch process. The observed failure mode is breakage of the

posts at the interface with the SOI. The failure occurs before the ARDEM pattern is removed.

The etch process was stopped at various points close to the endpoint of the anisotropic step when
the Si breaks through to the BOX. The occurrence of broken posts began only after breakthrough and
increases during the overetch. Broken posts come in two flavors: distributed on top of the ARDEM
pattern, or stuck to the ARDEM pattern inside their respective holes as shown in Figure 3.23 (c).
Those that lie on top of the ARDEM pattern are almost perfect cylinders indicating notching is not the
mechanism by which the posts are detaching from the substrate. The most likely explanation is that
when the Si breaks through the posts become electrically isolated and charge to a different potential
than the ARDEM pattern. When the potential difference reaches a critical point, based on the width of
the post and the strength of the Si, the post breaks free of the substrate and pulls in to the ARDEM pat-
tern. Complex dynamics and random proceses likely cause some of the posts to lift out of the holes

where they pull in to the ARDEM pattern. The post yield at the end of the standard process is <5%.

To test the theory that the broken posts are caused by the presence of the ARDEM pattern at the
moment the Si breaks through, a modified process concept was applied in which the etch:passivation
ratio in the anisotropic step is varied to laterally erode the ARDEM pattern as the etch proceeds verti-
cally. This concept works as shown in Figure 3.23 (d) but the process window is very small and the
chip yield for a single etch run is ~20%. The observed failure mode is notching related erosion of the

post at the interface with the BOX leading to pillar collapse.

3.4.2 100 yum Pitch Post Etch Fabrication
A type E, 1-D actuator with a 100 um pitch design is shown in Figure 3.24 (a). The ARDEM pat-

tern in Figure 3.24 (b) is more complicated than the 50 um design. The pedestal is 25 um wide and the
post is 20 um wide. The posts of the 100 wm mirror pitch designs fail in the same way as the posts of

the 50 um designs using the standard process (see Figure 3.24 (b)). Changing the etch:passivation ratio
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throughout the process led to a higher post yield (see Figure 3.24 (c)) and the process window appears
to be larger than at smaller pitches. It is speculated that feature size pushes the lateral ARDE and
ARDP phenomena into a wider region of the process space between lateral etching and the ion deflec-
tion that leads to notching. The tendency toward notching is observed near the interface of the post Si
and the BOX. Detailed experimental investigation of lateral ARDE, ARDP and the coupling with

notching is needed to properly design ARDEM features using a two level structure (i.e. post or BOX).

FIGURE 3.24 (a) SEM image of a 100 um pitch 1-D mirror actuator with a 35 pm wide pedestal. (b) Photograph
of the ARDEM pattern for the post of the 100 um pitch mirror. (c) SEM image of a post broken off during etch
due to an electrostatic pull-in failure mode. (d) SEM image of a post array after etch with a variable
etch:passivation ratio.
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3.4.3 500 ym Pitch Post Etch Fabrication
Figure 3.25 (a) shows a type E, 3-D actuator for 500 um pitch devices. The pedestal is 175 um

wide and the posts are designed to be 45 um wide after etch. The ARDEM pattern is a set of concentric
rings (see Figure 3.25 (b)) similar to the ARDEM pattern for the mm-scale mirrors shown in

Figure 3.11. The standard etch process is used to etch the posts shown in Figure 3.25 (b).
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FIGURE 3.25 (a) SEM image of a 500 um pitch 3-D mirror actuator with a 175 um wide pedestal. (b) Photograph
of the ARDEM pattern around the post. (c) SEM image of a post array after etch.
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3.4.4 BHF BOX Removal
The posts of the 50 um and 100 pum pitch devices do not survive BHF etch (see Figure 3.26). It

appears the separation of the posts coupled with the size of the posts’ contact with the BOX makes
them too weak to withstand the surface tension forces generated by the BHF and the rinsing process.

The 500 um pitch devices do survive the process.

FIGURE 3.26 Photograph of posts broken during BHF BOX removal.

BOX plinths broken posts

3.4.5 Device Bonding
The 500 pum pitch devices do not survive the SOI-CMOS-MEMS bonding process (see

Figure 3.27 (a)). After the preliminary cure of the bonding process the 5 mm thick Si membrane on
which the mirrors are formed is bonded to the vacuum diffuser plate and separates from the mirror chip
during removal of the SOI-CMOS-MEMS from the device bonder. The reason for this is a change in

the SOI-CMOS-MEMS chip concept to include integrated encapsulation of the actuators and mirrors
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to prevent fouling. The device concept is shown in cross-sectional schematic in Figure 3.27 (b). The
major difference compared to the SOI-CMOS-MEMS bonding concept in Section 3.3.1 is that the wall
of the mirror chip is dipped into the epoxy so it is also bonded to the CMOS-MEMS chip. The effect
causing the failure is the wicking of epoxy up the side of the wall and capillary action which pulls the
epoxy into the gap between the mirror and the vacuum diffuser plate. This problem can be fixed by

returning to a non-integrated wall concept; however, this is a project for a future researcher.

FIGURE 3.27 (a) Photograph of broken SOI mirror membrane and SOI wall adhered to CMOS chip.
(b) Modlification of the epoxy dip tray to dip both the posts and the wall of the SOI mirror/post chip.
(c) Integrated wall device concept to enable actuator and mirror encapsulation.
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3.4.6 Addressing Post Scaling Issues

The post concept for mm-scale mirrors is that the post will have a uniform transverse cross-section
along its length This concept does not scale as described above for two reasons: 1. as the post density
increases the process window between electrostatic pull-in at Si breakthrough and notching decreases
to the point that the post yield becomes zero, 2. the surface tension effects during wet BOX removal

break the posts off their BOX plinths.

The issue of the post process window can be addressed by using ARDEM to create a two level post
as shown schematically in Figure 3.28. The idea is that the transverse cross-section of the post at the
interface between the Si and the BOX would be much wider than the free end of the post that bonds to
the mirror. The minimum dimension of the pedestal would not be adversely impacted, but the post
would be more robust to the notching effect. The surface tension issue destroying the posts can be
addressed by moving from a wet process to a vapor phase HF etch. This would provide the additional

advantage of eliminating the necessity to protect the Al surface of the mirrors during BOX removal.

FIGURE 3.28 Schematic cross-section of a single mirror with a two level post design and etch concept.
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3.5 Fabrication Summary
The SOI-CMOS-MEMS fabrication technology described in this chapter has sufficient process

window for producing mm-scale mirror arrays and provides compatibility with a chip mounting pro-

cess that extends the range of motion of the mirrors. The process window of the post etch decreases as
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the scale of the mirror decreases and surface tension issues manifest as the mirror pitch decreases. A
post design solution has been suggested to widen the process window of the post etch, but it is neces-
sary to move to a vapor phase BOX removal to eliminate surface tension driven post breakage. The
epoxy dipping bonding process has proved to be incompatible with an integrated mirror encapsulation
concept and to explore this possibility further requires a new adhesive delivery method or a new bond-

ing approach.
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Aspect Ratio Dependent Etch
Modulation

“It is by going into the abyss that we recover the treasures of life.”

- Joseph Campbell

Aspect ratio dependent etching (ARDE) is an unavoidable fact of life for those applying plasma
etch in a fabrication technology. It was first noted by Chin et al. [67] in the etching of submicron Si
trenches but has also been observed in the etching of other materials, such as oxide [73] and is typi-
cally considered an undesirable effect. It encompasses the decrease in vertical etch rate with increasing

aspect ratio (AR) as well as lateral etching and profile effects such as sidewall bowing [67].

It took MEMS researchers to appreciate the benefits the phenomena could bring to a fabricator’s
tool kit. Kiithamaki et al. [74] demonstrated how ARDE could be used to control depth uniformity and
profile across large areas by sub-dividing it into smaller areas that etched at similar rates. Chou and
Najafi [75] fabricated curved electrodes by tailoring the mask opening to accentuate ARDE. Both pro-
cess concepts are exploited in the fabrication of SOI-CMOS-MEMS micromirror arrays. The use of

ARDE to control sidewall p