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An Introduction to MEMS

Micro-optoelectromechanical systems (MOEMS) is also a subset of MST and together with
MEMS forms the specialized technology fields using miniaturized combinations of optics,
clectronics and mechanics. Both their microsystems incorporate the use of microelectronics
batch processing techniques for their design and fabrication. There are considerable overlaps
between fields in terms of their integrating technology and their applications and hence it is
extremely difficult to categorise MEMS devices in terms of sensing domain and/or their
subset of MST. The real difference between MEMS and MST is that MEMS tends to use
semiconductor processes to create a mechanical part. In contrast, the deposition of a material
on silicon for example, does not constitute MEMS but is an application of MST.

Transducer

A transducer is a device that transforms one form of signal or energy into another form. The
term transducer can therefore be used to include both sensors and actuators and is the most
generic and widely used term in MEMS.

Sensor
A sensor is a device that measures information from a surrounding environment and provides

an electrical output signal in response to the parameter it measured. Over the years, this
information (or phenomenon) has been categorized in terms of the type of energy domains but
MEMS devices generally overlap several domains or do not even belong in any one category.

These energy domains include:

« Mechanical - force, pressure, velocity, acceleration, position

e Thermal - temperature, entropy, heat, heat flow

e Chemical - concentration, composition, reaction rate

» Radiant - electromagnetic wave intensity, phase, wavelength, polarization
reflectance, refractive index, transmittance

o Magnetic - field intensity, flux density, magnetic moment, permeability

o Electrical - voltage, current, charge, resistance, capacitance, polarization [4,5,6,7]

Actuator
An actuator is a device that converts an electrical signal into an action. It can create a force to
manipulate itself, other mechanical devices, or the surrounding environment to perform some

useful function.

2.3 History

The history of MEMS is useful to illustrate its diversity, challenges and applications. The
following list summarizes some of the key MEMS milestones [8].

1950’s
1958 Silicon strain gauges commercially available
1959 “There’s Plenty of Room at the Bottom” — Richard Feynman gives a milestone
resentation at California Institute of Technology. He issues a public challenge b%
offering $1000 to the first person to create an electrical motor smaller than 1/64

of an inch.

Prime Faraday Technology Watch — January 2002 4
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B Sensors transform a physical input into an e/ectricalutput.
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] Disposable blood Pressure sensors (17 millions uni
B Intrauterine Pressure sensor (1 millions units per

r);

B Infusion PUMp pressure sensor (200 000 units per ear);

B Catheter type pressure sensors: :
® Lungs capacity meters: '
B Kidney dialysis €quipment;

® Human care Support systems. ..
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Specworld.in
jntuworldupdates.org




Smartzworld.com

B Safety devices: B Vehicle diagnostics and

- Airbag deployment, health monitoring:

- Antilock braking systems - Engine oil pressure,
(position sensors), - Tire pressure,

- Suspension systems (displacement, - Brake oil pressure,
position and pressure sensors), - Transmission fluid,

- Object avoidance (pressure and - Fuel pressure.
displacement sensors),

- Navigation (gyroscope). B Comfort:

Seat control,
Air quality and flow,

- Englne and power train:

Manifold control with pressure - Air temperature and humidity,
Sensors, - Satellite navigation.
- Airflow control,

- Exhaust gas analysis and control,

- Fuel pump pressure and fuel
injection control,

- Transmission force and pressure
control.

15-June-2009 _ -:::__3;35.; MultiMEMS <
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Some Tools

» Device design:
Cadence, LEdit, Spice,

o Process design:
TSuprem (fabrication Cross-

section)
IntelliSuite, AnisE (bulk silicon

etching)

e Analysis:
FEM systems, analytic tools,
MEMCAD, IntelliSuite, ANSYSE ]

ot
with completed mesh e

Tayas Christian University Department of Engineering

Why Use Silicon?

« Take advantage of extensive experience from IC
production

Readily available in very pure form ("nine nines”)
Material properties are very well known

Can integrate electronics e

Exceptional properties:

» Very strong
Yield strength 7 10° N/m?2 vs. steel 4.2 10° N/m?2

» Relatively light
Density 2.3 g/cm? vs. steel 7.9 g/cm?

» Semiconductor
Resistivity 0.5 mQ-cm (doped) to 230 kQ-cm (intrinsic)

Taxas Christian Univarsity Department of Engineering Ed Kolesar
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Some Tools

» Device design:

|
[

Cadence, LEdt, Spice, MATLAB, ...

é .
TSuprem (fabrication cross- <
section) =
IntelliSuite, AnisE (bulk silicon js
etching)

il i

Why Use Silicon?

Take advantage of extensive experience from IC
production

Readily available in very pure form (“nine nines”)
» Material properties are very well known
Can integrate electronics

Exceptional properties:
> Very strong
Yield strength 7 10° N/m2 vs. steel 4.2 109 N/m?
> Relatively light
Density 2.3 g/cm? vs. steel 7.9 g/cm3
> Semiconductor
Resistivity 0.5 mQ-cm (doped) to 230 kQ-cm (intrinsic)

Texas Christian Univarsity Department of Enginearing Ed Kolesar
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How do we do MEMS?

Taxas Christian University Department of Engineefing Ed Molesar

MEMS Design Methodology

e Currently driven by fabrication limitations
and processing constraints

« Various specialized CAD tools emerging

Comparison with IC Industry:
 No single standard MEMS process

o No higher-level functional design tools yet
(except for very limited applications)

Tokas Chetiug Unbeseay = - .. DaparimentofEng ineanng Ed kKolessr
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1939
1948
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1958
1959
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1965

1967
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1979

1982
1983
1985
1986
1988

1992
1993
1994

1999

Taxas Christian University Department of Engrneenng Ed Molaggr

Texas Christian Liniversity Department of Engineering Ed Kolesar
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History of MEMS

PN-junction semiconductor (W. Schottky)
Transistor (J. Bardeen, W.H. Brattain, W. Shockley)
Piezoresistive effect in semiconductors (C.S. Smith)
First integrated circuit (IC) (3.S. Kilby)

“There’s Plenty of Room at the Bottom” (R. Feynman)

Silicon integrated piezo actuators (O.N. Tufte, P.W.
Chapman and D. Long)

Surface micromachined FET accelerometer (H.C.
Nathanson, R.A. Wickstrom)

Anisotropic deep silicon etching (H.A. Waggener et al.)
Silicon electrostatic accelerometer (Stanford)

Integrated gas chromatograph (S.C. Terry, 1.H. Jerman
and J.B. Angell)

History of MEMS

“Silicon as a Mechanical Material” (K. Petersen)

Integrated pressure sensor (Honeywell)

LIGA (W. Ehrfeld et al.)

Silicon wafer bonding (M. Shimbo) :

Batch fabricated pressure sensors via wafer bonding (Nova
Sensor)

Bulk micromachining (SCREAM process, Cornell)

Digital mirror display (Texas Instruments)

Commercial surface micromachined accelerometer (Analog
Devices)

Optical network switch (Lucent)

[Gerlach, Détzel 1997]
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/ Axial Stress And Strain
Stress: force applied to surface 61‘ %

o=F/A
measured in N/m? or Pa
compressive or tensile

Strain: ratio of deformation to length

e=4l/1
measured in %, ppm, Or microstrain

% i ! Young’s Modulus:
E = o/e
—>  Hooke's Law:
K=F/Al=EA/

Shear Stress And Strain

Shear Stress: force applied parallel to surface
7=F/A
measured in N/m?2 or Pa

Shear Strain: ratio of deformation to length
! y=4l/1
{

Shear Modulus:
G=1t/y

Departmant of Enginesring
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Stress: force applied to surface

Axial Stress And Strain

0'T Si

o=F/A
measured in N/m? or Pa
compressive or tensile
Strain: ratio of deformation to length
e=Al/l = =
measured in %, ppm, OF microstrain £
Young'’s Modulus:
E= o'e
Hooke's Law:
K =F/Al=EA/
Shear Stress: force applied parallel to surface
r=F/A
measured in N/m? or Pa

Shear Strain: ratio of deformation to length
y=A4l/l

WMW

jntuworldupdates.org

Shear Modulus:
G=1/Yy
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What are MEMS?

= Now, many “MEMS” have no
| “E” Or “MH
| * Static microfluidic structures
* But often are multi-domain
* Electro>other domain is very

Liquid inlet

popular Hlectric connedt Nozzle valve
» e.g., Electro> Thermal-=Fluidic
actuation St T |
» Microbubble | _ .f[T257
E |
pumps 24
& r
z 3f
> 1] ®)
PP P Images by MIT OpenCourseWare.
0 100 200 300 400 500 4 e
Image by MIT OpenCourseWare. L Feiho oueucy (Hz) J Llwel Lln (UCB)

Cite as: Joel Voldman, course materials for 6.7771 / 2.372] Design and Fabrication of Microelectromechanical Devices, Spring 2007. MIT
OpenCourseWare (http://ocw.mit. edu/), Massachusetts Institute of Technology. Downloaded on [DD Month YYYY].

JV. 2.3724/6.777J Spring 2007, Lecture 1 -
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cuit elements

Equivalent cir
General Electrical Mechanical Fluidic Thermal
Effort (e) Voltage, V Force, F Pressure, P Temp. diff., AT
Flow (f) Current, | Velocity, Vv Vol. flow rate, Q Heat flow,
Displacement (a) Charge, Q Displacement, X Volume, V Heat, Q
Momentum (p) - Momentum, P Pressure -
Momentum, T’
Resistance Resistor, R Damper, b Fluidic Thermal
resistance, R resistance, R
Capacitance Capacitor, C Spring, K Fluid Heat capacity,
capacitance, Cc mcp
Inertance Inductor, L Mass, m Inertance, M E
Node law KCL Continuity of space Mass Heat energy
conservation conservation
Mesh law KVL Newton’s 2" law Pressure is Temperature is
relative relative
2] Design and Fabrication of Mlcroelectromechanlcal Devices, Spring 2007. MIT
{DD Month YYYY].

pownloaded on

course materials for 6.7771/ 2.3
JV: 6.7773/12.372J Spring 20

edu/), Massachusetts
07, Lecture 9 - 5

Voldman
- Institute of Technology.

Cite as:
opencourseWare (http:!focw.mit.
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An Introduction to MEMS

1. Introduction 4

This report deals with the emerging field of micro-electromechanical systems, or ‘S
MEMS is a process technology ased to create tiny integrated devices or systems that comibine
mechanical and electrical components. They are fabricated using integrated circuit (IC) Besch
processing ¥ and can range in size from a few micrometers to millimetres. These
devices (or systems) have the ability to sense, control and actuate on the micro scale, and

generate effects on the macro scale.

The interdisciplinary nature of MEMS utilizes design, engineering and manufactering
expertise from a wide and diverse range of technical areas including integrated eircuit
fabrication technology, mechanical engineering, materials science, electrical engineerng.
chemistry and chemical engineering, as well as fluid engineering, optics, instrumentation and
packaging. The complexity of MEMS is also shown in the extensive range of markets and
applications that incorporate MEMS devices. MEMS can be found in systems ranging 8cross
automotive, medical, electronic, communication and defence applications. Current MEMS
devices include accelerometers for airbag sensors, inkjet printer heads, computer disk drive
read/write heads, projection display chips, blood pressure Sensors, optical switches,
microvalves, biosensors and many other products that are all manufactured and shipped in
high commercial volumes.

MEMS has been identified as one of the most promising technologies for the 21* Century and
has the potential to revolutionize both industrial and consumer products by combining silicon-
based microelectronics with micromachining technology. Its techniques and microsystem-
based devices have the potential to dramatically affect of all of our lives and the way we live.
If semiconductor microfabrication was seen 10 be the first micromanufacturing revolution,
MEMS is the second revolution.

This report introduces the field of MEMS and is divided into four main sections. In the first
: section, the reader is introduced to MEMS, its definitions, history, current and potential
r applications, as well as the state of the MEMS market and issues concerning miniaturization.
| The second section deals with the fundamental fabrication methods of MEMS including
photolithography, bulk micromachining, surface micromachining and high-aspect-ratio
micromachining; assembly, system integration and packaging of MEMS devices is also
described here. The third section reviews the range of MEMS sensors and actuators, the
phenomena that can be sensed or acted upon with MEMS devices, and a brief description of
the basic sensing and actuation mechanisms. The final seetion illustrates the challenges
facing the MEMS industry for the commercialisation and success of MEMS.

2. Micro-electromechanical Systems (MEMS)
2.1 What is MEMS?

Micro-electromechanical systems (MEMS) is a process technology used to create tiny
integrated devices or systems that combine mechanical and electrical components. They are
fabricated using integrated circuit (IC) batch processing techniques and can range in size from
a few micrometers to millimetres. These devices (or systems) have the ability to sense,
control and actuate on the micro scale, and generate effects on the macro scale.

Prime Faraday Technology Watch — January 2002 1
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An Introduction to MEMS

MEMS, an acronym that originated in the United States, is also referred to as Microsystems

Technology (MST) in Europe and Micromachines in Japan. Regardless of terminology, the

! uniting factor of a MEMS device is in the way it is made. While the device electronics are
fabricated using ‘computer chip® IC technology, the micromechanical components are

| fabricated by sophisticated manipulations of silicon and other substrates using

’ micromachining processes. Processes such as bulk and surface micromachining, as well as
high-aspect-ratio micromachining (HARM) selectively remove parts of the silicon or add
additional structural layers to form the mechanical and electromechanical components. While
integrated circuits are designed to exploit the electrical properties of silicon, MEMS takes
advantage of either silicon’s mechanical properties or both its electrical and mechanical
properties.

In the most general form, MEMS consist of
mechanical microstructures, Microsensors,
microactuators and microelectronics, all integrated
onto the same silicon chip. This is shown
schematically in Figure 1.

Microsensors detect changes in the system’s
environment by measuring mechanical, thermal,
magnetic, chemical or electromagnetic information
or phenomena.  Microelectronics process this
. - . information and signal the microactuators to react

Figurg W . and create some form of changes to the environment.
MEMS devices are very small; their components are usually microscopic. Levers, gears,
pistons, as well as motors and even steam engines have all been fabricated by MEMS (Figure
2). However, MEMS is not just about the miniaturization of mechanical components or
making things out of silicon (in fact, the term MEMS is actually misleading as many
micromachined devices are mot mechanical in any sense). MEMS is a manufacturing
technology; a paradigm for designing and creating complex mechanical devices and systems
as well as their integrated electronics using batch fabrication techniques.

Figure 2. (a) A MEMS silicon motor together with a strand of human hair [1], and (b)
the legs of a spider mite standing on gears from a micro-engine [2 - Sandia National
Labs, SUMMIT *Technology, http:/mems.sandia.gov].

Prime Faraday Technology Watch — Janhary 2002 2

jntuworldupdates.org | S Id.i
pecworld.in




p - —__———'—'_'___-_-__—___ - —————————NSEEE
_Ef:':'_:r;: : . ——

Smartzworld.co
Smartworld.asia

An Introduction to MEMS

From a very early vision in the early 1950°s, MEMS has gradually made its W&y out of
research laboratories and into everyday products. In the mid-1990°s, MEMS cemponents
began appearing in numerous commercial products and applications including aceelerometers
used to control airbag deployment in vehicles, pressure sensors for medical applications, and
inkjet printer heads. Today, MEMS devices are also found in projection displays and for
micropositioners in data storage systems. However, the greatest potential for MEMS devices
Jies in new applications within telecommunications (optical and wireless), biomedical and
process control areas.

MEMS has several distinct advantages as a manufacturing technology. In the first place, the
interdisciplinary nature of MEMS technology and its micromachining techniques, as well as
its diversity of applications has resulted in an unprecedented range of devices and synergies
across previously unrelated fields (for example biology and microelectronics). Secondly,
MEMS with its batch fabrication techniques enables components and deviess to be
manufactured with increased performance and reliability, combined with the obvious
advantages of reduced physical size, volume, weight and cost. Thirdly, MEMS provides the
basis for the manufacture of products that cannot be made by other methods. These factors
make MEMS potentially a far more pervasive technology than integrated circuit microchips.
However, there are many challenges and technological obstacles associated with
miniaturization that need to be addressed and overcome before MEMS can realize its

overwhelming potential.

2.2 Definitions and Classifications

This section defines some of the key terminology and classifications associated with MEMS.
It is intended to help the reader and newcomers to the field of micromachining become
familiar with some of the more common terms. A more detailed glossary of terms has been

included in Appendix A.

Figure 3 illustrates the classifications of microsystems technology (MST). Although MEMS
is also referred to as MST, strictly speaking, MEMS is a process technology used to create
these tiny mechanical devices or systems, and as a result, it is a subset of MST.

Figure 3. Classifications of microsystems technology [3].

Prime Faraday Technology Watch — January 2002 3
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