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NCERC is committed to transform itself into a center of excellence in Learning and Research in
Engineering and Frontier Technology and to impart quality education to mould technically
competent citizens with moral integrity, social commitment and ethical values.

We intend to facilitate our students to assimilate the latest technological know-how and to
imbibe discipline, culture and spiritually, and to mould them in to technological giants, dedicated
research scientists and intellectual leaders of the country who can spread the beams of light and
happiness among the poor and the underprivileged.

ABOUT DEPARTMENT
4 Established in: 2013
¢ Course offered: B.Tech Mechatronics Engineering
¢ Approved by AICTE New Delhi and Accredited by NAAC

4 Affiliated to the University of Dr. A P J Abdul Kalam Technological University.

DEPARTMENT VISION

To develop professionally ethical and socially responsible Mechatronics engineers to serve the
humanity through quality professional education.

DEPARTMENT MISSION

1) The department is committed to impart the right blend of knowledge and quality
education to create professionally ethical and socially responsible graduates.

2) The department is committed to impart the awareness to meet the current challenges in
technology.

3) Establish state-of-the-art laboratories to promote practical knowledge of mechatronics to
meet the needs of the society
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PROGRAMME EDUCATIONAL OBJECTIVES

l. Graduates shall have the ability to work in multidisciplinary environment with good
professional and commitment.

. Graduates shall have the ability to solve the complex engineering problems by applying
electrical, mechanical, electronics and computer knowledge and engage in lifelong learning in
their profession.

[1l.  Graduates shall have the ability to lead and contribute in a team with entrepreneur skills,
professional, social and ethical responsibilities.

IV.  Graduates shall have ability to acquire scientific and engineering fundamentals necessary
for higher studies and research.

PROGRAM OUTCOME (PO’S)
Engineering Graduates will be able to:

PO 1. Engineering knowledge: Apply the knowledge of mathematics, science, engineering
fundamentals, and an engineering specialization to the solution of complex engineering

problems.

PO 2. Problem analysis: Identify, formulate, review research literature, and analyze complex
engineering problems reaching substantiated conclusions using first principles of mathematics,

natural sciences, and engineering sciences.

PO 3. Design/development of solutions: Design solutions for complex engineering problems
and design system components or processes that meet the specified needs with appropriate
consideration for the public health and safety, and the cultural, societal, and environmental

considerations.

PO 4. Conduct investigations of complex problems: Use research-based knowledge and
research methods including design of experiments, analysis and interpretation of data, and

synthesis of the information to provide valid conclusions.

PO 5. Modern tool usage: Create, select, and apply appropriate techniques, resources, and
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modern engineering and IT tools including prediction and modeling to complex engineering

activities with an understanding of the limitations.

PO 6. The engineer and society: Apply reasoning informed by the contextual knowledge to
assess societal, health, safety, legal and cultural issues and the consequent responsibilities
relevant to the professional engineering practice.

PO 7. Environment and sustainability: Understand the impact of the professional engineering
solutions in societal and environmental contexts, and demonstrate the knowledge of, and need

for sustainable development.

PO 8. Ethics: Apply ethical principles and commit to professional ethics and responsibilities and

norms of the engineering practice.

PO 9. Individual and team work: Function effectively as an individual, and as a member or

leader in diverse teams, and in multidisciplinary settings.

PO 10. Communication: Communicate effectively on complex engineering activities with the
engineering community and with society at large, such as, being able to comprehend and write
effective reports and design documentation, make effective presentations, and give and receive

clear instructions.

PO 11. Project management and finance: Demonstrate knowledge and understanding of the
engineering and management principles and apply these to one’s own work, as a member and

leader in a team, to manage projects and in multidisciplinary environments.

PO 12. Life-long learning: Recognize the need for, and have the preparation and ability to
engage in independent and life-long learning in the broadest context of technological change.

PROGRAM SPECIFIC OUTCOME(PSO’S)

PSO 1: Design and develop Mechatronics systems to solve the complex engineering problem by
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integrating electronics, mechanical and control systems.

PSO 2: Apply the engineering knowledge to conduct investigations of complex engineering

problem related to instrumentation, control, automation, robotics and provide solutions.

COURSE OUTCOME

After the completion of the course the student will be able to

CO 1 | Understand the basic knowledge about micro electro mechanical systems
CO 2 | Acquire knowledge on micro manufacturing techniques

CO 3 | Describe about micro fabrication and special machining

CO 4 | Interpret about mechanical micromachining

CO 5 | Explain about micro sensors and micro actuators

CO 6 | Acquire knowledge on the application of MEMS in various industries
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SYLLABUS

Module

Contents

Micro electro mechanical system: MEMS and microsystems —
evolution of microfabrication — microsystems and miniaturization-
Materials for MEMS - Microsystems packaging.

I1

Micro Manufacturing Techmiques: Photolithography- chemical
Vapour Deposition — Physical Vapour Deposition- Etching
Processes-Bulk micro manufacturing- surface micro manufacturing-
LIGA process.

III

Micro-fabrication special machining: Laser beam micro machining-
Electrical Discharge Machining- Ultrasonic Machining- Electro
chemical Machining- Electron beam machining. Clean room-New
Materials

IV

Mechanical micromachining: Theory of micromachining-Chip
formation-size effect n micromachining-microturning-
micromilling- microdnlling- Precision Grinding : Partial ductile
mode grinding- Bmderless wheel-Free form optics.

Microsensors:acoustic- biomedical- chemical- optical- pressure-
thermal- Microactuation : actuation using thermal forces- shape
memory alloys- piezo electric crystals-electrostatic forces. MEMS
with micro actuators: microgrippers - micromotors-microvalves-
micropumps.

VI

Laws of scaling- Applications of MEMS in various imdustries
Automobile- defence- healthcare- Aerospace- industry- Future of
MEMS
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QUESTION BANK

MODULE I
Q:NO: QUESTIONS (6{0) KL | PAGE NO:
1 Write a short note on MEMS? CO1 K2 15
2 What are the types of MEMS switch technology? Co1 K3 9
3 What are the materials used for MEMS CO1 K2 45
manufacturing?
4 Explain any two MEMS Basic Process? CO1 K3 46
5 What is etching? What are the different types of Co1 K2 15
etching?
6 Define Physical deposition? Co1 K2 18
7 Define Chemical deposition? COo1 K5 43
8 Write a short note on microsystem packaging? Co1 K2 18
MODULE 11
1 Write a short note about Photolithography? CO2 K2 99
2 What are the various steps involved in CO2 K2 61
Photolithography?
3 Write a short note about Plasma-enhanced chemical CO2 K2 104
vapor deposition?
7
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4 Write a short note about Write a short note about? CO2 K1 67

5 What are the steps involved in physical vapor CO2 K1 90
deposition? Explain with neat diagram?

6 [llustrate ion implantation with neat sketch? CO2 K3 85

7 Explain wet etching process with suitable diagram? CO2 K2 101

8 Explain the difference between anisotropic and CO2 K2 91
isotropic etching?

9 Explain reactive ion etching? CO2 K2 97

10 What are the advantages and disadvantages of dry CO2 K3 74
etching process?

MODULE 11

1 [llustrate Laser Beam Micro machining with a neat CO3 K3 113
sketch?

2 What are the major parts of a Laser Beam Micro CO3 K3 111
Machining?

3 Explain Ultrasonic Machining with neat diagram? CO3 K2 115

4 Illustrate Electrical Discharge Machining CO3 K3 111

5 Explain the working of Electrical Discharge CO3 K5 111
Machining?

6 Write a short note about Ultrasonic Machining? CO3 K3 113

7 State faraday’s law? CO3 K2 111

8 Explain Electro Chemical Machining with neat COs3 K1 115
sketch?

9 Discuss about the applications of Electro Chemical COs3 K1 111
Machining?

10 [llustrate the working of Electron Beam Machining? CO3 K2 119
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11 Write a short note about the advantages and CO3 K1 131
disadvantages of Electron Beam Machining?
12 Illustrate the electron gun construction of an Electron CO3 K2 133
Beam Machining apparatus?
13 Illustrate the working of Electron Beam Machining? CO3 K1 135
MODULE IV
1 Write a short note about chip formation? CO4 K2 142
2 Explain about the various methods used for chip CO4 K1 159
control?
3 Discuss about the various types of chips? CO4 K2 139
4 Write a short note about micro milling, with neat CO4 K3 165
sketch?
5 illustrate micro turning process with proper CO4 K1 155
explanation?
6 Write a short note about micro drilling? CO4 K2 167
MODULE V
1 Illustrate acoustic wave sensor with proper CO5 K2 180

explanation?
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2 Evaluate the difference between biosensor and CO5 K2 180
biomedical sensor?

3 Evaluate the difference between biosensor and CO5 K3 184
biomedical sensor?

4 Write a short note about the types of chemical sensor? CO5 K2 185

5 Illustrate the different types of optical sensors? CO5 K3 180

6 Explain the concept of pressure sensor, with a neat CO5 K2 196
sketch?

7 Discuss about the various types of micro actuation CO5 K2 181
techniques, with neat diagram?

8 Write a short note about thermal sensor, with clear CO5 K3 196
illustration?

9 Illustrate micro grippers with proper explanation? CO5 K3 190

10 Evaluate the difference between the working of a CO5 K2 188
micro valve and a micro pump?

11 Discuss about the concept of micro motors, with neat CO5 K2 184
diagram?

MODULE VI

1 Discuss about the various application of MEMs in CO6 K1
Automobile Industry?

2 Evaluate the different applications of MEMS in CO6 K2
Healthcare field?

3 Explain the applications of MEMS in Defense CO6 K2
Industry?

4 Discuss about the applications of MEMS in new CO6 K3
generation automobiles?

10
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5 Evaluate the Applications of MEMS in aerospace CO6 K2
Industry?
6 Write a short note about the importance of MEMS in CO6 K2
Industrial field?
APPENDIX 1
CONTENT BEYOND THE SYLLABUS
S:NO; TOPIC PAGE NO:
1 ION IMPLANTATION 14
2 PARAMETERS OF ETCHING 27
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MODULE I

MEMS

MEMS refers to technology that allows mechanical structures to be miniaturized and
thoroughly integrated with electrical circuitry, resulting in a single physical device that is
actually more like a system, where “system” indicates that mechanical components and
electrical components are working together to implement the desired functionality. Thus,
it’s a micro (i.e., very small) electrical and mechanical system.

Mechanical to Electrical to (Micro) mechanical

Mechanical components and systems are generally considered to be less technologically
advanced than comparable solutions based primarily on electrical phenomena, but this
doesn’t mean that the mechanical approach is universally inferior.

The mechanical relay, for example, is far older than transistor-based devices that provide
similar functionality, but mechanical relays are still widely used.

Nevertheless, typical mechanical devices will always have the disadvantage of being
hopelessly bulky in comparison to the electronic components found in integrated circuits.

The space constraints of a given application may cause electrical components to be
favored or required, even when a mechanical implementation would have resulted in a
simpler or higher-performance design.

MEMS technology represents a conceptually straightforward solution to this dilemma: if
we modify the mechanical devices such that they are not only very small but also fully
compatible with integrated-circuit manufacturing processes, we can, to a certain extent,
have the “best of both worlds.”

**WRITTEN NOTES ON THE END OF THIS DOCUMENT

Department of Mechatronics Engineering, NCERC, Pampady. 12




MR 409 MICRO ELECTRO MECHANICAL SYSTEM

MODULE 2

PHOTOLITHOGRAPHY

Photolithography, also termed optical lithography or UV lithography, is a process used in

microfabrication to pattern parts of a thin film or the bulk of a substrate.
Using optical image and a photosensitive film to produce patterns in a subtract

i

shutterstock.com » 763625503

Substrate

*Silicon dioxide (si02)

Photolithography used in ........

Bulk micro manufacturing

Surface micro manufacturing
IC manufacturing

Sensors and actuators

Department of Mechatronics Engineering, NCERC, Pampady.
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Substrate SU-8
[ Pre-treatment J:CL Coating

P ,07 < o k”\\_ -
SU-8 Post exposure SU-8
Development Baking Exposure

|

Rinse - Dry Hard Baking
::> (optional)

Spin Coating

« Aviscous, liquid solution of photoresist is dispensed onto the wafer, and the wafer is
spun rapidly to produce a uniformly thick layer.
» The spin coating typically runs at 1200 to 4800 rpm for 30 to 60 seconds, and produces a
layer between 0.5 and 2.5 micro meters thick.
Soft baking

» The photo resist-coated wafer is then prebaked to drive off excess photoresist solvent,
typically at 90 to 100 C for 30 to 60 seconds on a hotplate.
Exposure to UV Light

« After prebaking, the photoresist is exposed to a pattern of intense light.
» The exposure to light causes a chemical change that allows some of the photoresist to be
removed by a special solution
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Positive photoresist

+ the most common type, becomes soluble in the developer when exposed
Negative Photoresist

» Unexposed regions are soluble in the developer.
Post-Exposure Bake

» Post-exposure bake is performed before developing, typically to help reduce standing
wave phenomena caused by the destructive and constructive interference patterns of the
incident light

Development

« The develop chemistry is delivered on a spinner, much like photoresist. Developers
originally often contained sodium hydroxide.
Hard-baking in development

» The resulting wafer is then hard-baked “if a non-chemically amplified resist was used,
typically at 120 to 180 C for 20 to 30 minutes.
« The hard bake solidifies the remaining photoresist, to make a more durable protecting
layer in future ion implantation, wet chemical etching, or plasma etching.
Etching

+ aliquid or plasma ("dry") chemical agent removes the uppermost layer of the substrate in
the areas that aren't protected by photoresist
Stripping

*After a photoresist is no longer needed, it must be removed from the substrate.

» This usually requires a liquid "resist stripper"”, which chemically alters the resist so that it
no longer adheres to the substrate.

« Alternatively, photoresist may be removed by a plasma containing oxygen, which
oxidizes it. This process is called ashing, and resembles dry etching.

Class 10 clean room

« Based on air quality
»  Number of dust particle of 5nm in a cubic foot is less than 10

Light source
« Mercury vapor lamb
« Wavelength spectrum from 310 t0 440 nm
« For high resolution x ray are used.
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1. Chemically clean 2. Spin photoresists
Thin layer of positive
Copper layer photoresists '\g photoresists
! /’ IJ\/ lamp
Substrate
positive UV light
mask »
3. Expose to UV light \ ~ —

through a mask ——

,‘——

Developed pattern in
copper pattern photoresists layer

T

Area not protected
by photo resists

S. Etching 4. Development

ION IMPLANTATION

* lon implantation is a low-temperature process by which ions of one element are
accelerated into a solid target, thereby changing the physical, chemical, or electrical
properties of the target.

« lon implantation is used in semiconductor device fabrication and in metal finishing, as
well as in materials science research.

* Acceleration and kinetic energy is very important.
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Applications

» Used mainly in semiconductor based industry
» Application in surface treatment process

Biomedical application

» Metal parts of heart valves are ion implanted by using carbon to make them bio —
compactable
» Radio isotopes are implanted in artificial body parts for radio therapy

Department of Mechatronics Engineering, NCERC, Pampady.
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MODULE 2

CHEMICAL VAPOUR DEPOSITION

» Chemical Vapour Deposition (CVD) is a chemical process used to produce high purity,
high performance solid materials.

» Inatypical CVD process, the substrate is exposed to one or more volatile precursors
which react and decompose on the substrate surface to produce the desired deposit.

» During this process, volatile by-products are also produced, which are removed by gas
flow through the reaction chamber.

Transport of Transport of Chemtical
reactants by reactants by Adsorption
forced diffusion from of reactants
convection to the main gas in the wafer
the stream to the (substrate)
deposition substrate surface.
region surface.

decomposition
and other
surface
reactions take
place.

Transport of
by-products by Desorption
forced Transport of of by-
convection by-products products
away from the by diffusion from the
deposition surface
region.
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SCHEMATIC DIAGRAM - THE STEPS
INVOLVED IN CVD

l-:;c,\-— - ‘}mm

* CVD’s are classified into two types on the basis of Operating Pressure.
1) Atmospheric Pressure CVD
2.) Low Pressure CVD
* Plasma Enhanced CVD
*  Photochemical VVapour Deposition —
* Thermal CVD
Atmospheric Pressure CVD
e CASE1l:HIGH TEMPERATURE

* This process is used to deposit Silicon and compound films or hard metallurgical
coatings like Titanium Carbide and Titanium Nitride.

« CASE 2:LOW TEMPERATURE

« Many insulating film layers such as Silicon dioxide need to be deposited at low
temperatures for effective deposition
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Aluminum oxide films are deposited by this method from aluminium trichloride, argon
and oxygen gas mixtures at temperatures ranging from 800-1000 degree Celsius

The films have low chlorine content, which continue to decrease with increasing
temperature.

Limitation of APCVD

Film thickness uniformity cannot be maintained.

Large number of pinhole defects can occur.

Wafer (Substrate) throughput is low due to low deposition rate.

The deposits get contaminated very easily since it takes place at atmospheric pressure.
Maintaining stoichiometry is extremely difficult.

Low Pressure CVD

The deposition of Silicon carbide thin film is performed using low pressure CVD of
Dichlorosilane / Acetylene / Hydrogen reaction system.

The Silicon carbide film deposited at three different temperatures has three different
properties.

1023 K------- AMORPHOUS
1073 K -=----- MICROCRYSTALLINE

1173 K-------- PREFERENTIALLY ORIENTED

Advantage and Disadavtages of LPCVD

This technique permits either horizontal or vertical loading of the wafers into the furnace
and accommodates a large number of wafers for processing.

The process results in the deposition of compounds with excellent purity and uniformity.

However the technique requires higher temperatures and the deposition rate is low.

Plasma-enhanced chemical vapor deposition (PECVD)

Plasma-enhanced chemical vapor deposition (PECVD) is a process used to deposit thin
films from a gas state (vapor) to a solid state on a substrate.

Chemical reactions are involved in the process, which occur after creation of a plasma of
the reacting gases.
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The plasma is generally created by RF (AC) frequency or DC discharge between two
electrodes, the space between which is filled with the reacting gases.

The helping hand of the Plasma helps in increasing the film quality at low temperature
and pressure.

PECVD uses electrical energy which is transferred to the gas mixture.

This transforms the gas mixture into reactive radicals, ions, neutral atoms and molecules,
and other highly excited species.

These atomic and molecular fragments interact with a substrate and, depending on the
nature of these interactions, either etching or deposition processes occur at the substrate.

Some of the desirable properties of PECVD films are good adhesion, low pinhole density and
uniformity

Photochemical vapour deposition

Aluminium thin films are deposited via photochemical vapour deposition on catalytic
layers of Ti, TiO2 , and Pd, using dimethyl aluminum hydride.

Deposition is carried out at low gas pressures to induce a surface reaction based on
adsorption and subsequent decomposition of adsorbates.

Of these three layers Ti is so effective as a catalyst that the Al films are thermally
deposited even at a low substrate temperature of 60°C with a growth rate of 0.5 nm/min.

The UV light generated by a deuterium lamp helped increase the growth rates. On the
other hand, Al could be deposited on TiO2 layers only under irradiation at a substrate
temperature of 120°C It takes several minutes to cover the TiO2 surface with Al and
initiate the Al film's growth.

Here, the UV light inhibited the Al growth on the surface, whereas the films are
deposited thermally.

Thermal CVD

In thermal CVD process, temperatures as high as 2000 degree Celsius is needed to
deposit the compounds.

There are two basic types of reactors for thermal CVD.

1. Hot wall reactor
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2. Cold wall reactor

A hot wall reactor is an isothermal surface into which the substrates are placed. Since the
whole chamber is heated, precise temperature control can be achieved by designing the
furnace accordingly.

A disadvantage of the hot wall configuration is that deposition occurs on the walls of the
chamber as well as on the substrate.

As a consequence, hot wall reactors must be frequently cleaned in order to reduce
contamination of substrates.

In a cold wall reactor, only the substrate is heated.

The deposition takes place on the area of the highest temperature, since CVD reactions
are generally endothermic.

The deposition is only on the substrate in cold wall reactors, and therefore contamination
of particles is reduced considerably.

However, hot wall reactors have higher throughput since the designs can easily
accommodate multiple wafer (substrate) configurations.

Advantages of CVD

Variable shaped surfaces, given reasonable access to the coating powders or gases, such
as screw threads, blind holes or channels or recesses, can be coated evenly without build-
up on edges.

Versatile —any element or compound can be deposited.

High Purity can be obtained.

High Density — nearly 100% of theoretical value.

Material Formation well below the melting point

Economical in production, since many parts can be coated at the same time.
Applications of CVD

CVD has applications across a wide range of industries such as:

Coatings — Coatings for a variety of applications such as wear resistance, corrosion
resistance, high temperature protection, erosion protection and combinations thereof.
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» Semiconductors and related devices — Integrated circuits, sensors and optoelectronic
devices
PHYSICAL VAPOUR DEPOSITION

» Physical Vapour Deposition (PVD) is fundamentally a vaporization coating technique,
involving transfer of material on an atomic level.

* Itis an alternative process to electroplating @

* The process is similar to chemical vapour deposition (CVD) except that the raw
materials/precursors

* i.e. the material that is going to be deposited starts out in solid form, whereas in CVD,
the precursors are introduced to the reaction chamber in the gaseous state.

» Working Concept PVD processes are carried out under vacuum conditions.
The process involved four steps:

+ 1.Evaporation

« 2.Transportation

* 3.Reaction

* 4.Deposition

PHYSICAL VAPOUR DEPOSITION

Physical Vapor Deposition

Gas Phase

Transport
Evaporation Condensation
Condensed Phase Condensed Phase
(solid or liquid) {usually solid)
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Types of PVD
+ Evaporative deposition
* Sputter deposition
* lon induced deposition

+ Cathode Arc Deposition

EVAPORATIVE DEPOSITION

» Resistive heating method is used.

» deposition is performed at high temperature & low vacuum
* Vacuum decreases the content of Contamination

» Voltage & current is manually controlled.

» Material is kept in boats.

— —
|
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11

SPUTTER DEPOSITION

» Sputtering works on the bases of momentum principle, formed by the collision of the

atoms and molecules.
» Plasma glow, ion accelerator or radioactive emitting is used to evaporate material.

« argon gas is used for inert atmosphere.
Types of sputtering

» Chemical and etching sputtering
»  Electronic sputtering
« Potential sputtering

Department of Mechatronics Engineering, NCERC, Pampady.
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= Sputtereng Target

'PVD advantages & Disadvantages

* Environment friendly then
paint & electroplating.

* more than one PVD
technique can be used for
coating.

¢ Usually topcoats are not
required.

* Good strength and
durability.

¢ Cooling systems are required.

* Mostly high temperature and
vacuum control needs skill &
experience.

* PVD coated materials has no
chemical interaction with the
surface that
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ETCHING PROCESS

« Etching is the one of the most important process in microfabrication
» Itinvolves the removal of material in desired area by physical or chemical means

» Definition: Etching is traditionally the process of using strong acid or mordant to cut into
the unprotected parts of a metal surface to create a design in the metal

A mordant or dye fixative is a substance used to set dyes on fabrics by forming a coordination
complex with the dye, which then attaches to the fabric (or tissue).

D Prepare Wafer
S —
I ;-
ERREERER:
T Alignand Expose
[
Tl Etch Dupla, et
D | st Resist

* In order to form a functional MEMS structure on a substrate, it is necessary to etch the
thin films previously deposited and/or the substrate itself. In general, there are two
classes of etching processes:

1) Chemical etching (Wet etching) where the material is dissolved when immersed in a chemical
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solution.

2) Physical Etching (Dry etching) where the material is sputtered or dissolved using reactive ions
or a vapor phase etchant.

Goals (Uniformity, Control and Selective)

*  Uniformity:
* is defined as the percentage change in etch rate across the entire
etched region

Uniform Non-Uniform
* Etch Control:
* Etch rate is defined as the amount of the film etched in a given time.
* Possible problems

Complete Incomplete

Too short an etch time
The presence of a surface layer that slows the etching process
A lowered temperature or weakened etch solution

* Problem: Over-etch and undercutting

In any etch process there 1s always some degree of
overetch planned into the process
Undercut

One way to quantify the undercut is the undercut
distance per side. For e.g. a particular etching
process may produce 0.8 pum line when the patterned

resist line 15 | pm width. Thus, the undercut 15 0. 1
um per side. Reverse undercut

Severe undercutting takes place when

|. Excessive etch time Tupere(l Uﬂdﬁ‘fL‘U‘[
2. High temperature
3. Strong etchant solution

4. Adhesion between resist and wafer is weak. ... Re-entrant undercut
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* Etch Selectivity
* One goal in etching step is the preservation of the surface underlying
the etched layer.
* The protected layer 1s too thin and important. Etch rate is too fast
* Etch Selectivity (S) is expressed as the ratio of the etch rate of the
layer material (r,) to the etch rate of the underlying surface (r)

-S=1/r

target \ E—: 500 pm / min
Etch stop——" - | um / min

Chemical Etching (Wet Etching)

» This is the simplest etching technology. All it requires is a container with a liquid
solution that will dissolve the material in question.

« Liquid solution contains mixture of oxidizing agent and reducing agent whereby etching

reactions involve oxidation-reduction mechanisms.
+ Oxidizing agent will oxidize the wafer material and the reducing agent will dissolve the
oxide product.
* Rate of etching depends in :
* Substrate material to be etched.
» Concentration of the chemical reactants in the solution.
» Temperature of the solution.
Three major process stages:

e The diffusion of the reacting ions or molecules from etchant solution towards the exposed

film on the wafer surface through the boundary layer.

e The formation of a soluble or/and gaseous by-products through the chemical reaction
between the etchant and the exposed film.
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The diffusion of the reaction by-product from the surface of the wafer through boundary
layer into the bulk of the etchant solution.

gc:u:lul:'tﬁ

Diffusion

Reactants ‘ Boundary laver

.-....‘...'.-....‘...‘...-... }
Miffusion Reaction
—

Advantage of a wet etch process

Damage-free finish to wafer surface where surface morphology is typically smooth and
shiny

fast etch rate especially for blanket etch

simple and direct etching process since simple resist can be used as etch mask

process occur at atmospheric environment

cheaper cost

high etch selectivity easily available for etchants, resist and etched materials

Good etch uniformity across wafer.

Disadvantages:

isotropic etching

No control for precision etching

Excessive particle contamination is possible

Bubbles can grow during etching that act as localized mask

Wet etching works very well for etching thin films on substrates, and can also be used to
etch the substrate itself.

The problem with substrate etching is that isotropic processes will cause undercutting of
the mask layer by the same distance as the etch depth.

Isotropic etching

Same etch rate in different direction in a material
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Anisotropic etching

in contrast to isotropic etching means different etch rates in different directions in the

material.
The result is a pyramid shaped hole instead of a hole with rounded sidewalls with a

isotropic etchant

Slow etching crystal plane

Etch mask
¥ P

= L ] 7

Anisotropic  Isotropic

Figure 1: Difference between anisotropic and isotropic wet etching.

Plasma Etching (Dry Etching)

Dry Etching : Material removal reactions occur in the gas phase_

Types of Dry Etching: Non-plasma/Plasma based

1) Reactive ion etching (RIE)

2) Sputter etching

3) vapor phase etching

Reactive ion etching (RIE)

In RIE, the substrate is placed inside a reactor in which several gases are introduced.

A plasma is struck in the gas mixture using an RF power source, breaking the gas
molecules into ions.

The ions are accelerated towards, and reacts at, the surface of the material being etched,
forming another gaseous material.

This is known as the chemical part of reactive ion etching.

There is also a physical part which is similar in nature to the sputtering deposition
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process.

« If the ions have high enough energy, they can knock atoms out of the material to be

etched without a chemical reaction.

» Itisavery complex task to develop dry etch processes that balance chemical and
physical etching, since there are many parameters to adjust

r\ asma
\

\

Gas molecules

|

_Cubost aaly

Dry Etching Advantages

+ Eliminates handling of dangerous acids and solvents

* Uses small amounts of chemicals

 Isotropic or anisotropic etch profiles

» Directional etching without using the crystal orientation of Si
» High resolution and cleanliness

*  Less undercutting

* No unintentional prolongation of etching

Better process control

Ease of automation

Dry Etching Advantages

« Some gases are quite toxic and corrosive
* Re-deposition of no volatile compounds

» Need for specialized expensive equipment
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Module 3

Micro-Fabrication Special Machining

» Several conventional, non-I1C-related technologies that do not use photolithography are
also capable of forming features of relatively small dimensions.

» These include mechanical machining, ultrasonic machining, electro discharge machining,
and laser machining.

* In some applications, such as ink-jet printer nozzles and automobile fuel-injection
nozzles, photolithographic fabrication methods have been used, but proved less
economical than the more established methods.

Laser Machining

* Laser micromachining: cutting, drilling, welding, or other modification in order to
achieve small features.

* Micro machining implies that parts are made to the size of 1 to 999 um. However Micro
also means very small in the fields of machining, manufacture of small parts are not easy.

» Lasers have been in use in various industrial sectors such as the automotive and
aerospace industries for many years performing cutting, welding and materials processing
tasks.

» Focused pulses of radiation, typically 0.1-100 ns in duration, from a high-power laser can
ablate material (explosively remove it as fine particles and vapor) from a substrate.

* Incorporating such a laser in a CNC system enables precision laser machining. Metals,
ceramics, silicon, and plastics can be laser machined.

* Holes as small as tens of microns in diameter, with aspect ratios greater than 10:1, can be
produced.

» Laser machining is most often a serial process, but with mask-projection techniques, it
becomes a parallel process.

it has successfully competed with KOH etching and with electroplating in the production
of ink-jet nozzles.

* Due to its speed, low cost, and rapid turn-around time, laser machining is one of the
preferred methods of creating trenches and cuts in plastics.
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Machine
Yision Target
HMuminator
FPrecision
Motion
Beam Stage
Homogeniser
Focusing t
Energy Lens
Aftenuator
” [Workpiece |
Precision Motion Stages
Laser

» A laser machine consists of the laser, mirrors for beam guidance, a focusing optic and a
positioning system.

» The laser beam is focused onto the work piece and can be moved relative to it.

» The laser machining process is controlled by switching the laser on and off, changing the
laser pulse energy and other laser parameters and by positioning either the work piece or
the laser focus.

+ Laser is emitted from the source is passed through the energy attenuator. After it is
passed through the beam homogenizer to homogenize the beam,

» The target illuminator and machine vision controls the beam to the focusing lens. The
lens is moved by precision motion stages. The beam is then falls on the work piece and
the machining takes place.
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Applications

» For drilling micro holes, laser beam drilling technique is used.

High speed drilling of  Cutting of 1mm 100pm wide v-
thick foil

« Laser Micro machining technique finds application in the manufacture of micro channels
and micro holes in integrated chips and microchips
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Micro holes on integrated chips Micro channels on integrated chips

Advantages

* Easy capability of being automated *Straightforward process monitoring
» Forceless and contactless machining

* Minor heat-affected zone

* Marginal modifications to the microstructure *Machining free of burr and bulging
» High flexibility regarding design of tiny structures

» High machining speed

* High precision

» Constant machining quality

» No additional tooling costs by wear

* No solvent chemicals used

« Material removal rate controllable down to the nanometer scale

Disadvantages

» The equipment required for micro machining is very costly than other cutting processes.

* Need highly skilled persons to operate micro machining systems.
« Material limitations (including crystalline and reflective materials)
» Reflected laser light can present a safety hazard

Electrical Discharge Machining

» Electro discharge machining, also called electrical-discharge machining or spark erosion
machining (EDM) uses a series of electrical discharges (sparks) to erode material from a
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conductive work piece.

» High-voltage pulses, repeated at 50 kHz to 500 kHz, are applied to a conductive
electrode, typically made of graphite, brass, copper, or tungsten.

» Electrodes as small as 40 um in diameter have been used, limiting features to about the
same size.

» Each discharge removes a small volume of material, typically in the range of 103 to 105
pm3, from the work piece.

« EDM is performed in a dielectric liquid such as mineral oil. Due to heating, a gas bubble
is formed during each voltage pulse.

» After the pulse, the bubble collapses, flushing away debris from the blank and electrode.

Figure of Electrical Discharge Machining [EDM]

M. Servo-
| A-  controlled
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N
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e . JPump

Fixture Workplece (+)
de puise generator

Working principle of EDM

» The EDM system consider tool as negative terminal (Cathode) and w/p as positive
terminal (Anode) are connected to DC power supply to create a potential difference
between the w/p and the tool.

» The tool and w/p are separated by gap, is called spark gap. This gap is filled by dielectric
fluid.

« This process increase the concentration of electrons and ions in dielectric medium
between the tool and the w/p at the spark gap.
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» The electrical energy dissipated at the thermal energy of the spark. When the electrons
and the ions reach the anode and cathode, they give up their kinetic energy in the form of
heat.

» With a very short duration spark (2 to 2000 microsecond), The temperature of the
electrodes can be raised more than their normal boiling point, about 10,000 C.

« A servo controlled electrode feeding mechanism is used to control gap between electrode
and w/p. The spark gap used in EDM is about 0.0125 to 0.125 mm.

» There are two types of servo controlled system as electrical servo control and hydraulic
servo system.

Electrodes:

+ It should have good electrical conductivity and thermal conductivity.
» It should be easy to fabricate in any required shape.

It should have high melting point.

It should have low erosion rate.

Characteristics of Dielectric Fluid:

» The function of dielectric Fluid is to act as a flushing medium for the removal of the
chips and to provide a cooling medium.

+ It should have good cooling ability and low viscosity of dielectric produces smooth
surfaces.

» It should be chemically neutral otherwise it reacts with electrode, w/p and container.

+ It should not produce any toxic vapors during the process.

Applications of EDM :-

« EDM can be used make parts with complex, Precise and irregular shapes for forging,
press tools, extrusion dies, cutting tool dies and mould.

« EDM for create accurate dimension holes, deep small diameter holes, narrow slots in
turbine blades, difficult to internal shape.

« EDM can also used in aerospace and medical application.

* Advantages of EDM

« EDM Dirilling to create very small holes.

« EDM Milling to machine complex shape with simple cylindrical electrodes.

« EDM process has ability to machine hard, difficult to machine materials.

« Thin and brittle components can be machined without distortion because there is no
direct contact between the tool and w/p.
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* No burrs are left in machined surface.

Limitations of EDM

» This process can only be employed in electrically conductive materials.

« Material removal rate is low and the process overall is slow compared to conventional
machining process. Energy required for the operation is more than that of
conventional machining.

* Rough surface finish when at high rates of material removal.

» Finishing cuts are needed at low MRR.

 Profile machining is complex contours is not possible at required tolerance.

* Produces slightly tapered holes, especially if blind

Ultrasonic Machining

* Also Known as Ultrasonic Impact Grinding.

» Vibrating tool at ultrasonic frequency.

» Use of abrasive slurry.

* Very little heat generated

* In ultrasonic machining, also known as ultrasonic impact grinding, a transducer
vibrates a tool at high frequency (20-100 kHz).

» The tip of the tool is pushed against the work piece as a slurry of water or oil and
abrasive particles, such as boron carbide, aluminum oxide, or silicon carbide, is
flushed across the surface.

» There are several mechanisms for removal of material: The tool vibration directly
hammers particles into the surface, as well as imparting a high velocity to other
particles, both of which chip away at the work piece.

« Cavitation erosion and chemical action can also contribute. The microscopic chips are
carried away by the slurry.

» As the tool moves slowly into the work piece, a hole with vertical sidewalls is
created. An array of tips can drill many holes at the same time.

» Ultrasonic machining can be performed on hard, brittle materials such as glasses,
ceramics, diamond, and silicon.

* The minimum hole diameter is about 150 um. At the other extreme, holes over 100
mm have been machined.
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Ultrasonic Machine Parts

feed mechanism |
manual drive

position indicato

-~ slurry tank

Principal components of an ultrasonic machine.

[ Power
7 supply
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Advantages

It can be used machine hard, brittle, fragile and nonconductive material.

No heat is generated in work, therefore no significant changes in physical structure of
work material.

Non-metal (because of the poor electrical conductivity) that cannot be machined by
EDM and ECM can very well be machined by USM.

It is burr less and distortion less processes.

It can be adopted in conjunction with other new technologies like EDM, ECG,ECM.

Disadvantages

Low Metal removal rate.

It is difficult to drill deep holes, as slurry movement is restricted

Tool wear rate is high due to abrasive particles. Tools made from brass, tungsten
carbide, MS or tool steel will wear from the action of abrasive grit with a ratio that
ranges from 1:1 to 200:1.

USM can be used only when the hardness of work is more than 45 HRC.

Applications

Machining of cavities in electrically nonconductive ceramics.

Used to machine fragile components in which otherwise the scrap rate is high.

Used for multistep processing for fabricating silicon nitride (Si3N4) turbine blades.
Used for machining hard, brittle metallic alloys, semiconductors, glass, ceramics,
carbides etc.

Used for machining round, square, irregular shaped holes and surface impressions.
Used in machining of dies for wire drawing, punching and blanking operations.

USM has been used for piercing of dies and for parting off and blanking operations.
USM enables a dentist to drill a hole of any shape on teeth without any pain.

Ferrites and steel parts , precision mineral stones can be machined using USM

USM can be used to cut industrial diamonds

USM is used for grinding Quartz, Glass, ceramics

Cutting holes with curved or spiral center lines and cutting threads in glass and
mineral or metallic-ceramics

Electro Chemical Machining

Electrochemical Machining (ECM) is one of the newest and most useful non-
traditional machining (NTM) process belonging to Electrochemical category.
Electrochemical machining (ECM) is used to remove metal and alloys which are
difficult or impossible to machine by mechanical machining process.
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» The reverse of electroplating.

» This machining process is based Michael Faraday’s classical laws of electrolysis,
requiring basically two electrodes, an electrolyte, a gap and a source of D.C power of
sufficient capacity.

* The working of ECM is based on Faraday’s law of electrolysis.

FARADAY’S LAW STATE THAT —

« the amount of chemical change produced by current at an electrode-electrolyte boundary
is proportional to the quantity of electricity used

» The amounts of chemical changes produced by the same quantity of electricity in
different substances are proportional to their equivalent weights.

 In this machining process , tool is connected with the negative terminal of battery (work
as cathodes)and work piece is connected with the positive terminal of battery (work as
Anode) .

» They both are placed in a electrolyte solution with a small distance. When the DC current
supplied to the electrode, metal removed from work piece .This is basic fundamental of
electro chemical machining.

» Electrolyte: A Substance that dissociates into the ions in solution and acquires the
capacity to a conduct electron.

FUNCTION OF ELECROLYTE

» The current flow between the tool and w/p through electrolyte.
» The heat produced is dissipated by liquid electrolytic solution.
» The product of machining is removed by solution.

» Electro chemical machining works inverse as electroplating process.
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Metal is removed from Anode into electrolyte and slage form by reacting opposite ions
available in electrolyte. This process works as follow.

* In ECM, the electrolyte is so chosen that there is no plating on tool and shape of tool
remain unchanged.

» Generally Nacl into water takes as electrolyte.

« The tool is connected to negative terminal of battery and w/p is connected to positive
terminal of battery.

* When the current passes through electrode, reaction occur at Anode or work piece and at
the cathode or tool .

»  Due to potential difference ionic dissociation take place in electrolyte.

* When the potential difference applied between the work piece and tool, positive ions
move towards the tool and negative ions move towards the work piece.

» Thus the positive ion moves towards tool .As the positive reaches to the tool, it take some
electron from it and convert into gas form .This gas goes into environment.

» The negative ions moves toward the work piece (Anode). This electrons removes
material from the work piece and removed materials flowing through electrolyte and goes
to the container.

» This machining process gives higher surface finishing because machining is done by

atom.

Elcctrochemical machining equipment

C onstant Pressure

gauge

i

Pump

= =

Flow Filter
meter

H

Electrolyte

Insulating
base

APPLICATION

« ECM is used to machining disc or turbine rotor blades..
» The most common of application ECM is high accuracy finishing.
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» It can be used for slotting very thin walled collets.
MERITS

* It can be machine very complicated surface.

» It can machined harder metal than the tool.

» Better surface finish.

« Asingle tool can be used to machining large number of work piece or no tool wear occur

DEMERITS

* High initial cost of machine.

» Design and tooling system is complex.

* High energy consumption.

* Non conducting material cannot be machined.
 Blind hole cannot be machined by ECM.

Electron Beam Machining

EBM

High voltage cable (30 kV, pc)
>

Cathode grid
Anode

Electron stream

Magnetic lens

Viewing Deflection coils
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BASIC PRINCIPLE

This machining process works on basic principle of conversion of kinetic energy of
electron into heat energy.

When a high speed electron impinges on a work piece, they convert its kinetic energy
into heat energy.

This heat energy used to vaporize material at contact surface.

This process is carried out in vacuum otherwise the electron will collide with air
particle and loses its energy before impinging on work material.

EQUIPMENTS

Electron Gun:

It is called heart of electron beam machining. It is used to generate electron.

It is simply a cathode ray tube which generates electron, accelerate them to sufficient
velocity and focus them at small spot size.

In this gun cathode is made by tungsten or tantalum.

This cathode filament heated up to 2500 degree centigrade vacuum in the chamber.

Annular bias grid

It is next element of EBM. It is just after the electron gun.

It is an anode which is connected by the negative bias so the electron generated by the
cathode do not diverge from its path and approach to the next element.

When the electrons leave this section, the velocity of electron is almost half the
velocity of light.

Maagnetic Lenses

After the anode, magnetic lenses are provided which shape the beam and does not
allow to diverge electron or reduce the divergence of beam.
After the anode, magnetic lenses are provided which shape the beam and does not
allow to diverge electron or reduce the divergence of beam.

Electromagnetic lens and deflection coil:

» Electromagnetic lens is used to focus the electron beam at a spot.

» They use to focus beam at a spot on work piece so a high intense beam reaches at
work surface, which produces more heat and improve machining.

» The defecting coil does not allow to beam deflect and take care of all electrons
moves in series thus form a high intense beam.
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Work piece and work holding device:

It can machine both metallic and non-metallic material.
» The work piece is hold by suitable fixture which is mounted on a CNC table.
» This table can be move in all three direction which control the shape of machining.

WORKING

» First electron gun produces high velocity electron particles. These electron particles move
towards anode which is placed after cathode tube.

* Now this high intense electron beam passes through magnetic lenses. There are a series
of lenses which take care of only convergent electron passes through it. It absorb all
divergent electron and low energy electron. It provides a high quality electron beam.

» This electron beam now passes through electromagnetic lens and deflecting coil. It focus
the electron beam at a spot.

» The high intense electron beam impinges on the work piece where Kinetic energy of
electrons convert into thermal energy.

» The material is removed from contact surface by melting and vaporization due to this
high heat generated by conversion of Kinetic energy into thermal energy. This whole
process take place in a vacuum chamber otherwise these electron collide with air particle
between path and loses its kinetic energy.

APPLICATION:

» Itis used to produce very small size hole about 100 micro meters to 2 millimeter.
« Itis used to produce holes in diesel injection nozzle.

» Used in aerospace industries for producing turbine blade for supersonic engines and in
nuclear reactors

ADVANTAGES AND DISADVANTAGES
Advantages:

* It can be used for produce very small size hole in any shape.

» It can machining any material irrespective its hardness and other mechanical
properties.

» It provides good surface finish. No any surface finishing process is require after
EBM.

» Highly reacting material can be machine easily because machining is done under
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vacuum.
Disadvantages:

* High capital cost.

» High skill operator required.

* Regular maintenance is required

« Material removal rate is very low compare to other conventional process.
 Itis difficult to produce perfect vacuum

ELECTRON GUN CONSTRUCTION

» Electron gun is defined as the source of focused and accelerated electron beam.

» Itis adevice used in Cathode Ray Tube for displaying the image on the phosphorous
screen of CRT.

» The electron gun emits electrons and forms them into a beam by the help of a heater,
cathode, grid, pre accelerating, accelerating and focusing anode.

Cylinder 1 Pre-accelerating  Focusing
l Anode Anode
ﬂ l l Electron

i Ao.a i

|

Hot Cathode Control Grid

E

Electron Gun

CONSTRUCTION
Heater

* The heater converts the electric energy in the form of heat.
* |t has a resistor which obstructs the flow of current and converts it into the thermal
energy.
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* The heater heats the cathode electrodes and emits the electrons.
Control Grid

» The control grid is a nickel cylinder. It is the metallic cup which has lower
permeability steel.

* Itis about 15 mm long and having the diameter of 15 mm. The hole of about 0.25 mm

is drilled in the cap of the grid for the flow of the electron.

» The intensity of electron beam passing through the grid depends upon the emission of

electrons.
» The control grid is negative biasing due to which it controls the flow of electrons.
Pre-Accelerating & Accelerating Anode

» The pre-accelerating and accelerating anode accelerated the beams passing through

the gun.
» These anodes are connected to the high potential for accelerating the electrons.
Focusing Anode

« After passing through the pre-accelerating and accelerating electrodes, the electrons

are passing through the focusing anode.
» The focusing anode produces the beams of sharply focus electrons.

» The electrons gun are placed inside the glass tube so that the electron beam did not

interact with the air molecules.
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MODULE 4

Theory Of micromachining

+ Micromachining is the basic technology for fabrication of micro-components of size in the
range of 1 to 500 pm.

» Their need arises from miniaturization of various devices in science and engineering, calling
for ultra-precision manufacturing and micro-fabrication.

* Removal of material in the form of chips having the size in the range of microns.

 Creating micro features or surface characteristics (especially surface finish) in the micro/
Nano level.

MICRO MACHINING

WHY MICRO MACHINING?

» Final finishing operations in manufacturing of precise parts are always of concern owing to
their most critical, labor intensive and least controllable nature.

 In the era of nanotechnology, deterministic high precision finishing methods are of utmost
importance and are the need of present manufacturing scenario.

» The need for high precision in manufacturing was felt by manufacturers worldwide to
improve interchangeability of components, improve quality control and longer wear/fatigue
life.

» Present day High-tech Industries, Design requirements are stringent.

» Extraordinary Properties of Materials (High Strength, High heat Resistant, High hardness,
Corrosion resistant etc.)
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Complex 3D Components (Turbine Blades)

Miniature Features (filters for food processing and textile industries having few tens of
microns as hole diameter and thousands in number)

Nano level surface finish on Complex geometries (thousands of turbulated cooling holes in
a turbine blade)

Making and finishing of micro fluidic channels (in electrically conducting & non
conducting materials, say glass, quartz, &ceramics)

DIFFERENT MICROMACHINING TECHNIQUES

Photolithography
Etching

Silicon Micromachining
LIGA

Mechanical Micromachining

CHIP FORMATION

Chip formation is part of the process of cutting materials by mechanical means, using tools
such as saws, lathes and milling cutters.

An understanding of the theory and engineering of this formation is an important part of the
development of such machines and their cutting tools.

For all types of machining, including grinding, planing, turning, or milling, the
phenomenon of chip formation is similar at the point where the tool meets the workpiece to
remove the material as chip to reach the desired shape.
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C-type and Short helical
e-type broken chips
broken chips

Medium helical Long helical
broken chips broken chips
Desired
Not Desired

Long helical
unbroken
chips

Long and snarled
unbroken chips

Comparison between chip types

Material |Rack angle| Depth Cutting
type of cut speed
High

Small High/medium

Continuous
Chips

D1sconF1 Al Brittle, Ductile but Medium High Low
Chips hard

Ductile

Continuous

chips Ductile Low/Medium Medium Medium
with built edge
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CHIP CONTROL

» During machining high tensile strength materials chips has to be properly controlled.
» Carbide tip tools will be used for high speeds which leads to high temperature and
produce continuous chips with blue color.
» There are two ways are employed to overcome all the previous drawbacks.
1) Proper selection of cutting conditions.
2) Chip breaker

Proper selection of cutting conditions

+ Since the cutting speed influences to the great extend the productivity of machining and
surface finish, working at low speeds may not be desirable.

 If the cutting speed is to be kept high, changing the feed and depth of cut is a reasonable
solution for chip control.

* External type, an inclined obstruction clamped to the tool face.
* Integral type, a groove ground into the tool face or bulges formed onto the tool face

«— Clamp

%
“”‘  breaker

£~

/A

clamped
TOO' /"'
chi hip. .
bre%kmg e
groove buiges
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Conclusion

Discontinuous chips in ductile material give poor surface finish and slow machine. It is
suitable form of chips of machining brittle material.

« Continuous chips are the most preferable type of chip due to following benefits:
o It gives high surface finish of machining ductile material.
o Due to low friction, friction loss minimize.
o Due to low friction, tool life is high
o Power consumption is low.

Micro Machining

* Removal of material at micron level.
» Macro/Micro or Nano components but material removal is at micro/nano level. (Ex.
MEMS, NEMS).

6.5um hole machinad on 50w stainoss siool plate,
avobably the workd = srmafios? hole wath hwghest aspoct ralio

Types of Micromachining Process

* There are two basic groups of micromachining process: mask based and tool based
micromachining.

« The mask based technology has the limitations of fabricating 3D structures as it is
applied only to two dimensional shapes.

» Processes using tools, especially those using solid tools, can specify the outlines of
various 3D shapes owing to the clear border at the tool surface and the easily defined
tool path.
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Classification

Micromachining
| - I i ) ) 3
Mechanical Thermal Chemical and Hybrid
Micromachining micromachining electrochemical micromachining
micromachining
ECG
Micro-AJM =4 Micro-EDM
Micro-CM
-4 ECDM
= Micro-WJM =4 Micro-LBM Micro-ECM
Ultrasonic
== assisted
=4 Micro-USM =1 Micro-IBM Aitcromns chbnl
- Cutti = Micro-EBM
| Bt ngI ] Laser assisted
Micromachining
Micro-Drilling I Mlao-MlllingI I Micro-Turning I
x ] Abrasive assisted
Micromachining

Table 1.2 Geometric characteristics of typical micro cutting operations

Micro turning

Micro milling Micro drilling

Micro grinding

Workpiece
Shape

Typical size

Achievable
surface
roughness

Rotational convex
shape with large
aspect ratio, such as
micro shafts, micro
pins, etc.

Down to ¢5 pm,
though 100 pm

above more
applicable

0.1 um Ra

3D shape both convex Round holes
and concave with through or blind
high aspect ratios and

high geometric

complexity

50 pum slots are $50 um holes are

practical applicable practical
applicable
Optical surface 0.1 um Ra

(<10 nm Ra) via
diamond milling for
non-ferrous
materials

Hard and brittle
materials; 3D
convex and
concave shape
using micro
erinding tips

N

Micro structures
down to 20 um

advantageous for
brittle materials
with optical
surface finish
(<10 nm Ra)
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Micro Turning

» Micro turning is one of micromachining process which uses a solid tool and its material
removal process to micron level in a turning operation.

» Used to create micro cylindrical or rotational symmetry parts by cutting away unwanted
material.

* Requires a turning machine, work piece, fixture, and cutting tool.

» Bridges the gap between MEMS manufacturing and the capabilities of conventional
machining.

» Material removal process is similar to conventional turning.

» Weather its Macro/Micro turning.!

» Range not exactly differentiated but mostly referred as: 0.5um-999um, Some reseachers
suggest:

¢ 500um-999um J. Mc Geough,

*  0.5um-499 pm Alberto Herrero

1g. Shaws example of
i simple micro pin :

Otk O AR r———————————— 3V

DRAWBACKS

» Turning micro parts can be difficult work.

« Secondary operations are often required for medical and aerospace parts.

* Inaddition to turning, this raises concerns about how to hold, mill, cross-drill, deburr
and inspect the parts.

» Even finding the parts in the chip tray after cut off can be a challenge.
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1.3.1 Micro Turning

Micro turning is an effective way to produce micro cylindrical or rotational symmetry compo-
nents. Figure 1.5 shows examples of a simple micro pin with the diameter of 33um. A micro
part with the high aspect ratio can be achieved using the micro turning [23]. The most serious
problem encountered during micro turning is the cutting force which tends to bend the
workpiece, and the machining force influences machining accuracy and the limit of machinable
size [24]. A detailed analysis on how size effect influences micro part rigidity and deflection
is provided in Chapter 7. Micro turning is performed on either a conventional precision
machine or a micro turning system.

Diamond turning of the micro structured surface can be regarded as another group of micro
cutting. With the aid of fast tool servos (FTS), complex micro structured surfaces can be
generated by diamond turning.

(a) Micro cutting process (b) Micro turned shaft

Figure 1.5 An example of micro-turned shaft (Reproduced from [23]). Reproduced with permission
from [2]. Copyright 2007 Elsevier
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Micro Milling

Micromachining capabilities
High Speed Sinker Wire Heray Ion Beam
Milling EDM EDM Lithography Machining
Minimuim
strucmre size 50 5to 10 15-20 - <01
(L)
Surface
fimish Ra | 0.2 0.05 - 0.04100.15
()
I adins
ner radins 50 <10 15 ) 0.01
(um)
Aspectratio | 100-150 ~ 20 100-150 100 10
_ i Heat _ Slow Through | Leamning curve Learning
Drawback removal E - Curve 1o
fractre _ shapes only | ro moldmakers o
rates . moldmakers

Table 4.2. Listing of micromachining techniques and their capabilities
in comparison to high-speed milling (HSM)

Complex 3-D mold cavities, chemical micro-reactors, fluidic parts, flow passages for

micro compact heat exchangers, Lithography method complement.
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» Micro-column arrays can be produced.

+ Single crystal diamond — CER of 50nm- non ferrous — Brass, Al, Cu, electro less
nickel.

» Tungsten Carbide tools — small CER — Rz

» This method allows us to produce V-shaped grooves with high shape accuracy
without burrs and surface roughness of 48 nm (Rz).

Micro mills and tooling systems

« Diamond tools — limited to non-ferrous
* Tungsten Carbide tool — grain size smaller than 600 nm.

o=, #0° o=, == 30" o=0'(45"), =~ 45° =30, = - 60°

Figure 4.17. Cross-section profiles of smaliest end micromi] [KUD 07]

Machine Tools for Micro milling

* High speed machining

« 40,000 to 50,000 rpm — CAM programming.

+ Stable Spindle — minimize vibration and thermal expansion.- small vibrations are
amplified relative to tool diameter as it is reduced.

* CNC automated milling center — Ultra compact CNC mill.

» Direct change type spindle.

* Smart Machines — CNC operated.
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1.3.2  Micro Milling

Micro milling is an emerging technology and is the most flexible and versatile micro cutting
process. It is able to generate a wide variety of complex micro components and micro struc-
tures. In the past decade significant research has been carried out in micro milling modelling
and experiments. Most of the micro components shown in Figure 1.3 were machined using
micro milling technology.

Micro tooling is crucial to micro milling as it determines the feature size and also the
surface roughness. Commercially available micro milling tools have the tool diameter ranging
from 25-1,000 tm. Due to the limited rigidity of small diameter tools and difficulty in fabri-
cating a micro tool, most of the micro milling tools have only two flutes, and some very small
diameter tools (<100 um), especially made from natural diamond or CVD, have only single
flute or spade type tools. In terms of types of milling operations, micro end milling using
either flat end or ball-nosed end mills dominates micro milling applications, and peripheral
milling in macro milling is uncommon for micro milling. One of the challenges in micro
milling is premature tool chipping and breakage. There are limited choices for micro tool
fabrication. Coated micro grain tungsten carbide tools are widely employed, and natural
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Dad rmim

e’

100 ym

Figure 4.19. Tungsten carbide micro-endmill with two flutes [FLE 04]

Micro-drilling

» Micro-drilling is regarded as useful process technology to make tiny holes and widely
used at electronic, semiconductor, medical, fuel injection, watch, spinneret, dies
related industry fields.

* It became a common understanding that it is necessary for machining tiny holes
smaller than 100 um in diameter to apply the laser systems .

» However, it is also true that laser systems have several disadvantages compared to
conventional mechanical drilling.

* And the mechanical system could be competitive against the laser system, if they can
have micro drilling capabilities.

Military & aerospace components Electronics & semiconductor
S Oy 7 >

Fuel injection nozzle _t.:,_ w 7

» Thus, many manufacturers have been making efforts to retry the traditional mechanical
precision drilling machine for machining tiny holes with high productivity.

» Recently, creative precision has complete micro hole drilling capabilities for holes down
to 30 um in diameter
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» But conventional micro-drilling has also several problems such as excessive forces, tool

breakage, chatter, burr formation in metals.

PRECISION GRINDING

» Precision grinding ranks in between diamond turning and polishing in many respe

* Inthis, a set of machine tool motions is controlled. Compared to diamond turning.
The position of the cutting edge of the tool is less certain.

* Grinding wheels tend to be compliant and can get worn off which makes it more
difficult to achieve the desired form accuracy compared with diamond turning.

» Besides these disadvantages there are some notable advantages of precision grindi
over diamond turning.

cts.

ng

-

= //
|
|

A

|

X-slide

« For small wheels and depth of cut, it can be used to work on brittle materials such as
ceramics and glass in a ductile fashion (chip removal by ductile shearing of material)

» In some cases the surface finish obtained with precision grinding is so good that polis
IS unnecessary.

hing

« The grinding process has the advantage over polishing of having higher removal rates

and the ability to remove vastly different amounts of material from small areas.

» Thus, the grinding operation is particularly suited to produce especially small complex

shapes in materials that cannot be diamond turned.
GRINDING WHEEL

» Grinding wheels are made of two materials, abrasive grains and a bonding material.

» They are produced by mixing the appropriate grain size of the abrasive with the requi
bonding material and pressed into shape.

» The abrasive grains do the actual cutting, and the bonding material holds the grains

red
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together and supports them while they cut.

» The cutting action of a grinding wheel is dependent on the bonding material, the abrasive
type, grain size (grit size), wheel grade and the wheel structure.

+ Selection of the right combination of these features is therefore essential for obtaining an
optimum solution for different grinding tasks.

A W l
"""" ‘\' \1 L LLLS, / Grinding
r /\/ L 4

Grind'ng whee! \ wheel
Space between grains \ Space between grains

|

Binder \  Binder

Typical single-layer
—  grinding wheel

(b)

Ideal grain structure

Grain projection
—
N,

Grain projection

@)

(a) the ideal grain structure with a controlled grain spacing and projectior

448: Schematic diagrams showing , . v ‘
. g wheel with random grain spacing and projection height

height and (b) a typical single-layer grindin
[21].

-

.Bonding Materials

» Bonds are usually formed using different types of raw materials and are basically
classified as follows

« vitrified materials (ceramics consist of glass, feldspar or clay)

* resinoid materials (thermoset plastics phenol formaldehyde resin)

* rubber (both natural and synthetic)

» shellac

» Metal (sintered powdered metals and electroplated -bronze, nickel aluminum alloys, zinc.

» oxychloride (chemical action of magnesium chloride and manganese)

* silicate (sodium silicate NaSiO, or water glass)

* no bond (bondless)

2. Abrasive Types

» Abrasive grains used for grinding wheels are very hard, highly refractory materials
and are randomly oriented.

» Although brittle, these materials can withstand very high temperatures. They have the
ability to fracture into smaller pieces when the cutting force increases.

« This phenomenon gives these abrasives a self-sharpening effect. Four types of
abrasives commonly used are as follows:

* Aluminium oxide or alumina (Al,O
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Silicon carbide (SiC)

Cubic Boron Nitride (CBN)
Diamond

Tungsten carbide (WC)

3. Grit Size

» The size of an abrasive grain is identified by a number, which is normally a function of
the mesh width of the sieve size either in microns or mesh openings per inch.

4. Grade

The grade of a grinding wheel refers to its strength in holding the abrasive grains in
the wheel.

This is largely dependent on the amount of bonding material used.

As the amount of bonding material is increased, the linking structure between the
grains become larger which makes the wheel act harder.

5. Structure

The structure of a grinding wheel represents the grain spacing and is a measure of the
porosity of a bonded abrasive wheel.

Porosity allows clearance space for the grinding chips to be removed for a proper
cutting action during grinding operation.

If this clearance space is too small, the chip will remain in the wheel, causing what is
known as wheel loading.

A loading cutting wheel heats up and is not efficient in the cutting action. When this
happens, a frequent dressing is needed to remove loaded workpiece particles on the
wheel.

On the other hand, it is inefficient to have too large a space, as there will be too few
cutting edges.

Bondless/Binderless Diamond Grinding Wheel

The wheel is produced by depositing diamond on a metal, commonly a carbide
substrate.

Three types of wheels can be found based on the type of the deposition method
applied.

Unlike a bonded wheel, the diamond layer’s only on the top of the substrate surface
and can be of a very fine grain size, whereas the smallest grain in bonded wheels
must be larger than that of the bond.
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» The maximum grain size can go up to 10 um. However, it has a higher density than
diamond grains.

» Three types of wheels can be found based on the type of the deposition method
applied.
1) Thermally treated wheel
2) chemically treated wheel
3) Chemically treated wheel with cauliflower like facelets

Polycrystalline
12 mm ‘1 diamond layer

'
‘ -

5 mm
(b)
(a)

B y with a shank
tand (b
fing V\|ll'(‘| shown la) W ithou
A bondless diamond grinding

S—

Eccentric holes

il

L412:
Bondless diamong grinding of )

(a) te 1
ar of (y pads and (h) ecc "

chip packag;
dap
i BING on the Pentium 1)y s : s such @
1€ Viaducts |28 IC chip revealing detects *

» The invention of this bondless diamond grinding wheel has made the machining of the
silicon die and the chip packing much easier and more economical.

It has the potential of grinding glass and infrared optical materials, Si and Ge.
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Advances in Precision Grinding d\ 155

fg.413: Binderless diamond grinding of chip packaging showing a near perfect fifth layer with an open circuit
at one end in the lower picture [29].

| surface: (a) a thermally treated wheel, (b) chemicall

bondless diamond whee ; :
Xf::mi(’a”y treated wheel with cauliflower-like facets [27].

Fig.4190: SEM micrographs of the
treated wheel and (c) a €

Ductile mode grinding

 Brittle material like glass, silicon, tungsten carbide (WC),germanium and silicon
nitride have been widely employed in the industries such as precision engineering,
optics, instruments, semi-conductor and micro-electromechanical systems (MEMS)
because of its excellent mechanical optical, physical and chemical properties.

« Traditionally ,abrasive processes such as grinding, lapping and polishing have been
widely used for the final surface finishing of these brittle materials.

» Furthermore, the abrasive processes will cause surface flatness deviation due to its
uncontrollable material removal resulting in the machined profile inaccuracy.

» Therefore, after grinding and lapping processes, the chemical-mechanical polishing
(CMP) is essential to remove the subsurface damage layer caused by the hard
abrasive particles, which makes a very costly production.

* Inductile materials, generally the material removal occurs by plastic flow of material
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in the form of severely sheared machining chips.

But in brittle materials, initially median and lateral cracks are developed. The final
material removal occurs through the propagation and intersection of cracks.

Due to this crack generation, the machining in brittle materials results in poor surface
finish and loss of surface integrity.

This becomes a major drawback for components used in applications requiring a high
degree of precision.

Therefore to meet these challenges, a new mode of machining called ductile mode of
machining is required to be developed to machine these brittle materials satisfactorily.
Also called as partial ductile mode or ductile regime machining, these process involve
the material removal through plastic deformation as compared to the crack formation
and propagation in conventional machining of brittle materials.

This method can be applied to many traditional machining processes like grinding,
turning, drilling etc., thereby increasing the scope of applications.

A conclusion that this mode of machining is fast and economical is made and when
applied for the manufacture of aspherical glass lenses, the method proved to be very
economical.

As a result, the subsequent polishing process is no longer necessary

the polishing time can largely reduced because the crack-free surfaces can be directly
produced by DMC without sub surface damage

Even though the subsurface damage layer thickness being much smaller, which would
significantly reduce the manufacturing time and cost for brittle materials.

This advantage cannot be under addressed because in machining even a minor
improvement in productivity would lead to a major impact in mass production.
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5—10 pm

Schematic diagrams of two cutting modes for brittle materials

(a) DMC by removing a ductile metallized layer resulted from the large contact pressure in
cutting region;

(b) BMC by material fracture leaving subsurface damages, of which the subsurface damage
is as deep as 5-10 um due to crack propagations in machining of silicon.

Mechanism and Factors involved in ductile mode machining

» There are a number of factors which result in the high hardness of the brittle materials
which is t he main reason for the difficulty to machine.

»  Generally brittle materials are characterized mostly by covalent bond which has a higher
thermal conductivity and a low coefficient of thermal expansion.

»  The ratio of covalent bonding to ionic bonding in brittle materials is very high resulting
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in higher hardness and lower values of Young’s Modulus.

* But in ductile material hardness is low and they have higher Young’s Modulus. These
factors can be attributed to low density, low mobility of dislocations, large inter atomic
distances and low surface energy.

» The material removal energy can become the main consideration involved in the
transition of brittle to ductile material removal at smaller depth of cuts.

* Plastic flow is energetically more favorable than fracture for smaller depth of cuts.

» Ductile chips are controlled by depth of cuts. There exists a critical depth of cut which
marks the transition from ductile to brittle machining.

* In ductile mode machining, the critical depth of cut is around 50 nm to 1 micro m.

* When the depth of cut employed in the machining process is less than the critical depth of
cut, then the material removal can occur through plastic flow rather than by fracture.

Cutting direction

—

Depth of cut increasing

Brittle-to-ductile
transition zone

B s
ki _u.t.‘;,}.‘!g _____ A

Ductile cutting zone DBT zonc | Brtle cutting zone
—— >

i i

Critical depth of cut

Fig. 3 Schematic diagram illustrated bnttle-ductile transition in
grooving [31]
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» Another factor impacting the transition from brittle to ductile mechanism while
machining is the size of the indenter.

» While the indenter size has no impact on the plastic flow while machining in ductile
mode, this becomes an important factor for brittle machining.

» A large tip size produces a cone crack and a small size results in plastic deformation
while applied with less pressure.

» Ductile mode cutting thus became an alternative way for finishing of brittle materials as it
could produce crack-free mirror surface finish at a much higher efficiency and lower cost
than polishing processes owing to its high material removal rate.

* Ductility of a material is defined as the material’s ability to undergo permanent
deformation through elongation (area reduction in the cross section) or bending without
fracturing

»  While plasticity is defined as the material’s deformation, which undergoes non-
reversible changes of shape in response to applied forces and/or loading.

« All materials exhibit the ductile nature no matter how brittle they are, save for the fact
that the extent of ductility or plasticity varies for different materials

» In evaluating the ductility of a material, an indentation test has been most employed in
tandem with other processes such as scratching and grinding.

» It has been reported that fully ductile mode surfaces with nonmetric finish are possible
when using this kind of machine but at the expense of time and cost as the feed rate and
depth of cut used are very fine.

» Bulk material removal is hardly possible using ultraprecision machines; therefore this
process becomes less favorable for generating complex surfaces.

» As such, grinding process continues to be the most viable method for generating complex
surfaces like aspheric, spheres and tonics.

» Studies have shown that fully ductile mode machining was not possible with diamond
grinding due to difficulty to control grain depth of cut as the protrusion height of
diamond grits are randomly distributed all over the wheel surface.

* Instead, partial ductile mode machining is feasible where minimum post-machining
process is required if abundant ductile streaks are present.
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Fig. 3. SEM pictures of spherical glass surfaces machined (a) by conventional grinding showing a 100% fractured surface. and (&) by optimal
lapping showing a partial ductile mode machined surface.

» Manufacture of spherical glass lenses by fracture mode or partial ductile mode grinding
followed by partial ductile mode.

» Lapping and ductile mode polishing is fast and economical.

* Reduced polishing time and improved surface quality are due to the presence of ductile
streaks.

» Using partial ductile mode grinding and ductile mode polishing has been very successful
for manufacturing aspherical glass lenses.

« Again, an increase in ductile streaks helps to reduce polishing time and improve surface
quality.

 Partial ductile grinding and lapping obtained by using conventional machines and
commercial tools works well for the ophthalmic industry, and results in reduced
manufacturing costs.
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MODULE 5
MICROSENSORS

* Rapid advance in the field of micro fabrication Technologies has enabled many new
MEMS products to emerge in the market place.

» Micro sensors are the most widely used MEMS device today.

« Micro sensors are used to measure many physical quantities.

» Device that converts a non-electrical physical or chemical quantity into an electrical
signal

QOutput signal

« A smart sensor unit would include automatic calibration, interference signal reduction,
and compensation for parasitic effect, offset correction and self-test.
« All the intelligent function make this sensors unit as an intelligent microsystems.

Trends in sensor technology

Miniaturization

» Integration (sensor, signal processing and actuator)

+ Sensor with signal processing circuits for linearizing sensor output, etc.

+ Sensor with built-in actuator for automatic calibration, change of sensitivity etc.
« Sensor arrays

 one-function units (to improve reliability)

* Multiple-function units

* Applications
Automotive industry
» average electronics content of a car is today 20%
» to increase safety (air bag control, ABS), reduce fuel consumption and pollution
Medical applications
» measurement of physical/chemical parameters of blood (temperature, pressure, pH)
 integrated sensors in catheters
Consumer electronics
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« Environmental applications

« Determination of concentration of substances (carbon monoxide, heavy metals, etc.)
« Food industry

« contaminants and impurities

Process industry

Robotics

 distance, acceleration, force, pressure, temperature
Acoustic Wave SensorS

» The principal application of an acoustic wave sensor is to measure the chemical
composition in a gas.

* In the simplest configuration, a device will consist of a piezoelectric material
sandwiched between two metallic electrodes. The natural frequency of the
material and the thickness are used as design parameters to obtain a desired
operating frequency.

» The sensor generate acoustic waves by converting mechanical energy to
electrical.

» Acoustic wave device also used to actuate fluid flow in microfluidic systems.
Actuation energy of this type of sensor is provided by two principle mechanisms.

o Piezo-electrical
o Magnetostrictive
*  One of the most commonly used non semiconducting materials in MEMS and
microsystems is piezoelectric crystals.
» Piezoelectric crystals are the solids of ceramic compounds that can produce a
voltage when a mechanical force is applied between their faces.
» The reverse situation, that is the application of voltage to the crystal, can change
its shape. This conversion of mechanical energy to electronic signals
« This unique material behavior is called as the piezoelectric effect.

» This effect exists in a number of natural crystals such as quartz, tourmaline, and sodium
potassium tartrate, and quartz has been used in electromechanical transducers for many
years.

» For a crystal | to exhibit the piezoelectric effect, its structure should have no center of
symmetry. A stress applied to such a crystal will alter the separation between positive and
negative charge sites in each elementary cell, leading to a net polarization at the crystal
surface.

» The most common use of the piezoelectric effect is for high voltage generation through
the application of high compressive stress.

» It can also be used to send signals for depth detection in sonar systems.
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BIOMEDICAL SENSORS AND BIOSENSORS

Micro sensors constitute the most fundamental element in any bio MEMS product.
There are generally two types of sensors used in biomedicine:
o Biomedical sensors
o Biosensors
Biomedical sensors are used to detect biological substances
Biosensors may be broadly defined as any measuring devices that contain a biological
element.
These sensors usually involve biological molecules such as antibodies or enzymes, which
interact with analyses that are to be detected.

Biomedical Sensors

Biomedical sensors can be classified as biomedical instruments that are used to measure
biological substances as well as for medical diagnosis purposes.

These sensors can analyze biological samples in quick and accurate ways.

These miniaturized biomedical sensors have many advantages over the traditional
instruments.

They require typically a minute amount of samples and can perform analyses much faster
with virtually no dead volume. There are many different types of biomedical sensors in
the marketplace.

Electrochemical sensors work on the principle that certain biological substances, such as
glucose in human blood, can release certain elements by chemical reaction.

These elements can alter the electricity flow pattern in the sensor, which can be readily
detected.

Figure 2.1 | A biomedical sensor for measuring glucose concentration.

é - —~ PT electrode
L

Blood sample

@ @ @ g( Polyvinyl alcohol solution

- Ag/AgCl reference electrode

A small sample of blood is introduced to a sensor with a polyvinyl alcohol solution.
Two electrodes are present in the sensor: a platinum film electrode and a thin
Ag/AgCIfilm (the reference electrode).The following chemical reaction

Glucose + 02-----> gluconolactone + H20
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The H20, produced by this chemical reaction is electrolyzed by applying a potential to
the platinum electrode, with production of positive hydrogen ions, which will flow
toward this electrode.

The amount of glucose concentration in the blood sample can thus be measured by
measuring the current flow between the electrodes.

Biosensors

Biosensors work on the principle of the interaction of the analytes that need to be
detected with biologically derived biomolecules, such as enzymes of certain forms,
antibodies, and other forms of protein.

These biomolecules, when attached to the sensing elements, can alter the output signals
of the sensors when they interact with the analyte.

Proper selection of biomolecules for sensing elements (chemical, optical, etc., as
indicated in the right box in the figure) can be used for the detection of specific analyte.

Figure 2.2 | Schematic of biosensors.
Analyte

Biomolecule
supply

Biomolecule layer
- Chemical

Optical

Thermal

Resonant
Electrochemical
ISFET (lon-sensitive
field-effect transducer)

Output
signal

CHEMICAL SENSORS

Chemical sensors are used to sense particular chemical compounds, such as various gas
species.

The working principle of this type of sensor actually is very simple. As we may observe
from our day-to-day lives, many materials are sensitive to chemical attacks.

For example, most metals are vulnerable to oxidation when exposed to air for a long
time.

Significant oxide layer built up over the metal surface can change material properties
such as the electrical resistance of the metal.

This natural phenomenon illustrates the principle on which many micro chemical sensors
are designed and developed.

Materials' sensitivity to specific chemicals is indeed used as the basic principle for many
chemical sensors. Following are four typical cases worth mentioning.
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1) Chemiresistorsensors. In Figure 2.4, organic polymers are used with embedded metal inserts.
These polymers can cause changes in the electric conductivity of metal when it is exposed to
certain gases.

2) Chemicapacitor sensors. Also in Figure 2.4, some polymers can be used as the dielectric
material in a capacitor. The exposure of these polymers to certain gases can alter the dielectric
constant of the material, which in turn changes the capacitance between the metal electrodes.

Figure 2.4 | Working principle of chemical sensors.
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3) Chemi-mechanical sensors.

. There are certain materials, e.g. polymers, that change shape when they are exposed to
chemicals (including moisture).may detects such chemicals by measuring the change of
the dimensions of the material.

4) metal oxide sensors:

. This type of sensor works on a principle similar to that of chemiresistor sensors. Several
semiconducting metals, such as SnO2.change their electric resistance after absorbing
certain gases.

. The process is faster when heat is applied to enhance the reactivity of the measured gases
and the transduction semiconducting metals.
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OPTICAL SENSORS

» A Device that can convert optical signals into electronic output have been developed and
utilized in many consumer products such as television.

» Micro-optical sensors have been developed to sense the intensity of light. Solid-state
materials that provide strong photon-electron interactions are used as the sensing
materials.

» The photovoltaic junction in Figure 2.6a can produce an electric potential when the
more transparent substrate of semiconductor A is subjected to incident photon energy.
The produced voltage can be measured from the change of electrical resistance in the
circuit by an electrical bridge circuit.
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Figure 2.6 | Optical sensing devices
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* Figure 2.6 b illustrates a special material that changes its electrical resistance when it is
exposed to light.

» The photodiodes in Figure 2.6 ¢ are made of p-and n-doped semiconductor layers.

» The phototransistors in Figure 2.6 d are made up of p-, n-, and p-doped layers. As
illustrated in these figures, incident photon energy can be converted into electric current
output from these devices.

» All the devices illustrated in Figure 2.6 can be miniaturized in size and have extremely
short response time in generating electrical signals. They are excellent candidates for
micro-optical sensors.

(c) Photodiodes

Photon energy
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PRESSURE SENSOR
» Micro pressure sensors are widely used in automotive and aerospace industries. Most
these sensors function on the principle of mechanical de-formation and stresses of
thin diaphragms induced by the measure and pressure.
* Mechanically induced diaphragm deformation and stresses are then converted into
electrical signal output through several means of transduction.
» There are generally two types of pressure sensor:
o Absolute sensors
o Gauge pressure Sensors.

» The absolute pressure sensor has an evacuated cavity on one side of the diaphragm. The
measured pressure is the "absolute™ value with vacuum as the reference pressure.

» In the gage pressure type, no evacuation is necessary.

» There are two different ways to apply pressure to the diaphragm. With back side
pressurization, as illustrated in Figure 2.7a, there is no interference with signal
transducer, such as a piezo resistor, that is normally implanted at the top surface of the
diaphragm.

» The other way of pressurization, i.e., front-side pressurization, Figure 2.7b, is used only
under very special circumstances because of the interference of the pressurization
medium with the signal transducer.

 Signal transducers are rarely placed on the back surface of the diaphragm because of
space limitation as well as awkward access for interconnects.

Figure 2.7 | Cross sections of micto prassure sensors
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e
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As shown in Figure 2.7, the sensing element is usually made of thin silicon die with varying in
size from a few micrometers to a few millimeters square.

*A cavity is created from one side of the die by means of a microfabrication technique.

*The top surface of the cavity forms the thin diaphragm that deforms under the applied pressure
from the measure and fluid.

*The thickness of the silicon diaphragm usually vary from a few micrometers to tens of
micrometers.

*The deformation of the diaphragm by the applied pressure is transduced into electrical signals
by various transduction techniques.
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Figure 2.8 schematically illustrates a packaged pressure sensor. The top view of the
silicon die shows four piezo resistors (R. Rz, R3, and R) implanted beneath the surface of
the silicon die.

These piezo resistors convert the stresses induced in the silicon diaphragm by the applied
pressure into a change of electrical resistance, which is then converted into voltage output
by a Wheatstone bridge circuit as shown in the figure.

The piezo resistors are essentially miniaturized semiconductor strain gages, which
can produce the change of electrical resistance induced by mechanical stresses. In
the case illustrated in Figure 2.8, the resistors R and Rg are elongated the stresses induced
by the applied pressure.

Such elongation causes an increase of electrical resistance in these resistors, whereas the
resistors R2 and R4 experience the opposite resistance change.

These changes of resistance as induced bythe applied measure and pressure are measured
from the Wheatstone bridge in the dynamic de-flection operation mode as

Where V, and Vin are respectively measured voltage and supplied voltage to the
Wheatstone bridge.

V, = Vin R, + R, R, +R,

Fig 2.9 illustrates a micro pressure sensing unit utilizing capacitance change for pressure
measurement.

Two electrodes made of thin metal films are attached the bottom of the top cover and the
top of the diaphragm. Any deformation of the diaphragm due to the applied pressure will
narrow the gap between the two electrodes leading to a change of capacitance across the
electrodes.

This method has the advantage of being relatively independent of the operating
temperature.
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Figure 2.10 | A typical bridge fol
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THERMAL SENSOR

» Thermocouples are the most common transducer used to sense heat.

» They operate on the principle of electromotive force (emf) produced at the open ends of
two dissimilar metallic wires when the junction of the wires (called the bead) is heated.

» The temperature rise at the junction due to heating can be correlated to the magnitude of
the produced emf, or voltage.

» These wires and the junction can be made very small in size. By introducing an additional
junction in the thermocouple circuit, as shown in Figure 2.13b, and exposing that junction
to a different temperature than the other, one would induce a temperature gradient in the
circuit itself.

» This arrangement of thermocouples with both hot and cold junctions can produce the See
beck effect, discovered by T. J.Seebeckin 1821.

* The voltage generated by the thermocouple can been evaluated by V= BAT in whichf is
the Seebeck coefficient and AT is the temperature difference between the hot and cold
junctions.

» In practice, the cold junction temperature is maintained constant, e.g., at 0'C, by dipping
that junction in ice water the coefficientp depends on the thermocouple wire materials
and the range of temperature measurements.

» One serious drawback of thermocouples for micro thermal transducers is that output of
thermocouples decreases as the size of the wires and the beads is reduced.
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Thermocouples alone are thus not ideal for microthermal sensors.

Figure 2.13 | Schematcs of thermocouples.
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(a) A thermocouple (b) A dual-junction thermocouple

Micro thermopile

* A micro thermopile is a more realistic solution for miniaturized heat sensing.
» Thermopiles operate with both hot and cold junctions, but they are arranged with
thermocouples in parallel and voltage output in series.

» This arrangement is illustrated in Figure 2.14. Materials for thermopile wires are the
same as those used in thermocouples

Figure 2.14 | Schematic arrangement for a thermopile.
Thermocouples
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MICROACTUATION

Actuator is defined as 'a mechanical device for moving or controlling something.” The actuator is
a very important part or a microsystem that involves motion.

Four principal means are commonly used lo actuating motions of micro devices:
(1) Thermal forces

(2) Shape memory alloys

(3) Piezoelectric crystals

(4) Electrostatic forces

Electromagnetic actuation is widely used in devices and machines at macro scales It, however, is
rarely used in micro devices because of the unfavorable miniaturization scaling laws.

« An actuator is designed to deliver a desired motion when it is driven by a power source.
Actuators can be as simple as an electrical relay switch or as complex as an electric
motor.

» The driving power for actuators varies, depending on the specific ap-plications.

» An on/off switch in an electric circuit can be activated by the deflection of a bimetallic
strip as a result of resistance heating of the strip by electric current.

On the other hand, most electrical actuators, such as motors and solenoid devices, are

driven by electromagnetic induction, governed by Faraday's law.

Actuation Using Thermal Force

« Bimetallic strips are actuators based on thermal forces. These strips are made by bonding
two materials with distinct thermal expansion coefficients.

» The strip will bend when is heated or cooled from the initial reference temperature
because of in compatible thermal expansions of the materials that are bonded together.

« It will re-turn to its initial reference shape once the applied thermal force is removed.

« The same principle has been used to produce several micro actuators, such as micro
clamps or valves.

» In these cases, one of the strips is used as a resistance heater. The other strip could be
made from a common microstructural material such as silicon or polysilicon.

» The behavior of thermally actuated bimetallic strips is illustrated in Figure 2.16. The two
constituent materials have coefficients of thermal expansion, al and a2, respectively,
withal >02.

» The beam made of the bimetallic strips will deform from its original straight shape to a
bent shape shown in the right of the figure when it is heated by external sources.
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Figure 2.16 | Thermal actuation of dissimilar materials.

L1

Actuation Using Shape-Memory Alloys

» Micro actuation can be produced more accurately and effectively by using shape memory
alloys (SMA) such as Nitinol or, or TiNi alloys.

« These alloys tend to return to their original shape at a pre-set temperature.

» To illustrate the working principle of a micro actuator using SMA, let us refer to Figure
2.17. An SMA strip originally in a bent shape at a designed preset temperature T is
attached to a silicon cantilever beam.

« The beam is set straight at room temperature. However, heating the beam with the
attached SMA strip to the temperature T would prompt the strip's "memory" to return to
its original bent shape.

» The deformation of the SMA strip causes the attached silicon beam to deform with the
strip, and micro actuation of the beam is thus achieved.

+ This type of actuation has been used extensively in micro rotary actuators.

Figure 217 | Microactuation using shape meaemory alloys
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c g . TiN: or Niunolor
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Silicon cantilever beam

Constraint base

Actuation Using Piezoelectric Crystals

» Certain crystals, such as quartz, that exist in nature deform with the application of an
electric voltage.

» The reverse is also valid; i.e., an electric voltage can be generated across the crystal when
an applied force deforms the crystal. This phenomenon is illustrated in Figure 2.18.
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Figure 2.18 | The piezoelectric effect.
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» We may attach such a crystal to a flexible silicon beam in a micro actuator, as shown in
Figure 2.19.

» An applied voltage across the piezoelectric crystal prompts a deformation of the crystal,
which can in turn bend the attached silicon cantilever beam.

» Piezoelectric actuation is used in a micro positioning mechanism and micro clamp.

Flgure 2.19 | Actuator using a piezoelectric crystal
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Actuation Using Electrostatic Forces

» Electrostatic forces are used as the driving forces for many actuators.

» Accurate assessment of electrostatic forces is an essential part of the design of many
microm0 tors and actuators.

* Coulomb's Law:

» Electrostatic force F is defined as the electrical force of repulsion or attraction induced by
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an electric field E. As we have learned from physics, an electric field E exists in a field

carrying positive and negative electric charges.
Charles Augustin Coulomb (1736-1806) discovered this phenomenon and postulated the

mathematical formula for determining the magnitude of the force F between two charged
particles.

Figure 2.20 | Two particles in an electric field.

7 (with charge ¢')
”~

With reference to Figure 2.20, where two charged particles A and B are in an
electric field, the induced electrostatic force, according to Coulomb, can be ex-

pressed as:

e 13 [2.5]

" 4me

in which € = permittivity of the material separating the two particles. We will have
€, = 8.85 X 10 ' C?/N-m? in free space (this is equivalent to 8.85 pF/m in a capac-
itor). The symbol r in Equation [2.5] is the distance between the two charged parti-

cles in the field.

The force F is repulsive if both charges, ¢ and q', carry positive or negative

charges, or attractive if the two charges have opposite signs.
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Electrostatic Forces in Parallel Plates

Figure 2.21 | Electric potential in two parallel plates.

One may imagine that the difference in electric charge between the top and bot-
tom plates in Figure 2.21 can be maintained as long as a voltage is applied to the sys-
tem. How;ver, the charges that are stored in either plate can be discharged instantly
by short circuiting the plates with a conductor. One may thus realize that an electric

pgtentifil does 'exist in the situation illustrated in Figure 2.21. The energy associated
with this electric potential can be expressed as:

U= _%CW _ _ €€ WLV?

[2.7]

NPT @ © s /n |0 @ | B K| T

ith i b a loss of i
energy with increasing applied voltage. s of the potential

» These electrostatic forces are the prime driving forces of micro-motors.

» One drawback of electro-static actuation is that the force that is generated by this method
usually is low in magnitude.

» Its application is thus primarily limited to actuators for optical switches

MICROGRIPPERS

» The electrostatic forces generated in parallel charged plates can be used as the driving
forces for gripping objects.

» Figure 2.24. As the figure shows, the required gripping forces in a gripper can be
provided either by normal forces (fig 2.24a) or by the in-plane forces from pairs of
misaligned plates.

» The arrangement that uses normal gripping forces from parallel plates, Figure 2.24a.
Appears to be simple in practice.

* A major disadvantage of this arrangement, however, is the excessive space that the
electrodes occupy in a micro gripper. Consequently, it is rarely used.
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Figure 2.24 | Gripping forces in a microgripper.
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The other arrangement, with multiple pairs of misaligned plates, is commonly used in
micro devices.
This arrangement is frequently referred to as the comb drive.

Comb drive

The gripping action at the tip of the grip per is initiated by applying a voltage across the
plates attached to the drive arms and the closure arm.

The electrostatic force generated by these pairs of misaligned plates tends to align them,
causing the drive arms to bend, which in turn closes the extension arms for gripping.
These micro grippers can be adapted to micromanipulators or robots in micro
manufacturing processes or microsurgery.
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Figure 2.25 | Schematic diagram of a microgripper.
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Micro motors

» There are two types of micro motors that are used in micro machines: and devices: linear

motors and rotary motors.

* The actuation forces for micro motors are primarily electrostatic forces. The sliding force
generated in pairs of electrically energized misaligned plates, such as illustrated in Figure

2.23. prompts the required relative motion in a linear motor

Figure 2.23 | Flectrostatic forces on parallel plates.

,ld /FW
‘——+ VFI.
l -~ : ¥

O, = SO _,,/
T

Department of Mechatronics Engineering, NCERC, Pampady.




MR 409 MICRO ELECTRO MECHANICAL SYSTEM

Figure 2.27 | Working principle of electrostatic micromolors
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* Figure 2.27 illustrates the working principle of the linear motion between two sets of
parallel base plates.

» Each of the two sets of base plates contains a number of electrodes made of electric
conducting plates.

»  All these electrodes have a length W. The bottom base plate has an electrode pitch of W,
whereas the top base plate has a slightly different pitch, say W+ W/3.

» The two sets of base plates are initially misaligned by W/13, as shown in the figure.

* We may set the bottom plates as stationary so the top plates can slide over the bottom
plates in the horizontal plane.

» Thus, on energizing the pair of electrodes A and A’ can cause the motion of the top plates
moving to the left until A and A are fully aligned.

« At that moment, the electrodes B and B' are misaligned by the same amount, W/3. One
can energize the misaligned pair B-B' and prompt the top plates to move by another W/3
distance toward the left.

* We may envisage that by then the C-C pair is misaligned by W/3 and the subsequent
energizing of that pair would produce a similar motion of the top plates to the left by
another distance of W/3.

« The motion will be completed by yet another sequence of energizing the last pair, D-D
We may thus conclude that with carefully arranged electrodes in the top and bottom base
plates and proper pitches, one can create the necessary electrostatic forces that are
required to provide the relative motion between the two sets of base plates.

« ltis really seen that the smaller the preset misalignment of the electrode plates, the
smoothest the motion becomes.

* Rotary micro motors can be made to work by a similar principle.
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Figure 2.28 | Schematc of a micro rotary motor.
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» Rotary motors driven by electrostatic forces can be constructed in a similar way.

»  Figure 2.28 shows a top view of an electrostatically driven micro motor. As can be seen
from the figure, electrodes are installed in the outer surface of the rotor poles and the
inner surface of the stator poles.

» As in the case of linear motors, pitches of electrodes in rotor poles and stator poles are
mismatched in such a way that they will generate an electrostatic driving force due to
misalignment of the energized pairs of electrode.

»  The reader will notice that the ratio of poles in the stator to those in the rotor is 3:2.

» The air gap between rotor poles and stator poles can be as small as 2 um The outside
diameter of the stator poles 18 in the neighborhood of 100 um, whereas the length of the
rotor poles is about 20 to 25 pm.

» One serious problem that is encountered by engineers in the design and manufacture of
micro rotary motors is the wear and lubrication of the bearings.

» Typically these motors rotate at over 10,000 revolutions per minute (rpm). With such
high rotational speed, the bearing quickly wears off, which results in wobbling of the
rotors.

Micro valves

* Micro valves are primarily used in industrial systems that require precision control of gas
flow for manufacturing processes, or in biomedical applications such as in controlling the
blood flow in an artery.

« A growing market for micro valves is in the pharmaceutical industry, where these valves
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are used as a principal component in microfluidic systems for precision analysis and
separation of constituents. Micro valves operate on the principles of micro actuation.

» As illustrated in Figure 2.29, the heating of the two electrical resistor rings attached to the
top diaphragm can cause a downward movement to close the passage of flow.

Figure 2.29 | Schematic diagram of a microvalve.
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» Removal of heat from the diaphragm opens the valve again to allow the fluid to flow.

* InJerman’s design, the diaphragm is 2.5 mm in diameter and is 10 um thick.

* The heating rings are made of aluminum 5 um thick.

»  The valve has a capacity of 300 cm/min at a fluid pressure up to 100 psi, and 1.5 W of
power is required to close the valve at 25 psi pressure.

* A rather simple micro valve design uses a thermal actuation principle The cross-section
of this type of valve is schematically shown in Figure 2.30.

Figure 2.30 | A thermally actuated microvalve
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» This design is used to control the flow rate from a normally open valve (as shown) to a
fully closed state.

« The downward bending of the silicon diaphragm regulates the amount of valve opening.

» Bending of the diaphragm is activated by heat supplied to a special liquid in the sealed
compartment above the diaphragm.

« The heat source in this case is the electric resistance foils attached at the top of the
device,

Micro pumps
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» A simple micro pump can be constructed by using the electrostatic actuation of a
diaphragm as illustrated in Figure 2.31.

»  The deformable silicon diaphragm forms one electrode of a capacitor. It can be actuated
and deformed toward the top electrode by applying a voltage across the electrodes.

* The upward motion of the diaphragm increases the volume of the pumping chamber and
hence reduces the pressure in the chamber.

«  This reduction of pressure causes the inlet check valve to open to allow in- flow of fluid.

» The subsequent cutoff of the applied voltage to the electrode prompts the diaphragm to
return to its initial position, which causes a reduction of the volume in the pumping
chamber,

» This reduction of volume increases the pressure of the en- trapped fluid in the chamber.

» The outlet check valve opens when the entrapped fluid pressure reaches a designed value,
and fluid is released.

* A pumping action can thus be accomplished. The actuation frequency is I to 100 Hz. At
25 Hz, a pumping rate of 70 pL/min is achieved.

* Another type of micro pump, called a piezo pump is built on the principle of producing
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wave motion in the flexible wall of minute tubes in which the fluid flows.

» Piezoelectric materials coated outside the tube wall generate the wave motion. The wave

motion of the tube wall exerts forces on the contained fluid for the required notion.
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MODULE 6

* MEMS and microsystem products have become increasingly dominant in every aspect of
commercial marketplace as the technologies for microfabrication and miniaturization
continue to be developed.

» At the present time, two major commercial markets for these products are computer
storage systems and automobiles.

» The automotive industry has been the major user of MEMS technology m the last two
decades because of the size of its market.

* A 1991 report indicated that industry had a production of 8 million vehicles per year,
with 6 million of this is from United States

Figure 1.19 | Minialure electric cars (a) Comp
(b) Compared with an American S-cenl coin. (c)
of a match stick
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()

» The primary motivation for adopting MEMS based microsystems in automobiles is to
make automobiles safer and more comfortable for the riders

» to meet the high fuel efficiencies

* low emissions standards required by governments.

* Inall, the widespread use of these products can indeed make the automobile "smarter"
for consumers' needs.

» The term smart cars was first introduced in the cover story of a special issue of a trade
magazine |Smart Cars 1988].

« Many of the seemingly fictitious predictions of the intelligent functions of a smart car are
in place in today's vehicles

» Smart vehicles are based on the extensive use of sensors and actuators.

» Various kind of sensors are used to detect the environment or road conditions, and the
actuators are used to execute whatever actions are required to deal with these conditions.

*  Micro sensors and actuators allow automobile makers to use smaller devices, and thus
more of them, to cope with the situation in much more effective ways.
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Figure 1.20 | Sensors in an automobile engine and powertrain,

{Pausen and Guachno [1989). with permission )
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Figure 1.
1.21 | Pressure Sensors in automotive applicat
ications
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(4) Barometric absolute pressure sensor
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(6) Gasoline direct injection pressure sensor
(7) Fuel tank evaporative fuel pressare seasor
(8) Engine cil sensor

(9) Transmission sensor

(10) Tire pressure sensor

Safety

» Air bag deployment system to protect the driver and passengers from injury in event of
serious vehicle collision. The system uses micro accelerometers or micro inertia sensors
 antilock braking systems (position sensors).
« Suspension systems (displacement, position and pressure sensors, and micro valves).
* Object avoidance (pressure and displacement sensors).
» Navigation (micro gyroscope).
Engine and Power-Train

» Manifold control with pressure sensors.

» Airflow control Exhaust gas analysis and control (see Figure 1.21)

» Crankshaft positioning Fuel pump pressure and fuel injection control

» Transmission force and pressure control

» Engine knock detection for higher power output Comfort and Convenience Seat control
(displacement sensors and m

— g ———
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Evolution of microfabrication

Miciotabrication wehnologies originate from the microelectronics industry. and the devices are
usually made onsilicon waters even though glass, plasties and many other substraie are in use.
Micromachining,  semiconductor processing,  microclectronic  labrication, scmncondu:lot
fabrication. MEMS (abrication and integrated circuit technology are terms used instead ol
microlabrication, but microlabrication is the broad general term,

Traditional  machining  techniques  such s electro-discharge wctchining. spark  erosion
machining, and luser drilling have been scaled from the millimeter size range 1o micrometer
range. but they do not share the main idea of microelectronics-originated microfabrica!mn:
replication and parallel fabrication of hundreds or millions of identical structures. This
parallelism  is present in  various imprint. casting and moulding echniques .whlclj have
successlully been applied in the microregime. For example, injection moulding of DVDs
involves fabrication of submicrometer-sized spots on the disc. }
Microfabrication is actualiy a collection of technologies which arc utilized n mal\:mS
microdevices. Some of them have very old origins. not connected o manufacturing.
like lithography or etching. Polishing was borrowed from optics manu(‘acmrinn,. and many of
the vacuum techniques come from 19th century physics research. Electroplatingis also a 19th-
century  technique . adapled 10 produce micrometre scale structures,  as  are
vanous stamping and embossing techniques. »

To fabricate a microdevice. many processes must be performed. one alter the other. many imes
repeatedly. These processes typically include depositing a film. pauerning the film with the
desired micro feawres. and vemoving {or etching) portions of the film. Thin flm metrology 1>
used tvpically during each of these individual process steps. to ensure the film structure has the
desired characteristics in terms of thickness (), refractive index (1) and extinction coellicient (A).
for suntable device behavior. For example, in memory chipfabrication there are some
30 lithographysieps, 10 oxidation steps. 20 ewching steps, 10 doping steps. and many others are
performed. The complexity of microfabrication processes can be described by their musk cownt.
This is the number of different patiem layers that constutute the [inal device. Modem
microprocessors are made with 30 masks while a few masks suffice for a microfluidicdevice or
alaser diode. Microfabrication resembles multiple cxposure photography. with many paiicms
ahigned to each other to create the {inal structure.

Microfabricated devices are not generally freestanding devices but are usually formed over or in
athicker suppont substrate, For electronic applications. semiconducting substrates such as silicon
walers can be used. For optical devices or flat panel displays, transparent substrates such as glass
or gquartz are common. The substrate enables easy handling of the micro device through the many
fabrication steps. Often many individual devices are made together on onc substrate and then
singulated into separated devices toward the end of fabrication.

Microfabricated devices are typically constructed using one or more thin iilms (see Thin filin
deposition). The purpose of these thin films depends on the type of device. Electronic devices
may have thin films which are conductors (metals), insulators (dielectrics) or semiconductors.
Qplical devices may have films which are reflective. transparent, light guiding or scatterine.
Films may f"s“ h:fvc a chemical or mechanical purpose as well as for MEMS appli‘calinn;.
Examples of deposition techniques include:

Thermal oxidation

Local oxidation of Silicon (LOCOS)




Chemical Vapor Deposition (€ VD)

s APCVD
o LPCVD
o PECVD

Physical Vapor Deposition (PVD)
o Sputtering
o Evaporalive deposition
o Electron beam PVD

Epitaxy

PatterningEdit

. - 7 i jas) in some
It is often desirable to pattern 3 film into distinct [eatures or 10 form openings (0OF vias) |

. ccale ng
of the layers. These features arc on the micrometer o nanometer scal_t and the p'auer;mv
technology is what delines microfabrication. The patterning technique typicall y uses a mask’ 10
define portions of the film which will be removed. Examples of pateming techniques include:

Photolithography
Shadow Masking

Etching .
Main article: Etching (microfabricalion)

Fiching 1s the remaoval of some portion of the thin film or substrate. The substrate is exposed- 1o

an erching (such as an acid or plasma) which chemically or physically attacks the film until 1t is
removed. Etching techniques include:

Dry ctching (Plasma etching) such as Reactive-ion etching (RIE) or Deep " reactive-ion
etching(DRIE)
Wet etching or Chemical Etching

The MEMS technology has evolved a lot in the past years and a lot of revolutionary devices have
been developed at a very low cost. It will take originality and creativity to make it possible, and
even so it may never be. [tis a promising direction, and, a8 W ‘
for that reason while at the same time rea

: ith all basic research, one pursues 1t
lizing that the unexpected is expected.




1.4 | MICROSYSTEMS AND
MICROELECTRONICS

Itis a wel.pec

nologies of qh Ogmzefi fact that m{croe]cctmnic:h is one of th
industnJ Ot the twentieth century. The boom of :

th recent years would not have been poss!
¢ ectronics technology. Indeed, many engineers an
dustry are velerans of the microelectronics industry, 45
many common fabrication technologies. However, overemp
fiE e technologies is not only inaccurate, but it can also
advances of microsystems development. We will noti
ferences in the design and packaging of microsystems

e mjcroclcctrome(:hanical systems
ble without the maturity of micro-
d scientists In today’s MEMS in-
the two technologies do share
hasis on the similarity of -
seriously hinder further

ce that there are significant dif-
from that of integrated circuits

and microelectronics, It is essential that engineers recognize t_hese dlff;:{cr;cis and de-
velop the necessary methodologies and technologies accordmgl_y. Table 1.1 summa-
rizes the similarities and differences between the two technologics.

Table 1.1 | Comparison of Microelectronics and Microsystems

;227 L Microelectronics

SRR T ,‘!‘F,-?:,:.'(‘A_LJ .
" Microsystems (sillcon-based) 4

Uses single crystal silicon die, silicon
compeunds, and plastic

Transmils electricity for specific electrical
functions

Stationary structures

Primarily 2-D struclures

Complex patterns with high density over
substretes

Fewer components in assembly

IC die is completely prolected from contacting
media

Mature IC design methodology

Large number of electrical feedthroughs and
leads

Industrial standards available
Mass production

Fabrication techniques are proved and wel|
documented

Manufacturing techniques are proved and well
documented

Packaging technology is relatively well
established

——

Uses single-crystal silicon die and a few other
materials, such as GaAs, quartz, polymers,
and metals

Performs a great variety of specific biological,
chemical, eleclromechanical. and optical
functions

May involve moving components
Complex 3-D structures
Simpler patterns over substrates

Many components to be assembled
Sensor die is interfaced with contacting media :.5{

Lack of engineering design methodology and -
standards

Fewer electrical feedthroughs and leads

No industrial standards to follow
Batch production or on customer-needs basis ; - .

Many microelectronics fabrication techniques
can be used for production o

) '!‘..'f...
Distinct manufacturing techniques -

P
DA
R

Packaging technology is at the infant stage ¥




CHAPTER 1 (Qverview of MEMS and Microsystems

e i . . be-
e We may observe from the (able that there are indeed sufficient differences
fs:tween the two technologies. Some of

T : : he S€
X : the more significant differences between the
ptwo technologies are;

T &

o . . ‘ )
1. Microsystems involve more different materials than microelectronics. Other
@5 han the common materia) of silicon, there are

other matenals such as quanz
and GaAs used as substrates i1 ]

M-ncrosy:,lems.are designed to perform 4 greater variety of functions than
nucroelectronics, The |

atter are limited 1o specific electrical functions only.

essential part in the product development of microsystems.

The integrated circuits in microelectronics are isol
once they are packaged. The sensing elements and
microsystems, however, are required to be in cont
which creates many technic
6. Mapufacturing

ated from the surroundings
many core elements in

act with working media,

al problems in design and packaging.

and packaging of microelectronics are mature technologies
with well-documented industry standards. The production of microsystems is
far from that level of maturity. There are gencrally three distinct manufacturing
= techniques, as will be described in Chapter 9. Because of the great variety of
& structural and functional aspects in microsystems, the packaging of these
products is indeed in its infant stage at the present time,

The slow advance in the development of micrdsystems technology is mainly at-
tributed to the complex nature of these systems. As we will learn from Section 1.5,
there are many science and engineering disciplines involved in the design, manufac-
ture, and packaging of microsystems.

1.5 | THE MULTIDISCIPLINARY NATURE
. OF MICROSYSTEM DESIGN AND
MANUFACTURE

:Despite the fact that micromanufacturing evolved from IC fabricati'on tcc}lnologies.
there are several other science and engineering disciplines involved in today’s micro-
systems design and manufacturing. Figure 1.14 illustrates t‘hc apphcanons of princi-
ples of natural science and several engineering disciplines in this process.




pipelwe
MEMS and Microsyslems: Dasign and Man

design and
Flgure 1 4

: stam
Y chrﬂs‘f
. : mn (JWU(I "
4 Prin(;ma] science and engineenng disciplings o v

“7 Nawral schence: | ™
AL TE.L
\—‘—‘—ﬁ—___—( phiysics, clristry: §

!‘\'
‘\-\\ h")l" ‘
t l “‘ //

Qu;[nlllm
p][y.‘-iL'ﬂ ]
biol Moleculay
wolo - .
" Plasmia Scaling laws physics
T H “
* physics
VY
8|
.- A)
4
Mechanical enginecring ‘ g _— }‘
« Machine comwn[cn'kd“"f" E{amnals engincering N
z i . . ani d linKuges ‘ o
Electrica) engincering . Mcch.mxsmsh :m_“_ - Matenals for substrates, -
* Power supply « Thermomec! -::jm .cch-mics hoat enmpononts, 4ad package &
e ciren i id mechanics, - . o
* Electric circuits for power Suhdfam; ﬂ:wm rechanics " « Materials for signal . |
Supply and signal »| lmnster i \ansduction . ;1
i N " + Intelligent control e - A
r‘f“_’%‘i“_‘iilft -------- | « Microprocess equipment « Matenals for fabrication ’
o~ Nanoc'crronics : design and manufacturing processes . i
: . Nanopmcusors |r¢ A4 o Compuuuinnal mechanics . - Dop]ng ol semicon uc lng L ‘
1 ¢ Nanodevices } + Packaging and assembly design materials : 15 :
_______________ e A - ;;i
Py i
J ’ E
Ad v hd

Chemical engineering

« Microfabrication
processes

* Thin-film technoloey

Industnal enginecring
* Process design

* Production contro]

. M‘rcmnssembly

With reference to Figure |14, natural science i deeply involved in the follow-
ing areas; L

- 2]

L. Electrochemistry is widely used in electrolysis (g lonize substances in qomc 3
micromanufacturing processes. Electrochemiey) processes are also\ usc;l ; the.
design of chemical Sensors, More detail wil] be ey Chapt 2 ‘ d :;n } f
Electrohydrodynamics principles y e 2and 3. 9
flows in microchanne]s an
will be described i Chapt

3. Molecular biology is inin
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g‘d |
PAS ‘| . L
?,%_.i,_, ¢\ CHAPTER 1 Dverview of MEMS and Microsystems ‘
A v
A A 2 “lf Fhmcuss&_sv The generation of plasma will be covered in Chapter 3, whereas

F _ the application of plasma in microfabrication will be described in

Chapter 8,

: Scaliqg laws provide engineers witl a sense for the scaling down of physical
Quanties invalved in the design of microdevices, We will realize from

_ Chapter 6 that not all physical quantities can be sealed down favorably,

2 Quantum physics is used as the basis for modeling certain physical behaviors

‘.Apfj matenials and substances in microscales, as will be described in regard to

;:.ierofluid flow and heat transportation in solids in Chapler 5.

. Molecular physics provides miany useful madels in the description of
mmen'a\s»a(.micmsculm. as well as the alteration of material properties and

< charactenistics vsed in microsystems, as will be described in Chapters 3 and 7.

1 Moleeular dynamics thearies are the principal modeling tool for describing L

4. - mechanica) behavior of materials in nanoscale,

.

rclﬂ_

D e N r———— e,

L - Five cr!gmccnng disciplines ure involved in microsystem design, manufacture,
~and packaging as described below:

1. Mechanical engineering principles are used primarily in the design of
nucrosystem structures and the packaging of the components, These would

:— : involve many aspects of design analyses as indicated in the central box in

ig‘ Figure 1,14, Intelligent control of microsystems has not been well developed, o
a - but it is an essential part of micromechatronics systems, which are defined ' ?‘Y‘
ﬁj as intelligent microelectromechamical systems. TR
u:;" 2. Electrical engincering involves electrical power supplies and the functional "‘:
, k. control and signal processing eircuit design. For integrated microsysiems, Ety
\ e.g., “laboratery-on-a-chip,” the 1C and microelectronic circuitry that r':
e integrates microelectronics and microsystems makes electrical engineering it
&3 a major factor in the design and manufacturing processes. £y
,:" " 3. Chemical engincering is an essential component in microfabncation and N
= micromanufacturing, as will be described in Chapters 8 and 9. Almost all =
f: such processes involve chemical reactions. Some of microdevice packaging ..‘“::.;»
¢ 3 techniques also rely on special chemical reactions, as will be deseribed in ’:;.‘*?
3 Chapter 11
: 4. Materials engincering offers design engineers a selection of available materials .
that are amenable to microfabrication and manufactunng, as well as packaging. b
=  Theories of molecular physics are often used in the design of materials’ i
J_‘.' ‘ characieristics, such as doping of semiconducting materials for changing

& electrical resistivity of the matenial, Materials engineering plays a key role in

. o the development of chemical, biological, and optical sensors, as will be

g described in Chapter 2. <
& 5. Indusinial engincering relates to the production and assembly of microsystems.
3 Optimum design o the fabrication process and control is essential in

T microsystem produciion,




: . ~ 3

-

Micko MANUFACTUR 11v6 TecHN1Ques-

. ~—
j'-'l‘ “\ Almost  até uiagfa bt alio, frdmigneg ot oLlés e
. p:rxofwc P“Jsmwj’_ A Charuead tratmont o4 Tl,_A_’f
“The o mand 07 g taey OféL nu’umwme/.acr‘m, Y
LA
09 VaNoLo fCPCS o3 n'm(}id.!'q[.i (ma_@_li,'{_ , Leftamuy s o,.,.\q/
P(NHCS) © -’r;ot,\u.ofrb cL\b‘ f—”:j GL*J/. Mipiaboa f""’bkéo bave
G{‘P ’EJL—"LL:O;{) ¢ e VAMOno SN Y Ao g Lt eleclion, e,
medicing ,  Commanitalss | Gvippits  and  OHass
. Vasrouws f&uﬁ\miuu Axg -

[ PHotor THOGRA Py : (
—_— T TORAY.

{0 fu? {o 2 ﬁm’ﬁzsapﬁy {-‘/.) O g & ‘{lu sc ArnfOory baat

o

Shps 4, 'mqoaa(wc:xm:(o :

dl\-b I f{-&, "
Pw j‘f‘f}?""ﬁltfj Proless  wovolues Yo We 3 an

optical (MO and o phatysercitive fibr 1l produce

’Daffug M A Bulipfag & . o ) Yo oh[:/ ,&:(_p,\m}_’. np  Yhat
v ovdlable  ap Pisent 4, creals patlesp, o Aubstead
Lotf, 2w @*milcxf)madiﬁ, /RL-’.&_':(LLto‘O .

T Woed vy
> woed Ao B portliang dJos maske Jos CQ‘“‘(?/ fﬁf-l\/hs

v el W‘Lﬁonmmad%{’mfné

i
.k
.‘} md {/U{. ('fbulﬂ g,//r() ‘_’Qef\os.f“h\c-ﬁ ’,""’LCJ Uco“y‘b O,é /SGC,\,'OL(,‘Q.

Y ol

Qﬁﬁu 8 mn Aﬂu.ﬁd'«(@ Mutomad hinsa 3

2 baa ;j.’m o pm‘m,m:l/ C,Cxcufhy 03 elockucal ‘g"{f‘\‘lg;
'f”?"wf%ﬁdf'm vO Aonoots and  Atfuatest

| — w«ﬂaﬂy toecd s T e mandatfustng .




— Nibsieate _— o L /\\'_\',\L
o — r=% g ~ _ '
| - —————————— — Nu’éb 6_'/ ~ 0\‘
l QT
| R0.Gtaw Ad iror X
Maoiozesiag - L ——— :
— TN B E:H::i::::a =Yoo ! _
i ‘ \ﬁs " L J R el Kegobl
Substrfte - 1 i
—

s PR Senh
¢

v ng,l_}y‘m ffé/?“ "

P P""k!f-ﬁ Plx&tﬁ §s

pricm {iy amto

S P T "
L

'
pa——"

Positive “cgo

l
|
| %
{
ﬁ
= l‘ ¥ lous _@.»,J/ﬁc(—
: i -\'L‘ﬁ.’.'lll\l' resisg: é d‘ﬂ_(‘- r"LJ;CLJ -
———— e .
}iuh\ rate {
f

-5
P »
S | esa— P
al .']c*.cl-'_lm::.':" L’: ﬂ‘:: | '_' | } v i

by !_:,h;‘: R
"’Rﬁhi 5 '

aoIningl

/ S | B

} | — —_— L

Avplicalicn e - () toed fo producs Compulan, Clups
’e & Ic Pt&faniy\é ‘DM)UW& 3) PNIILGLCJ els Ltwmt bo=1q
&) Alama plle, prontin piels <& . turt, Bewmes
4 Phole vt In am osgan < pofnes, o i}
oty Jopsolubly bl srposd b OV Bt

A /E'),QLCOY\

L Suel co
/g}%qrffﬂdﬂj Lo oelaaly can e S

A photosasiat o Jinst Coaled b
OF w Tfan exposed

Li0, 05 -&iliownilade .

Hna rf’w Burface A Y & Orst sale |
1 aoughane n b aMask. bR

t a St & ﬂzﬁm Thioygt 4 .
c(.w_ cb?_ﬁ«l Mc{ Pa\tﬁl%np . Mas ik ma Ao 03 Qm&,‘dé X %)at@:em,g ) ::5

Wy mogk LEY3 Pkofbdmaph;‘m,u;z/ Anduad  Jom MO - o

Maso 4 3gs tu The Aesiag MU Crogcalle s Piw_ofc»‘iﬂ,‘wi“{' maly sials

Charg.  Dhabr  Selublly  wohan Fuy are expoed o Laht,

bositve PRot nadnls ¢ photysesints fral becoms o Solubt
andles (L'Olf\t ,"9& iy Awlids,,

\ﬂdécﬁiw\n COOF bLeoma  mose  solubly  andey Shadie

T T2 Chapey,




|

¥y o “l‘“ L e
s
-‘%‘L | __f_l,‘\; sedained Pinfeuﬁ psld  male aicls  noall Tla.  Impad alid '
%b’ * Pc;,fﬁ.qn,g alis, “fhe s e bagmant - (Aop (fa-.{) :
*4' ST ; ‘L.
= ) » :'. ’A(_A Py 'ﬂda [ 20 o LI;-' 4 a
$%} “Thae [USJ: e R P S tlaaly undes,  the
. . - y -4 or A X il b 1—-f .;‘» . be
e f hott Aesanly V2 Pam’ti e oo B sulsegnnn LA Rg by
N .
: * ‘ - " Ly At an
A F"?-" . .;] ne I\_f f,\:\ttl"'] ™y ﬁ\,l 15 C ;Qaf[!flj e o A FJ e
;H

‘\jﬁ.i G ,‘ﬁi;uc)w\l?_ & The {_Jl‘.ot{) agswls li frl—'( y & py
g J_;Lé (e

‘)thl rr'|_1: {_:1“ /;‘(:J}l rjnj 5

- P haloli 1he Sw_ph y \J‘ oL P EMS
B
e perjevmad ny & class-io chaay Avom - ke Cesi aps €
AOD? v G (O.L o4 av\.:'L.M o “Yla Ous G QQ;@ Ay
LH\-{-‘ ne 5‘% ({'-.'—I.L-i f

@, C.ilslﬂ
Cﬂ C,t;usé o LE_IQI') SO0 MALARD
- 5tlP 0% t“"ﬂ‘—" o e Candie

cttad
::!O'f.) E 3 Q./k;A ad®

PA.R Y c.e_!_.? s

Yo soom i fesa  Hhan 10)

4f ASotaln ot

N " -
apuda, A
or 7 o
“Than Mlalwf A

L; nd Lo The  moSf
LA L U‘y‘{/ VAo 7 Q amys |

: ‘ e
adla(ThE 3 & Ay A2 U
F A | ) AT
pﬁﬂw’c"—es A C‘U"-‘V*’-(’thj‘ffa —gf/ecw"oﬂu;f) Fuom D . GO
bawe Tha m««—(tfﬂ

‘:u“h ":-u'OCLL l:L:’) X- r‘\ﬁg{ N C'Vga_al i x_;\ad{
% fhao ‘.%ﬁm@‘- a3 L o “;Oé ( ,AD = D«lnm % (r:; ‘:u",_)/")
e ' 7 cn malal é"fUSFJr' Ohyn beam miaun D
’ A T - ‘A‘ﬁ . P‘PP{ R g 9o j
jm OW&W PD‘D jEWLCnJ.u(*M Adawiw J;?b,\"mf;m 1
h;,f.:;{‘;,_,

)
C{ohnaa: cﬂaé"‘”oa,nafak‘c A;.m:..—a}) Amaip .
—> OD i , . B gpuHm‘v\j {
L S | f"\’olﬁru,ﬂtmg orvolred L . .
lesorn o b dmcxaﬁ é‘u aloms such oo
¥ 2 X <
e P (6 Gttt i )
. ‘ £
. Fhine @:7 ac/qfth’qs Umbale nte, Deteran
o . - Paotons and  elichions s Tt hgguuﬁr'né aloru'e
STAULT LAY « € .
~ S Thue  ons (otahus Bowm 61 Phosphesics fPhs) must
Cass T Cg o
’LA“/ /.fm(/;ﬁaen(’ qu@,{‘vc e’m&:aéf Ha e ;"}/)(anu{ (' bn penttnal
o o S Qlbstaal o) o peniaed
-— v (,LLQ I.(‘gr) /“fﬂ/ﬂn"k(gr_‘;j f_”\ﬁCf(ﬂbL'\,ﬁ (tpc(_'ﬁtqf{ VRl it o '\f"{ a,‘r,(‘ t
. ‘ telesald

2 e 1ot s fo i Connt i
7 : 4 ey To ﬂlur) chﬂmml Liglic enesae) Joy e mmosnkcbins




o mplatilan, b (o impesaling proge 1,
R Cong B ong emint  Qsg accelosaly oo

- N &
MU ' B 0 |

Hhoby  Charging  te physical | chomical o
dodrecal  propetres o Ha #axgaf

pr he fﬁg LMM £ hguwre [Low{p?a h‘/b& E‘ ‘Ddl"q C{‘CJ

- in  ~an - Ao, fows 'm wivcu an 422 i’fmﬂ) & s

“Ahs (o beamws 5 fd omte A4 peams  tsolls s
wheh Hhe Sgn rd  dinden o e Beam can e
acjusled ,

- The  Cong wp Yo Dtam o o nesgded w102
atteloredion fulbe  ox arrelesalss

_ Tlhan M}n@ Ieares (onballys,  Fa o beams O fjﬁftucgf

orn o Ha Aulyst Az f, , Ol A pAOt:(QLZJ g)v a fg!mr:f’q{
(vovally S:0.)

) ' I a‘t\(u 1» P (s
= Thg, Vomg el 1 2 rafda atl fhgts m’?fj’fﬁ{ 4, The Suthglxal;
Upm C@(C,-.q,_(‘c,/:, 0&7\;’ %\M&Qij {oma é{, & )_',-}DP ﬁ_} o C,(_S_f'i:\fh
lipbt,  wmsids fhe  Sabrimals

\\ FIQUfO 8-“ l b ?1'1;11,][»'.1'””5 00 St f
)
’ . e Hipheenery
S | PO i e -
| cuntrol I_ == Avcelerutor . ”“_ Ieuwn |
b\ __‘i“. e ) e = a0 I i camtriller
‘— o o -
. < .
fon beam ‘ Sheelil 1
L e Sn(),r—\ Dhstribution II High cherey
"\ af dL\I’I.‘.l'I:t v bt D st
| Lo souree <

\ Lonzed dopam

i
L _Mtumnsg \
—_——




e

L
ol (3
Qe
E N L EE S s Gnd muthanea)  odustris Dty
-t — woed mw«duj WD /$€rruc0mﬂucab%5 5\\&\:,5
trgalmand  PrROUES :

"SLM,I‘&UL

5 - —7 f\pp@i{}b\m ">
G 9 Riomedited APPQ(L&&M C D Mdal Pt e haest

yalneg aag  ion i'mPLAnﬂd By caslon To make s i ]

1 Liv Compatible

RM|O \ﬁblop-c AAL lmPL@nﬂj_;‘ W:’) (PAC'S*P\Q_E"L {_ f:'._?\f’\'}"ﬂf,alaﬂ Ca
bodsy P«sds) dos  #adio “U"‘“Pt) o
. Chemical Vapour Deposiliovo = (¢ vp) e
N . ) CQJ! g Lu' L\
_ovD v A Chawital  prowst woed fr"O zﬁ 0 s F
3 Y L Cab fan %
wal‘l_’-j ) ‘\_1'0"\ pe.'&daﬂmanu /.Sol,vol malle 43 c\L’ J‘ (s r_j
Vo udrm.
¢y - uged in! emicorduclor  amodustay . &

i | X (AOQGBO;O :rO l{L\ﬂ_ G)KO (esA 9;} Gd'[@ e l,C’(',J() AYJOT)_‘S,' o

cup v O phretass  tOhans ymj o Aold el =l

¥ )
(ﬂ.ﬂ@bo‘;ﬁ Qﬁ' i\ O A v O\.PO’» ,oo LJ A CI\QWC:\,Q el o~ d [
OCC u,xl‘v\i) o 04 Ay tha V1 - [—7 o e O ACna (\_Ql J haall.of
Aubsirals  Sexdaa.
- S ’u‘cp malccaz v oftadine d AR (ol ns O P:)QCQU_

r- Q@ Vé\)\ﬁ,""a . G’/K,Da.u' rante Can&‘ﬁmg el B0 el

Colyirats Lemp  lomposihan oy Ataclin G mitdosg
folal  Prssseog a% é{owr elr } malssals ol A.&fup\l“

th)pc}»ﬁu Can e 6&0@0
S cup w on  roanple Jes Aoled  vagos A0acbon -
Vion] RJVLS ?MGU‘P(Q | (D(' &"'}UO'V‘G,O %Q d’(@o&-‘ q O 8“ 0\3{}4’

o <1k
a C{,QJJUJ-LJ r"\_Qq(\aanU Owes. A 'r\ot' "S“‘@’”“Qﬁl A \JL\(_CL. | LCQO
casies The Atatdant v el he Casaies §oo.

C}@:) = f ! \,/;‘Cl

———




“

— (NS f\] {_L c{i\_ﬁ gf@ J{GL«A)_‘S: v, &H‘\Q l,\@t_ 'SOLICI 2 usdeto } xfl" N
e"*&aﬁ- -'6U-H3Q"LCJ J&tj M. ,iécogqu, hm{'.n)ﬂ‘fue F navolkas €t

, . Liaasn -
mac,d.lgos 3 Yo  Aencdanly ol Jofm *\C"{m‘g Y

' and  Aes Y ARactions b
{ Migns oL Moy Yorind
. € ‘C_, RO g AL
“lhe Q’H "P"‘Ddtmﬁj o e Chamical | o " D poolad
- Thin Hlms 7 desipad  Composatien A
_ (2
over, Ghe Bunfaw G the Substadd
Figure B.9 | Twa tyowal OVD reatars
<
4 ? l ':::I‘ l bytrad
Resmtance heater } _—
@ @ ~_._.A\ [ \ e o
| ! i
1 Revstanas e
Roactan it .
and gus i > L .‘ )
R Feartan ) Lro Elh_audé '
aad pasm
(al Hﬂv}OtﬂlmL'br i VQ;‘H,'(_Q.,@ A4 cAos

CACLMJFCQ_Q 51\(2&00@:/)3 /W) CVD .

[ ' wlbst Q‘Q .
I QQW%IL:DO 0% S‘.QICOVI CQI‘O K,l.(ﬁ_ﬂ, oves ,/f;}g__, ton A STl
Q{HH T 0, —> S0, +QH,.
, - . Aa
e chomieal apaeliorn  ekus ’Pezu_.q oy A &"\P c""%{ =8
JHog® 4o BOSC totth, AN Olc:h\/t\tCV) tymﬂa?( asond €, =0 eV
/ékt'(_on Bulrst xaly .

B 1L T PIC L PRI A

2 Deposilion 3 S tliton Nitrdi  OVEs
28 (Hy + ANHy — Qi N, +(2Ha
3ci 4 4Nty = Sighy A 12 Hcl .

-
w]m"ﬂ\"\\n e

e

BS0 Hxl, + UNHa—s Sy, 4 R+ EHa




v
| Y Q-“\n‘ Cmmwﬁ d’u (/’03- C&’mg‘)tna /S C,/an

e Amimg ma e
ra taide oo Slicorn Aubstraty. <tha  hmp AGrgt: To0 #0900,

A_,EI.;/&Q/{M C’/Lﬂz‘lgt; N Eog =% eV,

. 0 / ,gLL iwb:%(a-ai
3. Deposaten Ok POf&&ﬁ-si«:_MJM A on Oves oLHOM
Sl H;1 —_— ) "*"Q“;\_ ~
at 1vn A pyw(dys procass (Obueh O J{Gow‘m*},'w) e
prowess wong heal . Temp. Aange . 400 4o 650C

Adisalion eresgy I'7ev.

flfip& g CVD
o '(341;,; haoed 00 ta @/bo,aa_fh }La

L A*rms‘om@c o Aess L

p A gSUARL |

o VD

> plsma  Cnbantd CVD
—= protochunucal  Vapous Deprosat e
—= thumal  CVD.

_ Atmosphosic p IS UAL CvD .
C Pluminsuny  ovidds  Flns O deposited ﬂﬁJ “tois
muthod grom ALY , 23400 ornd  Oxggr G e
at  Gmpesatune  AdgY feons  BOD-(090 °c.
Cthe e hare lows  chlonks ordnd wobics  onlinue
b dicuace itk onteasny  fempoctis.
Do matmt nod

Lioutalions: 2 Filry Thickrass (,tm;/ocmjfj Cannot
- La««.ae no: o3 Pin hole dafects can  OClus.
— The  Adaposaly 2uf Corts rmunal st Vexe st.(7

Ling - Jakey Plate al abmoiphesic LPALSSLsg

[N

R —

‘m



—y
LW pressure Cup .
- De,oosn'fim oq Aliton a-a,aﬁv'o& > /)u,farw;f
[ o farps
| Ipesont [ el
- Ty Eilion capide didern olspowted at 3 oo

hoo > nd.e(ﬂugm_}- Propesties .
30 (023K — Amofplww'

U\[):‘m\j ) (a,_

l673 —> /L-f,auudq,g;o\ﬂ.ﬂm
HA3 k5 @\Mg-um'kwf/ ouenlid -
- ha pross Aesdls Lo Yy deporhen o CWOD&WLO&
vortt, excallent pasily  and  angetmuly -
- Ahe EBchnigne segudaeo /u'al«u M“ﬁjmg. oo
Adepositicn aaly v (9w

P(MM i”LAQ’!Céo/ Cvp

—

—_—

R ST s
e '@gﬁf Aw(,o—quw,m(y (ke ) plosna o

'fﬂ.a'w(fvbd SRigy vy g AL cha mp- fases cAics, alloes e
o Subsiaalic € semais  ap (o Bempesatecs ok Gt
v APCVUD o5 low Paegcene Cup .
- Pretise Bemp ool ng Ye Bubshuale Sesgace S

N cegs ereg to  ensusp  The Q&Q@,'{g og Ta  dopos't ffmy,

~ Clamical  Agachons  Are  vovoleed o The Preless Aicd

Olees, a&(&; Cmﬁim g A PWM 3 i, chﬂu'mg

8;..924.
' - : HHa ! allilte, At
_ PW”@- wg P *‘OCW”‘D e (f‘rﬁ Al ./

[ows- ﬁzwy)aqjm.e oo PAegsHA

- Phroputes - 5 Lood  Adhasien.
> Lows Fin hale %Mr@

-2 UN'qiof rmf‘y .




%)

Figure B.121A PECYD reacior.
RF source

L,—-—- Spubstrates

Electrxle
«——+ Rotaning susceptur

~ Jeating clements

l Qut 1o

Reactant -———J vacuum puimp

and Tusan

=
€' o Table 3.8 I Sul\'l'n' ™
Y end Tomanson ol inr
=0l O Fiags P .
s AZ
‘cVD MNormatl
de
1 procass Prawsurs/ position
! temporature rates,
LRCY() 1077 mymln
. 103 10w - Advantliages oI
.= . TG iy sadvart
AU TS Srmas bus g . Aplications -
- Livyv .
LPouD . Teramr e =
5 ey =518 Vs P Ll
SLaatoen v S0 £. ——— gl ‘%
- AC-ED o 5 oy AR :
ED e 50N
12t R aned Lnrnaly Sl
H-200 1z f— I
- lge wizhe 3
= o o
FECWO P Capulil, o 3jas ‘_r-_
320- 4607 e
NG L e .;:I Fal
N [ L,
(7070 TS ' -
L

asions Ao ps

-[’;'iﬂ ILij{ a%,
f’tJ - A_ofLu F

d"'j &J&‘-\Jtlm

,j«u:,d (onvel &0
db—o&g_ im:ﬂkﬁ CﬂJ{/@SIﬁA_




v

(r/\UIY\éLO_ Cvp . | 'Q )
\ .
gl ' . dod T depory,
ot Lowp. a0 Wﬁlw oo qonoc v N
m CBH\{)DQW.
e basit, %]tPu 2 Aadocs d‘ﬁ fharmal CVD
: L ot wals Sackos
. Cnd wqﬁx AQ_Qdﬂﬁ.‘ p
' L‘ 3 ”"/—){’0
~ A kot wals Aoy w40 /Softasmall /’5”‘}\:][“’(J
Neh e botals, s plhcad. But FodI T
; Lo (H\‘?\.Q‘ OQQ/JDS")‘HOV; OCriug o Y OO"M? c{u C}j\grr\-g‘g’i’ )
} ad el g, A L pect LAY
achiad- 7 e Babitrali. bl bphes throvsof .
- 3 (ol pat bt Tnaly o R
7 weter swadby ) only e B e

Deposition  takes placy o0 e asta O3 fha A’l‘(‘] v %

fu’;& | FVD' Aa chi'ong q}% 3Wﬂ&¢y mmwc W
onfe nu malion 03  pastcly w  geduced Cam{dluia’@'j /
. jﬂlaﬁugc “fha cQJposa'?)‘cﬂ “ '9”@(“} b Hos Am&?“a@. ¢

andages & cvd

- Vasadile - A"'j cloment 03 C@mpgud Can Re Hoposi'ted

- Hﬁ‘? &Qh[)i‘[y

- memw v %)/\moﬁudv‘ﬁo.
_ Applicaton

- a_r)if Q-/U C—@‘Cp" Jd. Ce,a,‘ /

e 0 @517 tomp profectios etz )

tgplo an Tel , Awromss ard  opochobionics davis

pas Ap8Ctente C 7380% ov A0 geal<




-

v’-d-
4 PHYSICAL vapos  DeposiTion)

iy ?
=

Pvp emd CVD m_‘(m fubrigues Hop  ss 0,,5/—;0
;ML o vy iy Laggen & malfyssaf mofp & Sbstinis
lommenkiy  pafured  H " ao Hun a’;/:ow v dyon b loge
- pUD wots ey 1 PRy o

4
p LG o 2
. ('j/fm:ff,f
ok &N (.Af’h’l(’qi /ﬂ‘.-f/(ﬁff #i
CA'_)LULA cvp =

= Most  Commen /)Aﬁ",f;{d rruwthods  edbacl.  produer  Hhr Géoan,
Hhat dipont o e Aubsirali  are

v Spur TERING

* EVAPORATION

EPUTTE RN -
‘—‘\(—_

¢ (20% F fé"’?
) c3len woed € O5f y
ek v 7 Lo

. g2 N4
S/)u\f(e;uh@ v A /)/w(z:% oy (OOA Y CknLit (1h=16~) % »
C mudalic al’l[’”j e Vs T A Lo tod o Liscuke fo{
Sulslaat, Aunslacls. /S}Merl@ v e ke o &
’ TR hanism s Whieh  aloms an  ofecld  drom #e ‘jv P-J-IdU
\ - Cafivient Cagsplic (PALcly
Malaiaf Whiy  Yhat /nga& O Atk /Zvj Aaffiven U{
. vdee Vers
B WL’U}L@ pwuf v C@‘,ud sl LA P[f»ﬁrfd&u Lisrng o *‘-j(
Locs prtssune | Th, pAoiess

’—
rvolvey  (oas- ﬁer@a&ﬁue Ccnf):a.ud >
C U.D Gnd om{,:/

PP
Vex 4 Dl Chemugal Adaelicy  podl  Hakesplace  TThuws
toe  proess |, xcétaudu( Ao /)%[Cﬁ_a c{%oc-«s«fwn .

% A ppfi licr

m:r) L(afZ%ji‘/}fD
— Higae € [Z{,‘Uuu‘u
“Drconall e Q,,\g,,_j
T Pl C»:vdv,‘j

@iﬂu‘”ﬁ aQ Fsacly

T —— e

T CP0S, NMGS, P -

X Fbvadio, |
@) SM’!‘Q’ 4 J\c,—\fmq;t; 2
- N‘\Adﬁ[un_a‘

—— T — — — —

Hl’gh-velocily
metal vapor




7 * I'\\
’:\/
n | /
OS A4 f’:ﬁ ] .

: ‘ g
The tve (ong g Yhe mubal oo 4o mest a/:}70i7 V
gm Cares  Lombad Ha Sugae g o Sarget at Sk

Canxsd e  medal

wone 1o wapesale . | |
; Z Cina S fe L
in W L‘% b:‘) k/zLa/) A '_& (_(ZLL /5(.\_6;—{ f ACL-QJ (5 OL
od b deppiind o condinsabion.

bc-mMn@ rond

..‘S'pa.j‘fe;u/ka d-gwrza{g o (0 Ui gﬁpmbmdwlj 1ong @Qﬂéﬂﬁ&- o @ P ALESUAC -

auchem 2F inudinte & fons
Vacuum @m,m%d@‘@-

Gorlyn ot

pai

~~—=Vacuum chamber

Substrate holder

Vapor atoms —. §. Substrate

Resistance heater ——

Scurce

Scurce contamner

g

.
Electric power
for healing ,

Vacuum pumping

Y system
Ty mgﬁ/\!a@ ¢ be ,‘ﬁ/va/)mq([;d ) bood o wo
p | | ; Ny 2,2 280 .0
evotualad Chambes Sol%aﬁ ot alfatne & %
A/ a’
e : [ Qﬂxﬂ gipace jﬂOkyz_
ch, ralivad  7TAGuense
_ thy Vapos & S

4 Fha Bubsirote.
prckind My

B Avwste
= qaﬁ)'(ﬁﬂ &Wﬁlﬁof) F\&@-j

- brd  Au 0 W | ‘
A{Lt: Ao alsd uauu‘bu and Can Lo el oo Cetible And
w1/l 74 ’

Wug‘». ?M’Lt‘[y 2

z/@ooss .
NONA A damzet 4o G | wonfii
) @ Depasf#ol '3«'/»7’75 %_&@ugﬂy vesy Pure -

p tound O SHm [,
vy

6 A0l L Ahumal E»VQ/’OV"J:’“"’ St

Ady




ﬁ‘% Yf i F D /] d u&n}'fzj £0 ck;Lc/ _’b' S ad verm s ér‘j(.g

.‘? - - . p
A(Jl vantd 984

X o U

= PvD Lmuﬂmjs av  haaden and  Cososior sigisfant
Yhan eindm‘p(mﬂ_. ;nj Coaf m_a 3
— P VD (o 04("”\5*' lr’\QNl Ll,(ji'q ,‘21 mPtﬂ,‘iC&d‘kU %C/ 8«?‘0 (J

(‘Wd" /5"/\(?_1\81;[, ) Q’iC.QLP_I'n’ Q_07‘\'MCW) /’LQQ.W 41‘;«'1 {g {L'cj
fag Ao dusabd,

-2 Mow  envizonma nol {rJU‘n_nch:j (Jmmrs

Disaslva ,dtg\%cf)
Pvp needs Lu'affa qui%qﬂ (ost .
' A0l g Cacd'/'r\f} cﬁaposjﬂao L Uﬁwutj Guily Alees.
y (o0 C‘V\C) ’Sa/‘i»‘ems g miw/-\n_d .
7 Most t‘j Luag QLW\.P esglusl Soqd Vacuym Contasd

noeds  Skill oad  exprsien .

foplicalein - |
> /-}e,«aquu '
> Auts ot e .

2 Dc’u Snd ”Y\ouiotv dﬁ all moenngs Ox m@nm'a_,a




ETctinG ProcsS
Ctbing © ou @ la  most
R TIZY: (*)(a,.éuicaﬁtbé.

- Vb Povslege He Amovad %
AL a0 .‘Z’y I")Ag,{;‘cgﬂ o1 (Ao nural g Al .

pppportant  PAOEIIE

o
T

&/‘u_ [j . OI’I‘Q_SJ A_f;cr’
ralp [~

byt Chehing G Badifiondly ‘o Procst B 70 lid
~<Stao . g Uflp}ﬁﬁcc
WD 0r puordant Ao b 02

PGLRLZ) g a rvigfal /St/xiq[ﬂ o 1 Q&Lﬁ.ﬁl a (fis';@ﬂ oo
WUsed oy Yy melss ["ﬂu‘Se,a/ = mosic on AL

P 7 4
bl A cub 03523 TR

Aty
%) 9 an @&C}\Aﬂj Q?Mf.

— Qédu'mj buot«eiﬁy Aomores  The  (opper  oxeas eI L

= Ctchy ‘“\“) v sadd Shape.  Fae ﬁwn’m_(f_{? o3

%
Mube omponenls . Me s and rm'cwsagém,g.
— wxd e

LSW"‘\GCJ»SM& pCQWIQrLOnlL G)ajﬁp,wm A e Lﬁ{l&a’

at
e /saﬂﬂfmd; S bg ngo*fodh‘L\oijﬁapo].
¥ (ommo ‘ﬁﬁ LD

1. CA!_MJ'C_Q\L {,{({,\4‘1\9 CL\}G_," QECI\.!“‘\O)-
2. Pkaxﬂca_ﬁ & {¢ lum‘j CD”f[ 6}615}\5 o 'P(th dd‘;‘;j)




o

-

. (8]
1 Chumical, ek (ud Echng)

6){ "'OVUlMJo Ubol‘fb g[)(ud-t 0:0.5 U’ﬂ.‘,h A.fﬂitdod
Chomicals o dissatwg  HSabyiaalisy
—D PA _(DI’ICA(_Q—_J ﬂ&i\od(uﬂu'ﬂ ( H r') A0 (U.& oy Y M-.J«'{(,l
t C’Jﬂ:’JJUrV‘ﬂ gf'oz ) Si_ﬁ, ’\/;’ Orid Wa(‘(’/ﬂfﬂé’/f”ﬂfd("ﬂﬂ ’/l;"'lv'vfﬁ,

potssium Pesoxid, [ kot) & woed o el Il
Silicern ASulrg) 6l

—> Rqﬂ‘( . d(tu‘k(kj \/"Hy (;Lﬂ,u('nc,{fn? Ory 'H’»{_
O - swbstaat, maleainly fo be olcbiod

@C@"(Qntﬁq:(rm 0y Yhe chomital, Avaclanly o, e Sof,
@ c—(emPuaduw A e

rg O(LL Lt]ﬂ:’) .
2 o %‘/\‘u 2 &écfuﬁnﬁ. aveay (abl, '(fog

(H«c. 8{ on@,ﬁ,ﬁ{ V@, M ELS
O D3o{ Ay

P lhing S O iy 4 Pretest by
Fhe Ltﬂ’“ha 0 Aubstaaly ~akts (P(c.ca. (tVu;\‘/(:(M[
all

( -’r—.
J 4
GQ"}‘\B cﬂl‘Cr) Glﬂ (f L«.c ./S‘LWL({ A a (?_g .

Shapins

(s m o mu\.(;;

@ Aﬁ’lfSDf& OPI'( QL{ [N-'w:j :
\_

G)f 'V) A P&O(j £3 “:r)
¢ brcly %‘(«Q ol l’\l'V\.:) 2 Linlbsiie ,Q—{ H\C{Qe &iq L fs éicgpqu 4

af EF““Q% Aaleg o P’IQJUV%LA Aised ieng,

Figure 9.1 | Vet £1CNiNg of subsirales.

Etchant Etcham
Protective
resist \
;_..é SR S - — |
! Substrate ! [
{ — L F h'hwln\vlwlr.nh i
)
{1 Subsrate in wel ctohing

| I
—_—
thi Pt Lot e




l H
waﬁki"fj! “The  (hamdcal Solulisn  wad o HIFAL“?} q{/
4 o 2.0 STy
adlack T panks 05 G dubstinls fha. C
md (RO MIGLEL. »,
proluled Q{j fus  mank: “lhe maok ubed

. . ' /@L&j?i }Aa {q, -

Hf Sc.(t\ﬁio;a. et e
' 7 vyl
Mﬂ cle ﬂu”ﬂj ) Q_fwt/ 'Lp a‘l)pbj ) Ow?d Lt
- . R . i _}r . (_d,,_; &
MENPLDIE ‘e%f-upnlﬂ_uf‘ And JC‘(J (. (1\'/ ém g } e

Ot »  abe @ daotin clehing procar Hen 1 olay/

eleha .

Ady

— fast etch maly

— d‘{f»f)e,& Cost .

— 3@061 etch  wsugesmul . Aliess Lol ey .
—= Hig edch /;\frvhd-'w@ ‘

— PRetsss  oCius At G\ﬁhw‘{f)hm{c LWt ADH sk -

Dis adv

— Yecphopc etk e

—2 No  (ntaol Jot  predisien d‘ciﬁsﬂj‘
7 Pecs qually g wfched  Sogcs

ond  Gloes Padbyg o8 Yo Aoludions .
A avatlalbile

OQ.U—L {b ,Q;&%LG.J

’,&Cﬁ Aorre

S— g

voet Lfclu‘na
Ailitom  nudards.

—2 Neo  eddective

| Aubsiack, — AButh A0

M‘”ﬂ 74 lna etching * < py 5\:'@6 eresgy Claima Cﬂf\_/‘u‘r\fmé
8/’\4 molecules | pree elednors  omd tong  Aombasds. e Sdsdse
B o dwget  Substaale dnd ok ay e Sebshale
mabenal  goom i Bwace . O falses phee at  Augh

Via cugym.

i
i

e ]



@

Q

e

2. PLE'L«‘:M& (;,{(‘MVLS 05 Di& E{(Lunf)

-y

~ Plas : |
| ‘ L“L g T-"¥ Q}C,ﬂu h\} V) A {rdfrv’i) Ay {J(_ﬂj L 4= P-QLOC.L‘;@: r
Y ‘ WJUJ' {'b d“ bsie 2l ’“’)tt ‘a‘. alzd (sl i ;'(_:5

-

{ovbeua a hgh-tpad  Sincan o gt doce

(plasms) @) an 4
“/)Pxo/)’u’q (z Aag P R e '
¥4 (j, ‘4 L L/LLLQ_ ﬁ.run_s S’I—lg{(

ﬂ'lﬂ i e
T iﬂ&'n’\q_
(n . .
/) ad  dos  ekch g 1 A4 Almesn P
Pafn‘"“v\r. - thas Ca
Ssoey’ :
CM aL @' ’ID 'Oy oy A L lrsfantca En b
A . )
3’“‘ ho C% Qﬁc Mo g
£ . ‘ 5 ,f,j{"tuw_._(cc{ Ly nhnwwe Gp ﬂL el ),
. - UC-”“"'t 'J 7] !
30\ 6¢' Q_LP (_,ﬁ 1 G C,é-\g_i‘_g'}/(_ i m ,QLE/ ﬂ? F /SC(L;\‘ o
— ? lesmes ase "“‘Ltﬂ %,: VLLR_Q_QCJ NN CD(,L'}-’{P a_g sA A g
Mv‘l'&onm@ at Voacud m. :

~ e fe mabiaag Aemov<t 5 by 100 bunash.,

Plasmza

Gas molecules

wmk'n . ; ' : : o A
cula g ) :ffu,c, elec L—‘U‘"‘-& Sdd \?ﬁ.x ' ya Gas Ay M
- "o bl g S i
. Vel
(}.R({a‘u 0% r‘(‘kl_ \I.a ’L(* /S(,\GJH'\QG:’C o C?‘{ k"!OU +L\Q
. - vooy
Substtaly afevad Jrom & Teafe(e . O)f

‘&,H A’OH V“Ca - ’;dl Zﬂ,c.) W (T’(_g_




£ e produdf®? rodz
2 6y @xw N 4

L~e
bkl mebls €7
s VU\j tf\éx‘idt Grd

1/«—1\ ]
: )
D Sl CRetics fapn e mach/ned é

' éuét
: ) Racy VI ot
2> Adomalid essily - Accred] il (S e
C\c_cu_'mrc_ L el can eaSily
J ‘S:b'KSIfYULﬂU\. NLKQL*’“
’D-\Sc\dv.'

‘\__

ﬁl‘l;” s ﬁy oL "7/ .

ood A< menye "

—

s wnihal oyt o Vuy ke,

B ot v Un€ionp 'l

" {y, £~
#’0(— /gja/a% Cﬁ rhed
M Al aned .

'_S'K_Lﬁ_ﬂ‘ 5% Cnnumphien o, K'(‘J[)

MickoMACHININ G

—_———

0&, C Mt manc c%wu'ﬂ@)
- “Tha 'Mm}? ey

taed g Precdluce MEMS

P&C‘cﬂu[é} /SRC‘,A 2,0 DU\ S rpele ,ﬁf[f_(bﬁ@m&t S

A
é Cld"@‘jl" 184 LIV Ca Cfc_a/

X C;}‘O W’ZQC/V ey »QD .
I

B '_llu_&g ARy, 3 a&

M@CW

T

(0 By muoﬂmq%{qdwyﬁ They  one  Fa Proc ey
(20 &% Ce 1) 4,:060( b el hl"qc’s”wc/c
Mers ooy,
C@ Llap Procosq “
— “Thouy Qe oy ‘Pﬁoap:-«'mﬂaﬂfq‘ WU‘U\D"YLQ(’_A:;\JL\@ »&clu'ﬂ,\
%ﬁ Aawé ,buo

Aowe loped ., 8¢ cemg-

livivg Apanse |, e

G‘Le_‘u_s ; éﬁac.i

Gy populas Uiy

Ctu'( (, 'yb d e

L) e
. e =




WRRSRmEREEEI <

» .4 | Wel etching of sut : :
figure 9 g Dsirates, G
/ : e
Echant Etchant
Protective
; Tesist o
/ \\
/ \
» "
. —— "
.
) , annm ﬁ
\ Substeate - R S —
1 : Ftched substrate :)
() Subsitale nwet ewching (b Partiall ciched substrate

@g?f’wa)f'c, Arndd A-NBOonp?'c o fch ns

Sl elohing crystal plate

Ercl mEsA \

Anisotropic  Isotropic. |

~ o Kopic Oétkmé v ﬁw&@y dosinalile. o  HUbomarnsfich
e tanae (acts & tonlant 3 e  Paushed 6\.'Dmf,@g ey Yo
ceosz«/o':e ce .

- MoSt- Lulbsicals; rrofessds Aasg Hot (Kv'prr"c: s thews
ne  Slauchae o & Silor how a  AAmonol Cuber

C)ﬁskﬁﬁf
&851«} Bl tuctusy . Thent fose  Gome P o Ve e
Asg AlAonges oOmd Mo Acegolant  h dCﬂu‘nD (0ar oy,

J
~ Sliwrn hao 3 ovendalesn  plangg ’mwlly { loo> <l
s

ag?= <({|>. Twg mMmost tOrmmen oot alone  toad —
Ml Tp  eodugtiy  asl e <tood Edd <111 Mientation




[ - ‘
: N Gy @ /1 D;f

i@) GoLis  MICKoMONUEALCT U

'rj “he L
T - 5U~U¢ Y AC g s d act wu’nj 7 MIJC{LLJ woed !

prodacticn o pitpsensptt amd aceclenomdtes

. o, w1 VS
Utﬁ 1 S (IE Y fnqcﬂ-:ru ne

&L{_,{- A

|

j v &(( /s Y Inprmran 3 (A5,
| t

|

(g 124 iy )

q"«i Ao VfL@: 3 nm& At LJ 8 "('f' OrD (/4-‘2
R

|

, Mﬂfj "(Sl,ﬂ;ka\n Lﬂ‘\(,,L%x '[@ Q'ro( L C{A.e & ‘W(Md >
QWL" ’ A

3t -Ey (\% He U35 S A (Ftise s

- O)(. '7;05'0[&{,0 ('Shgxpu'\o 05 MiLe
“Si3n Lrefereo n

il Comporans % e

Luph 01 My rcl g made oy Aoush m_,’,ﬁw,;,j
Ao Ailiteyn iy L ] ‘ ' '
g p WCLLLEI hJCQ_a
lecno. 50 A"“g Wﬁno f
- vead | i
\ plﬁs Cs &1 CAonury) /{uﬂw%mu 2Lt ﬁ’:/ Obuj o5 coek
Hhing Ay e, o
w C'GO /gff. :Z}m

MY pracdieal Aolutieny,  Rulrstaalsy

" Ry

Lichinpts
77 wod  an dbulk b WP
w . Iman (,c: L?[C-\_\_/yvﬁ
CD €'€Cﬂu'n g > <uﬂzu Csenfabion oot ndlond fSO?’fSQ(J’C
oy 71

C-‘d(‘fDC n.cdl'n. s Qo Yo £ (

" Ovesvieus




g

oserdabions | <14 L becanpa , o Thin Ouendas

, (oG i
JM FQJL ,@L{qkp Gr. C/ZLQ Ve g oS Cdg_q at ":/ Ylq I vy *f!(rb,
othes suentali,, o

Figure 9.2 | The three principal planes in silicon crystal.
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