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by
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Abstract

The major contributions of this thesis are the developments of silicon micromachined
flow shear-stress sensors and magnetic actuators, together with original studies on
two fundamental issues of micro fabrication. Sensors and actuators applications in
two fluid-mechanics projects have been successfully demonstrated.

Micro shear-stress sensors utilize boundary-layer thermal transfer principles. For
the proposed fluid-mechanics applications these sensors must have higher sensitive
compared with conventional sensors, among other requirements. This has been real-
ized by implementing a unique vacuum-sealed cavity which greatly reduces heat loss
to the substrate silicon.

Fluid applications present unique challenges to micromachined actuators: they
must achieve large out-of-plane motion and withstand large forces. We have developed
two types of magnetic actuators that fit these requirements. The first type is based
on interaction between the magnetic dipole moment of a current-carrying coil and an
external magnetic field. A second-type uses the torque generated by an electroplated
Permalloy (NiggFes) plate inside an external magnetic field.

The two fundamental micro-fabrication issues are the reactive sealing of cavities and
the magnetic-levitation assisted release of surface structures. We have conducted sys-
tematic experiments to determine the dependance of sealing performance on the test-
structure geometric parameters, sealing materials and other factors. Release/drying
of micro actuators, with their large surface areas, is especially challenging. The
idea for magnetic-levitation assisted release is obtained while we were developing the
Permalloy magnetic actuator. Magnetic forces counteract the surface tension forces
during the drying to avoid structure stiction to the substrate. Original results from
these fundamental studies add to the general micromachining knowledge base.
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The applications of developed sensors and actuators are demonstrated in two fluid-
mechanics projects. In the first, we explore a unique scheme for active drag reduc-
tion, which is possible only by using a Micro Electro Mechanical System (MEMS).
The MEMS consists of an array of shear-stress sensors, actuators and embedded
neural-network (NN) circuitry. The goal of the second project is to achieve enhanced
maneuverability of delta-wings using MEMS devices. Shear-stress sensors are success-
fully applied to identify the flow separation lines along the delta-wing’s leading edges.
Permalloy magnetic actuators interact with the leading-edge flow for controlling the
wing motion.
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Chapter 1

INTRODUCTION

1.1 Silicon Micromachining and MEMS

Silicon micromachining is the science and technology of constructing integrated, three-
dimensional electro-mechanical structures, with characteristic length scales in the
micrometer to millimeter range, using fabrication technologies derived from and com-
patible with integrated circuit (IC) fabrication. Micromachining provides the techno-
logical foundation for Micro Electro Mechanical Systems (MEMS). A MEMS contains
integrated electro-mechanical structures (sensors and actuators) and electronic IC cir-

cuitry; these components are built on single chips or within hybrid packages.

The micromachining field has been undergoing rapid growth during the past ten
years. A number of mile-stone events include a 1984 paper by Kurt Petersen titled
“Silicon as a Mechanical Material” [91], a first demonstration of an electrostatic micro-
motor in 1989 [109], an electrostatic comb-drive mechanism for polysilicon micro
devices [115] and a micro mirror array for image projection by Texas Instruments [98].
MEMS facilitates and inspires fundamental scientific research as well; for example,
studies of fluid flows in micro flow channels have been conducted [73]. It is predicted
that application of micromachined devices in such fields as biology (e.g., cell and DNA

handling), optics (e.g., micro optical bench, displays and imagers), data storage and



Single crystal Stainless Silicon  Permalloy

Silicon Steel nitride (Ni 80 Fe 20)
Yield strength (10° N/m?) 7 2.1 14 1.52
Knoop hardness (kg/mm?2) 850 130 3480 580
Young’s modulus (1011 N/m?) 1.3-1.9 0.7 3.85 -
Thermal conductivity (W / cm °C) 1.57 1.38 0.19 -
Thermal expansion coefficient (1076 /°C) ~ 2.33 17.3 0.8 -

Table 1.1: Mechanical properties of various materials.

micro-instrumentation will undergo quantum advancements in the future [92].

Nowadays, silicon, polysilicon and silicon compound materials are predominantly
used for micromachining. A comparison of selected mechanical properties of silicon,
silicon nitride, stainless steel and Permalloy ! is shown in Table. 1.1. For example,
silicon has larger yield strength, hardness, Young’s modulus and thermal conductivity
compared with those of the stain-less steel material. The single crystalline silicon
structure can have inherently large Q factors. As sizes of structures are reduced, it
has been predicted that fatigue strength could also improve. On the other hand,
silicon is also a brittle material: the fracture strain for single crystal silicon and

poly-crystalline silicon is below 2%.

Several other types of materials can also be used for micromachining; a partial list of

those include quartz [25], diamond [56], silicon carbide [120] and gallium arsenide [46].

1.1.1 Advantages of Micromachining and MEMS

Micromachined structures and devices have the following advantages:

1. Small size.

Characteristic lengths of micromachined devices range from micrometers (10~°m) to

!Properties of Permalloy material is obtained from [78]



millimeter. Small sizes potentially translate into reduced real-estate requirements
and smaller mass of functional units. As a result, mechanical, electrical and thermal
response times of MEMS are much smaller compared with those of macro-scaled de-
vices. Some important scaling rules of physical characteristics are illustrated. Let L

be the length parameter, then according to [28], the mass of a structure scales by
mass < L* (1.1)
and the bending stiffness of a rod scales by 2
stif fness oc L (1.2)
The mechanical vibrational frequency, described in lumped model, would therefore

.
frequency ”____s 1f fness o L7t (1.3)
mass

Similar to the mechanical frequency response, general thermal response frequency

scale by

(< L7%2) and electrical oscillation frequency (o< L~!) both increase when the

dimension L is reduced.

An important fact is that the ratio of an object’s surface area (o< L?) to its volume

(ox L?) increases substantially with a diminishing L, because

area 1

(1.4)

volume

This relationship implies that surface effects (e.g., stiction and friction) will have
a more important role for determining the performance of micro devices, whereas
volume effects (e.g., gravitation and inertia) are relatively more important in macro

devices.

*stiffness oc moment of inertia / length® oc L4 / L3



2. Three-dimensional geometry and multi-degrees-of-freedom of motion.

Integrated electronics elements have fixed positions within a shallow layer atop the
silicon substrate. Micro mechanical structures and devices, on the other hand, are
three-dimensional and can achieve multiple degrees of motion freedom. Using a large
number of existing micromachining techniques (briefly described in the next section),
structure heights ranging from tens of angstrom to hundreds of micrometers can be
realized. Movements in many degrees of freedom have been demonstrated using previ-
ously developed micro structures: micro sliders, for in-plane linear translation, micro
motors for in-plane rotation, flap-action actuators and hinged micro structures for
out-of-plane rotation, and symmetrically suspended structures for out-of-plane trans-

lation.

3. Compatibility with microelectronics (IC).

Micromachined sensors and actuators are fabricated using a set of processing tools
compatible with IC fabrication. This makes integration of mechanical and electrical
components at the chip level possible. Large number of devices can be batch fabri-
cated using photolithography techniques. From the stand-point of industrialization,
micromachined structures, devices and systems have the potential of greatly reducing

production cost and improving performance.

1.1.2 Micro Fabrication Techniques

Silicon micro fabrication techniques are mainly categorized into bulk micromachining

and surface micromachining.
Bulk micromachining (Fig. 1-1) involves using crystal-orientation-dependant, deep

substrate (bulk) etching to realize free-standing mechanical structures (diaphragms,

suspension beams, etc.). Wet chemical etchant such as ethylenediamine pyrocatechol
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T <100> surface orientation

structural layer

Silicon

mask mask

movable part ~

Silicon

Figure 1-1: Schematic diagram of bulk-micromachining technique used to create a
movable structure. (a) A < 100 > oriented, single crystal silicon wafer with patterned
silicon nitride on both sides; (b) using EDP etch, a cavity is created on the back-side
and the structure on the front-side is freed.

(EDP), potassium hydroxide (KOH), hydrofluoric acid/nitric acid/acetic acid (HNA)
and tetramethyl ammonium hydroxide (TMAH) are typically used. The etch-rate
dependence on crystal planes and impurity doping levels vary for different etchant [91].
Some complex three-dimensional geometries can be realized by adopting proper mask
shapes and etching sequences [54, 9]. Shown in Fig. 1-2 is an array of Si pyramids
created using EDP, which is an isotropic etchant with slowest etch rate in the < 111 >
crystal orientation; each pyramid (7 pm tall) is bounded by four (111) crystaﬂline
planes [72]. Bulk micromachining techniques have been successfully applied in making
several types of commercial sensors, for measuring thermal radiation, pressure and

acceleration.

Surface Micromachining (Fig. 1-3), on the other hand, performs chemical etch-
ing and forms micro structures within a very thin (typically <10um ) layer on the
substrate surface. Here, Sacrificial-layer etching is a key technique to realize free-
standing structures. In this, structural layers are first deposited over a sacrificial layer;
structures become free after the sacrificial layer is removed by wet or dry (plasma)
chemical etching. Low Pressure Chemical Vapor Deposited (LPCVD) phosphosilicate
glass (PSG), a phosphorous-doped (4-8 wt %) silicon dioxide, is the most commonly
used sacrificial layer. In this case, 49% hydrofluoric acid (HF) is an effective etchant;

its etch rate on PSG is on the order of 1 micrometer per minute, faster than its etch



Figure 1-2: An array of pyramidal-shaped micro tips formed using EDP chemical
etching. The flat plates on some tips are remaining etch masks.



structural layer sacrificial layer

\ e

Silicon substrate

(@)

_movable part

Silicon substrate

(b)

Figure 1-8: Schematic diagram of surface-micromachining technique used to create a
free-standing structure over a wafer surface. (a) Patterned structural layer lies over
the sacrificial layer; (b) after removal of the sacrificial-layer, the mechanical structure
is free.

photoresist electroplated metal

7N

metal mold

substrate substrate

(@) (®) ©

Figure 1-4: A schematic diagram of LIGA micromachining. (a) Thick photoresist is
patterned using deep X-ray lithography; (b) metal electroplating fills cavities; (c) the
finished metal parts extracted.

rates on silicon nitride and silicon by several orders of magnitude [74]. A number
of microstructures made from poly-crystalline silicon and polysilicon/silicon nitride
composite layers have been demonstrated including, for example, pin joints, gears,
springs, sliders and resonant structures [115]. Metals (aluminum, copper, etc.) and
organic polymers (photoresist, polyimide, etc.) have also been reported as sacrificial

materials.

Other micro-fabrication techniques include fast prototyping (using laser or focused
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ion beams) [56, 112], wafer-to-wafer bonding [121] and electroplating [58]. LIGA 2 is
a hybrid-type technology using established planar processing sequences together with
metal electroplating to produce metal structures with high aspect ratios. In some
cases, finished metal products can be further used as master molds. Today’s LIGA
structures can be as thick as 500 um and only several micrometers-wide in some
parts. However, the LIGA process requires lithography with a synchrotron-based,

deep X-ray beam source, limiting its accessibility.

1.2 Fluid Mechanics Concepts

1.2.1 Reynolds and Mach numbers

Flow over a surface is typically divided into three regimes: laminar, transitional and
turbulent. In the laminar regime, flow particles move in smooth paths; interchange
of momentum between layers, or laminas, is through molecule motion. The turbu-
lent flow, on the other hand, has very erratic motion of fluid particles with a large
transverse interchange of momentum. The nature of the flow, i.e., whether laminar
or turbulent, and its relative position along a scale indicating the relative importance
of turbulent to laminar tendencies, are characterized by the Reynolds number. The

Reynolds number is defined as

Re = —— (1.5)

where U, is a characteristic velocity of a flow field, I a characteristic length, p the

density of the flow media, and u the dynamic viscosity. The kinematic viscosity, v,

*LIGA (Fig. 1-4) is the German word for LIthographie (lithography), Galvanofornung (electro-
plating) and Abformund (molding).



is the ratio between i and p, *

Using Eqgs. 1.5 and 1.6, the Reynolds number can be expressed as

Ul

In a particular flow situation, there is a critical Reynolds number that distinguishes

among flow regimes. For example, in a channel flow situation, the characteristic length

is the half width of the channel; the flow becomes turbulent when Re > 8000.

The Mach number is the ratio of velocity of a fluid to the local velocity of sound in

the medium,
Uso

M =
Usound

(1.8)

The velocity of sound in dry air (at sea-level pressure and 20 °C ) is 343 m/s. Incom-

pressible fluid model is assumed for flow analysis when M < 0.3.

Flows over geometrically similar bodies with the same Mach and Reynolds numbers

are considered dynamically similar °.

1.2.2 Turbulent boundary layer

In 1904 Ludwig Prandtl developed the concept of the boundary layer. It provides an
important link between viscous and invisid fluids. He suggested that the viscous effect
is confined in a thin layer near the wall. In a wall-bound channel flow, for example,
the flow at the boundary has zero velocity relative to the boundary according to

the non-slip boundary condition; the flow velocity increases with increasing distance

“For air at room temperature, p is 1.18kg/m® at 27 °C for air, [24], p is 1.847 x 104 g/s cm
(poise), or 1.847 x 107° kg/s m, and v is 1.57 x 10~%m?/s.

*Two flows are defined as dynamically similar if (1) streamline patterns are similar; (2) velocity,
temperature and pressure distribution throughout the flow field are similar when plotted against
common non-dimensional coordinates; (3) the force (life, drag) coefficients are the same.
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from the boundary (Fig. 1-5). This fluid layer which has a velocity shear is called
the boundary layer. Some arbitrary point is used to designate the transverse position
where the boundary layer ends. The thickness of the boundary layer, J, is usually
chosen as the vertical distance when the local flow velocity, u, is 99% of the mean
flow velocity Uy, [107]. The shear stress is proportional to the derivative of flow speed

with respect to the vertical distance,

(1.9)

The flow outside of a boundary layer is usually treated as invisid flow.

Understanding of wall-bound channel flows is important for our current studies.
The characteristics and profiles of the boundary layer near the channel wall are de-
scribed here. The boundary layer is laminar and also thin at the upstream end. As
the flow travels down-stream, the continual action of shear stress tends to slow down
additional fluid particles, causing the thickness of the boundary layer to increase with
distance from the upstream point (Fig. 1-6). When the flow travels beyond a critical
distance from the leading edge, small disturbances in the flow begin to be amplified.
The flow becomes transitional and eventually a turbulent boundary layer is formed
in which the fluid particles move in random paths. Near the wall, laminar motion is

still retained; this layer is called a laminar sub-layer.

The transition from laminar to turbulent occurs typically when [48]

UOO C
Re, = == > 5 % 10° (1.10)
1%

with z. being a critical stream-wise distance. On the other hand, z. can be influenced

by many factors such as surface roughness and stream-wise pressure gradient.

Within turbulent boundary layers there exist coherent wall structures, noticeably

quasi-deterministic vortices. The higher-energy fluid elements from the outer region
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laminar ——
turbulent - - -

Figure 1-5: Schematic of velocity profiles for laminar and turbulent flows in the
boundary layer.

Us H T

laminar sublayer

v

|<— laminar —>! transition j <— turbulent —~~>

Figure 1-6: Evolution of wall-bound boundary layer in the stream-wise direction.

of the flow are pumped close to the surface. The laminar flow velocity profile is
approximately parabolic in shape, while the turbulent flow velocity profile is more
blunt. Hence, the average flow velocity gradient near a wall is larger for a turbulent
flow in comparison with laminar flow (Fig. 1-5) [5]. Viscous friction is most effectively

created within the turbulent boundary layer.

It can be proved that the pressure is a function of stream-wise location z only for

a 2-D boundary layer, and it decreases with increasing x.

1.2.3 Quasi-deterministic wall structures

Flow turbulence is encountered in many situations and it is one of the most chal-
lenging problems of the fluid sciences due to its seemingly random nature. It has

been discovered, however, that turbulence flow has dual features, deterministic and
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random [62]. In the above-mentioned situation of a wall-bound channel flow, so
called quasi-deterministic wall structures exist within the fully turbulent region; these
structures are so-named because they have specific features and yet are not exactly

identical.

Wall structures are responsible for most of the mass and momentum transfers.
Many researchers study analytical modeling and experimental visualization of such
vortices; the methods and results vary. However, it has been generally accepted that
a quasi-deterministic wall structure is a pair of counter-rotating stream-wise vortices.
In a typical life-time of a vortex pair, there is a sequence of four events: gradual
outflow, lift-up, oscillation and breakup. Here, lift-up refers to the vortex pair being

separated from the wall. Such a process has been successfully visualized [63].

The physical dimensions of near-wall structures are determined by the viscous scales
of the channel flow [16]. In a channel flow, the length and time scales of associated
wall structures are demonstrated within a range of flow velocity. The characteristic
length scale [ is 1.25 cm. The flow velocities (Us,) are between 10 ~ 40m/second;

within this range, the flow will be characterized as being turbulent.

First, a wall friction velocity, Uiy, is defined using the following formula
U,/Us = 0.1079 Re™ 0% (1.11)
where Re is calculated based on the half channel width. As a result,
U, = 48.3 ~ 170cm/s (1.12)
for the given flow velocity range. The wall length scale, y+, is

vyt =v/U, =31 ~88um (1.13)
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Using Eq. 1.7, the length scale can also be written as a function of only U,

1%

+
0.1079U, (Yoet)~0.089

Y

The averaged physical dimensions of the wall structures are as follows [16]:
length = 1000y™ = 3.1 x 10* ~ 8.8 x 103y m

width = 100y* = 3.1 x 10® ~ 8.8 x 10%u m

height = 10y* = 3.1 x 10° ~ 8.8 x 10u m

The turbulent time scale, t*. is defined as

t* =y* /U, =64 ~52us

The reported average life span of wall structures varies within a wide range as

life = 500t ~ 2500¢*

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)

(1.19)

The length and time scales at selected velocities are summarized in Table 1.2. Also,

according to Eq. 1.10, the critical distance for flow to become fully developed is

z. = 0.78 ~ 0.196m

for the given range of flow speeds.

(1.20)
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10 8333 31 64
20 16667 16.5 18
30 25000 11.4 8.7
40 33333 8.8 5.1

Table 1.2: A summary of Reynolds number, length and time scale associated with a
2-dimensional channel flow, with the flow velocity between 10 — 40 m/s.

1.2.4 Flow separation and pressure drag

The shear stress within a boundary layer is related not only to the viscous drag,
but also to the flow separation from a surface (usually a curved one). On a certain
portion of an airfoil with an angle-of-attack, surface pressure may increase in the flow
direction. As an example (Fig. 1-7), the pressure at stations S3, S2, and S1 are in
a decreasing order. Such a trend of pressure with stream-wise distance is called an
adverse pressure gradient. This gradient further reduces the motion of the flow near
the surface along with friction forces in the boundary layer. If the adverse pressure
gradient is sufficient, the flow near the wall will be stopped and the wall shear stress
will reach zero at a certain stream-wise location (station S2 in this diagram). Beyond
52, the flow near the wall is reversed and the flow is said to have separated from the

surface.

Because of the flow separation, the overall pressure distribution along the surface
of a body will be different from the case when no separation happens. The net effect
is to create a pressure distribution over the actual body surface which results in an
integrated force against the flow direction, i.e. a pressure drag. For different shapes of
bodies, the ratios of friction drag force and pressure drag vary within a wide range. It
is noticeable that for common streamline bodies, the two drag components are almost

equally divided; whereas for blunt objects, pressure drag dominate due to massive
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insert (b)

insert (a)

Figure 1-7: Effect of viscosity on a body in a moving fluid: local flow velocity profiles
at different stream-wise locations and flow separation.

regions of flow separation.

1.3 MEMS for Fluid Mechanics - New Challenges

The interdisciplinary research of using micromachined devices in fluid mechanics and
aerodynamics is a brand new effort. Each field creates opportunities and challenges

to the other; as a result, new results in both fields can be discovered.

From the perspective of fluid mechanics studies, micromachined devices present new
research directions in several ways. First, micromachining techniques improve the per-
formance of conventional fluid measurement devices (in the current case, shear-stress
sensors). Secondly, micromachined actuators can adequately influence the boundary-
layer flow field to produce macro-scale fluid-mechanics effects. Micro actuators are
interesting because they have smaller mass and higher response frequency compared
with macro actuators. Thirdly, micromachining technology makes it possible to create

large scale, distributed sensor or actuator arrays that are previously impossible be-
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cause of technology and cost limitations associated with conventional manufacturing

To satisfy the requirements of fluid mechanics applications using micro devices, new
structures and operating principles must be realized. Two examples are demonstrated
with our research. First, a new-type of thermal-isolation structure is proposed and
realized, which results in improved shear-stress sensor performance. Secondly, actua-
tors with relatively large areas, large displacements and forces must be used; therefore
we have developed magnetic actuators using surface micromachining techniques and

Permalloy electroplating.

1.4 Overview of Chapters

Chapter 2 discusses the concept, design, fabrication and testing (in still air and
in a wind-tunnel) of a surface-micromachined shear-stress sensor based on thermal-
transfer principle. The forced heat transfer, from a heated resistive element to the
flow, is related to the boundary layer velocity profile, i.e., the shear stress. A unique
vacuum sealed micro cavity, made possible using micromachining techniques, reduces
the heat loss from the heated element to the substrate, thereby increasing the sensi-
tivity drastically compared with conventional counter-parts. Sensors are operated in
three modes: constant voltage (CV), constant current (CC) and constant tempera-
ture (CT). Sensor calibration in these three modes are conducted in a 2-dimensional

wall-bound channel flow.

In Chapter 3, two types of micromachined magnetic flexural-type actuators are
presented. The out-of-plane displacements of these sensors will interact with boundary-
layer; these actuators must achieve displacements on the order of 1 mm and be able to
sustain wind loading within the boundary layer. These requirements present unique

challenges for MEMS.
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In one actuator scheme, the displacement is produced as the result of interac-
tion between magnetic dipole moment created by in-plane air-coils and an external
magnetic field. Magnetic actuation in both up and down directions is achieved. How-
ever, this type of actuator suffers from intrinsic and thermal-stress bending which
are un-desirable for its intended application. In the second actuator scheme, when
an external magnetic field is applied, a piece of electroplated Permalloy (NigyFeq)
material becomes magnetized and the Permalloy material’s internal magnetic mo-
ment interacts with the external magnetic field to produce a bending moment to the

actuator.

The concept, design, fabrication and testing of these magnetic actuators are pre-

sented in this chapter.

Chapters 4 introduces two micro-fabrication issues encountered in sensor and
actuator development. Although micro-machined processes are largely derived from
the IC fabrication, unique process requirements and challenges exist. As a simple
example, deep etch (tens to hundreds of micrometers) is frequently encountered in

micromachining while rarely of used for IC devices.

The goal of the first study is to find optimal combination of geometry and material
factors that result in the most efficient sealing of micro cavities using LPCVD (Low
Pressure Chemical Vapor Deposition) materials. This is currently a first systemat-
ically study on the sealing performance under the influence of geometry, sacrificial-
material thickness, deposition material and thickness. Many previously-unknown

sealing behaviors have been discovered.

Through the development of magnetic actuators, we discovered a unique method
for drying surface micromachined cantilever-beam structures after their wet chemical
etch/release. This technique is a unique augmentation to a growing family of anti-
stiction methods for surface micromachined structures. It uses magnetic forces to

overcome surface tension forces; micro structures are lifted during the drying process
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to avoid contact and bonding with the wafer substrate. Simple equipment and chem-
ical treatment are involved in the release and drying process. Special test structures

are used to study the drying mechanism and evaluate its result.

Chapter 5 discusses current progress in two fluid mechanics applications. One ap-
plication involves a distributed MEMS containing a large array of shear-stress sensors,
magnetic micro actuators and neural network IC circuitry. The goal of the system is
to actively reduce air-drag by detecting and controlling individual quasi-deterministic
wall structures. Several fluid mechanical testings will be described; shear-stress sen-
sors and micro actuators discussed in Chapters 3 and 4 have been proven effective in

their intended fluid applications.

In another application, the purpose is to demonstrate the feasibility of using micro-
machined actuators to control a macro aerodynamic device. The control is performed
by manipulating the boundary layer around the leading edges of a model delta-wing.
Micro thermal shear-stress sensors are used to detect the flow separation line along
the leading edges. The information on the flow-separation lines is used for positioning
actuators for delta-wing controlling. Micro magnetic actuators are positioned along
the delta-wing to influence the wall bound stream before natural separation occurs,

in an effort to control the delta-wing rolling moment.

Convention In parts of Chapters 2 and 3 where micro fabrication process is de-
scribed, frequently encountered steps are summarized in Appendix A. As a conven-

tion, the names of these important steps are underlined in the chapters.
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Chapter 2

Thermal Shear-Stress Sensors

2.1 Introduction

The determination of wall shear stress, 7, is very important in fluid mechanics and
aerodynamics studies. As an example, the overall viscous drag over an object in a flow
field corresponds to the shear stress integrated over the surface area; the ability to
map shear stress with a resolution comparable with the dimension of wall structures
is critical for controlling these structures. In another example, high-resolution shear-

stress measurements can also be used to pin-point flow separation locations.

2.1.1 Flow Shear-Stress Measurements

Shear stress measurement techniques can be categorized into indirect and direct meth-
ods [43, 35].

Direct measurement methods

Direct measurement relays on detection of the total amount of viscous drag on a

surface-mounted force balance. The drag (Fy) on a surface with an area of S can be
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obtained by integrating 7 over the area,

F;= }gT ds. (2.1)

This technique requires that a portion of the wall be movable in the direction of the
flow; the force-balance plate must have a gap surrounding its perimeter. The presence
of this gap, however, can introduce unwanted change in flow condition [26]; it is a

major drawback for direct measurement techniques.

Indirect measurement methods

In indirect methods, 7 is extracted from other measured physical parameters (e.g.,
pressure and wall temperature) that are indirectly related to the shear stress. For
example, stream-wise pressure distribution inside a boundary layer can be related to
7 and is the foundation of some well-established fluid mechanics calibration devices.
Variations of Pitot tubes,' such as Preston tubes [94, 35] and Stanton tubes [49, 29],
have been used for measurements of this nature. However, there are many disad-
vantages to these types of devices; the Preston and Stanton gauges both present

obstruction to the flow and requires modifying the wall (e.g., drilling a hole).

Shear-stress measurements based on thermal transfer principles (hot-wire and hot-
film sensors)? belong to the indirect method category and have been in wide use [43].
Compared with Pitot-tube measurement techniques, sensors based on thermal-transfer
principles have the following advantages: they can be used in a wide variety of flow
conditions, they present minimal disturbance to the flow itself because of the surface

flush mount, and they offer the possibility of measuring time-varying flows.

1A flow pressure measurement device with one or multiple pressure-input ports. The device must
extend into the flow region to measure local pressure; this device will therefore create disturbance
to the flow field.

*Mass transfer (electrochemical) probes are similar to probes based on transfer of chemicals.
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Micromachined shear-stress sensors

Traditional shear-stress sensors have serious disadvantages. The miniaturization of
these sensors are difficult because their manufacturing typically requires delicate
handicraft. For the same reason, mass-production with good device repeatability
was very difficult to achieve. Micromachined sensors, on the other hand, are small
in size and easy to produces in large quantities with precision. In recent years, both
indirect and direct measurement techniques have been implemented using bulk and

surface micromachining technology.

Micromachined surface floating-element balances for direct shear-stress measure-
ments have been reported [101, 103]. The measured sensitivity was 52 uV(ac)/Pa in
a gaseous-medium using a differential capacitor readout scheme, and 13.7 uV/V-kPa

in a liquid medium using a piezoresistive readout scheme.

Traditional hand-made thermal-transfer based sensors suffer from two major draw-
backs. First, because metal (e.g., nickel and platinum) is used as the heating and
sensing element, the resistance of sensing element is low and a large biasing current is
required to produce required surface-heating effects. Secondly, the sensitivity of such
devices will be compromised because there is no effective heat insulation between the
heated element and the substrate, due to fabrication and packaging difficulties. In re-
cent years, however, micro shear-stress sensors have been demonstrated [127, 93, 110]
using both bulk and surface micromachining technology. Micro sensors present device-
performance improvement in two ways. First, the semi-conductor material employed
as the heating/sensing element has a much higher resistivity compared to metal. Sec-
ondly, unique heat insulation features are are realized, only by using micromachining
techniques, to solve the common but major problem that the heat loss to the sub-
strate limits the performance of the conventional thermal shear-stress sensors. Such
features include free-standing beams [79, 118, 34], free-standing diaphragms [126] and
low thermal-conductivity layer such as polyimide [76, 106].
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Overview of the current shear-stress sensor

In our fluid-mechanics applications, shear-stress sensors are required to have high
sensitivity and to achieve real-time (frequency > 15 kHz) shear-stress measurement
with fine spatial resolution (about 100 ym ). In this chapter, we discuss our work on
the development of a new, surface-micromachined thermal shear-stress sensor, with
the fundamental design of a hot wire on a free-standing silicon nitride diaphragm. The
novel aspect of the sensor is that the diaphragm lies on top of a vacuum cavity which
minimizes the heat conduction from the diaphragm to the substrate through the gap;
this feature offers much more effective thermal isolation to the substrate compared
with the heat-insulation schemes previously discussed. The design, fabrication and
testing of such a device is presented in this chapter. In Chapter 5, micro sensors

application in two fluid mechanics applications are furthered explored.

2.1.2 Thermal Transfer Principle

The operation principle of the shear stress sensors is as follows: based on a fully de-
veloped turbulent flow condition, the rate of heat loss from a heated resistive element
to the air-flow is dependent on the boundary-layer velocity profile, therefore the flow
shear stress. The temperature change of the resistor is measured by the change in its
resistance. Theories and analysis related to this sensing scheme are introduced in the

following sections.

Resistance vs. temperature characteristics

The resistance, R, of a semiconductor sensing element at an elevated temperature T

is expressed as

R=Ry(1+a(T —Tp)) (2.2)
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where Ry is the resistance at room temperature Ty and « is the temperature coefficient

of resistance — TCR.

An important parameter governing the thermal shear-stress sensor operation is the
temperature over-heat ratio, ap, defined as the relative change of sensor temperature

compared to the ambient temperature,
ar = (T - To)/To (23)

It is also practical to define a resistance over-heat ratio, ag, as the relative change of

sensor resistance compared to the resistance at the ambient temperature,
ap — (R— Ro)/Ro (24)

From Egs. 2.2 and 2.4, the resistance over-heat ratio is related to the temperature

over-heat ratio by

aRp = OéTQOlT (25)

The thermal resistance, 0, is defined as a sensor element’s temperature change AT

due to an input power P; as in
AT=T-Ty=6P (2.6)
Plug this expression into Eq. 2.2, the sensor resistance can be written as

R = Ro(1 + afP) (2.7)
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Figure 2-1: (a) Velocity and boundary-layer profiles for laminar flow region (up-
stream) in a channel. (b) Profiles for a fully-developed turbulent flow region (down-
stream).

Fully developed flow field

Consider a two-dimensional flow inside a channel with up-stream and down-stream
portions of its stream-wise cross-section shown in Fig. 2-1. Boundary layers develop
at the entrance on the top and bottom walls. As the boundary layer thickness grows
with the flow travelling downstream, the boundary layers fill the whole channel at a
certain down-stream position — the flow is termed fully developed beyond this point. If
the flow is laminar, a parabolic velocity profile is experienced as is shown in Fig. 2-1a.
When the flow is turbulent, a blunt profile is observed outside of the laminar sub-

layers (Fig. 2-1Db).

Thermal boundary layer

Just as the velocity boundary layer is defined as the region of the flow where velocity
gradient is felt, a thermal boundary layer is characterized as a region where tempera-
ture gradients are present in the flow. Profiles for thermal and velocity boundary
layers are illustrated in Fig. 2-2 for the case of a two-dimensional heat generat-
ing/sensing element (area = A.fs) inside of a two-dimensional channel flow. The
resistor’s long side is perpendicular to the direction of the mean flow. The relative
velocity and temperature profiles are also shown in the diagram: within the thermal

boundary layer, flow temperature decreases with the increasing distance away from
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the heated element; outside of the thermal boundary layer, the flow temperature

remains constant.

The relationship between the relative thickness of the velocity boundary layer and

the thermal boundary layer is characterized by the Prandtl number,

v
Pr=_— 2.8
=t (2.5)

where kg is the thermal diffusivity defined by Eq. 2.16. At a downstream location z,
the thermal boundary layer resides entirely within the velocity boundary layer when

the Pr of larger than 0.7. This condition is true for most gases and liquids [48].

Because the flow velocity is zero at the wall, the heat transfer into the fluid takes

place by conduction only. Under equilibrium conditions,

q d
— k2T o (29)

Acss

where ¢ is the rate of heat transfer to the fluid, T is the temperature of the flow
near the heated element, A.ss is the effective area of the heated element and k, is the
thermal conductivity of the air. The same amount of energy will be transferred by

forced convection according to

4 —wr-T1)) (2.10)
Acsy

where h is the heat convection coefficient and 7% is the temperature of the flow media.

Therefore, by equalizing these two equations above, h can be related to the thermal

conductivity at the wall by
_ktdiT |y=0
h=—12 — 2.11
T (2.11)
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Figure 2-2: Schematic of velocity and thermal boundary layers.
Relation between shear stress and thermal transfer

To derive this relationship, it is commonly assumed that the velocity profile close to

the wall is linear, therefore

d
Uy = y@Uy | =0 (2.12)

where U, is the flow velocity at a distance y from the wall. If %Uy at the wall is
known, then the shear stress is simply

d
T = ”Ey—Uy (2.13)

The relationship between 7 and the temperature difference between the heated re-

sistor and the ambient is first solved by Mitchell and Harantty [84] under a major

assumption that the thermal boundary layer over the element is thin enough that it

lies within the velocity boundary layer. The following briefly demonstrate the proce-

dure and major assumptions used in the calculation.

The complete thermal balance equation for a two-dimensional field is written as [35]
0] 0] 7] o2 o2 o2

Sorv,Llorvilo=plor Loy S0 2.14
5 T Pva Y Vg, (50 + 2,C + 52,9 (2.14)
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with

and

D= k}d = kT/pCf (216)

Here, p is the density of air, C; is the flow heat capacity, V is the flow velocity normal
to the wall and D = ky is the thermal diffusivity of the flow media.

The following major conditions are also satisfied in a fully-developed channel flow

in order to solve Eq. 2.14:
1. Thermal transfer in the span-wise direction is ignored;

2. Forced convection is strong so that diffusion in the stream-wise direction can be

neglected;

3. Effects of natural convection is small compared to that of forced convection.
Under a pseudo-steady-state assumption, %C becomes negligible. Using assump-
tion 3, the term VB%C in Eq. 2.14 is taken as zero. In addition, under assumptions
1 and 2, %C’ and ;TzzC are ignored. As a result, Eq. 2.14 is re-written as

0 82

Zo=D2" 17
UsggC = DgiC (2.17)

Eq. 2.17 can be solved under the following boundary conditions

aty=0,T =T, and

at large y and z = 0, T' = T}.

The solution for T'(z,y), obtained from solving Eq. 2.17 is used to calculate the av-
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erage heat transfer rate, denoted ¢, from the resistor to the flow; finally we have

/3 1/3
q Cp1 kr 1/3

where AT = T,—o — Ty and L is the length (in the stream-wise direction) of the

resistor.

Thermal heating power is related to the current input and the sensor resistance.
Since part of the input power is transferred to the flow while the rest is lost through

the substrate, the power balance is expressed as
2R = AT(A(pr,)"* + B) (2.19)

where A = 0.807A,C,*ks'/?/L/311/3 and B determines the conduction heat loss to
the substrate. At a certain input power 2R, the larger B is compared with A7,?,
the smaller the shear stress sensitivity will be. Therefore, to design a successful

shear-stress sensor, the heat loss to the substrate must be minimized.

2.2 Micro Thermal Shear-Stress Sensor

2.2.1 Sensor Design

Fig. 2-3 shows the schematic top and side views of a shear-stress sensor. The heating
and heat-sensing element is a resistor made of phosphorous-doped polysilicon. The
resistors are 50-200 pum long, 2 um wide and 0.45 um thick. Each resistor is located
at the center of a cavity diaphragm. The diaphragm is typically 200x 200 pm? in area,
1.5 pm in thickness and is separated from the bottom of the cavity by approximately
2 pm. The pressure inside the cavity is nominally lower than 300 mtorr, which is the

pressure used in the LPCVD nitride sealing process. The resistors are uniformly doped
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to a low sheet-resistance value of 50 €2/0, with typical resistances between 1.25-5 k)
at the room temperature for the range of resistor lengths. Two metallization wires,

each 10 micro wide, connect the polysilicon resistor to the external electronics.

A number of sacrificial-material etch channels surround each cavity; these channels
connect the oxide material inside the cavity to a etch holes. At the end of each
etch channel, etch hole exposes the sacrificial material for access by the sacrificial-
layer etchant. Etching starts at all etch hole openings at time zero and etch fronts
gradually develop toward the center of the cavity. The sacrificial-layer etching fronts
at two different time intervals (¢; and t5, with ¢, > t;) are shown in Fig. 2-4; dark areas
indicate remaining sacrificial material. In designing sensor geometry, it is important
to arrange etch-channel locations so that the diaphragm free-etch can be done in
a short time with a minimum number of etching channels; because the fewer etch-

channel openings each sensor has, the easier it is for the cavity to be sealed.

During high-temperature deposition-seal process, the pressure inside the cavity is
typically several hundred mtorr, much lower than the atmosphere pressure (760 torr).
When the wafer is cooled to the room temperature after the CVD process, pressure

inside each sealed-cavity is decreased.

Throughout the cavity diaphragm, the maximum bending occur at its center; the

deflection magnitude can be estimated using the following equation [135],

0.01516 - gl*(1 — v4)
Et3

bending = (2.20)
where [ is the side length of the square-shaped cavity, v is the Poisson’s ratio of the
diaphragm material, and ¢ is the uniformly applied pressure (here being 1 atm = 760
torr = 1.01325 x 10°N/m?). As an demonstration, let v, ¢, [ and E be 0.3, 1.5 pm,
200 pm and 160 x 10°N/m?2, respectively; a typical magnitude of deflection is 4.5 um.
We speculate the actual deflection is much smaller than this calculated value because

of two reasons. First, the rigidity of the diaphragm is enhanced by the metallization



30

and the polysilicon resistor on top of the diaphragm. Secondly, diaphragm-clamping
boundary conditions are changed due to the Bird’s Beak geometry (to be introduced
in the fabrication section). Further, the intrinsic tensile stress within the silicon

nitride material will decrease the bending magnitude.

Designing the thickness of the diaphragm is a trade-off. For as the thickness of
the diaphragm increases, thermal conduction to the substrate is enhanced due to the
increased cross-sectional area of the diaphragm. On the other hand, if the diaphragm
is too thin, the atmosphere pressure would make the diaphragm contact the substrate,

increasing the heat conduction to the substrate.

The length of the resistive element will have an effect on the thermal conduction to
the substrate. The longer the element is, the easier the heat transfer to the substrate
will be. However, if the element is too short, the sensitivity will be reduced due to

its reduced resistance value.

The size of each cavity will have a secondary effect on the heat transfer to the
substrate. Obviously, as the size of the cavity becomes larger, the heat-transfer rate
will be reduced due to the increase in conduction length. The thickness and width of
the metal lines will also have a second-order effect on the heat transfer. If the cross-
sectional areas of the line increase, more efficient heat conduction will take place

between the resistive element and the substrate.

Studies have shown that a shear-stress sensor will be most sensitive when the mean
flow velocity is perpendicular to its width dimension [83]. If the mean flow velocity
is at an angle 6 to the longitudinal direction of the sensing element, the sensitivity of

the sensor will be proportional to sin 6.

Heat transfer modeling The dynamic performance of sensors can be character-
ized by using a structure with three composite layers. The resistor is the top layer,
the silicon nitride diaphragm in the middle is the insulation layer, while the silicon

substrate at the bottom is treated as a heat sink. Ohmic heat generated by the
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resistor is conducted through the diaphragm and then into the substrate.

The heat conduction across the vacuum cavity is negligible. The thermal con-
ductivity of the gas trapped within the sealed cavity is a function of pressure and
temperature. Gas conductivity in the high-pressure regime is nearly independent of
the pressure; while in low-pressure range, the mean-free-path becomes comparable
with the dimension of the cavity and the thermal conductivity becomes strongly de-
pendent on the pressure [27]. The conductivity of air at 1 atm (760 Torr) is about
1000 times larger than that of air at 200 mtorr.

A simple energy balance can be written as

AT

et1 g+ LAess AT (2.21)

-2
R = Hcond + Hconv = kniti'rideA

where Honq and H,,,, are the rate of heat loss by substrate conduction and airflow
convection, respectively. Kkp;trige 1S the thermal conductivity of the silicon nitride
diaphragm, and A.s; is the effective area associated with the conduction heat loss.
L is the convective coefficient, and A.f f' is the surface area. Both A.s; are A;f ; are
not exactly w x [ but are modified by fringe factors. The heat transfer process can
be modeled analytically or using electrical circuit analogy; cut-off frequency of the
sensors can be deduced. Theoretical analysis and experiments both show that the
time constant of a sensor with a cavity tends to be longer than if the cavity is replaced

by substrate [53].

2.2.2 Sensor Fabrication

The micromachining fabrication process is discussed here. Fig. 4-17 shows the cross-
sectional sketches of a shear-stress sensor at different process stages (1 through 8).
Material deposition and removal on the backside of the wafers are neglected because

they are not relevant to device fabrication and performance.
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Figure 2-3: Schematic top and side views of a shear-stress sensor using thermal-
transfer principles.
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Figure 2-4: The profiles of sacrificial layer etching fronts at two different time inter-
vals. The corresponding profile of the remaining sacrificial layer at (a) t; and (b) t,
(tz > tl).
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Figure 2-5: Fabrication steps of a shear stress sensor.
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Stage 1
The starting wafer is a 4-inch-diameter, front-side polished silicon wafer that is 500

pm thick. First, a 0.4-um LPCVD silicon nitride® layer is deposited on the wafer

and photolithographically patterned to define the cavities (using KTI (viscosity=27

CS) photoresist). Each future cavity is defined as a 200x200 pum? square window.
Silicon nitride material within the exposed window areas are etched away using SF6

plasma etching at approximately 700 A per minute; the underlying silicon substrate

is exposed in the windows. Since the plasma etch rate of silicon is approximately 1
pm per minute, to control the etch depth to within 10% of the expected depth is im-
portant for the next step — thermal oxidation. The photoresist layer is then removed

using standard wafer cleaning procedures.

Stage 2
The ideal depth of each cavity, measured from the silicon nitride surface to the bot-
tom of the silicon surface, is controlled to be close to 0.7 um over the whole wafer
area. If the resulting cavity depth after stage 1 is less than 0.7 pm, silicon is slowly
etched to the correct depth by using HNA etchant (hydrofluoric acid: nitric acid:
acetic acid = 1:3:8). HNA etches silicon at a slow rate of 0.5 um per minute and
therefore allows for easy timed-control of the cavity depth. HNA etch silicon nitride
layer with a minimal rate.

This measure ensures that when a controlled thickness of silicon dioxide is selectively

grown within the cavity areas, the final oxide surface will line up with the silicon

nitride wafer surface exactly. This will minimize the surface roughness.

A 1.3 pm-thick silicon dioxide is grown using thermal oxidation at 1050°C in four

hours. During the oxidation process, the silicon/silicon dioxide interface moves into

3see Appendix for fabrication details of underlined steps.
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Figure 2-6: Birds’s beak structure at the perimeter of the cavity.

the substrate. At the end of this oxidation process, 44% of the 1.3 um oxide thickness

will be contributed by oxidation below the original silicon surface [132].

At the boundaries of the cavity, lateral thermal oxidation will occur between the in-
terface of silicon substrate and the first layer of silicon nitride, resulting in a so-called
bird’s beak structure (Fig. 2-6). A typical height of the bird’s beak structure, denoted
as t in the figure, is 300 — 400 nm. This lateral diffusion can be reduced using several
schemes [108] however the current ¢ will not cause major concern in fabrication and

performance.

Stage 3
A 500 nm LPCVD sacrificial phosphosilicate glass (PSG) is then blanket deposited

and the wafer is annealed in an annealing furnace at 950 °C for an hour. This step
activates the dopant (P) and dopes the thermal oxide underneath the PSG layer to
increase HF etch rate on the thermal oxide. The PSG layer is then patterned using
photolithography (KTT (viscosity=100 CS) photoresist), to define the sacrificial layer
and the etching channels overlying etch cavity. Unmasked PSG is etched away with
buffered hydrofluoric acid within 20 seconds. The photoresist is then removed and

the wafer is cleaned with Piranha.
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Stage 4

A 1.2 pm-thick low-stress silicon nitride is then deposited as the diaphragm material.
Etching holes are patterned in the silicon-nitride layer; the silicon nitride material
within these holes are removed with SF6 plasma to expose the underlying sacrificial
PSG. This plasma etch has a slow etch rate on the PSG layer and therefore 20%

(time-wise) over-etch is done to ensure that all etch holes of the entire wafer area are

clear.

Stage 5

In this stage, the sacrificial material is removed. Both sacrificial PSG and the thermal
oxide is completely etched away using (49%) hydrofluoric acid in 20 minutes (Fig. 2-4).
HF solution also etches silicon nitride, but at a very slow rate of approximately 40 A
/min.

After etching, the wafer is thoroughly rinsed in DI (de-ionized) water for 1 hour,
to purge HF from within the empty cavity through out-diffusion. The water within
cavities is then removed by spin drying the wafer at 7 krpm rotation speed; this is

followed by convection-oven baking at 120 °C for an hour.

Stage 6
A second LPCVD silicon-nitride layer (400 nm thick) is deposited at approximately
300 mTorr (0.04 Pa) and 850 °Cto seal the cavities under vacuum [70]. Because there
are still water molecules inside the cavities after the baking in stage 5, the deposition
chamber is nitrogen purged at 600°C for 30 minutes before deposition starts; this
step completely removes residue moisture before the high-vacuum nitride deposition
begins.

The two deposition fronts meet to permanently seal the cavity; this is shown in

Fig. 2-7. It also shows that the deposition thickness is different for different parts of
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Figure 2-7. A close-up cross-sectional view at the etch hole opening (A-A’ cross-
section depicted in Fig. 2-3) of a sealed etching channel opening.

the sensor. On top of the diaphragm there is an average deposition thickness; near
the entrance of the etch channel the deposition thickness is above average due to the
increased space angle. Deposition thickness inside the etch channel and the cavity is
dependant on the surface diffusion process and surface re-emission of particles (see
4.2.2); it is usually much less than the average thickness. Detailed studies of the

sealing process can be found in Chapter 4.

The cavity diaphragm is now approximately 1.4 um; it is equal to the original 1.2
pm silicon nitride (stage 4) and the 0.4 um silicon nitride used for sealing, minus the
silicon nitride thickness (approximately 2000 A ) consumed during the HF sacrificial

etch.

Sealed cavities remain sealed for at least two years after they are formed.

Stage 7
To form the resistor, a 450 nm LPCVD polysilicon layer is deposited at 620°C . The

polysilicon film deposited at this temperature is completely crystallized [57] with crys-

tal grain sizes on the order of 600A . Polysilicon doping is done by ion implantation

with phosphorus using a total dose of 1 x 10%®/cm? at 40 keV of energy. The wafer
is then annealed at 1000°C for 1 hour to activate the dopant and to reduce intrinsic
stress in the as-deposited polysilicon material. The measured sheet resistivity of the

polysilicon 50 /0. The polysilicon is then patterned and plasma etched to form
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Figure 2-8: Optical micrograph of a shear-stress sensor with a sealed cavity.

individual resistors. After the photoresist removal, another 100 nm layer of LPCVD
silicon nitride is deposited to passivate the polysilicon resistor. This film prevents
resistance from long-term drifting due to spontaneous oxidation of the polysilicon
resistor in air [100]. Contact holes are patterned and etched in plasma to allow for

access to the polysilicon resistor through the last silicon nitride layer.

Stage 8
Finally, thermal evaporation produces the aluminum metallization (300 nm thick)
which is patterned to form the leads. This thickness is found to be sufficient to

ensure continuity of metal lines at the perimeter of the cavity.

Micrographs of the fabricated devices are shown in Fig. 2-8. The cavity is 200x 200 pm?;
the resistor is 40 pm long and 2 um wide. Since the cavity is held under vacuum,
the diaphragm is bent down by the external atmospheric pressure so that optical
interference patterns (Newton Ring) can be seen under the microscope. Fig. 2-9 is a

Scanning Electron Microscope graph of the polysilicon resistor.
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Figure 2-9: A Scanning Electron Micrograph of the polysilicon resistor.
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Diaphragm size = 200 LLm

Figure 2-10: Surface roughness profile across the sensor diaphragm and through the
resistor.

It is important that the top surface of the shear-stress sensors be smooth so that
the surface roughness will not cause unwanted flow fluctuation [35]. Surface profiles of
our sensors are examined using a surface profilometer (Tencor Instrument Alpha-Step
200) with a stylus force of 4 mg. Fig. 2-10 shows that, even under simultaneous loading
of both the stylus and the atmosphere, the diaphragm has an over-all roughness of
only 450 nm. This maximum step height corresponds to the ¢ of the bird’s beak
plus the thickness of the top PSG layer deposited in step 3. It has been pointed out
that surface roughness of less than 5y+ should not change the flow analysis [123].
The current roughness is far less than 1 y* within our designed channel-flow velocity
range; flow disturbance is negligible. In addition, this surface profile measurement
also confirms that the diaphragm is not in contact with the cavity bottom under

normal pressure conditions.
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2.3 Sensor Testings

2.3.1 Wind-tunnel Setup

Shown in Fig. 2-11 is an experimental wind-tunnel (located at UCLA); its test section
is 5 m long, 60 cm wide and 2.5 cm (h) high. The wind-tunnel has a maximum mean-
stream velocity of 30 m/s. Since the width over height ratio of the test section is
60/2.5=24, flow is assumed to be two dimensional, i.e., low pattern is independent

of span-wise location.

The characteristic length used in the Re estimation is the half height, h/2 = | =
1.25 cm. The associated Reynolds number Re, length scale Y™ and time scale t*
of vortex wall structures at 10, 20 and 30 m/s are summarized in Table 1.2. For
example, Re at 30 m/s is equal to 25000; at a flow speed of 9.6 m/s, Re will reach
the critical value of 8000. The temperature of the flow inside the wind tunnel is also

closely monitored though not close-loop controlled.

The sensor package is about 2 X 2 cm? in area and the sensor surface is mounted
flush with the wind-tunnel side wall. The sensor package is located in the mid-span
on the top wall of the wind tunnel, in a down-stream region where turbulence flow is
fully developed (for the velocity range between 10-30 m/s). Fig. 2-12 shows the end
portion of the wind-tunnel’s test section where the sensor package is installed. Also
shown in this figure are pressure taps along the side wall of the wind-tunnel. These
taps are normally closed; they can be selectively accessed for stream-wise pressure

measurement.
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WIND TUNNEL

Figure 2-11: Location of the shear-stress sensor within a wind tunnel.

Figure 2-12: A picture showing the end portion of the wind-tunnel. The sensor
package is located on the top wall, in the mid-span of the tunnel.
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80% Platimum Doped Polysilicon

Tungsten Platinum 20% iridium - Phossphorus
TCR (°C1) 0.0045 0.0039 0.0008 0.0013
Resistivity (Q-cm) 55x 100 10x 106 31x 10 22x103
Thermal conductivity 1.965 0.69 0.176 0.32 [ref: ]

(W/cmK)

Table 2.1: Thermal properties of materials.
2.3.2 Thermal and Electrical Characteristics
Measurement: temperature coefficient of resistance

To measure the temperature coefficient of resistance (T'CR) of resistors, we use a hot
plate to heat up the sensor chip and measure the resistance at different temperatures.
Here, the measured data of a typical resistor, phosphorus-doped, 100 pum long and 2
pm wide, is used as an example. The resistance vs. temperature relationship is plotted
in Fig. 2-13. Enough time (20 minutes) is allowed between each temperature change
to allow for thermal equilibrium. The slope of the linear curve represents the TCR. («)
of the heated resistor (Eq. 2.2): 0.13%/°C . The TCR of some materials commonly

used in thermal shear-stress sensors and anemometers are listed in Table. 2.1.

Doping the resistors with boron instead of phosphorus will yield higher TCRs;
for example, TCR as high as - 6% has been demonstrated at a Boron doping level
of approximately 10'®cm ™. However, boron-doped polysilicon resistors have severe
non-linear resistance vs. temperature characteristics, which will create in-stability
problems in common sensing-biasing circuit. Phosphorus-doped resistors show very

linear relation which greatly simplifies the sensor-driving circuitry.

Thermal isolation

The thermal isolation characteristics of vacuum-sealed cavities of micro shear-stress

sensors are evaluated by comparing I-V characteristics of sensors under three situa-
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Figure 2-13: Temperature coefficient of resistance (TCR) of phosphorus-doped
polysilicon resistors.

tions (Fig. 2-14). This is demonstrated using a sensor that is 50 um long, 2 um wide;

the nominal resistance (according to measured resistivity) is1.25 k€.

In the first case, the resistor sits on top of a standard vacuum sealed cavity. In the
second case, a crack is created in the diaphragm of the previous sensor with the help of
a micro-manipulator probe; air therefore fills the cavity. In the last case, a replicate
sensor element, identical with the first two resistors in geometry and resistance, is
deposited directly on top of silicon substrate. I-V characteristic measurements in
these cases are shown in Fig. 2-15 4. The first resistor (located on the vacuum cavity)
has the largest I-V-curve non-linearity because its temperature effect is the most
pronounced among all three; the I-V curve for the resistor directly over the silicon
substrate is almost linear, indicating that the thermal conduction to the substrate

dominates the heat transfer process and little temperature variation has been created.

Using data from Fig. 2-15, resistance (V/I) as a function of input power (V-I) is re-
plotted in Fig. 2-16. Further, using the data from Fig. 2-16 and the resistor’s known

TCR, local temperature increases can be deduced; figure 2-17 shows the temperature

“Experiments are conducted in static room air
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2| vacuum oo

Figure 2-14: Sketch diagrams of (a) a polysilicon resistor located over a vacuum cavity
and (b) on top of an air-filled cavity, (c) an identical resistor directly on top of the
substrate.
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Figure 2-15: I-V characteristics of three resistors in Fig. 2-14.
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Figure 2-16: Calculated sensor resistance at various power inputs.
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Figure 2-17. Resistor surface temperature (derived from the previous figure) at vari-
ous power inputs.

variation as a function of the power input. According to Eq. 2.7, the slope of these
three curves indicate the thermal resistivity 6. It is found that 6 is 2.4 x 10*°C/W for
case 1 (resistor on a vacuum cavity), 1.8 x 10*°C /W for case 2 (resistor over an air-
filled cavity) and 2.7 x 10°°C/W for the last case (resistor directly on the substrate).
It is clear that the vacuum cavity improves the thermal isolation: @ for case 1 is 1.33
times that for case 2, and 9 times that for case 3. Exact values of thermal resistance
as well as ratios of § among three cases depend on sizes of the cavity diaphragms and

the geometry resistors.

Biasing of sensors

In determining the biasing power to the sensors, there is a maximum power consump-
tion. Above this limit, either the diaphragm will fracture due to thermal heating
or the resistor/metal interconnect will experience an electrical breakdown. In our
experiments, the bias for the resistors is always set below 15 mW to ensure long-term
reliable operations.

Further more, the resistance over-heat ratio, ap, is set to be less than 0.5. This

measure prevents the temperature of the sensor to become so high that natural heat-

convection will influence the flow field. The ap is also set to be lower than 0.25
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Figure 2-18: Constant-current mode driving circuit.

(corresponding to a maximum sensor temperature of approximately 250°C ) so that

re-crystallization of polysilicon will not occur during operation.

Since the resistance of a micromachined hot-film sensor (> 1k(2) is generally higher
than the value of a traditional hot-wire sensor (approximately 50 §2), conventional
driving circuits for anemometers need to be modified for present use. Three different
types of circuits have been developed for our experiments [52]: constant current (CC),
constant voltage (CV) and constant temperature (CT). The CV circuit has a simplest
configuration and the CT circuit is the most complex. The CT circuit also provides

the fastest time response among all three.

In both CC and CT circuits, terminal Et is where pulsed signal is fed into the
circuits for time-constant measurements. The constant-current circuit is shown in
Fig. 2-18, in which R represents the sensor resistor and F,,; is the output terminal.
The CT circuit (Fig. 2-19) contains a feedback loop that keeps the voltage across
the sensor resistor R constant. Resistors R4, R6, R and Ra form a bridge. Before
a circuit is used to drive a sensor, selecting an over-heat ratio and balancing the
bridge are crucial. When the switch S1 is connected to the calibration terminals, the
combination of R16 and R11 determines the overheat ratio. For example, when R16
is 27 k€ and R11 is 220 k€2, the overheat ratio is 0.1. The Ra resistor is first adjusted
so that the output voltage is at a desired value. After calibration, S1 is switched back
to the terminals for normal operation. More details about the operation of the CT

circuit can be found in [10]
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Figure 2-19: Constant-temperature mode driving circuits.
Ambient temperature and pressure sensitivity

The resistance of the sensor element is dependant on the ambient flow temperature
and the pressure. Since the temperature of the test wind-tunnel is monitored but
not controlled in a closed-loop manner, a reference sensor is used to monitor the
temperature alone. The reference resistor thus sits directly on top of the silicon

substrate and provides information on the ambient temperature of the flow.

Pressure variations will cause the diaphragm to change its profile and therefore
induce piezoresistive effects in the sensing element. The fluid-mechanics aspects of
pressure variation is beyond the scope of current studies. However, from the simu-
lation data provided in [75], a typical 1 psi pressure variation will create a voltage
shift of approximately 0.25 mV for a sensor biased by a 2.5 V DC voltage. This drift
voltage is small compared with the signal produced by shear-stress variation (refer to

Fig. 2-20).

Time response

Time constants of sensors are analyzed using equivalent circuit models and also mea-

sured experimentally. Experimentally, since suitable velocity fluctuations are not
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readily available, one usually relies on electronic test signals. According to both the-
oretical analysis [42] and experimental confirmation [85], the frequency response or
time constant can be obtained by feeding an electronic sine wave or square wave into
the £, terminal of both CC and CT circuits. Most commonly, when a step current
(square wave) passes through the resistor, the transient voltage response is used to

deduce the time constant.

We compare the effect of the vacuum cavity on the time constant of a shear-stress
sensor; the reference resistor is identical to the sensor resistor but located directly on
the substrate. The square-wave responses of the sensor and the reference resistor are
measured under an over-heat ratio of 5.5%. Using CC mode, the frequency response
of the sensor (with cavity) is several hundred Hz (time constant is on the order of
1 ms). Using CT circuitry with feed-back control, the time constant is decreased
and the frequency response increased drastically. The measured time constants are
72 ps and 5.2 us for the former and the latter, respectively. These time constants
are consistent with the results indicated by theoretical models [53]. According to
the approximate relation between time constant t. and cut-off frequency f. for CT
operation, f. = 1/(1.5t.); the cut-off frequency is estimated as 9 kHz and 128 kHz for

the sensor and the reference resistor.

2.3.3 Sensor Calibration

Wind-tunnel calibration of the micromachined shear-stress sensors is conducted under
CC, CV and CT driving modes. The steady-state sensor voltage output (time aver-
aged over a two-minute period) with respect to the mean-stream velocity is measured

at various flow velocities ranging between 5 to 25 m/s.

In order to correlate the output voltage with the wall shear stress (7,), two meth-

ods [55] are used here. In the first method, 7,, in a fully developed channel flow is
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related to the stream-wise pressure gradient by

dP, T
. 2.2
dz h (2.22)

where P, is the local pressure, z is the stream-wise coordinate, and A is the half
height of the wind tunnel. In the second method, an empirical relationship between
the Reynolds number and the wall shear stress in a fully developed channel flow is
obtained, by using

2T = 0.1079Re~0089 (2.23)

uOO
and
Tw = U 2P’ (2.24)

The 7, given by Eq. 2.22 is precise but the pressure measurements are not always
experimentally available; on the other hand, Eqgs. 2.23 and 2.24 link shear-stress
directly with flow velocity measurement. We first measure the stream-wise pressure
gradient with the help of pressure taps along the side wall of the wind-tunnel. 7,
is calculated by using Eq. 2.22. Afterwards, we use the second method given by
Egs. 2.23 and 2.24 to calculate the wall shear stress again. Good agreement is found
between shear-stress values calculated by using both methods. For example, at free
stream velocities of 9.96 m/s, 14 m/s, and 20 m/s, the first method gives 7,’s of
0.2388 Pa, 0.5384 Pa and 0.945 Pa, while the second method gives 7,,’s of 0.2813Pa,
0.5232 Pa, and 1.029 Pa. This agreement gives us confidence in directly estimating

Tw from the mean stream velocity.

The calibration results for one sensor unit (Ry & 2 kS2) at the same resistive over-
heat ratio o, of 0.2 but different operation modes are shown in Fig. 2-20. The top
curve, for CT mode operation, has a higher sensitivity compared with that of the CC
and CV mode operation. Data in Fig. 2-20, with the heating power P = 2R divided
by the temperature different AT, is re-plotted as a function of the shear stress to the
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Figure 2-20: Output voltage vs. wall shear stress for CC, CV and CT operation
modes.

mode AplB B
constant voltage 0.0755 42.7432
constant current 0.10015 42.7409
constant temperature 0.5698 42.593

Table 2.2: Fitting parameters for sensor output using CV, CC and CT modes.

one thirds power - a linear relation is exhibited. According to Eq. 2.19, the slope of
the curve corresponds to A and the intercept on the P/ A T axis is B. The fitting

parameters for the three modes are summarized in table 2.2.

2.3.4 System Implementation

The shear-stress sensors have been used in an active fluid drag control project for
real-time detection of surface vortex structures. Also the sensors have been mounted
on a rolling-rod located at the leading edge of a model delta-wing; the RMS signal

output is used to determine the flow separation point at various positions along the
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leading edges. More details on these fluid applicatios are in Chapter 5.

2.4 Summary

A micro-machined boundary-layer shear-stress sensor has been developed. The sen-
sors operate on thermal-transfer principles; they are fabricated using surface micro-
machining techniques. The heat generating and sensing element, a poly-crystalline
silicon resistor, is located on top of a vacuum-sealed cavity; the heat loss from the
resistor to the substrate is therefore reduced tremendously. Shear-stress calibration
within a wind-tunnel, using three different driving modes- CC, CV and CT. The re-
sponse curves agrees with theoretical analysis well. CT mode operations show the
highest shear-stress sensitivity and the fastest frequency response. Applications of

these sensors in fluid-mechanics applications will be demonstrated in Chapter 5.
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Chapter 3

MICRO-MACHINED MAGNETIC
ACTUATORS

3.1 Introduction

We intend to make micromachined actuators that can achieve large out-of-plane move-
ment to perturb boundary-layer flow in a controllable manner. Since the actuators’
rest position must be within the wafer surface plane to minimize unwanted flow dis-
turbance, we have designed flexure-type actuators. An actuator consists of a plate
supported by either cantilever or torsional beams; the plate is the main unit that

generates magnetic forces and produces flow disturbance.

For our intended fluidic applications, the actuators must be able to meet the fol-
lowing requirements. First of all, to achieve effective flow control in a channel flow
with the turbulent boundary layer being 30" thick (section 2.2), actuators must be
able to gain vertical displacement of up to 1-2 mm (in a velocity range of 10-30 m/s).
Secondly, within a designed flow velocity of 10-30 m/s, for example, the static wind
load on a 1 x 1 mm? size actuator is in the range of 59 to 530 uN (estimated using
Eq. 3.12). It is worth noting that the fluctuating part of the wind loading can be
up to 100% of the DC wind load; it is capable of inducing strong vibration. Thirdly,



54

when these actuators are used for controlling wall structures discussed in Chapter 1,

the mechanical resonant frequency should be , preferably above 1 kHz.

To design and fabricate micro machined actuators that suit the above-mentioned
requirements is a challenging task for micromachining. In the next three sections
we will show why electrostatic driving mechanism, a commonly used technique, does
not fit the current requirements and magnetic actuation will provide large force and

displacement.

3.1.1 Electrostatic Actuation

Until now, the most widely used driving mechanism for micromachined actuators
were based on electrostatic forces [115, 8]. The basic operating principle is demon-
strated using the following example of two conducting parallel plates separated by an

insulating layer.

The two plates shown in Fig. 3-1 form a capacitor with a capacitance given by

)
= epe,w 3,
C = e w- (3.1)

where w and [ are the width and length of the plates and d is the spacing between
them. €y and ¢, are the free-space and relative permeability. If a voltage V is applied
across the two plates, the potential energy storage within this capacitor is

epeswlV?

= (3.2)

U=—icv?=
2

The forces in x, y and z directions are given as the negative partial derivative of U in

each direction.

) 1 epel V2
F=—2py=-= 3.3
oz 2 d (3.3)

1 2
F, = -2y LesuwV” (3.4)

oy 2 d
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Figure 3-1: Electrostatic force between two capacitor plates.

0 1 ege,wlV?

Electrostatic driving suffers from two major disadvantages. First, large out-of-plane
deflection is difficult to achieve because of the limited range of forces. The force and
movement in the z and y directions are in-plane. Actuation in the z direction is typ-
ically a few micrometers perpendicular to the substrate plane because the magnitude
of F, decreases with a rate inversely proportional to that of increasing d? !. Secondly,

only attractive forces are possible.

3.1.2 Magnetic Actuation vs. Electrostatic Actuation

Comparison of electrostatic driving and magnetic driving has several issues of fo-
cus [12, 8]: stored energy density, efficiency, compatibility with on-chip IC circuitry

and, last but not least, functionality.

First of all, the order-of-magnitude of the stored energy densities for these two driv-
ing methods ? are largely compatible at the micrometer scale. Secondly, in terms of
efficiency, magnetic actuation is current-switching based while electrostatic driving is
voltage switching based; when the frequency of the electric signal is low, the electro-
static actuator virtually consumes no power at all while the magnetic actuator must

maintain a constant current flow (on the order of 10 mA) and power consumption.

Bias voltage is typically tens or hundreds of volts
*Magnetic energy is proportional to oV, M? where V,, is the volume of the magnetic material
and M is the magnetization.
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Eddy current and hysteresis losses involved with magnetic actuation also contribute
to potential energy loss. However, in cases where mechanical loss (e.g., friction) must
be considered, it becomes predominant over other forms of loss previously mentioned

and its effect on reducing the efficiencies in both driving methods are similar.

The electrostatic driving mechanisms are easily integratable with microelectron-
ics circuits due to the surface micromachining technology. In recent years, thin film
magnetic materials which have been pioneered in the magnetic recording-head indus-
try are becoming more and more widely adopted into the micromachining field [18].
Electroplated soft magnetic materials, as one of the examples, has been used to make
coil-wrapped electromagnets in several types of devices, including micro valves [11],

micro electromagnets [17], magnetic micro motors [40] and micro inductor [3].

Therefore, as far as energy density, efficiency and IC compatibility are concerned,
there is no blanket conclusion that favors one form of actuation over another. The

functionality of each specific application must be taken into consideration.

When large out-of-plane displacement and large force actuators are required, mag-
netic actuation is a capable candidate while electrostatic actuation is not [12]. Several
types of magnetic micro-actuators have been previously demonstrated. Wagner et.
al. [128] performed post-processing manual attachments of permanent magnet, pieces
on micromachined plates and actuated the magnet with an external magnetic field
generated by in-plane coils. The manual assembly is unsuitable for us because a large
number of actuators are required. However, these flaps require a large current (~50
mA) to operate and have considerable actuator heating problems. Judy et. al., on the
other hand, demonstrated the in-plane motion of a suspended polysilicon structure
with an electroplated Permalloy plate [60]. The plate was driven by an external mag-
netic field to a large deflection angle (over 180°), under an estimated torque of over
0.185 nNm. A micro mirror with torsional magnetic actuators has also be realized by

Judy et. al. [61].
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3.1.3 Overview of Current Magnetic Actuators

We have developed two different types of magnetic actuators. These actuators are
both flexural types; they typically consist of a plate and support beams. The plate is
responsible for generating magnetic force/torque and interacting with the flow field.
The supports are either cantilever beams or torsion bars; these are made of silicon
nitride or polysilicon material. The concept, design, fabrication and testings of both

actuators are presented in this chapter.

The first type of actuator is discussed in section 3.2.1. Micro coils overlying the
plate carries a biasing current, and produce a magnetic dipole moment. The moment
interacts with an externally applied magnetic field to create a torque that causes the

plate to move.

The second type of actuator is introduced in section 3.2.2. A piece of soft magnetic
material, instead of coils, covers the plate. Inside an external magnetic field, the
magnetic piece will be magnetized, and the internal magnetization interacts with the
external field and creates plate movement. The operating principle has also been
used by other researchers. Similar magnetic devices have been reported by Judy el.
al. [60, 61]; however, our current devices are required to withstand larger flow loading

forces.

3.2 Air-coil Magnetic Actuators

3.2.1 Actuator Design

Figure 3-2 shows the perspective and cross-sectional views of an air-coil magnetic
actuator, which consists of a magnetic coil located on top of a square plate supported
by two cantilever beams on its side. The biasing current path is from bonding pad 1

to contact 1, through the polysilicon plate to contact 2 and finally through the coil
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Figure 3-2: Perspective and cross-sectional views of the air-coil magnetic actuator.
(a) Perspective view; (b) cross-sectional view of the plate cut across the dotted line
in (a) showing the structural layers: polysilicon, silicon nitride and metal layers.
Polysilicon forms the return path for the current loop.

to bonding pad 2.

There are several facets to the design issues: magnetic (magnetic torque), mechan-
ical (support strength and intrinsic stress), fluidic (flow loading), thermal (thermal
bending) and electrical (current-loop resistance and ohmic heating). These will be

analyzed in the following sections.

Magnetic torque

A group of N current loops is placed within a magnetic field with a flux density 5.

Each loop has a radius of ;1 n and an enclosed surface area of Ajj=1.n, With

| Aj |= mrs? (3.6)
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B

Figure 3-3: Sketch diagram of a current-carrying coils in a magnetic field, B.

Each coil carries a current 7 and produces a magnetic dipole moment given by

This dipole moment interacts with B to produce a magnetic torque [15]
T; =| pom || B | siné (3.8)

Since the directions of all A; are identical, the overall torque that these N coils

experience is

N N
=> 7=i» | A;|| B|sin6 (3.9)
j j

Fluid loading

In a free-stream flow field with an mean velocity of U,,, a dynamic pressure, Py, is
defined as
1
P, = ipro (3.10)
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Figure 3-4: Flow loading on a plate with area A.

Let S be a reference area, ® then a dimension-less drag coefficient Cp, is defined as
D

Cp=— 3.11
P=F 5 (3.11)
where D is the total drag force. As an example, in the case of a flat plate with an
area A = S in a laminar flow field perpendicular to the area (Fig. 3-4), Cp is known
to be 2.0 [5]. The total drag force is therefore pU2 A. However, when the plate is
completely inside a boundary layer, the over-all drag force is expected to be below
this estimated value due to the somewhat reduced velocity. Overall, the following

equation

F =P, A= %proA (3.12)

is a good estimate for the order-of-magnitude of the drag force. As an example, when
A =1x1mm?and Ux= 10 m/s, the force is about 59 uN; at a velocity of 30 m/s,
the loading force is 530 uN.

Support strength

The force constant of the flap can be obtained by using an approximate composite-

layer model [135] or by a more precise finite element simulation.

The plate and the cantilever beams are composed of three layers of materials:

LPCVD polysilicon, LPCVD silicon nitride and metallization (a gold layer and a

35 is chosen to pertain to a given geometric body shape. For a wing, it is the plane-form area;
for a sphere, the cross-section area.



61

very thin chromium layer). A multi-layered beam can be reduced to a single-layered
beam by combining two layers at a time to obtain an equivalent flexural rigidity ET.
As shown in Fig. 3-5, we first combine poly-crystalline silicon (with F; and I;) and

metallization (with E and ;). The equivalent flexural rigidity ET is

wt23t1E2E1
EI = 3.13
12(61F1 + toFBy) (3:13)
with
31 tivo  B1tis, Eoty
ki =446—+4(— —(—= — 3.14
PEATh T (tz) +E2(t2) T En (3-14)
Since the moment-of-inertia of the polysilicon/metal composite layer is
I =w(t, +tp)%/12 (3.15)
the effective Young’s modulus of this layer, denoted Fs, is therefore
Es=FI/I; (3.16)

Now the polysilicon/metal composite layer (with F3 and I3) can then be combined
with the silicon nitride layer (with F4 and I;) using the same method as described
above.

Under the small deflection model, the linear displacement at the end of the beam,
dpmaz, due to a bending moment M is

MIi?

dma:z = V=7 3.17
Il (3.17)

where M is a torque acting at the end of the beam.

Mechanically, the choice of the flexural rigidity of the beams must be a compromise.

On one hand, to achieve large displacements, a small ET is desirable. On the other
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Figure 3-5: Schematic of a two-layer beam structure.

hand, the resonant frequency * of the actuator will increase with an increasing F1.

Bending due to intrinsic stress

Different levels of intrinsic stress associated with various structural layers contribute
to a net bending moment acting on the cantilever beams and plates. Potentially this
will result in the entire actuator having a curved, rather than flat, shape at rest. The

magnitude of the curvature, p, of a two-layer plate can be calculated using [117]

_Pﬁ _ El-[l + E2-[2 (3 18)

2 p
where P is the lateral force due to the intrinsic stress in one of the layers (see Fig. 3-6),
h is the total height of the bi-material layer with

h=t+t (3.19)

E; and I; are the Young’s modulus and moment of inertia of the top layer, Fy and
I, are the Young’s modulus and moment of inertia of the bottom layer, and p is the

radius of curvature of the plate.

“In our design, ANSYS(®© finite element models are used to simulate the mechanical responses of
the actuators.
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Temperature-variation-induced bending

Thermally, as the temperature of the flap rises, the thermal mismatch of different
materials in the composite layers will cause the flap to bend down, which is not de-
sirable in our current project. Given the geometry and material composition, this
bending can be calculated by using a model developed for a bi-metal strip thermo-
stat [117]. The thermal-heating effect has been used to make micromachined thermal

actuators [7, 95].

For simplicity, we consider the polysilicon and silicon nitride layers as a single layer
because the thermal expansion coefficients and Young’s moduli of these two materials

are relatively close compared with those of gold.

For the metal and polysilicon/nitride composite layers, respectively (Fig. 3-6), a;
and a, denote the coefficients of expansion, F; and E, denote their Young’s moduli,
I; and I; are the moments of inertia of the two cross-sections and d; and ds are their

thickness. The total thickness of the strip, h, is

The magnitude of axial force is P as the temperature rises from ¢, to ¢. According to

beam bending theory,
Ph B + By

. > (3.21)

At the interface of these two layers the unit elongation occurring in the longitudinal

direction must be equal, therefore

(3.22)

a
+—:a2(t—t0)

t—1
ay( 0) + Fray | 2p
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Figure 3-6: Sketch diagram of a two-layered composite beam curved due to longitu-
dinal stress P.

Based on Eq. 3.21 and 3.22,

(az — a1)(t — to)
]./p - h + 2(E1[1+E2]2)( 1 1 ) (323)
2 h Eray Esas

Summary of design parameters

A total of 15 test structures have been designed. Sizes of plates vary from 250 ym to
900 pum on the side while the lengths of the support beams are between 100 to 360
pm and the beam widths range from 14 to 50 pm.

Etch holes (typically 15x15 ym? in area) are strategically placed in the plate to allow
plate release in a short amount time, therefore minimizing damage on structural layers
to the sacrificial etchant (Fig. 3-2). On the other hand, the number of etch holes can
not be overwhelmingly large so as to reduce the flap’s air-pumping capability. At this

moment, the effect of etch holes on the flow is not a major concern.

3.2.2 Actuator Fabrication

The fabrication process using surface micromachining is briefly described in Fig. 3-7.
The complete process sequence is divided into six different stages, a through f. Details

are discussed in the following.

Stage a
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Figure 3-7. Fabrication process for air-coil magnetic air-coil actuators.

Processing starts with a wafer similar to the one used for the shear-stress sensor
fabrication; the wafer has a four inch diameter and is polished on the front side. A

2.5-pm-thick LPCVD phosphosilicate glass (PSG) ® sacrificial layer with a measured

6 wt % phosphorous content is first deposited on the wafer surface, followed by a 6000
A thick LPCVD polysilicon deposition at 620 °C . At this deposition temperature,

the polysilicon is known to have been completely crystallized [57].

Stage b

The wafer is deposited with another 5000 A thick PSG. This layer facilitates the
doping of the polysilicon layer from both sides to minimize polysilicon resistance and
to avoid uneven stress distribution due to one-sided doping. Annealed of the wafer at
950°C for one hour releases the intrinsic stress [115]. During the annealing the polysil-
icon is doped by phosphorus diffusion and the resulting sheet resistivity is measured

(with a four-point probe) as 5082/0.

Stage c
The top PSG layer is subsequently removed using buffered HF solution. The polysil-

icon layer is patterned to form plates and beams; it is then etched using SF6 plasma.

See Appendix A for fabrication details of underlined processes.
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Stage d
A 3000A -thick LPCVD low-stress silicon nitride layer is deposited at 820°C

(with the SiH,Cly/ N Hj ratio being 4) to provide electrical insulation. The silicon
nitride is then patterned and plasma etched to create electrical contact holes in which
the underlying polysilicon is exposed. The photoresist is stripped and the wafer is

piranha cleaned.

Stage e

A total 4000 A -thick chromium and gold composite layer is used as the metallization
with the Cr (100 A in thickness) serving as adhesion-enhancement layer between the
gold and the silicon-nitride layer. Gold is used because of its chemical stability in

concentrated HF solution, the sacrificial-layer remover.

Before using the Cr/Au metallization, aluminum was tested. Approximately 4000
A aluminum layer was evaporated and patterned to form the coils (no Cr is needed
to prompt adhesion). We used BHF and oxide pad etchant [88] to etch the sacri-
ficial layer; this is because the conventional oxide sacrificial-layer etchant, 49% HF
attacks aluminum quickly. Still, in order to completely under-cut a 200x200 pm?
plate size, it took the pad etchant approximately 3 hours and BHF 30 minutes. The
slow under-cut etch rate, together with the non-zero, albeit slow, etch rate of these
etchant on the Al metallization, makes the yield of actuators unacceptable (~10 %)

due to metallization failure.

Stage f

With Cr/Au metallization in use, it is found that 49% HF can be used to completely
undercut the plate structure without damaging the metallization; the etching process
takes about 2 minutes to complete. Etching of the plate materials (polysilicon and

silicon nitride) is minimal.
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Actuator release and associated stiction problems

The subsequent die-scale drying process is essential to obtain a high yield. Dur-
ing the liquid-drying process, surface micromachined suspension structures (typically
with small spring constants) can be pulled down to the substrate by the liquid trapped
beneath them when the liquid above them has been removed first. The contact be-
tween the plate and the underlying substrate frequently becomes a permanent bond
due to surface chemistry. This stiction problem is especially important for the current

process because the actuator plates all have large surface areas.

Several authors have reported on various drying techniques [4, 81, 86, 45]; these
are reviewed in more detail in section 4.2. Our standardized process includes rinsing
the wafer in de-ionized water for 20 minutes, and in acetone and then in alcohol for
1 minute each. The alcohol treatment modifies the surface chemistry [4] and reduces
the tendency of bonding. The wafer is baked dry by an infrared lamp. The plate
stiction to the substrate is almost negligible and a high yield, nearly 100%, is obtained
right after the release/drying process. A finished actuator is shown in Fig. 3-8; it has
a plate area of 300x300 um?; the length and width of the supporting beams are 200
pm and 24 pm, respectively. This particular actuator contains 6 turns of coils. Fig.

3-9 is a close-up view showing details of etch holes.

It has been observed that actuators can be pulled down and sticks to the substrate
during device operation. For example, when a coil current is applied, the tendency
for stiction becomes more pronounced. This is believed to be due to electrostatic
forces acting between the plate and the substrate. Incidentally, the intrinsic bending
phenomena also helps getting useful actuator data by counteracting the electrostatic

forces.
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Figure 3-8 An air-coil magnetic actuator supported by two cantilever beams.
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Figure 3-9: A close-up view of a air-coil magnetic actuator.
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Figure 3-10: Video microscopy inspection setup for the air-coil magnetic actuator.

3.2.3 Actuator Testings

We have studied the actuator bending due to intrinsic stress and thermal effect,
and the magnetic actuation using an externally applied magnetic field. The micro-
scope/video setup shown in Fig. 3-10 and Fig. 3-11 is used for monitoring the side
profile of an actuator. An electromagnet is used to provide the magnetic field from
underneath the actuator that carries coil current ranging from 0 to 50 mA. The elec-
tromagnet can produce a variable magnetic flux density in the air ranging from 0
to 1.76 kGauss (1.4 x 105 A/m) on the surface of the magnet core. The B of the
electromagnet is calibrated with respect to the vertical distance to the core; the result
is shown in Fig. 3-12. Note that actuators are placed at least 0.5 mm away from the
surface of the electromagnet due to the thickness of the silicon wafer. Within the
actuation range, H is a linear function of the vertical distance d; their relationship is
given by

H = 14 x 10* — 2.8 x 10*d (3.24)

H has an unit of A/m whereas d is measured in mm.
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Actuator bending due to intrinsic stress

Upon release from the substrate, all actuators exhibit an out-of-plane bending. The
bending varies from one device to another, being generally large for big plates and
small for small ones. The magnitude of the bending is measured as the vertical dis-
placement at the free end of the plate.; some typical values of bending magnitude for
several different actuators are listed in Table 3.1. The intrinsic bending is significant

compared with the length scale of these actuators.

To verify whether the intrinsic stress is contributed by the metal, post-release pro-
cessing is conducted to remove the metallization using wet etchant. The intrinsic-
bending magnitude of several flaps before and after metallization (both Al and Au)
removal is compared: no difference is detected. This test therefore proves that the

metallization does not contribute significantly to the intrinsic bending.

To calculate the radius of curvature of the plate due to intrinsic stress, we use
a simple model of 3000 A thick silicon nitride on top of 6000 A thick polysilicon.
Assuming that the plate bending is much larger than the beam bending, we can
get a rough estimate of the bending due to intrinsic stress by Eq. 3.18. The low-
stress nitride has a known tensile stress on the order of 150 MPa [102]. The stress
of LPCVD polysilicon is much less predictable than that of the silicon nitride; it has
been observed that the stress could change from tensile to compressive for different
wafers in the same deposition batch. However, it has been found that polysilicon
deposited under conditions similar to ours can have an average stress very close to
zero [65]. Using the Young’s modulus of 300 GPa for silicon nitride and 150 GPa for
polysilicon, a p= 600 um for a 860x430 um? plate. is predicted. This agrees well with

the measured radius of curvature for this plate, which is about 700 pum.

As a side note, when aluminum was used as metallization, we found that the intrin-
sic bending for a given device increased by about 25% when the devices are further

annealed at 400 °C (in an effort to reduce the Al-polysilicon contact resistance). This
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flap flap beam beam max.
length | width length width deflection
@m | @m | @m | em (um)
200 200 100 14 75

300 300 200 18 160
400 350 200 14 303

860 350 200 18 540

Table 3.1: Measured magnitude of intrinsic deflection for several magnetic actuators.

observation implies that annealing can significantly increase Al stress, a result which
agrees well with previous studies on Al stresses [20]. Annealing released actuators

with Au/Cr coils was not attempted.

Thermal motion

The resistance of the complete current loop, including the metal coils and the polysil-
icon return path, is typically 50 €. The polysilicon plate contributes a majority
(60-70%) to the total resistance. Under a typical biasing current between 10-60 mA,
the ohmic heating power ranges between 5 to 180 mW. Within this power input
range, the temperature rise on the plate caused by the ohmic heating can contribute
to a significant deflection of the flap. At the free ends of these plates, horizontal and
vertical displacement of at least 100 um have been observed at 60 mA bias in almost
all devices. In one thermal actuation test for a flap 860x350 pum?, the side profiles
of the flap before and after applying coil current were captured by video and shown
in Fig. 3-13. The magnitude of the thermal bending is comparable with previously
published data [7].

If we consider our plate to essentially be a bi-layer thermostat composed of a gold
layer and a composite nitride/poly layer, we can use Eq. 3.23 to obtain an estimate of
the overall plate temperature (while neglecting the heat loss to the substrate and the
air). Then, using thermal expansion coefficients of gold as 14.2x107°/°C [131] and of

silicon nitride/polysilicon as 2.8x107¢/°C [87], an overall plate temperature of roughly



74

Figure 3-18: Thermal actuation under a 30 mA DC biasing. The area of this par-
ticular plate is 860x250 um 2 and the supporting cantilever beams are each 280 pum
long and 24 pm wide.

300 °C is obtained. Note that the heat from a plate at around this temperature could
potentially alter flow pattern through natural convection; however, it is also noted

that flow cooling will reduce the surface temperature at a given power.

The frequency response of the thermal actuation of our actuator (in still air) is
obtained by driving it with a square wave of current (50mA 0-peak). The vibration
amplitude is measured by illuminating the vibrating flap with a stroboscope, allowing
accurate measurement at higher frequencies. A typical amplitude spectrum is plotted
in Fig. 3-14 for an actuator with a plate size of 300x300 um? and supported by two
200 pm long and 18 pum wide cantilever beams; it clearly shows a band-width of about
1 kHz. An ANSYS (© simulation of the same structure used in testing also showed

the first mode resonant frequency to be at about 1kHz.

At large current input (> 60 mA), electrical failure occurs. It has been observed
that materials (Au, Cr and polysilicon) inside the contact hole region become fused

together, possibly creating a alloy of Au, Cr and Si. The overall resistance of the
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Figure 3-14: Frequency spectrum of thermal actuation.

current loop becomes approximately ten times larger after the alloying process.

Magnetic motion

In order to separate the thermal motion from the magnetic motion, we first apply
a DC current to the actuator and observe the thermal motion of the flap. After
the plate has reached thermal equilibrium and stays still, the magnetic actuation is
achieved by turning on the electro-magnet to apply an external magnetic field. If the
reverse strategy is used, i.e. the magnetic field is first applied and then the biasing
current is turned on, it would be difficult to distinguish the thermal and magnetic
induced movement.

Under a 1.4 kG magnetic flux density and a 30mA coil current (about 70mW)
flowing through eight turns of coil, the same plate achieves approximately £100 um
DC vertical deflection. The grabbed video image of the magnetic motion side-profile

is shown in Fig. 3-15 as an example.
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Figure 3-15: Magnetic actuation under external magnetic field perpendicular to the
silicon substrate. (a) Profile of the actuator before applying magnetic field (under
thermal equilibrium); (b) the profile after a downward movement; (c) the profile after
an upward motion. The actuator is identical to the one in Fig. 3-13.

3.2.4 Summary and Future Work

Air-coil type magnetic actuators have been developed and large displacements in both
directions magnetic actuation have been demonstrated inside an external magnetic
field and under a biasing coil current of 0-60 mA. Actuators are fabricated using
surface-micromachining techniques;special release/drying process is adopted to avoid

surface stiction.

However, this type of magnetic actuator also have undesirable characteristics, in-
cluding intrinsic-stress bending and thermal actuation. The intrinsic bending can be
reduced by using possibly three methods. Most obviously, by reducing the thickness
of the silicon nitride layer and the polysilicon layer, p can be made smaller. Secondly,
the intrinsic stress of the silicon nitride can be further reduced by using different
LPCVD recipes [102]. Further more, it is possible to use nitride/polysilicon/nitride

sandwich layers which the top and bottom nitride-layer thickness being the same;
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the net intrinsic effects should be cancelled. However, silicon nitride material traps
electric charges easily and the bottom silicon nitride layer will potentially produce
actuator/substrate bonding. The thermal actuation can be reduced by lowering the
over-all current-loop resistance and the required current (i.e. increase number of
turns). Currently the polysilicon current-return path contributes large portion of
the over-all resistance. However, the resistivity is unlikely to be further reduced by
increasing the impurity doping level. Using metal as the return path is certainly
an option; however, micro-fabrication processes using over-flying metal bridges or

underlying metal plates have been proved difficult.

3.3 Permalloy Magnetic Actuators

3.3.1 Introduction

The first type (air-coil) magnetic actuators have limitations to their performances due
to the intrinsic and thermal bending. The actuator must have a flat surface profile
and be able to produce large displacement and forces. For this aim, a second type of
magnetic actuator is developed; it utilizes electroplated soft magnetic material called
Permalloy with 80% Nickel and 20% Fe composition for generating magnetic torques.
The torque-generating portion of the actuator is a square-shaped Permalloy plate with
an area of L X W and a thickness of 1. The plate is attached to a structural plate
supported by cantilever beams or torsional bars. In its resting position, the actuator
lies within the substrate plane. When an external magnetic field perpendicular to
the plate is applied, the Permalloy plate will be magnetized along its easy axis®.
An induced magnetization M is created along its easy axis and M interacts with the

magnetic field to produce a moment. When the external field is removed, the magnetic

domain essentially resume their original random positions and M is reduced to almost

A plate is perpendicular to the magnetic field yet it is slightly tiled to favor out-of-plane motion.
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3.3.2 Actuator Design

There are two types of plate supports. Schematic sketches of an actuator with
cantilever-beam supports and with torsional beam supports are shown in Fig. 3-16
and Fig. 3-17, respectively. In both cases, [,w,t are their length, width, and thickness.
Discussions of magnetic actuation in this section mainly focuses on bending-beam ac-

tuators, which are extensively used in calibration and wind-tunnel tests.

Actuator design has several facets, including mechanics (deflection and fracture
strength), fluid dynamics (e.g., flow loading) and magnetism (magnetic force). A
compromise among all four requirements must be sought, under the current flow
and magnetic field parameters. For cantilever-beam actuators, the deflections due to
gravitational and magnetic forces will be analyzed (sections 3.4.1 through 3.4.4). For
the torsional bending actuators, which were fabricated but not as intensively tested
as actuators with bending beams, only the moment balance equations are given for

reference (section 3.4.5).

In discussing actuators with bending-beam supports, we consider the plate as a
rigid body and concentrate on solving the beam bending. Because the thickness of
the permalloy plate (7") is about 34 times the thickness (¢) of the structural layer (¢)
and the combined width of the two parallel beams are smaller than the width of the
plate, the moment of inertia I of the plate (o W (T + t)°) is much larger than that

of the beams (oc wt?).

Deflection due to gravitational force

The actuator’s gravitational deflection should be small to ensure that it will not drop

significantly out-of-plane if the chips are positioned downward. This minimizes the
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chance of damaging the actuator or affecting the flow unintentionally. The static
deflection caused by the weight of the combined polysilicon and permalloy plate is
dmazx. It is defined as the vertical displacement at the end of the actuator plate
(Fig. 3-18). Here, F is the gravitation force contributed by the structural layer and

permalloy, acting at the center of the plate
F = LW(T X pperm +t X Ppoly) (3.25)

Translating this F' to the end of the support beams produces an identical force F' and

a moment

M = F% (3.26)

Using the small-deflection assumption [135], the vertical displacement at the end of

the cantilever beams (denoted point A in Fig. 3-18) is

forcebending  torquebending

y = FI3/3ET + MI2/2ET (3.27)

and the angle of deflection at the end of the beams is

forcebending  torquebending

N P
6= FI?/2ET + MI/EI (3.28)

The vertical deflection at the end of the plate is therefore

Fi* 3FLI*> FL2

3E[+ AET * EI (3.29)

Omae =Y +0 x L=

The density of electroplated Permalloy and LPCVD polysilicon are pperm ~ 8.9 x
10°kg/m® and ppory ~ 2.3 x 10%kg/m?>, respectively. The Young’s modulus of the

polysilicon material is F = 160 x 10°N/m?, and the moment-of-inertia for the two
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Figure 3-16: Schematic of an out-of-plane permalloy magnetic actuator (so called a
micro flap). (a) Top view and (b) side view.

beams in parallel (with a width of 2w) is

I = (2w)t*/12 (3.30)

external
t magnetic
field

Figure 3-17. Schematic of a Permalloy actuator with torsional beam support.
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Figure 3-18: Schematic diagram of the relative profile of an actuator under gravita-
tional force. (a) The gravitational force F' acting at the center of the plate; (b) F is
translated to the end points of the beams, denoted point A.

L

Figure 3-19: Magnetic actuation of an actuator using an external electromagnet. (a)
Rest position when H.,; = 0; (b) out-of-plane actuation when H., # 0; F; and Fy
are the induced magnetic forces on the upper and lower edges of the plate; (c) a
simplified analytical model of the flap.
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Figure 3-20: Non-linear torque bending of the beams.

Magnetic actuation

Inside a magnetic field, the Permalloy piece will be magnetized and establish a sat-
urated magnetic flux density within its volume. The force acting on the Permalloy
piece can be estimated by using an effective magnetic charge model, also used by [60].
Assuming that two magnetic charges of opposite polarities are fixed along the edges
at the two ends of the permalloy plate, and the initial flap position is in favor of the
out-of-plane (rather than down-to-the-substrate) motion, two point forces can be as-
sumed to have developed on the two ends of the permalloy plate with their directions
shown in Fig. 4-14 a, b.

Fy = B,(WT)H, (3.31)

Fy = B{(WT)H, (3.32)

By is the Permalloy saturation flux density, H; and H, are the magnetic field strengths
near the top and bottom ends of the plate (Hy > H; in our experimental setup);
their values are linearly dependant on the distance away from the surface of the

electromagnet core.

First, F} is translated to the free end of the beams, thereby simplifying the driving
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forces to a counter-clockwise torque

M = Fi(Lcosb) (3.33)

and a downward point force (Fig. 3-19¢)

acting at the free ends of the beams.

The force and moment equations will be applied to solve the bending of the can-

tilever beams. The fundamental equation governing beam bending is

1 M d
F =Bl ds (8:35)
In rectangular coordinates the curvature is
1 M £y
= = dzd 3.36
r Kl 3 ( )

1+ (Ly)")

Conventionally, when the curvature is small, the term (a%y)z is much smaller than 1
and is typically ignored, making Eq. 3.36 a linear second-order equation. However,
in our current situation, the deflection is large and the complete non-linear second

order equation needs to be solved [32].

Ideally, in order to obtain the beam-end angular and vertical deflections, Eq. 3.36
is solved simultaneously with combined torque and force. However, the force system
in our studies add complexity to solving the equation. For simplicity, however, the
angular/vertical deflections due to M and F are solved separately and the results are
superimposed. This method is admissible here mostly because the force deflection

predicted by the linear model is small (e.g., maximum angular deflection < 10°); the
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deflection by F' will be approximately 8 — 10 times smaller compared with the one
caused by M. It is also known that the actual deflection will be even smaller than the
linear-model based calculations because the profile change of the beams will further
reduce the bending moment created by F. In all, we believe our method will provide
a sound estimation of the over-all bending.

Bending due to torque M

The bending due to torque M is solved by assuming the relationship between the
curvature and the torque (Fig. 3-20). At an arbitrary arc length of s,

dip
M =EI— (3.37)

where 1 is the slope at an arc length of s from (0,0). At the end of the beam, the z

and y coordinates are simply

z =rsiny (3.38)
y=r7(1—cosv) (3.39)

Under the torque M, which is constant along the beam length, the cantilever beam
assumes the shape of an arc, with the radius of curvature being r (r = EI/M). The

maximum angular deflection at the free end of the beam is express as
7ﬂn‘baa: = Htorque = Z/T (340)

where

% _ M/EL (3.41)

Combining Eq. 3.38 and 3.39, the coordinates at the end of the beams are

T(s=1) = rsin(l/r) (3.42)
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Ys=1) = r(1 —cos (I/r)) (3.43)

Numerical solution is obtained using the Mathematica(c) math solver.

Bending due to force F'

The force bending can be solved by assuming F' is applied at the free end of a pre-
curved (circular-shaped) beam, in which case the maximum angular and vertical

deflections are [135]

/2 —1)FR?

eforce = ( / E]) (344)
(37/4 — 2)FR?

Yforce = Bl (345)

The over-all angular deflection of the plate is then (Equation 3.40 and Eq. 3.44)
0= etorque - eforce (346)
The vertical displacement at the end of the beams is

Ymaz = Y(s=1) — Yforce (347)

and the maximum vertical deflection at the end of the plate is equal to (Eq. 3.43,
Eq. 3.45, Eq. 3.46)
Ymaz = Y(s=l) — Yforce T L x sinf (3.48)

Fracture limit

The beams may be fractured by bending when the maximum longitudinal strain at
their fixed end exceeds that of the beam material. The fracture strain for LPCVD
polysilicon has been experimentally studied by Tai et. al. [111] as 0.93%. The fracture

strain for silicon nitride thin-film is not directly available; a pseudo value of 3.6% is
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Name Notation Value
plate length L 1 mm
plate width W 1 mm
beam length i 0.4 mm
beam width w 0.1 mm
Permalloy thickness T 5 pm
beam thickness t 1 um

Table 3.2: Design parameters of Permalloy magnetic actuator.

derived as the ratio between yield strength (14 GPa) and the Young’s modulus (385

GPa). The maximum strain can be estimated as follows

Mt efmct

~— <0.93% = .49
€maz ~ L7 < % l (3.49)

Ofrqc is defined as the theoretical maximum angular beam deflection before fracture

takes place.

Summary of current design parameters

The design parameters of the cantilever-beam supported Permalloy magnetic actuator

is listed in table 3.2. According to the current design, the deflection is um.

From Eq. 3.49, it is predicted that polysilicon beams can be bent by a 0,4, of 118°
before fracture occurs; and the silicon nitride beams will not fracture even after 180°
bending. This implies that these actuators will never reach their fracture point in a
uniform magnetic field with field lines perpendicular to the chip substrate because
the maximum bending angle is limited to 90°. However, it is worth noting that once

inside a flow field, flow-induced bending and vibration can create 0 larger than 0y,4,.
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Actuators with torsional bars

In a flow field that contains velocity components in the span wise direction, actuator
plates are subjected to torsional torque. Cantilever-beam supports allow for large

twisting displacement that can damage the overall structure.

We have designed actuators with torsional beam supports, which limit the overall

twisting motion (Fig. 3-17). For each torsional beam,

T = ?KG (3.50)

where 7" is the torque, 0 is the angular displacement, [ is the length of the beams, G
is the modulus of rigidity (shear modulus) of the material, and finally, K is a factor
that depends on the form and dimension of the cross-section. For a torsional beam

with a rectangular cross-sectional area of w X ¢ (Fig. 3-17), letting w = 2a and t = 20,

b 4
K = ab® ? —3.36—(1 — b

. 12a4) (3.51)

The shear modulus G, Young’s modulus E and Poisson’s ratio v are related by

E
G = 20770 (3.52)

In one example, the torsional beam has an [ of 100 um, a w of 5 um and a thickness

t of 1.5 pm; in this case, assuming that v = 0.3

l
§=—T=T 3.53
%0 (3.53)

K is equal to 4.56 x 107** m* G = 6.15 x 10'° Pa. A torque of T = 2.2uNm is

required to produce a 90° bending.
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3.3.3 Actuator Fabrication

Processing description

Fig. 3-21 illustrates major fabrication steps.

Stage a
A 3 pm -thick phosphosilicate glass ” (PSG) sacrificial-layer is first deposited onto a

4-inch silicon wafer. The PSG layer is patterned and etched using BHF to form in-
dividual sacrificial-layer “islands” on which actuators will be located. These isolated
“island” structures allows the sacrificial-layer etching process to be self-limiting; it is
therefore possible to do 50 to 100% over-etch to account for etching non-uniformity

on the wafer scale.

After removal of the photoresist, the wafer is annealed in nitrogen ambient at
1000°C for one hour. The purpose of the annealing is two-fold: first it activates the
phosphorus content within the PSG, secondly, PSG is known to re-flow under 1000°C
and the edges of the islands are made smoother. The structural layer is deposited
to cover the whole wafer. In our studies, two structural materials have been used:

LPCVD polysilicon and silicon nitride. In the case of using polysilicon as a struc-

tural material, the polysilicon is covered by a 0.5 um -thick PSG layer, which serves
as a complimentary phosphorous doping source. During a 1 hour, 950°C stress-relief
anneal, the polysilicon is doped from both sides which reduces intrinsic bending due
to unbalanced doping concentration. The top PSG layer is later removed by using

buffered hydrofluoric acid (BHF).

Stage b
A 200 A Cr and a 1800 A Cu thin film are then evaporated over the structural layer

as the conductive seed layer for electroplating. The Cr serves to enhance adhesion

"See Appendix A for processing details of underlined steps
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Figure 3-21: Major fabrication steps of a Permalloy magnetic actuator.

between the Cu layer and the substrate (i.e., the structural layer, either silicon nitride
or polysilicon). Copper oxidizes easily and the copper oxide layer will complicate the
electroplating and subsequent seed-layer removal. Therefore care must be exercised
to ensure that the copper layer is exposed to air for as short as possible (this implies
spining photoresist right after evaporation). Contact between copper and water need

to be avoided, especially.

A 5 pm-thick photoresist (AZ 4400) is applied and patterned to form photore-
sist fences, inside which permalloy (NigoFey) electroplating takes place. This pho-
tolithography is not followed by development because the photoresist is needed to
prevent copper oxidation. The wafer is then UV exposed again using a specially
ring-exposure set-up. Photoresist near the edge of the wafer is exposed. After this
point, the photoresist is developed and the electroplating process takes place almost

immediately.

The Permalloy electroplating technique was originally developed in the thin-film
magnetic-head industry and is known to create high quality permalloy films [19, 6].
During the plating process, the wafer is affixed to the cathode and is oriented in such
a way that an external biasing magnetic field (~ 450 Gauss, or 450 Oe, near the wafer
area) is parallel to the supporting beams (Fig. 3-22). Electroplating takes place at
5 pum/hour under a bias-current density of 8-12 mA/cm?. During the electroplating

process, the plating bath is maintained at a pH value of 2.7.
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Figure 3-22: Sketch diagram illustrating the Permalloy electroplating procedure and
setup.
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Stage c
After electroplating, the wafer is flood-exposed with UV for one minute and the pho-
toresist plating frame is removed with photoresist developer. This is again followed

by Acetone/Alcohol photoresist removal.

Stage d

The seed layer is etched away by using Cu etchant 8 and then Cr mask etchant. For
the current range of Cu thickness, etch is completely within one minute. The Cr-layer
removal can be done using either commercial product—transene:pa or diluted HCL®.
Actuators are then released by 49% HF after 20 minutes. All permalloy plates stand

well in HF, as well as in Cu and Cr etchant.

Shown in Fig. 3-23 and Fig. 3-24 are top and perspective views of fabricated actua-
tors; no intrinsic bending was found for both types of flaps. To facilitate the sacrificial
release process, etch holes (30 pm by 30 um in size, and 250 um apart) are opened

on the plate.

Care must be taken to ensure that during the seed-layer etching, no air-bubbles
stay within the etching holes and prevent seed-layer removal. In the current process,
after the wafer is DI water rinsed following the photoresist development in Stage C,
they are not dried but transferred directly into the Cu etchant. If the wafer is dried
and then immersed in Cu etchant, the solution may not be able to replace air content

in all the etching holes on the wafer.

Since the micro-flaps have large surface areas and the supporting beams are soft
(spring constant ~ 100 uN / 1 mm=0.1 N/m), they can be easily pulled down by
surface tension to the substrate and form permanent bonds—guckel:rl, alley:rl if con-

ventional drying techniques are used. To ensure high yield, a magnetic levitation

8Cu etchant: 100 water: 5 acetic acid: 5 hydrogen peroxide
9Cr etchant: 10 water: 1 HCL
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Figure 3-23: A top view of a completed Permalloy magnetic actuator.

technique has been developed. In this unique rinse/drying process, magnetic force
counteracts the surface tension force to prevent the actuators from coming into con-
tact with the substrate, therefore guaranteeing that almost 100% yield is routinely
achieved. One advantage of using his technique is that it does not require any compli-
cated equipment for pressure and temperature cycling. The detail about the release

process can be found in Chapter 4.

Magnetic properties of Permalloy

The electroplated Permalloy has a composition of 80% Nickel and 20% Iron. Thin film

Permalloy is a preferred soft magnetic material for two main reasons: the material



93

h of a Permalloy magnetic actuator within

icrograp

ive SEM m

A perspect

-24:

5t

Figure

an array.



94

property value
Saturation magnetic flux density B, 1-1.5Tesla
Coercive force H, 0.6 Oe
Relative permeability p. 4500
Remanent magnetization B, 1-10 Gauss

Table 3.3: Permalloy magnetic material properties.

has a very low or zero magnetostriction effect and stress-free films can be realized;
the magnetic switching speed is fast (on the order of femto-second to micro-second),

ideal for magnetic recording media.

The Permalloy material has a poly-crystalline structure containing a large number
of magnetic domains. Each magnetic domain has 10'° to 10'® atoms and is sponta-
neously magnetized in one direction at room temperature. The directions of magneti-
zation of different domains are randomly organized. Despite this, there are directions
of easy and hard magnetization; this phenomena is called crystalline an-isotropy. In
our experiments, the direction parallel with the external magnetic field during the
plating process is the easy axis while the orthogonal in-plane direction is the hard
axis. Hj, is defined as the magnetic field intensity needed to saturate a soft magnetic
material in a specific direction. In the direction of easy magnetization, the easy axis,
Hp, casy Of the hysteresis is small. In the direction of difficult magnetization, the hard
axis, Hppqerq is much larger. During our electroplating, the direction of the biasing
magnetic field dictates the easy axis—abel:pa. This phenomena has been studied by
Takahashi—takahashi:pa and it has been found that an external field of H >30 Oe
is sufficient to induce the direction order. Establishment of the easy axis can also
be achieved by critical cold working and annealing. When an external magnetic field
density, H, is applied (in either easy axis as an example), the domain walls move in
such a manner that domains favorably oriented with the magnetic field grow at the

expense of unfavorably oriented domains.
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Figure 3-25. B-H hysteresis curves along the easy axis and a direction perpendicular
to the easy axis (in plane).

The properties of the electroplated Permalloy is summarized in Table 3.3—temesvary:pa.
[t should be noted that the shape of the Permalloy plate also favors shape-anisotropy
with the plate plane. Experimental B-H hysteresis curves along the easy axis and the
hard axis are shown in Fig. 3-25. The magnetic anisotropy in Permalloy is shown to

be low; this is a established characteristic for 80% Ni content—stanley:pa.

It is worth mentioning there are two plating techniques - mold plating and frame
plating. These two techniques are illustrated in Fig. 3-26. In the frame plating
technique, photoresist covers all area of the wafer except where Permalloy is intended
(Fig. 3-26a.1). In the mold plating technique, on the other hand, plating occurs in a
large portion of the wafer surface; only photoresist fences separate wanted (e.g. the
actuator plate) and un-wanted Permalloy material. The un-wanted material is later
on removed. Frame plating technique allows more uniform electroplating and the

plating parameter is not varied when the geometry is changed.
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Figure 3-26: Schematic of two important plating techniques: (a) frame plating and
(b) mold plating.
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3.3.4 Actuation Testings

Actuator calibration in still air

For testing the characteristics of individual actuators in the still air, a strong indus-
trial electro-magnet is used. Actuation is observed by using a microscope-monitoring
system (Fig. 3-10). The magnetic field calibration with respect to the vertical height
is shown in Fig. 3-12: the field strength around the flaps is linear and can be expressed
as [ = 14 x 10* — 2.8 x 10* d(in mm), where d is the distance from the measurement

point to the surface of the magnetic core.

In their resting positions, actuators are separated from the electromagnet by a
distance of 0.5 mm, which is the thickness of the silicon substrate. The angular
and vertical deflection of the Type-1 actuator is directly measured from the monitor
screen, with magnetic field intensity values of up to 6.4 x 10*A/m at the chip surface
(d=0.5mm). Fig. 3-28 shows the measured deflections, together with theoretical
predictions using Egs. 3.46 and 3.48. A good match between the bending theory and

experimental 6 and h is observed.

A large-deflection finite element analysis (FEA) model of the flaps is also built
(Fig. 3-29) and is currently used as a first-order verification of our analytical calcu-
lations. As an example, applying F; = 100uN and F, = 120uN on an actuator, Yj,,,

6, and 4, are found to agree with the result by analysis to within 15%.

Under current magnetic field and actuator-geometry parameters, the maximum
vertical loading force has been found experimentally—cl:xducer. Using an array of
5x5 actuators to lift a stack of weight (silicon and glass chips) of 222 mg (or 2.2 mN)
under the highest magnetic field intensity has been demonstrated. Each individual

actuator is therefore capable of withstanding a vertical load of 87 uN.

The time response of the actuator system is not limited by the Permalloy material

switch, which has a typically time constant on the order of one pico-second. The
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maximum actuation cycling speed is restricted by the electromagnet and the electric-
current switching circuitry. Currently the switching is performed using a mechanical
switch. The time constant of magnetic-field rise and decay is experimentally measured

using a secondary coil; it is within the range of 1 to 10 ms.

Durability tests

In static air, most devices with bending and torsional beams were able to bend by
more than 180°C . These actuators can withstand upto 30 m/s air flow in the up-right

position.

Inside a turbulent flow field, actuators are subjected to both constant and fluctu-
ating flow loading. The fluctuating part of the flow load is very damaging to the
actuators. Actuators are attached to the wide wall of a small sized wind-tunnel (at
Caltech) with a maximum wind speed of 30 m/s. To increase flow fluctuation, we
intentionally introduce an obstruction at the upper stream of the wind tunnel. Actua-
tors are placed in various positions: the direction of the plate movement with respect
to the mean flow velocity changes from 0° to 45°. At 45°, the shearing (twisting)

force is the greatest.

The wind-loading capability of two types of Permalloy actuators is compared. For
actuators with bending beam support, there are three types of beams: 2-um thick
silicon nitride, 1-pm thick silicon nitride and 1 xm thick polysilicon. These actuators
are oriented 0° to the flow (i.e. the flow velocity is parallel to the plate movement)
and zero flow fluctuation is introduced. All three types can survive 25 m /s flow speed.
Actuators with 1-um thick silicon nitride can survive 45 m /s. At 45 m/s flow velocity,
the survival rate of actuators with 1 um -thick polysilicon beams are the worst among

three.

Actuators are then subjected to more severe flow conditions, the extreme case being

that fluctuation is intentionally introduced up-stream and the actuators are placed
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Flap

Figure 3-27: Sequential snapshots of the flap actuation (a) before applying the
magnetic field; (b) when H,; = 3.34 x 10*A/m (Bey = 420Gauss); (c) when
Hep = 6.4 X 10*A/m (Bea: = 800Gauss).
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Figure 3-29: An ANSYS(© finite element analysis model and simulation results.
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45° with respect to the flow. All actuators with bending beams are broken. Actuators
with torsional beams that are 5 ym wide and 100-200 um long all survived the worst-
case flow loading. However, actuators with torsional beams wider than 5 um are also

completely destroyed.

Wind-tunnel Testings

Permalloy micro actuators have been installed on a model delta-wing, which has been
tested in a wind-tunnel to measure the rolling moment caused by micro actuator

movement. The details can be found in Chapter 5.

3.3.5 Summary and Future Work

Magnetic actuators based on electroplated Permalloy material have been developed:;
large displacements and large forces are demonstrated. The displacements and forces
are orders-of-magnitude larger than those for electrostatic driving actuators that are
most commonly used. Applications of these actuators in fluid-mechanics projects are
illustrated in Chapter 5. These Permalloy magnetic actuators can be used in many
different applications. For example, these can serve as micro-mirror arrays for optics
applications. An array of Permalloy magnetic actuators with the current geometric
parameters has also been used as a micro robotics assembly system—cl:xducer for

transportation and manipulation of small parts (e.g., IC chips).

Consider an array of air-coil and Permalloy magnetic actuators within an external
magnetic field. Each air-coil actuator can be individually controlled by switching
the coil current. A Permalloy actuator can not be turned on and off individually; it
obviously can not be used in those applications where individual actuator control is
required. Nonetheless, air-coil actuators at the current stage suffers from intrinsic-
stress bending and thermal-actuation problems; these issues need to be addressed

before these actuators can be successfully used in a wide-range of fluid applications.
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Permalloy actuators have exhibited larger work range and force magnitude compared

with air-coil ones; the power consumption is also reduced.

An air-coil actuator with individual Permalloy magnetic core will be demonstrated

in the future. This hybrid-type actuator will inherit the advantages of both original

types.
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Chapter 4

MICRO FABRICATION ISSUES

In this chapter, two specific micro fabrication issues related to micromachining are
discussed. One is the sealing of surface micromachined cavities using LPCVD mate-
rials. This process is encountered in the fabrication process of shear stress sensors.
A second one is magnetic levitation-assisted release of surface micro structures after
wet sacrificial layer etching. In both cases, large arrays of test structures have been

specially made to facilitate systematic studies.

4.1 LPCVD Sealing of Surface Micromachined

Cavities

4.1.1 Introduction

Sealing of surface micromachined cavities is commonly used but is rarely system-
atically observed and studied. In most cases, cavities are sealed under vacuum for
different purposes, for example to reduce air damping for electro-mechanical res-
onators [68], to establish pressure measurement references [73, 37], and to make vac-

uum electronics [14, 44]. Sealing is achieved by depositing thin film materials on
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two neighboring surfaces until two growth fronts meet. Thin film growth is done
through Chemical Vapor Deposition (CVD) under either low pressure or atmosphere
pressure [68, 73, 37, 38, 21, 104], thermal oxidation growth [38], electron beam evap-
oration [82, 14], sputtering [137], wafer-wafer bonding [30, 44, 90], and solder glass
fritting [66]. In fabricating the shear stress sensor, the thin film sealing deposition
must satisfy the following requirement (Fig. ===seal-closeup): first the overall thick-
ness of the deposition must be minimized since the thicker the film, the more heat
it will conduct to the substrate; secondly, deposition inside the cavity itself must be

small so that the cavity depth will be retained.

In a typical LPCVD deposition environment, the mean-free-path (\) of gas molecules

is given by
kT

A= —
V2nd2P

where d si the radius of rigid molecule spheres, P and T are the pressure and temper-

(4.1)

ature of the system, respectively, and k is the Boltzman constant. The ) in a typical
LPCVD and PECVD environment becomes comparable with the dimension of micro
structures. As an example, take d for air molecules as 3.5 A | at 7=300 K and P=300
mTorr = 40 N/m?, X is equal to 190 um; at a deposition temperature of 7=900 K,
the A is 570 pm.

Geometric shadowing due to over-hanging diaphragms reduces the deposition thick-
ness inside the etching channels and the cavity itself. Step coverage of thin films
deposited in trenches or cavities are governed by three additional physical processes:
direct deposition, surface re-emission and surface diffusion (Fig. 4-1). These pro-
cesses are distinguished by associated surface sticking coefficients, Sc, which is the
probability of chemisorption on the surface. For direct deposition, Sc = 1; for surface
re-emission, Sc¢ < 1. The overall sticking coefficient is feature and flux dependant.
In conventional IC processes, good step coverage is desired for reliable electrical iso-

lation; a small Sc generally helps to improve step coverage. To this end, slower



Figure 4-1: Molecule transport and deposition mechanisms: (1) direct deposition, (2)
re-emission and (3) surface diffusion (3).

deposition and high flow rate is generally beneficial. Deposition profile within a sim-
ple trench configuration has been studied using computational simulation (e.g. Monte
Carlo methods). However, simulation becomes difficult when Sc < unity. The three-

dimensional profile of the etching channel also makes simulation hard.

4.1.2 Approach of Studies

Despite the wide use of cavity sealing, the behavior and mechanism of this process are
not systematically studied. In this study, four different thin film materials are used to
seal specially designed surface micro structures. Those structures have different cavity
opening configuration, different cavity height and different membrane materials. The
four sealing materials are Low Pressure Chemical Vapor Deposition (LPCVD) silicon
nitride, poly-crystalline silicon and low temperature oxide. Studies by others have
found that the deposition conditions (total flux and temperature) will have influence
on the step coverage. However, in our studies we only use standardized recipes. "The
sealing success rate at various deposition thickness are statistically analyzed and the
sealing behavior with respect to the membrane materials, gap heights and cawvity

geometric parameters are revealed for the first time.

4.1.3 Design and Fabrication of Test Structures
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Figure 4-2: Schematic configurations for four different types of test structures.

Shown in Fig. 4-2 are four types of test structures (named type-1 to 4, respectively)
which are designed around a square diaphragm with different etch channel features
added to it. All diaphragms are square in shape, 200 ym on a side. Since our current
study is based on statistical data, a large number of samples is desirable. In our
design, each die (1 x 1em?) has 126 different cavities (72, 36, 3 and 15 for types 1,
2, 3 and 4 respectively). A four-inch diameter wafer has 48 dies and therefore each

individual cavity has a sample space of 48.

Type-1 structures have different numbers (4-6) of etching channels with varying
channel widths (2 to 16 pm) and lengths (8 to 38 um). The feature of type-1 struc-
tures is that these channels may have little effect on the mechanical integrity of the
diaphragms. Besides, undesirable film deposition inside the cavity is reduced because

of the length of the etch channels.

Type 2 and 3 structures have center [104] and corner etching holes on the diaphragm,
respectively. A range of hole sizes (2-16 um ) and numbers (1,2,6) have been included
in our design. Such etching hole structures do not occupy extra space in addition to
the diaphragm. However, deposition inside cavities will be much more pronounced

compared with type-1 structures.



107

/ nitride e

thermal oxide etch/seal *holes

i T

PSG

sl

Figure 4-3: Major fabrication steps for micro cavity structures.

Type-4 structures have one to four side openings, 120 or 180 um long; they are
studied here because the side opening can facilitate chemicals’ (or gas products’)
access to the cavity during sacrificial layer or silicon etching; the cavity etch speed

can be drastically increased.

All the test structures are fabricated in one process shown in Fig. 4-17, which is
similar to the process steps 1 through 5 used for making shear stress sensors (section

2.2.2).

4.1.4 Experiments and Results
Definition of terms

Many sequential depositions with an incremental thickness (30-60 nm) of CVD ma-
terials, including LPCVD silicon nitride, LPCVD polysilicon, LPCVD PSG, and
PECVD silicon nitride, are performed to seal the cavities (deposition parameters
listed in Table 4.1). The way to characterize the sealing performance is to exam each
and every test structure under an optical microscope after interval depositions. Since
the diaphragm over a sealed cavity will be deformed by the differential pressure be-
tween the atmosphere and the cavity interior, interference patterns (Newton ring) can

be observed on the diaphragm. The presence of the Newton Ring is thus used as an
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Material flow ratio pressure(mTorr) | temp.(°C)/power(W)
LPCVD nitride NH,/DCS~3/1 330 820/ N.A.
LPCVD Polysilicon | Silane(SiH4) 220 620/N.A.
LPCVD PSG 0,/SiH/PH; ~6:1:2 150 450/N.A.
PECVD nitride NH,/SiH~7:3 400 300/50

Table 4.1: CVD processing parameters for various sealing materials.

indication of complete sealing. Pictures of sealed and unsealed structures are shown
in Fig. 4-4. After each sealing deposition, the quantity of successfully sealed cavities
is counted and used to statistically evaluate the degree of sealing completeness. These
data points are then compared between sealing materials, deposition thickness, cavity

geometry and channel heights.

To quantify the sealing results of a specific structure at a cumulative deposition
thickness, the sealing factor, SF, is defined as the ratio between the number of sealed
cavities and the total number of the cavities of its kind (48, in our case); an SF of 1

means that all 48 cavities are sealed.

Also defined is an unit-less thickness t,, the cumulative deposition thickness normal-
“ized by the original gap height. The t,, i, then is the minimum ¢, that is required to
seal a cavity with a wafer-level SF' larger than 0.95. Experimentally, it is only possi-
ble to deposit sealing materials at selective finite thickness increment (30-60 nm) and
study sealing performance after the wafer is extracted from the deposition chamber.

There is an inherent degree of uncertainly associated with ¢, ,,;, measurement.

Focus of studies — Type-1 structures

Experimental results show that type 1 structures have been successfully sealed by all
the deposition materials at certain t,’s, whereas some structures of types 2, 3 and 4
can not be sealed by certain materials within reasonable deposition thickness range.
As type-1 structures provide a larger and more complete data base compared with

other types they are thus the emphasis of our sealing data analysis.
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Figure 4-4: Optical photographs of some test structures: (a) A sealed type-1 struc-
ture; (b) a sealed type-4 structure; (c) an unsealed type-1 structure; (d) an unsealed
type-2 structure.
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Figure 4-5: Sealing Factor (SF) as a function of the deposition thickness of LPCVD
silicon nitride.

Material effects

Deposited materials greatly influence the sealing results. The material effects are
studied by concentrating on data analysis of type-1 structures. For example, Fig. 4-5,
Fig. 4-6 and Fig. 4-7 show the SF vs. deposition thickness for LPCVD silicon nitride,
polysilicon and PSG, respectively. Each figure provides information for 12 type-1
cavities, all having 8 channels with the same 420 nm gap height but different lengths
and widths. One can clearly see that for each LPCVD material, there is a t,, value
(0.338 for nitride, 0.173 for polysilicon, and 1.86 for PSG) that any smaller ¢,, will not
seal the structures at all. On the other hand, there is another value (0.67 for nitride,
0.62 for polysilicon, and 4.52 for PSG) that any larger ¢, will seal the structures

completely. Any t,, between these two values will have partial seal of the structures.

Due to geometric variations, SF' data points scatter; therefore, we compare sealing
data obtained from a fixed structure to study material effects. In our case, all data
points are obtained for a structure with 8 channels, each 18 ym long and 4 um wide.
Fig. 4-8 is partly extracted from Figs. 4-5, 4-6, 4-7 and, with the addition of PECVD

sealing data points, shows comparison of sealing results using four different CVD
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Figure 4-6: Sealing Factor (SF) as a function of the deposition thickness of LPCVD
poly-crystalline silicon.
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Figure 4-8: SF vs. Tn plots for different sealing materials: LPCVD silicon nitride,
LPCVD Polysilicon, LPCVD PSG and PECVD nitride. Type-1 test structures with
eight etching channels, each 18 um long and 4 pum wide, are studied. The etching
channel height is 420 nm.

materials. It is found that ¢, ., is about 5.2 for PECVD nitride, 4.5 for LPCVD
PSG, 0.67 for LPCVD nitride and 0.62 for LPCVD polysilicon. Clearly, LPCVD
polysilicon and nitride require the thinnest deposition to seal the structure; these are
the most efficient sealing materials. On the other hand, although thicker deposition is
required, PECVD methods have the advantage of sealing at a much lower temperature

about 300°C.

Gap-height effects

For each sealing material, it is important to find out whether ¢, ,;, obtained at one
gap height can be applied to various other heights. Extra wafers with different gap
heights (520 nm, 743 nm, and 1.01 pum ) are prepared, and sealing tests are performed
on those wafers by incremental LPCVD silicon-nitride deposition. Fig. 4-9 shows the
results of ¢, min vs. gap heights; t,, m’s are 0.574+0.08, 0.34740.03, 0.44940.04 and
0.4440.03 for the four gap heights studied. Taken into account of experimental errors,

the trend shows that ¢, ,,:, converges to a constant value of approximately 0.44 for
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Figure 4-9: Values of ¢, i, at various channel heights (420nm, 520 nm, 743 nm and
1.01 pm) using LPCVD silicon nitride sealing.

larger gaps. Since the incremental deposition thickness is finite, the error in t, iy, is

thus large for small gap height and small for large gap heights.

Currently, gap height effects for other materials are not available for various reasons.
For example, in the case of LPCVD PSG, thick PSG tends to fracture when the
film is over 4 yum. In another case, LPCVD polysilicon becomes opaque when its
thickness exceeds 300 nm and making identification of sealed structures by Newton

rings impossible.

Geometric effects

For type-1 structures, it is also found through our experiments that geometry could
affect the sealing significantly. In fact, different materials have totally different effects.
To study geometric effects, we compared sealing data of various sized type-1 struc-
tures at a fixed material deposition thickness. Fig. 4-12, 4-10 and 4-11 plots SF vs.
channel length with widths ranging from 4-16 pum using thickness of LPCVD silicon
nitride, polysilicon and PSG, respectively. For LPCVD silicon nitride (¢, = 0.49),
Fig. 4-12 shows the trend that longer and wider channels can be sealed with higher
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Figure 4-10. SF as a function of channel heights and widths for LPCVD poly-
crystalline silicon.

material length width SF
LPCVD Nitride ™ 0 T
LPCVD Polysilicon| Nz 0
LPCVD PSG — 3 2~

Table 4.2: For type-1 sealing structures, trends of geometries toward good sealing
result.

sealing percentage. For LPCVD polysilicon(¢, = 0.45), however, Fig. 4-10 suggests
that shorter and narrower channels have a higher SF although this trend is not as
conclusive as in the silicon nitride case because of limited data points. As for LPCVD
PSG (t, = 4.5), the narrower the channels, the better SF' (Fig. 4-11). Channel length
has little effect. As a whole, the trends of the geometric effects of sealing type-1

structures are summarized in Table 4.2.

Sealing of Types 2, 3 and 4 Structures

In our work, geometric effects on sealing types 2, 3 and 4 structures were also studied
using samples of a fixed height. Conceptually, type-2 cavities require much thicker

deposition to seal than structures of other types because of the large gap height, which
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TYPE2 | TYPE3 | TYPE4
LPCVD nitride poor good good
LPCVD polysilicon| poor good good
LPCVD PSG na good na

Table 4.5: For types 2, 3 and 4 sealing test structures, general sealing performance by
the three LPCVD materials. na indicates that conclusive experimental results have
not been found.

is 1.3 pm thick thermal oxide plus PSG thickness. This has been confirmed using
nitride and polysilicon. Type-3 structures show excellent sealing quality using all
three LPCVD sealing materials. Compared with type-1 structures, type-3 structures
have identical gap heights and thus comparable sealing performance; SF’s for all type-
3 structures exceed 0.95 at t,,’s of 0.67 (for silicon nitride), 0.62 (for polysilicon) and
4.5 (for PSG). As for type-4 structures, only cavities with one side opened survive
the fabrication process for sealing analysis; cavities with more side openings tend to
stick to the bottom. For a type-4 structure with one side opening 120 um long (60
% of the cavity side length), SF’s of greater than 0.95 are achieved at a t,, of 0.67 for
nitride and a ¢,, of 0.62 for polysilicon deposition. The general trends of sealing types

2, 3 and 4 structures are summarized in Table 4.3.

Sealing profile

Sealing qualities of cavities should be related to the step coverage of the CVD ma-
terials. Various studies on step coverage, both experimentally [130, 22] and theoret-
ically [51], have been done in the past. It has been concluded that step coverage
depends on three major mechanisms: direct transport, re-emission, and surface dif-
fusion [22].

Conceptually, knowledge on the step coverage of various materials in an etch hole or
etch channel [130, 22, 51] should help to understand the material and geometric effects

of sealing. In order to study the sealing mechanisms, a scanning electron microscope
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Figure 4-13: SEM photographs of the sealing profile after approximately 1.9 ym of
PSG deposition. (a) A specially designed over-hanging test structure; (b) an etch /seal
hole of a type-1 structure. The gap height is 4200 A.

is used to view the cross-section at cleaved sealing holes. The profiles of the deposited
material is shown in Fig. 4-13: (a) shows the profile near a test structure while (b)
is at a etch hole. These photos confirm that, for PSG sealing, deposition inside the
cavity is minimal compared to the deposition on the front of the wafer; it agrees with
the conclusion of Cheng et. al. [22] that surface diffusion is not a strong factor in
LPCVD PSG step coverage. Currently, study on sealing profiles of nitride-sealed and

polysilicon-sealed samples is underway.

4.1.5 Summary and Future Work

The sealing of micromachined cavities using chemical vapor deposition techniques is
systematically studied for the first time. Results from this study are fundamentally

important addition to surface-micromachining knowledge; these are used here to guide
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shear-stress sensor design and fabrication.

We have fabricated test structures and studied the sealing of four types of surface-
micromachined cavities using LPCVD nitride, polysilicon, PSG, and PECVD nitride.
Among all tested materials, LPCVD nitride and polysilicon provide the most effective
sealing. LPCVD PSG and PECVD nitride require higher tn,min to seal but offer
the advantage of low temperature processing. Using LPCVD nitride as the sealing
material, , min almost remains constant (0.44) for different gap heights. Qualitative
geometric effects have also been studied for type-1 structures; the results point out
geometric trends for designing cavity structures that are easy to seal. Sealing results
for types 2, 3 and 4 structures are briefly discussed; cavity structures and materials

that could produce good sealing results are identified.

4.2 Magnetic-Levitation Assisted Drying of Sur-

face Micromachined Structures

4.2.1 Introduction

Surface micromachined polysilicon or silicon nitride cantilever-type micro structures
(e.g., comb drives, micro flaps) are widely used with either LTO or PSG as the
sacrificial layer. Usually the distance between these micro structures and the sub-
strate (most commonly silicon) is small (several yum) and the structures are compli-
ant (spring constant < 1 N/m); they can be easily damaged during the drying of
liquid after a wet sacrificial etch. During the drying process, when the liquid over
the top of a micro structure is removed, the structure will be drawn close to, and
sometimes into contact with, the substrate by a surface-tension force exerted from
the liquid trapped underneath. Micro structures and the substrate can permanently

bond together (stiction) and this damage is not reversible. The stiction mechanism
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has been studied [39, 80, 67, 4, 1] and solutions have been explored in several major
fronts. First, certain chemical treatments of the structures can alter the surface-layer
composition [4, 50] and minimize the chance of forming chemical bonds. Secondly,
liquid-vapor phase transformation, which is the cause of the surface-tension force, can
be replaced by a solid-vapor phase transformation (sublimation) after freezing the lig-
uid [39, 86, 114, 50]. Third, micro structures can be kept away from the substrate by
solid organic polymer columns which can be dry-removed (e.g., using plasma etching)
after the drying process [81, 89]. Other novel techniques include using special anti-
stiction geometry [1], applying pulsed magnetic forces to relieve stuck structures [33]

and reducing surface contact area by roughening the substrate surface [134].

In the above-mentioned approaches, surface micro structures remain parallel to the
substrate during drying. In our new process, however, these structures are lifted away
from the substrate level by magnetic forces before drying starts; the same magnetic
force holds micro structures away from the substrate against surface tension forces
(Fig. 4-14) throughout the drying procedure. Stiction is not possible simply because
the micro structures and the substrate never touch. To realize this, a strip of magnetic
material (e.g. electroplated Permalloy, Fig. 4-14a) is located on top of each individual
micro structure and activated with an external magnetic field; the interaction between
the magnetic moment developed within the strip and the field cause a micro structure
(current one-side clamped cantilever type) to bend out of plane. As will be shown, this
high-yield drying method is not sensitive to the release chemistry and does not require
any complicated drying apparatus (e.g., a pressure/temperature cycling chamber used

in sublimation drying).

4.2.2 Theory

To calculate the exact surface-tension force on the test structure would require com-

plex analysis; however, a reasonable upper-bound estimate can be derived. Assuming
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Figure 4-14: Schematic diagram of the magnetic-levitation-assisted drying process.
(a) A test structure is immersed in liquid; (b) the structure is lifted by a magnetic
moment.

the test structure is parallel to the substrate, the overall torque due to the surface

tension (M) at the free ends of the cantilever beams is

My, = (WL + %Lz)y (4.2)

where W = L=1 mm and ~ is the surface-tension of a specific liquid. M,; will be
reduced when the micro structure is raised to an angle. The torque produced by the

magnetic force, M,,, can be expressed as [69]

M,, = M\WLtH = M,V H (4.3)

where M, (=1.35T) is the saturation magnetization of the magnetic material and V is
the volume of the magnetic plate. For the drying process to be successful, M, > M.
For a given micro structure geometry, both V and H can be pre-determined to meet

this condition.
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Figure 4-15: Schematic perspective view of a test structure. A magnetic thin film lies
over a structural plate which is connected to two cantilever beams. The structural
layer is either LPCVD polysilicon or silicon nitride.

4.2.3 Test Structures

A schematic view of our test structure is shown in Fig. 4-15. The structure contains
two one-side clamped cantilever beams (400 pum long, 100 um wide, 2100 nm to 1.5 um
thick) and a 1x1 mm? plate attached to the ends of the two beams for lifting them:;
the large surface area enhances the adverse surface tension effect so the advantages of
using magnetic levitation will be clearly demonstrated. A 5 pum -thick electroplated
permalloy thin film overlays the plate. Each test die has 256 test structures with
different orientations. A fabricated sample is shown in Fig. 3-23. The fabrication
process, similar to that used in the permalloy magnetic actuator, is briefly shown in
Fig. 4-17. Surface roughness of the substrate and the flap are measured (using an

Alphastep 200 machine) as 5 nm.

4.2.4 Experiments

Test structures after the wet release are subjected to four different drying procedures,
A, B, A’ and B’. All test dies are transferred to de-ionized (DI) water and immersed for
5 minutes. Dies for procedures A and A’ are then dipped in various organic chemicals
(isopropyl and methyl alcohol, acetone) for 10 minutes while dies for procedures B

and B’ stay in DI water for an additional 5 minutes.

Fig. 4-18a shows the experimental setup for procedures A and B - dies immersed
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Figure 4-16: An SEM micrograph of the fabricated test structure.
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Figure 4-17. Fabrication processes for the test structures. (a) a structural thin-
film material (polysilicon or low-stress silicon nitride) is deposited over a 2 um -
thick phosphosilicate glass (PSG) sacrificial layer, patterned and etched; (b) a Cr-Cu
composite seed layer is evaporated and a 5 ym -thick photoresist mold is applied and
patterned; (c) inside a plating tank, permalloy (NigoFeq) is electroplated at a rate
of 5 pm/hour where the seed layer is exposed; (d) the photoresist and the seed layer
are removed and the sacrificial layer is etched with 49 % HF solution.
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Figure 4-18: The experimental drying sequence (a) in drying procedures A and B, the
liquid is vaporized with the heat from an IR lamp; (b) in procedures A’ and B’, the
liquid is spun off the chip while test structures are lifted by an over-hanging magnet.

in liquid are put over an electromagnet and dried with an infra-red lamp under room
temperature and pressure. Dies for procedures A’ and B’, on the other hand, are
spin-dried (a time saving method, Fig. 4-18b) - the liquid is spun off the dies (at
500 rpm) while an over-hanging permanent magnet holds up test structures. Drying
sessions are video taped; Figure 4-19 is a typical sequence of images showing the side
profile of the test structure (lifted by 60°) and the liquid (in diminishing amount from
Fig. 4-19a to Fig. 4-19c¢).

At the room temperature, v (in N/m) is 0.073, 0.024, 0.0237 and 0.0217 for DI
water, methyl and isopropyl alcohol, and acetone, respectively. For procedures A
and B, the minimum required external field H,,;, can be determined as a function
of . Experimentally we determine H,,;, by lowering the electromagnet biasing until
a lifted test structure is pulled down by the surface tension force. Theoretical and

experimental H,;, vs. gamma data agree well and are shown in Fig. 4-20.

We examine individual micro structures under an optical microscope to determine
whether stiction occurs. In evaluating the structural yields of different drying method,
four dies (1024 structures) are examined after each drying process and each organic
liquid. The yields are 100% for all four procedure and all organic chemical with the
magnetic levitation. In comparison, when the magnetic field is not present during
drying, 0-10% yield is obtained for procedures A and B, and 0% for procedures A’

and B’ (consistent with results from other researchers). Polysilicon or silicon nitride
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Figure 4-19: A sequence of video images showing the side view of a test structure and
the liquid-air interface. The flap was initially lying in the substrate plane, immersed
with isopropyl alcohol (not shown). (1) The flap is then lifted with magnetic forces;
(2) the dotted line indicate the liquid-air interface. With the IR lamp heating, alcohol
gradually vaporized and the amount of liquid trapped under the flap is reduced; (3)
alcohol is completely removed.
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Figure 4-20: Theoretical curve and experiment data points of H,,;, vs. 7 for four
kinds of liquid (isopropyl and methyl alcohol, acetone and water) used in procedures
A and B. For a certain -, magnetic levitation will occur when H > H,,.;,.

structures behave almost the same. Test structure thickness does not seem to affect

the drying behavior.

4.2.5 Summary and future work

Inspired by the Permalloy magnetic actuator fabrication process (section 3.3.3), this
magnetic-levitation-assisted drying process has been proven to produce 100% yield
for our test structures with a large surface area. The liquid removal can be completed
using IR lamp heating and even spin drying. More systematic experiments with an
extended collection of test structures are underway to directly compare our drying
result with previously published ones. The possibility of using this method to release

many other types of structures (e.g., bridges, diaphragms) is being explored.
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Chapter 5

MEMS SYSTEMS FOR FLUID MECHANICS
STUDIES

In this chapter, we review two fluid mechanics applications that utilize micromachined

sensors and actuators are discussed in Chapters 2 and 3.

5.1 Distributed MEMS for Active Drag Reduc-

tion

5.1.1 Motivation

Drag reduction is a subject of great difficulty and reward. Many living species in the
natural world (e.g., sharks, dolphins, shells at the bottom of the ocean, cactus in the
high-wind desert) have developed structures, organisms and instincts to reduce drag
forces [13]. As an example, dolphins, in addition to their stream-lined body shape,
relies on compliant skin to damp turbulent motions around its body and therefore
reduce skin-friction drag. Drag reduction has always been a subject of active research.
Reducing drag results in saving energy and increasing speed. For example, if the drag

on airplanes is reduced by a few percent on average, the annual world savings on fuels
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would amount to several billion dollars.

5.1.2 Passive Drag Reduction

In an incompressible flow field, drag usually consists of two components: pressure
drag and skin friction drag. The pressure drag is created by the flow separation and
the skin-friction drag is related to shear-stress over the surface. For a common stream-
lined body shape, the magnitude of these two drag components are approximately
equal. While the pressure drag can be reduced through further streamlining the shape

of a body, the skin friction drag is much more difficult to control and minimize.

Previous studies have indicated that there is a strong relation between turbu-
lent skin friction on a wall and stream-wise vortices associated with it. Studies by
Kravchenko [64], based on averaged statistics of skin friction and vortices, has further
indicated that high skin friction footprints can be attributed to stream-wise vortices,
so called quasi deterministic wall structures. However, controlling these stream-wise
vortices in an active manner is a difficult subject. The most widely observed coherent
vortex structures happen randomly in time and space. According to the analysis in
Section 1.2, such wall structures are typically 1000 y* long, 100 y* apart from each

other, 30 y* in diameter, and last about several tens of ms.

Most turbulence and drag-reduction control schemes are passive. For example,
placing stationary riblets in the boundary layer serves to suppress the formation or
interaction of organized flow structures. These devices play only a passive role because
there is no feedback loop to sense, and then manipulate, flow structures to maximize
the drag reduction benefit. These approaches have severe limitations; for example,

the riblets mentioned before would work only for a fixed flow speed [13].
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5.1.3 Active Drag Reduction using MEMS

In the past, closed-loop control of the flow structures in a fully turbulent boundary
layer was not possible for two reasons. First, the length scale of sensors need to be
sub-millimeter to provide the required spatial resolution. Secondly, a large number of
the distributed sensors are necessary to capture the spatially and temporally random

events.

Studies by analytical modeling and computational analysis have suggested that
there is a tremendous potential for reducing skin friction by actively controlling wall
structures within the turbulent boundary layer. According to Choi [23], in a fully de-
veloped turbulent flow field, control of boundary layers by placing appropriate sensors
at the wall and by using effective drag reduction mechanisms can yield a maximum
6% drag reduction. Reduce skin friction drag would require controlling individual
wall structures using the information provided by the sensor array. However, these

studies do not suggest the physical approach of interacting with the vortex structures.

The emerging MEMS technology offers the opportunity to reduce drag through
interactive control of individual flow structures [47]. An ongoing University Research
Initiative(URI) project targets drag reduction using a real time micro system which
is capable of performing sensing, actuation and real-time computing. Figure 5-1
shows the schematic of the proposed system, which contains integrated micro sensors,
micro actuators and micro electronics neural network circuits (M? technology). The
boundary-layer flow field is monitored by using a large number of distributed sensors;
the output signals will be fed to the integrated neural networks which can recognize
the sub-layer streaks responsible for most of the drag production. Based on total
drag sensor output, the neural networks will use on-chip learning algorithms to drive
responsible actuators which, in turn, manipulate the local streaks in an effort to
reduce the viscous drag. It is note-worthy that the energy-saving goal also dictates

that power consumption to the large arrays of sensors must be minimized.
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Figure 5-1: Sketch diagram of an M3 system for active fluid control.
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The goal of the initial active drag reduction studies is to demonstrate a silicon wafer
(four-inch diameter for example) that carries an M? system on its surface. The wafer,
when mounted flush with the bounding wall of a flow field, is connected to a force bal-
ance that measures the total drag force (Fig. 5-2). The wafer will experience reduced
drag when the wafer-level micro system is powered. The technological approach for
integration is to build half-completed CMOS circuitry through a commercial foundry
service and then build sensors and actuators at our micromachining facility onto the

same wafers.
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5.1.4 Overview of Recent Progress

The test wind-tunnel is identical to the one used for shear-stress sensor calibration
(section 2.3.1). Sensor and actuator packages are located in the downstream portion

of the Wind-tﬁnnel where fully developed turbulent flow is assumed.

Mechanical actuators

The interactions between steady stream-wise vortices and a mechanical actuator in a

2-D channel flow have been investigated [124, 125] using a mechanical actuator.

In a two-dimensional channel flow facility, hot-wire wind speed measurement at
Re=8583 indicates that the channel consists of a laminar entrance flow and a fully
developed turbulent down-stream region which covers about 2/3 of the total length
of the wind-tunnel. The flow field associated with a micro-actuator is investigated
through a scaled-up model consisting of a vortex generator (VG) and a mechanical

actuator.

The VG is 0.05” high, and covers an area of 3.75” x 1.75”. The mechanical actuator
oscillates at 12 Hz and travels from the wall to a height of 0.052”. Controlled stream-
wise vortex is artificially generated by a VG and the flow velocities on planes normal

to the mean flow are recorded at successive stream-wise locations downstream.

The velocities are either time- or ensemble- averaged by using the driving signal of
the actuator as the phase reference. The result is used to analyze the phase-locked
velocity and shear-stress distribution at different phases of the actuator cycle. It has
been shown that the oscillatory motion of the mechanical actuator can reduce surface
shear-stress.

When an actuator falls from the activated position to the resting position, it also

influence the flow field. It has been speculated that the speeds of the rise and fall

of the actuator plate will determine the over-all drag-reducing effect of one actuation
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Figure 5-3: Picture of a shear-stress sensing array. Courtesy of Fukang Jiang, Micro-
machining Laboratory, Caltech.

cycle. This aspect of flow control has been studied using mechanical actuators as

well.

Shear-stress sensor array

An array of shear stress sensors have been developed (Fig. 5-3). Sensors are spaced
apart by 300 um in the span-wise direction. The sensor-array chip captures the quasi-

two-dimensional shear-stress distribution over a silicon substrate.

As a precursor to full system integration, we have assembled hybrid systems con-
sisting of sensor array, sensor driving circuitry, actuator driving circuitry and a linear
array of five air-coil magnetic actuators. The information of two-dimensional shear-

stress distribution has been successfully utilized to control individual actuators.
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5.2 Delta-wing motion control

5.2.1 Subsonic Aerodynamics of Delta-wing Airfoils

Except for a few aircraft models!, aircrafts with delta-wing airfoils spend the majority
of their flight time at subsonic speeds and use their supersonic capability for short
dashes. The subsonic aerodynamics of a delta-wing aircraft has been a subject of

research interest [5].

The subsonic flow pattern over the top of a delta wing has prominent features.
When laminar flow hits the two leading edges of the wing at a certain angle-of-
attack (Fig. 5-4a,b), two counter-rotating leading-edge vortices occur in the vicinity
of the highly swept leading edges. These vortex patterns are created by the following
mechanism. The pressure on the bottom surface of the wing at the angle of attack is
higher than the pressure on the top surface. Thus, the flow on the bottom surface in
the vicinity of the leading edge tries to curl around the leading edge from the bottom
to the top. This will cause the flow separate from the wing along its entire length
(see Chapter 1 for details on flow separation). Two vortex structures formed over
the top of the delta-wing are shown in Fig. 5-4c and Fig. 5-5. These vortices are
strong and stable. Being a source of high energy and relatively high-vorticity flow,
the local static pressure in the vicinity of the vortices is small. The leading edge
vortices create strong “suction” forces on the top surface near the leading edges. The
total vortex lifting forces on the two sides of the wing contributes ~40 % of the total
lifting forces 2. The strength and position of these two vortices are dependant on the

exact separation point of the flow along the perimeter of the leading edge.

1Concord supersonic jet, space shuttle, X-31
2At an 30° angle-of-attack for 60° swept angle
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5.2.2 MEMS Delta-wing Control: Scheme

There were many studies on modifying a delta-wing’s control mechanism to achieve
aircraft stability at high angle of attack. Leading edge air blowing and suction [36]
has been used to substantially retard the onset of wake formation. Vortex flaps and
plates [96] try to modify the leading-edge vortices to increase vortex lift while reducing

the lift /drag ratio.

Micromachined actuators have traditionally been used to control objects that are
also small in scale. We intend to demonstrate that a collection of micro-machined
actuators can control a macro object, provided that a proper controlling mechanism
exists. In our case, the macro object is a model delta-wing airfoil and micro actuation
is provided by a linear array of Permalloy magnetic actuators discussed in Chapter
3. A known aerodynamic effect allows micro-scale actuation to have a macro effect.
Delta-wings are one of the fundamental configurations for generating lift forces and
its aerodynamic control in the subsonic regime is of great importance to aeronautics
applications [36, 96]. Results of our studies can possibly lead to new delta-wing

designs featuring greatly enhanced maneuverability.

Two linear arrays of surface micro-machined, out-of-plane actuators (micro-flaps)
are placed along two leading edges on the bottom of the wing (Fig. 5-4 d). Actuators
are required to achieve a vertical deflection similar to the boundary layer thickness to
gain maximum benefit. When un-deflected, flap arrays remain at the bottom of the
boundary layer, having no effect on the flow and vortices; when one array is deflected
downward, however, it interacts with the boundary layer and changes the separation
point of the corresponding leading-edge vortex. The span-wise vortex structures over

the top of the wing become unbalanced, and an overall rolling moment can be created.
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Figure 5-4: Fluid mechanism for delta-wing rolling-motion control. (a) perspective
view of a delta-wing in a flow field; (b) top view of the delta-wing; (c) cross-sectional
view of the wing and vortex structures when the micro-flaps are off; (d) vortex struc-
tures change when the micro-flaps along one leading edge are turned on.

Figure 5-5: Flow visualization of vortex pairs along two leading edges. Courtesy of

H. Werle, ONERA.
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Figure 5-6: A schematic diagram of micromachined actuators installed on a model
delta-wing.

5.2.3 Wind-tunnel Tests

Delta-wing/actuator assembly

A scale model of a delta-wing is made of aluminum; it has a span of 38 cm, and a swept
angle of 56.5° (Fig. 5-6a). The model has rounded edges with a radius of curvature
of approximately 0.5”. T'wo grooves, parallel to the leading edges, are opened on the
backside of the delta-wing (Fig. 5-6b). Each groove is approximately 250 mm x 4mm
in size, 5 mm away from the leading edge; it holds three groups with a total of 54
electromagnets. Two linear arrays of ~ 100 Permalloy actuators are mounted on top
of the electromagnets, flush with the delta-wing surface. A maximum current of 1 A
was applied to the buried electromagnets to produce a maximum H,,; = 2.1x10* A/m

on the actuator plane.

Flow-separation line detection

One of the leading edges is replaced by a rolling rod. Shear stress sensors fixed on the
surface of this rod can be rotated to different angles 6 (Fig. 5-7). By rotating the rod
and putting the sensor at different locations along the rod, the shear stress (both real-

time and time-averaged) at different locations can be obtained. Two methods can be
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Figure 5-7: Diagram showing the rotation rod on which shear stress sensors are
installed along the delta-wing leading edge. The separation line is illustrated (not to
scale).

used to detect the separation point. The first method is based on the magnitude of the
shear-stress being absolutely zero at the point of separation. A minimum D.C. output
of the sensor should correspond to this location. Unfortunately, there is one difficulty
in applying this method. Because the flow along the leading edge is three-dimensional
instead of two-dimensional, the fundamental assumption that shear stress value is the

lowest at the separation point is challenged.

The second separation-detection scheme is based on the fact that the low fluctua-
tion increases drastically right after the separation point. Therefore it is reasonable
to measure the root-mean-square value of the shear stress sensor and find the point
of sudden change. Experiments indicates that the rms value stays low on the lower
surface of the wing and jumps to a higher value at a specific 6 location. This posi-
tion is different for different positions along the leading edge; therefore the mapped
separation line is not straight, but rather, zig-zagged (Fig. 5-7). At a wind velocity
of 15 m/s, the separation points center near 75°; at 20 m/s, flow separation happens

near 6 = 60°.
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Rolling moment control

The wind-tunnel used here is 60 ft long with a cross-sectional area of 3 ft by 3 ft
(0.9x0.9 m?). The test section of the wind-tunnel, together with the installed delta-
wing model, is shown in Fig. 5-8. The wing’s angle-of-attack is fixed at 30°. The
characteristic length, [, used for Reynolds number calculations is the chord length 2
of the delta-wing; [ is therefore 11 inch, or 28 cm, in the current situation. At a flow

velocity of 10 m/s, for example, Re is equal to approximately 1.8 x 10°.

The model delta-wing is mounted on a six-component force balance (AMTI Co.)
that records rolling moments and forces in three axis (Fig. 5-9). Initially, time-
averaged (four minute) measurements of the rolling moment (M, ;) were taken with
the actuator plates deflected. The resulting M,,; at different wind-tunnel flow speeds
is normalized with respect to the vortex lift moment, M,;. Here, M, is the product
of the vortex-lift force on one of the leading edges multiplied by the distance between
the point-of-action and the delta-wing’s central axis. To ensure that the measured
M, is indeed generated by the actuation action and is not an artifact of signal drift,
we then monitored the real-time M,,; changes by turning on and off one actuator
array at approximately 1 Hz. The force-balance rolling-moment signals are shown in
Fig. 5-10, for the two cases when the actuators are at rest position and when they are
deflected; a clear difference of signal levels is observed. Very repeatable data of the
Mo/ M,y at various flow speeds are obtained (Fig. 5-11); the maximum is 1.2% at
mean flow speed of 16 m/s. Note that the locations of actuators are not according to
the separation-line positions; rather, two linear arrays of actuators are on the bottom
surface immediately before the leading-edge curvature.

Further, it is confirmed experimentally that as the actuators are positioned on the

leading-edge curvature and before the separation line, more significant rolling moment

can be created. In one test, as much as 10% time-averaged M,y /M, is achieved (flow

3The distance from the apex to the middle of the trailing edge.
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Figure 5-8: A view of the wind-tunnel used for delta-wing testings and supplementary
equipment.

Figure 5-9: A delta-wing model mounted on a six-degree-of-freedom force gauge inside
a wind-tunnel.
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Figure 5-10: Real-time force-balance rolling-moment output signal comparisons when
the actuators are on and off.

speed=16 m/s). If the same percentage controlling capability is applied to a delta-
wing F-15 fighter, a M, of 4 x 10* N-m could be generated, enough to turn the
fighter 360 ° in ~ 1 second. It is also expected that as the flow speed increases, the

rolling moment could become more significant.

However, as the actuators are positioned closer to the separation lines, flow condi-
tions become more violent. In addition, local flow velocities are not exactly perpen-
dicular to the leading edges. It has been found that a large portion (approximately
60%) of actuators are damaged; they fail not due to excessive bending, but due to

twisting moments.

5.3 Summary and Future Work

The developed shear-stress sensors have been used in a MEMS system for active
drag reduction; they have also been successfully implemented on the leading edges
of a model delta-wing to determine the flow separation points. The Permalloy mag-

netic actuators have been applied for delta-wing control; control theory is proven by
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Figure 5-11: M, /M, generated by the actuation of one linear actuator array as a
function of the average wind tunnel flow speed. H.,; = 2.1 x 10* A /m.

experimental results.

In terms of the delta-wing control project, research focus in the near future include
developing more robust micro actuators. Besides, air flow around the leading edge is
strong and more adverse to the micromachined actuators than when these actuators
are placed on the side wall of a wind-tunnel. We have also discovered that operating
the existing micro actuators directly on the leading edge is difficult, because the
flow is faster and more turbulent than the flow on the bottom of the delta-wing.
The wind loading prevents actuators from deflecting out-of-plane and the turbulent
flow field damages a large percentage of these actuators. Second-generation flaps are
currently being designed and fabricated; the new actuators will be more flexible yet

more robust, and allows for even-stronger permalloy /magnetic field interaction.
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Chapter 6

CONCLUSION

The focus of this thesis is the development of silicon micromachined sensor and actua-
tor arrays, and system studies on micro fabrication methods used for fabricating these
devices. These micromachined devices are used in fluid-mechanics applications with

success. Major achievements of the thesis studies are summarized in the following.

We have successfully developed a flow shear-stress sensor with a unique vacuum-
cavity thermal isolation micro structure (Chapter2); improved thermal-isolation ef-
fects have been experimentally proven. Shear-stress sensitivity that is much higher
than previously developed sensors (micromachined or conventional) has been demon-
strated. We have conducted sensor calibration in a two-dimensional channel flow.
This sensory device has been used in two applications, one for detecting coherent

wall (flow) structures and another for determining flow separation points.

Two types of magnetic actuators are explored. The air-coil actuator is our first
effort (Section 3.2‘). Magnetic actuation has been demonstrated; however, the per-
formance of this actuator is limited by the bending created by intrinsic stress and
thermal-induced stress. Our second magnetic actuator utilizes the interaction be-
tween Permalloy material and the external magnetic field (Section 3.3). The magnetic
actuation has been characterized; this actuator has achieved stronger force and larger

displacement compared to the air-coil type. Air-coil magnetic actuators have been
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successfully applied in the project for active drag reduction. The Permalloy magnetic

actuators, on the other hand, have been implemented to achieve delta-wing control.

The whole micromachining field can benefit from studies of fundamental micro
fabrication issues. In this thesis work, two issues are explored and new findings
are revealed. First, the behavior of micro cavity sealing using LPCVD materials is
studied systematically for the first time(Section 4.1). We have gained understanding
on how sealing efficiency is affected by the sealing material, cavity geometry and
deposition thickness; these knowledge will facilitate the micromachining design and
processes in the future. The second micro-fabrication issue involves devising a new
surface-structure release/drying method (Section 4.2). Magnetic levitation is utilizes
to counteract the surface tension forces that tend to pull down surface structures to

the substrate.

Most recent progress on the two fluid-mechanics projects are discussed in this thesis
(Chapter 5). In the project for realizing active drag reduction, individual components
including sensors, actuators and circuit have been successfully tested individually.
The next step involves assembling these tested components into a hybrid and then
integrated systems and demonstrate their functionality. In the project for delta-wing
control, flow separation-line detection has been achieved with shear-stress sensors and
up to several percent of rolling-moment control has been realized with micromachined
actuators. Actuators that are more robust to turbulent flow conditions are being

developed; these can further enhance the wing control.
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Description of Selected Micro Fabrication Steps

The detailed fabrication processes are described in this appendix.

1. Standard wafer cleaning - remove organic residue
Starts with Piranha (H,O4 and concentrated H,SO, mixture);
Add 400 ml of fresh H,O, into Piranha solution;
Pre-heat to 120 °C;
Immerse wafers into Piranha for 10 minutes (or longer if necessary);
Rinse wafers in DI water bath 1 (“dirtiest”);
Remove native oxide using 5 % HF solution if necessary;
Rinse wafers in DI water bath 2;
Deep rinse wafers in DI water bath 3 (“cleanest”) while monitoring resistivity;
Dry wafers after the resistivity is higher than 10 MQ2-cm ;

Spin dry wafers.

2. Standard photolithography
wafer clean; convection over bake;
HMDS (Hexamethyl Disilanzane) vapor priming 2 minutes for adhesion promo-
tion between the spin-on photoresist layer and the substrate (priming for too

long a time will not further enhance adhesion);
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Spin-on photoresist (four types depending the thickness and step coverage re-
quirements):

type 1: KTI photoresist 105 CS, spin at 3 krpm, = 2.7 um ;

type 2: K'T1I photoresist 27 CS, spin at 3 krpm, = 2 um ;

type 3: AZ photoresist 4400, spin at 4 krpm, = 4 um ;

type 4: AZ photoresist 4620 CS, spin at 4 krpm, = 6.2 pum ;

Soft-bake photoresist in a convection oven at 100°C for 15 - 25 minutes;
Expose wafer using GCA stepper (10:1 reduction);

Develop wafer in corresponding photoresist developer; rinse;

Hard back photoresist at 110 — 120°C.

. LPCVD low-stress silicon nitride

chemical reaction: 3SiClHy 4+ 4 NHy — SizsNy + 6 HCL + 6 H, (stoichiomet-
ric).

flow rates: SiCloHy / NH3 = 67.2 scem / 15.6 scem = 4:1

base pressure: 58 mtorr

deposition pressure: 245 mtorr

deposition temperature: 825°C

deposition rate: 60 A /minute

. LPCVD polycrystalline silicon

chemical reaction: SiH, (vapor) — Si (solid) + 2 H, (gas)

flow rates: SiH4=80 sccm

base pressure: 10 mtorr

deposition pressure: 200 mtorr

deposition temperature: 560-580 °C : amorphous; above 600 °C :crystallized

deposition rate: 40-160 A /minute (depending on deposition temperature)

. LPCVD phosposilicate glass
chemaucal reaction: SiHy4+0y — SiO4 + 2 H,
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flow rates: Oxygen 130 sccm, SiHy 65 sccm, PHj between 5 to 10 scem.
base pressure: 20 mtorr

deposition pressure: 150 mtorr

deposition temperature: 450 °C

deposition rate: 100 A /minute

. Wet thermal oxidation

chemical reaction: Si + Oy — SiO,

ozygen flow rates: less than 0.5 sccm (only serves to transport water vapor)
water input rate: 1 drop of water/5 seconds

reaction temperature: 900 - 1100 °C

oxidation rates:

1050 °C , at (35 min., 120 min. and 300 min.) intervals, thickness are (4200 A
, 9450 A and 14400 A ), respectively.

950 °C , deposition rate is linear up to at least 90 min. — 50 A /min.

. Ion implantation and annealing
Phosphorus doping with a dose of 1 x 10%®/cm? at 40 keV energy;

Annealed in annealing furnace, nitrogen ambient, 1000 °C for 1 hour.

. Plasma etch

gas source: SF6, SF6+02, O2 (for photoresist de-scum)
typical pressure: 200-300 mtorr

typical power: 300 W

. Reactive Ion etch

flow rates: oxygen: SF6 = 3 sccm: 17 sccm
power input: 600 W

etch rate on LPCVD silicon nitride: 700 A /min.
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Glossary

Symbol

Name

Fluid Mechanics

Reynolds Number

Mach number

Mass density

Dynamic viscosity

Wall friction velocity
Length scale

Wall time scale

Over heat ratio

Specific heat (unit mass)
Thermal conductivity
Thermal diffusivity
Length scale

Boundary layer thickness

149

Definition Units

Re = ulp/pu

flow velocity/ sound velocity
kg/m’
m/s

y"=v/U;

=yt /U, s

ol = (T —Tp)/To

c=4 7/ ke K

Ky, =H/AZT watt/emK

Kq= Kr/pCy m?/second
m
yt



Magnetism
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Magnetic flux density B =uH
Saturation magnetic flux density

Magnetic field intensity

Magnetic dipole moment L = 1A
Magnetic Flux ¢ =¢s B
Magnetization

Permeability

1 tesla=10* Gauss
same as above
A/m, oersted
Am?2

Wb, V s, Maxwell
A/M

Henry/M
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