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This report deals with the field of micro-electromechanical systems, or MEMS. MEMS encompass
the process-based technologies used to fabricate tiny integrated devices and/or systems that
integrate functionalities from different physical domains into one device. Such devices are
fabricated using a wide range of technologies, having in common the ability to create structures
with micro- and even nanometer accuracies. The products 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 relies on design, engineering and manufacturing expertise
from a wide and diverse range of technical areas including integrated circuit fabrication
technology, mechanical engineering, materials science, electrical engineering, chemistry and
chemical engineering, as well as fluid engineering, optics, instrumentation and packaging. The
complexity of MEMS is also seen in the extensive range of markets and applications that
incorporate such devices. MEMS can be found in systems ranging from consumer electronics,
automotive, medical, communication to defence applications. Current examples of MEMS devices
include accelerometers for airbag sensors, microphones, projection display chips, blood and tire
pressure sensors, optical switches, analytical components such as lab-on-chip, biosensors and
many other products.
This report introduces the field of MEMS and is divided into five main sections. In the first two
sections, the reader is introduced to MEMS, its definitions, history, current and potential
applications, as well as the state of the MEMS market and issues concerning miniaturisation. The
third section deals with the fabrication methods of MEMS including photolithography, bulk
micromachining, surface micromachining and high-aspect-ratio micromachining. Assembly,
system integration and packaging of MEMS devices are also described here. The fourth section
gives an overview of MEMS products. In the final section some important trends in MEMS are
discussed.
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1.0

Introduction to Micro Electro Mechanical Systems (MEMS)

This report deals with the field of micro-electromechanical systems or MEMS. MEMS encompass the process-based
technologies used to fabricate tiny integrated devices and systems that integrate functionalities from different physical domains
into one device. Such devices are fabricated using a wide range of technologies having in common the ability to create
structures with micro-scale and even nano-scale accuracies. The products range in size from a few microns to millimetres.
These devices have the ability to sense, control and actuate on the micro scale and generate effects on the macro scale.
The interdisciplinary nature of MEMS relies on design, engineering and manufacturing expertise from a wide and diverse
range of technical areas including integrated circuit fabrication technology, mechanical engineering, materials science,
electrical engineering, chemistry and chemical engineering, as well as fluid engineering, optics, instrumentation and
packaging. The complexity of MEMS is also seen in the extensive range of markets and applications that incorporate such
devices. MEMS can be found in systems ranging from consumer electronics, automotive, medical, communication to defence
applications. Current examples of MEMS devices include accelerometers for airbag sensors, microphones, projection display
chips, blood and tire pressure sensors, optical switches, analytical components such as lab-on-chip, biosensors and many
other products.
This report introduces the field of MEMS and is divided into five main sections. In the first two sections, the reader is
introduced to MEMS, its definitions, history, current and potential applications, as well as the state of the MEMS market and
issues concerning miniaturisation. The third section deals with the fabrication methods of MEMS including photolithography,
bulk micromachining, surface micromachining and high-aspect-ratio micromachining. Assembly, system integration and
packaging of MEMS devices are also described here. The fourth section gives an overview of MEMS products. In the final
section some important trends in MEMS are discussed.

1.1

What is MEMS?

MEMS, an acronym that originated in the United States, is also referred to as Micro System Technology (MST) in Europe and
Micromachining 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
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 other material properties like optical, mechanical etc. Within the
wider field of MST we also see processes like micro moulding, laser ablation etc. used to create microsystems components.

Figure 1 Multiple gear speed reduction unit
(Courtesy of Sandia National Laboratories)

Figure 2 Triple-piston micro steam engine (Courtesy
of Sandia National Laboratories)
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MEMS devices are very small; their components are usually microscopic. Pumps, valves, gears, pistons, as well as motors
and even steam engines have all been fabricated by MEMS. However, two points are worth consideration. MEMS is not just
about the miniaturisation of mechanical components or making things out of silicon (in fact, the term MEMS is actually
misleading as many micro machined devices are not mechanical in a strict sense). MEMS is a manufacturing technology; a
paradigm for designing and creating complex integrated devices and systems using batch fabrication techniques similar to the
technologies used in IC manufacturing or standard machining technologies extended in to the micro and nanometer area.
Secondly, not all miniaturized components are as yet useful or commercialised. Although micro scale gearboxes, pumps and
steam engines (see also Figure 1 and Figure 2) are fascinating to see, the practical problems associated with the operating
(wear, energy efficiency etc), and the high cost of creating them, often stands in the way of successful commercialisation.
From a very early vision in the early 1950's, MEMS has gradually made its way out of research laboratories and into everyday
products. In the mid-1990's, MEMS components began appearing in numerous commercial products and applications
including accelerometers used to control airbag deployment in vehicles, pressure sensors for medical applications, and inkjet
printer heads. Later also other products were developed like: oscillators, displays, lab on chip and microphones.
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 devices 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 as pervasive
technology as integrated circuit microchips. However, three points makes it very different: MEMS products tend to be
application specific, giving rise to a wide range of very different products. Secondly, the number of MEMS products will be
always less than that for semiconductor IC’s. A good example is the inkjet printer. The four inkjet nozzles are operated using
printed circuit boards with tens of other silicon devices. Thirdly, contrary to IC manufacturing, there is no such thing as a
standard building component like the transistor. This leads to a more diverse technology base with more development and
engineering work and therefore to a more expensive and more difficult to maintain technology.

1.2

Definition and classification

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.
Although MEMS are 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. 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 a MEMS product but is an application of MST.
Micromachining relates to the creation of small parts such as lenses, gearwheels etc. with mechanical functionality. Microopto-electro-mechanical systems (MOEMS) are also a subset of MST and, together with MEMS, form the specialized
technology fields using combinations of miniaturized optics, electronics and mechanics. Such microsystems incorporate the
use of microelectronics batch processing techniques for their design and fabrication. The class of MEMS devices operating as
actuators or sensors for biochemical processes and instrumentation is called BioMEMS.
Microfluidics refers to the collection of pumps, valves, fluidic channels, mixers and reactors having structures with dimensions
in the order of 500 μm or smaller. More specifically biochips, made from glass, silicon or polymer, facilitates the reaction with
DNA, protein or other biological reagents for the purpose of biochemical processing or to obtain information about the
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processed material. Such devices are used for scientific research, drug development, clinical and point of care diagnostics,
agriculture, food and environmental monitoring. Biochips are broadly divided in microarray chips and microfluidics chips; the
microfluidics chips are also referred to as Lab-on-Chip: A complete micro-analytical device, containing: pumps, valves,
microchannels and reactors to manipulate test samples and other reagents. Such chips also include a biosensor or an array of
biosensors as well as a read-out device.
A microarray on the other hand, fix DNA or protein on a plate to enable reactions with the reagents through which the
presence or absence of certain DNA or protein is detected, and the analysis of their characteristics becomes possible by
observing the type of reaction taking place.
In a piezo-resistive device, conductivity of the doped semiconductor is influenced by mechanical deformation. This principle
allows detection of movement in an inertial sensor or deformation in a pressure sensor. The advantages are: a good sensitivity
and a good linearity at constant temperature. The major disadvantage is its strong temperature dependence. Typically four
piezoresistors are connected into a Wheatstone bridge configuration to increase accuracy. (See Figure 3).
A capacitive pressure sensor measures a pressure by detecting an electrostatic capacitance change; at least one electrode of
the capacitor is on a moving structure. (See Figure 4). Capacitive sensors have the advantage over the piezoresistive type in
that they consume less power, but have a non-linear output signal and are more sensitive to electromagnetic interference.

Figure 3 Schematic piezoresistive pressure sensor

Figure 4 Schematic capacitive pressure sensor

Finally, a package is a construction used to protect the MEMS device and to provide interconnections and interfaces to the
outside world. For ICs the package totally encloses the device while only electrical interconnections are needed. For MEMS,
however, often fluidic or optical interconnections are required.

1.3

History

The history of MEMS is useful to illustrate its diversity, challenges and applications. The following chronology summarizes
some of the key MEMS milestones.
1950s

1958

Silicon strain gauges become commercially available.

1959

"There's plenty of room at the bottom" - Richard Feynman gives a keynote presentation at
California Institute of Technology. He issues a public challenge by offering $1000 to the first
person to create an electrical motor smaller than 1/64th of an inch.
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1960s

1970s

1980s

1961

First silicon pressure sensor demonstrated.

1967

Invention of surface micromachining. Westinghouse creates the Resonant Gate Field Effect
Transistor. Description of use of sacrificial material to free micromechanical devices from the
silicon substrate.

1970

First silicon accelerometer demonstrated.

1979

First micromachined inkjet nozzle.

Early
1980s

First experiments in surface micromachined silicon.

1982

Disposable blood pressure transducer.

1982

"Silicon as a Mechanical Material". Instrumental paper to entice the scientific community reference for material properties and etching data for silicon.

1982

LIGA Process demonstrated.

Late 1980s

Micromachining leverages microelectronics industry and widespread experimentation and
documentation increases public interest.

1988

First MEMS conference.

1990s

Novel methods of micromachining developed with an aim of improving sensors.
1992

MCNC starts the Multi-User MEMS Process (MUMPS) sponsored by Defense Advanced
Research Projects Agency (DARPA).

1992

First micromachined hinge and introduction of the Bosch DRIE process.

1993

First surface micromachined accelerometer sold (Analog Devices, ADXL50).

1994

Deep Reactive Ion Etching is patented.

1995

BioMEMS rapidly develops.

2000s

2.0

Massive industrialisation and commercialisation.
2001

Triaxis accelerometers appear on the market.

2002

First nanoimprinting tools announced.

2003

MEMS microphones for volume applications introduced.

2003

Discera start sampling MEMS oscillators.

2004

TI’s DLP chip sales rose to nearly $900 million.

2005

Analog Devices shipped its two hundred millionth MEMS-based inertial sensor.

2006

Packaged triaxis accelerometers smaller then 10 mm3 are becoming available.

2006

Dual axis MEMS gyros appear on the market.

2006

Perpetuum releases vibration energy harvester.

Applications, Markets, Industrialization

High volume MEMS can be found in a diversity of applications across multiple markets (Table 1). In the context of emerging
technologies, MEMS products were initially centred around technology-product paradigms rather than product-market
paradigms. Consequently, MEMS devices have found numerous applications across a diversity of industries. For example,
MEMS accelerometer initially found a launching application in airbag sensors, from this they were further developed to serve
other applications in the automotive sector such as Electronic Stability Program (ESP) and rollover detection. Thanks to
technological advancements, production costs went down and the sensors became affordable for consumer applications.
Parallel to this, accelerometers were introduced in high end applications such as medical pace makers.
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It is not within the scope of this report to detail all the current and potential applications within each market segment, a
selection of the most established MEMS devices is detailed instead along with the potentially most significant future
applications.

Consumer
electronics

Inertial
sensors

Optical
devices

Medical

Pedometer, game
control, image
stabilisation in
video camera’s,
hard disk
protection

Motion
tracking,
pacemaker

Microdisplays,
autofocus lenses

Micro
spectrometers
for patient self
testing/
monitoring

Microfluidic
devices

Pressure
sensors

Mobile phones,
note books,
camcorder

Hearing aids

Inkjet heads

Lab on Chip for
diagnostics
(Point of Care)
and analytics,
respirators,
insulin pump,
micro needles

Hiking altimeters,
scuba gear

Blood
pressure,
kidney dialysis,
breathing

Aerospace,
defence

Missile
guidance,
navigation, laser
range finder

IR sensors

Cabin temperature
control, crash
prevention, anti fog
systems, seat
occupancy, tire
and break
monitoring

Others

Fingerprint sensors
for authentication

Airbags, vehicle
dynamic control,
navigation
systems, active
suspension, roll
detection

Other
Seismic
exploration,
robotics,
machine
vibration
Micromirrors in
bar code
readers and
projectors

Switches and
tuneable
capacitors for
radar and
communications

Switches, relays,
resonators, efuses

Hands free
calling
Micro
dispensing, gas
and liquid
chromatography,
mass
spectrometer,
micro cooling,
micro reactors
Flight control
systems, cabin
pressure,
hydraulic
systems

Manifold Air
Pressure, Tire
Pressure
Management
Systems
Air intake of
engine, air
quality in cabin,

Test long
function,

Flow sensors

Automotive

Variable optical
attenuators,
optical switching,
tuneable filters
Tuneable
capacitors and
resonators for
mobile phones,
switches in base
stations

RF MEMS

Microphones

Communications

Thermometer,
diagnostics

Security
monitoring,

Home climate,
microwave
control, white
goods, industrial
HVAC
(Humidity,
Ventilation, Air
Conditioning)

Fingerprint
sensors for
authentication

Probecards for
electrical testing

Table 1: Examples of MEMS applications 1
2.1

Established MEMS Applications

Automotive airbag sensor
Automotive airbag sensors were one of the first commercial devices using MEMS. They are in widespread use today in the
form of a single chip containing a smart sensor, or accelerometer, which measures the rapid deceleration of a vehicle on
hitting an object. The deceleration is transmitted by a change in voltage. An electronic control unit subsequently sends a signal
to trigger and explosively fill the protective airbag.
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Initially, air bag technology used conventional mechanical “ball and tube” type devices which were relatively complex, weighed
several pounds and cost several hundred dollars. They were usually mounted in the front of the vehicle with separate
electronics near the airbag. MEMS has enabled the same function to be accomplished by integrating an accelerometer and
the electronics into a single silicon chip, resulting in a tiny device that can be housed within the steering wheel column and
costs less than a dollar. The accelerometer is essentially a capacitive or piezoresistive device consisting of a suspended
pendulum proof mass/plate assembly. As acceleration acts on the proof mass, micromachined capacitive or piezoresistive
plates sense a change in acceleration from deflection of the plates.
The airbag sensor has been pivotal to the success of MEMS and micromachining technology. With over a hundred million
devices in production and sold in the last 15 years. It is worth noting that such devices (see Figure 5 and Figure 6) are
operating within such a challenging environment as is found within a vehicle, proving the reliability of the technology. An
example of this success is witnessed in some of today's vehicles which have over 75 MEMS devices including anti-lock
braking systems, active suspension, appliance and navigation control systems, vibration monitoring, fuel sensors, noise
reduction, rollover detection, seatbelt restraint and tensioning. As a result, the automotive industry has become one of the
main drivers for the development of MEMS often leading the way for other equally or even more demanding environments.

Figure 5 Side impact sensor (Courtesy
Robert Bosch)

Figure 6 Accelerometer die with protective
cap (Courtesy Robert Bosch)

Medical pressure sensor
As in the case of the MEMS airbag sensor, the disposable blood pressure sensor has been one of the strongest MEMS
success stories to date. These sensors connect to a patient’s intravenous (IV) line and monitor the blood pressure through the
IV solution. For a fraction of their cost ($2), these devices replaced the early external blood pressure sensors that cost over
$600 and had to be sterilized and recalibrated for reuse. Such expensive devices measure blood pressure using a saline-filled
tube and diaphragm arrangement that had to be connected to an artery with a needle.
The disposable sensor consists of a silicon substrate which is etched to produce a membrane and is bonded to a substrate. A
piezoresistive layer is applied onto the membrane surface near the edges to convert the mechanical stress into an electrical
voltage. (See also Figure -3-) Pressure corresponds to the deflection of the membrane. The sensing element is mounted onto
a plastic or ceramic base with a plastic cap placed over it, designed to fit into a manufacturer's housing. A gel is used to
separate the saline solution from the sensing element.
Although prices for medical pressure sensors are continuously under pressure, growth is expected due to the increasing trend
for home diagnostics.
Inkjet printer head
Probably the most successful MEMS product up till now is the inkjet printer head, superseding even automotive and medical
pressure sensors. Inkjet printers use a series of nozzles to spray drops of ink directly on to a printing medium. Thermal inkjet
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print-heads are the most generally used type for home and small office printing equipment. The piezoelectric principle is often
used for industrial scale printing.
Invented in 1979 by Hewlett-Packard, MEMS thermal inkjet printer head technology relies on the thermal expansion of the ink
vapour. Within the printer head there is an array of tiny resistors acting as heaters. These resistors can be fired under
microprocessor control with electronic pulses of a few milliseconds (usually less than 3 microseconds). Ink flows over each
resistor, which when fired, heats up, vaporizing the ink to form a bubble.
As the bubble expands, some of the ink is pushed out of a nozzle within a nozzle plate, landing on the paper and solidifying
almost instantaneously. When the bubble collapses, a vacuum is created which pulls more ink into the print head from the
reservoir in the cartridge. It is worth noting there are no moving parts in this system (apart from the ink itself).
A piezoelectric element can also be used to force the ink through the nozzles. In this case, a piezoelectric crystal located at
the back of the ink reservoir of each nozzle receives a very small electric charge causing it to vibrate. When it vibrates inwards
it forces a tiny amount of ink out of the nozzle. As the element vibrates back out, it pulls some more ink into the reservoir to
replace the ink that was sprayed out. Epson patented this technology but it is also used by other companies.
MEMS has enabled more and more heating elements and piezoelectric crystals to be incorporated into a printer head. Early
printers had 12 nozzles with resolutions of up to 92 dpi. Today they can have up to 600 nozzles which can all fire a droplet
simultaneously enabling 1200 dpi at high speed. Epson, Lexmark, Hewlett-Packard, Olivetti, and Canon all use a form of these
MEMS in their inkjet printers. Although the inkjet market for paper printing is under pressure from alternatives such as laserprinting, new applications are emerging, such as industrial printing of electronic circuits, promising a flexible low-cost way of
producing electronic products. Another new application is for printing of biochemical materials and printing on soft substrates.
Overhead projection display
Texas Instruments (TI) began developing DLP (Digital Light Processor) MEMS products in 1987 and launched them in 1994,
reaching the milestone of the first million to be shipped in December 2001. Since then, the market has been growing at an
increasing rate: from the second million in August 2003, via the third million in April 2004 to the fifth million in December 2005.
In 2006 the milestone of 10 million shipped DLP’s was surpassed..
The DLP's micromirrors are mounted on small hinges (see Figure 7) that enable them to be tilted either toward the light source
or away from it creating a light or dark pixel on the projection surface. The 1,024 x 768 array of aluminium micro-mirrors are
fabricated over 5-transistor SRAM driver cells (See Figure 8). The individual mirrors are 12.7 µm width on a 13.7 µm pitch. The
device is packaged in a solidly built hermetic glass/metal/ceramic assembly, complete with a substantial heat slug and internal
getter strips. The MEMS devices is constructed from five layers of metal, three for the CMOS circuitry, and two for the MEMS
structure.

Figure 7 Cross section TI micromirror
(courtesy of Chipworks (c) 2007)

Figure 8 TI micromirror showing underlying
circuitry (courtesy of Chipworks (c) 2007)
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2.2

New MEMS Applications

The experience gained from these early MEMS applications has resulted in an enabling technology for new biomedical
applications (e.g. Lab on Chip) and optical or wireless communications, also referred to as respectively Micro Opto Electro
Mechanical Systems (MOEMS), and Radio Frequency MEMS (RF MEMS).
Lab-On-Chip
Biochips are biological microchips that host reactions between DNA, proteins, chemical and biological reagents on glass,
silicon or plastic plates in order to extract information.
The main advantages of Lab on Chip components include ease-of-use, speed of analysis, low sample and reagent
consumption and high reproducibility due to standardisation and automation. As is clear from the term Lab on Chip, the goal is
to place the entire process of a laboratory onto a single chip. Microfluidic systems therefore typically contain silicon
micromachined pumps, flow sensors, microchannels, microreactors and chemical sensors. (See Figure 9). They enable fast
and easy manipulation and analysis of small volumes of liquids. The ability to receive test results in a few hours or even
minutes, rather than a week or so, will make a vast difference in diagnosis and treatment, but also in the patient’s well being.
There are three main application areas for Lab on Chip: medical diagnostics, clinical diagnostics and life science research.
Lab on chip concepts have been developed and are being developed for many applications such as SARS, leukaemia, breast
cancer, dipolar disorder and a several infectious diseases (See Figure 10).
From a unit shipment standpoint, Point of Care diagnostics is the largest (potential) segment, although in terms of turnover, the
segment of life science research is larger, thanks to higher chip prices. Price of components here can run into several
hundreds of dollars, while for POC diagnostics a few dollars or less is acceptable at most. Chips for specialized clinical
diagnostics tests operate somewhere in the middle.

Figure 10 Lab on Chip (Courtesy Agilent
Technologies)

Figure 9 Microfluidic components (Courtesy
Micronit Microfluidics)

MOEMS
Optical communications has emerged as a practical means to address the network scaling issues created by the tremendous
growth in data traffic caused, in part, due to the rapid rise of the use of internet. The most significant MOEMS based products
include, variable optical attenuators, optical switching units and tuneable filters. Their small size, low cost, low power
consumption, mechanical durability, high accuracy, high switching density as well as the low cost batch processing of these
MEMS-based devices make them a perfect solution to the problems of the control and switching of optical signals in telephone
networks.
RF MEMS
RF MEMS constitute one of the fastest growing areas in commercial MEMS technology. RF MEMS are designed specifically
for use within the electronics in mobile phones and other wireless communication applications such as radar, global
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positioning satellite systems (GPS) and steerable antennae. The main advantages gained from such devices include higher
isolation and therefore less power loss and an ability to be integrated with other electronics. MEMS has enabled the
performance, reliability and function of these devices to be enhanced while driving down their size and cost at the same time.
The technology includes passive devices such as capacitors/inductors, filters and resonators (see Figure 11). But also active
devices such as switches (see Figure 12). These low-loss ultra-miniature and highly integrated RF functions can replace
classical RF elements and enable a new generation of RF devices and systems. It must be stated that in spite of considerable
effort from the industry over the last years, only a handful of companies have come close to commercialisation.

Figure 12 Schematic cross section RF
MEMS switch (Courtesy WiSpry)

Figure 11 Combdrive resonator (Courtesy
Discera)

Microphones
The first MEMS based microphones were developed in the eighties, but commercial success was difficult to achieve due to it
being a replacement product. The new devices had to compete with very well entrenched traditional products such as the
electret condenser microphone which is inexpensive ($0.50 or less) and shows a good performance in terms of frequency
response and sensitivity. However, as MEMS microphones have the advantage of better temperature resistance, they are
therefore better suited for a highly automated assembly line; in contrast to the electret condenser microphone, which have to
be soldered by hand. Other advantages include the option of integration with electronics and the ability to fabricate arrays into
one chip. The main application areas for such devices include digital cameras, mobile phones, electronic note books/pads,
hands free sets of mobile phones in cars. Clearly hearing aids is also an important application area.
The MEMS microphones are fabricated on the surface of a silicon wafer. (See Figure 13). A membrane layer is deposit on a
silicon wafer on which a spacer layer is deposited and used to separate this diaphragm from the backplate. By a combination
of bulk and surface micromachining the membrane is released, so it can vibrate freely with incoming sound. The changing
capacitance of the charged capacitor formed by the back plate and diaphragm transforms the sound signal into an electrical
signal. (See Figure 14).

Figure 13 Schematic cross section of a MEMS
microphone

Figure 14 MEMS microphone
(Courtesy Akustica)
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2.3

MEMS Markets

Automotive
Automotive has been the first mass market for MEMS products and was for a long time the main driving force for the MEMS
2
industry. According to Wicht Technology Consulting there are currently over 100 sensors in each modern, high end, car of
which about 30 % MEMS products, mainly accelerometers, gyros, inclinometers, pressure- and flowsensors (engine
management: air intake, oil and coolant pressure, particle and NOx emission). The increasing complexity of the cars, due to
demands on safety, driver and passenger comfort and environmental restrictions will cause this market to grow for the coming
years. Expected growth areas are: IR sensors for air quality, accelerometers for motor maintenance, microscanners for
displays, energy scavengers for tire pressure management etc. Due to increasing compatibility with IC production
technologies, the number of suppliers is increasing and prices are expected to decrease over the coming years.
IT Peripherals
The major products, in terms of microsystems, within the IT peripherals market are read/write heads and inkjet print heads.
Both product categories are under pressure due to alternative technologies offered: respectively by solid state memories and
laser printing. New MEMS applications in this field include microphones, accelerometers and RF MEMS products.
Telecommunication
The optical telecom market is expected to grow steadily over the coming years and MOEMS will undoubtedly play an
important role in this growth. There are currently many MOEMS based concepts and technologies which are being proposed
and tested, but adoption by the industry is slow due to their reluctance to introduce unproven technology. The surplus of
technical possibilities and the competition from wireless communication is making this market a difficult one to operate in. The
wireless market in general is becoming an interesting sector with many new functionalities on offer by RF MEMS components.
Currently, this market is also growing slowly, although MEMS resonators in particular are increasingly replacing conventional
quartz resonators.
Consumer Electronics and Life Style Products
Consumer Electronics is currently the most interesting area for suppliers of accelerometers, microphones and other MEMS
products. The increasing number of functionalities within smaller and smaller devices is behind the drive to decrease the size
of electronic components and subsystems. Apple’s I-Phone and Nintendo’s Wii console are interesting examples; both use
accelerometers for image stabilisation and gaming control. Other interesting opportunities include: microphones and zoom
lenses in mobile phones and oscillators in watches. High end mobile phones also employ inertial sensors such as
accelerometers and gyroscopes for applications such as scrolling, character recognition, gaming and image stabilization.
Medical and Life Science Applications
3
According to Frost & Sullivan there is a paradigm shift in the present healthcare model at a global level from the simple
therapeutic to a preventive and predictive model on an individual basis. One of the enablers behind this will be microfluidic
based Point of Care (PoC) instruments and other Lab on Chip (LoC) devices. The result will be more effective, personalized,
safe and cost-effective therapy, better diagnosis and treatment; and, most importantly, increased patient satisfaction.
Microfluidics and LoC technologies offer advantages such as increased sensitivity, mobility, and efficiency in assays as well as
helping to multiply the number of tests performed per day in laboratories. The advent of microfluidics will promote time and
cost savings. This will be the strongest driver for the uptake of these technologies.
The adoption of microfluidics will also significantly reduce the time and cost of producing large amounts of biological material,
which helps drug developing companies to reduce initial expenses of drug development. To this end, most of the diagnostic
companies have included microfluidics within their development roadmaps, regarding it a key enabling technology. If
microfluidics can create products with a sufficiently low cost of processing and the companies have the patience to overcome
the regulation hurdles, such devices will take their place amongst the group of large volume MEMS products.
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Other applications of MEMS in the medical fields include: accelerometers in pace makers, microphones in hearing aids, microneedles and micro pumps for medicine delivery.
Household Applications
Initially MEMS devices were considered to be too expensive for this market. Of late, as a spin off from the development
activities for consumer electronics, MEMS sensors became of increasing interest for this market sector. Pressure and
temperature sensors are the most abundantly found MEMS devices for household applications, and accelerometers for
washing machines are regarded as a growth area.
Industrial Process Control
The reliability, scalability, sensitivity, and cost-effective solutions offered by micro-electro-mechanical systems (MEMS)
technology all have the potential to provide viable sensor solutions for industrial automation. The trend toward MEMS-enabled
miniaturisation is certainly strengthened by the increasing interest in miniaturized, remotely powered, autonomous sensor
systems. The small size of MEMS devices makes them especially suitable in volume constrained applications; also, the low
energy consumption of these devices are essential for wireless monitoring. The ability to integration is a prerequisite for multisensor network applications. With regards to cost, industrial automation is less price-sensitive than the higher-volume markets
such as that of consumer electronics, but much more demanding in application support and offering total solutions. The
diversity is also higher. Applications of interest include: corrosion control, pressure and flow sensing, gas sensors,
accelerometers for vibration control and energy harvesting.
Aerospace, Defence and Homeland Security
Except for inertial sensors, and possibly, smart munitions, this area is characterized by low volumes, particularly when
compared to consumer electronics, automotive and Point of Care diagnostics. Development work for these market segments
is often undertaken in conjunction with activities for other markets. Many of the products have therefore their analogues in
other markets: pressure sensors, gyros, accelerometers, IR sensors, etc.
Sensors, in general, are used in many parts of an aircraft such as for measurement of altitude, direction of navigation, speed,
cabin pressure and temperature, fuel quantity as well as for engine and hydraulic management and control. The low cost, low
power consumption and the capability of electronic integration of MEMS sensors makes them suitable for distributed
measurement which enables more accurate maintenance and control.
Of the market segments discussed above, the IT peripheral segment is by far the largest (see next figure.) and consumer
electronics the fastest growing.

Figure 15 MST market per segment according to the NEXUS Market Analysis for MEMS and Microsystems III 2005–2009.
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2.4

Commercialisation and Industrialisation

2.4.1

Hybrid or Integration

For many MEMS products, the ability to integrate with other electronic components is a major advantage. Such a capability will
lead to increased performance due to savings in power consumption and increased performance, both associated with shorter
lengths of interconnections. This will also lead to a decrease in assembly cost.
Over the years MEMS products have been transformed from relatively simple components for special applications to complex
CMOS integrated devices for demanding, high volume, applications. Associated with the choice of a technology platform for a
specific product, is a basic question, namely: Whether to adopt a hybrid design concept (CMOS and MST structure on
separate dies), or rely on monolithic integration (CMOS and MST structures on one die)
Pro’s of the monolithic approach include:

Fewer assembly steps.

More compact designs.

Lower parasitic loads of interconnects, often leading to optimal (sub-)systems characteristics.

Mechanically more robust.

Easier to protect against electromagnetic interference.


Exploiting existing high volume capital infrastructure rather than building a specialized line.

Con’s of the monolithic approach include:

The development of the processing technology is time consuming and costly.

For volume production the wafer processing is relatively costly.

Only a few fabs offer this approach as an open access foundry service, compared with the realm of specialized open
foundries for the hybrid approach, i.e. less choice, and less opportunity for second sourcing.

Constraints on either the MEMS processing and/or the circuitry processing, often leading to less-than-optimal (sub-)
component characteristics.

Requires, in general, a larger design and simulation effort compared with the hybrid approach.
2.4.2

Quality and Standards

The MEMS industry is, in some respects, rather embryonic when compared to the more established industries of
microelectronics, semiconductors amongst others. In addition, and as emphasised above, the multi-disciplinary nature of Micro
and Nano Technologies (MNT) is specific to the characteristics of this novel technology. Furthermore, the technologies and
products are developed to address a multi-market scenario. These characteristics, particular to MNT, make it very difficult for
standards to be set and followed within this industry. This applies equally to product performance standards and to fabrication
standards. The resultant scarcity of clear standards allows operators to produce solutions (and products) which generally do
not conform to wider system requirements but dictate their own, and to slow integration, interaction and maintenance. Clearly,
organisations with influence and/or market monopoly tend to enforce their preferred solutions, which may not be optimum for
all users/buyers. Equally problematic are the small ventures, which attempt to penetrate protected markets and an established
way-of-doing-things.
The lack of fabrication standards is also a major issue worth noting. Processes used for MNT may not fall within the realm of
the well-established ones (particularly in the case of silicon processing). In addition, as MNT products are unlikely to require
full-time utilisation of the production equipment, such products will, generally, be consigned to a secondary priority relative to
the main product of a fabrication line. Also, in order to meet specific product requirements or to satisfy certain customers,
fabrication standards may not be followed, resulting in inconsistencies in quality. This situation is difficult to control, particularly
whilst MNT markets remain uncertain.
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2.4.3

Technology and Commercialisation Hurdles

If someone had asked MEMS analysts 10 years ago, what the big challenge in MEMS was, most people would had answered:
commercialisation. Although technologically promising, MEMS was difficult to sell: technology was not proven, there was no
reliable infrastructure behind it and only a few people understood the potential and were able to link the technology with a
specific application. Five years ago, the biggest issue was seen to be the industrialisation of the technology and more
specifically the packaging and integration. Having spent much time to bring the idea to the market, developing core (chip
based) technology and applications simultaneously, the package was often neglected. Laboratory prototypes were difficult to
translate to high-volume and low-cost production concepts. Both issues have been improved considerably over the years:
many MEMS devices are on the market now and both specific and generic MEMS packages are increasingly becoming
available, especially for high volume sensors for automotive and consumer electronics. Not all problems have disappeared
though, as some of the attention has been shifted to the following questions:

Is second sourcing for MEMS production feasible?

Is it time for (generic) MEMS technology roadmaps?

Does it make sense to create MEMS standards?

Can we define core reliability issues and agree on a common design methodologies?

MEMS for the automotive and consumer sectors are making use of only a few generic technologies and a limited set of
substrates. Will that also be the future for microfluidics and other applications ?
Of course those issues are interlinked and relate to two major drivers: minimizing risk in outsourcing and minimizing risk in the
development of new products and more specifically new production equipment.
2.4.4

Miniaturisation Issues

In order to successfully manufacture MEMS devices, basic physics and operating principles need to be fully understood and
appreciated at both a macro and a micro level. In essence, scaling is often not straightforward. Sometimes little advantages in
terms of performance, size/weight, reliability and cost can be gained with a MEMS device. Increased surface area (S)-tovolume (V) ratios at micro scales have both considerable advantages and disadvantages.
Some of these micro-level issues include the following:

Friction is greater than inertia. Capillary, electrostatic and atomic forces as well as stiction can be significant.

Heat dissipation improves with smaller dimensions, contrary to heat storage; consequently thermal transport properties
could be a problem or, conversely, a great benefit.

Fluidic or mass transport properties are extremely important. Tiny flow channels are prone to blockages but can
conversely regulate fluid movement.

Material properties (Young's modulus, Poisson's ratio, grain structure) and mechanical behaviour (residual stress, wear
and fatigue etc.) may be size dependent.

Integration with on-chip circuitry is complex and device/domain specific.

Miniature device packaging and testing is not straightforward. Certain MEMS sensors require environmental access as
well as protection from other external influences. Likewise, many devices are fragile or sensitive to external influences.
•
Testing is not rapid and is expensive in comparison with conventional IC devices.

Cost for the successful commercialisation of a MEMS device, needs to leverage the IC batch fabrication resource and be
mass-produced. Hence mass-market drivers must be identified to generate the high volume production.
Miniaturisation and cost are strongly related, especially for products made with waferscale technologies; Basically, the smaller
the device real estate area, the more devices one can place on a wafer, the lower the processing cost per die (assuming the
processing cost per wafer remains the same). This principle led to a continuous drive towards the miniaturisation of the MEMS
products, as is for instance seen at accelerometers. The first of such devices appeared on the market in the beginning of the
1990ties (Bosch, SensoNor and ADI). Over the following years the performance of these devices improved. This has been
accompanied by a yearly size reduction of about 40% for the packaged sensor, as is shown in Figure 16.
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Currently, more producers are on the market and they are being driven by the consumer market where the pressure to
minimize the package volume is even higher. This decrease is even more impressive when we take into account the fact that
as the first accelerometers were only single axis devices, technology evolution has now made it possible to create 2 and 3 axis
accelerometers in one process.

Figure 16 Decrease of accelerometer size over the years. (Courtesy enablingMNT)

It must be stated that reduction in size is achieved by both a reduction of the package thickness and savings on surface area
on the wafer. As an accelerometer consists of more than just a MEMS structure, the question arises on how this relates to the
sharing between the MEMS and the CMOS of the available/usable real estate on the wafer. In practice, it turns out that the
MEMS structure has shrunk over the years, although it hasn’t shrunk as much as the surrounding electronics.
2.4.5

Foundries

Products aiming at very large market segments can reach sufficient high levels of production volumes to be able to sustain
dedicated factories. In such cases, captive supply is possible, although outsourcing is still an option as can be seen for the
magnetic head markets, where non-captive suppliers operate. The cross-over point, where building a dedicated facility
becomes a realistic option, can differ significantly depending on technology complexity, numbers and market value. Also
history plays a role, where companies with experience in the production of a device and having established facilities and
equipment, will tend to achieve captive production. On the other hand, companies without a history in micro or
nanotechnology, will tend to outsource.
Even when outsourcing would be cost effective, there can still be occasions when it is better to produce in house, including:
•
when the MST/MEMS product forms the core of a system, which therefore offers a high added value (and the system
supplier can then bear the burden of the relatively ineffective production facility where the relatively high cost-price is buried
within the total system cost);
•
when the production process is very specific and transferring the micro products to a foundry may be risky or expensive;


when the OEM wishes to control the production chain for security reasons.

It must be said that (large) companies who have developed a certain product will only consider a transfer of the development
to a foundry when the technology is sufficiently matured and when there are limited or no IP related difficulties. In situations
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where the process is not very complicated an alternative to using a foundry could be to outsource to processing service
suppliers. For low volumes Design and Engineering companies offer such an option. In essence, an outsourcing strategy is
influenced by its positioning with regards to technology complexity and the product life cycle (see Figure 17).

Figure 17 Position of technical service suppliers in technology lifecycle and in product integration level

Although some of the foundries still require a wide range of diversified customers, some have been able to cross the border to
4
high volume MEMS production. However, even the most optimistic figures indicate that foundries are as yet a small part of
the total MST/MEMS market, as most of the products are (still) produced in house.

Figure 18 Top 10 MEMS foundries (Courtesy WTC)
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Although MST/MEMS foundries (see also Figure 18) model themselves on the semiconductor foundries, they are none the
less different in many respects, such as, size of foundries, standardisation and maturity of processes. There is some indication
that the market for semiconductor foundries (which is still growing fast) is slowly being spread out over more companies than
was the case in the past, when is was dominated by TSMC. To date, the semiconductor foundry market is dominated by four
companies: TSMC, UMC, Chartered and SMIC who together hold around 80% of the market. The MST/MEMS foundry market
is much more fragmented, with no market leader. Also the total volume of the markets is very different, with the semiconductor
foundry market valued at $8.7 billion, whilst the MST/MEMS foundry market is below $ 300 million. Assessing this from a
product angle, the same picture appears: over 300 billion semiconductor products are sold each year. Even the most
successful MEMS manufactures (Analog Devices (accelerometers); Motorola (pressure sensors); TI (Digital Mirrors)) have not
produced much more then a few tens of a million MEMS products.
There are a few signs that the semiconductor foundry market is to branch out into MEMS. Currently, none of the larger
foundries offer MEMS processes openly yet, although TSMC announced working on MEMS processing. As an exception and
ranking just 12th on the list of IC foundries, X-fab, offers MEMS products.
A number of organisations have, over the past few years, come to being in forms that may be considered as viable alternatives
to foundries, especially for the development phase of a product and when small quantities are only needed. The following
provides a brief overview of some of them:
MEMS Exchange (www.mems-exchange.org) co-ordinates a network of fabrication centres that allows users to draft process
sequences, performed across the USA, at several individual facilities. The service is available for commercial, academic, and
government organisations alike. The MEMS Exchange staff handles the planning, logistics, and billing. They act as an
intermediary between the fabrication service providers and the users. The fabrication service providers consist of academic
labs, commercial fabrication facilities, and government laboratories. The network elements are interconnected via the World
Wide Web and package courier services.
MEMS Exchange is at first sight an attractive route to cost effective commercialisation. It claims to have 22 production centres
and approximately 1000 process technologies ready for use. It is however more suitable for development and prototyping, as
being dependent on many loosely connected suppliers can be a risk in terms of long term reliability of supply (and maybe even
during the development phase).
MOSIS (www.mosis.org), set up to provide low barrier prototype and low volume semiconductor manufacturing, now supports
CMOS-compatible micromachining to realise micro electro mechanical systems (MEMS).
Europractice Microsystems Service (www.europractice.com) provides access to design and manufacturing of microsystems,
including feasibility studies, brokerage, consulting and other technical services for small and medium companies. It now
consists of EC funded so-called Integrated projects with a “vertical” offer from feasibility through design to manufacturing,
support actions (e.g.: Bridge project: marketing for services; Training actions and MNT Software Access) and service. In
addition other EC funded projects that are offering services in the area of MNT, have been included in the Europractice family.
2.4.6

Design Houses

Finally, due to the inherent diversity of MST/MEMS there are no “one-size-fits-all” foundry solutions, but customers needing to
outsource can find a wide range of options, ranging from high volume CMOS based suppliers to specialized low volume
players and component suppliers, in between, offering surplus capacity. The key is to find a knowledgeable partner with
enough experience and an up-to-date infrastructure. This will help ensure a cost-effective solution and a high quality
production route. Clearly, the chosen foundry should be able to ramp-up a difficult technology within a short time period.
Working together with specialist developers, such Design and Engineering (D&E) companies contribute to a good strategy to
fulfil technology and product roadmaps. In this context, the OEM can concentrate on the application development, whilst the
D&E company can concentrate on the technical development.
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D&E companies, however, should be distinguished from product developers such as Akustica, Dicera, WiSpry etc. These
companies strive to become OEMs and are therefore not interested in delivering services to other OEMs. Although both
develop technologies and products, D&E companies tend to work, primarily for others, whilst the companies mentioned above
strive to developed products to be produced and sold under their own brand name. In between are companies such as
Cavendish Kinetics, who develop process modules and designs of their own, which are to be licensed to foundries and fabless OEMs.
Many of the D&E companies can make use of existing facilities (mainly at universities) or participate in development projects,
led and/or initiated by the universities providing them with the opportunity to operate in a very cost effective manner. This is in
contrast to other start-ups such as foundries and OEMS. They need considerably more funding and that is the reason these
companies rely on venture capital investment to set up facilities (foundries) and to transfer products to a production facility
(OEMS) and, finally, to market their product offerings.
Often a university and a D&E company exist in symbioses, where the D&E company makes use of the facilities, hires people
who are trained at the university, commercialises technologies from the parent organisation and cooperates in funded
technology development programs. The universities, on the other hand, benefit from growing industrial activity in their
neighbourhood, income from the use of facilities and an extended job market for the alumni. Very often this state of symbioses
extends into a cluster, where several companies share resources and cooperate. Examples of such clusters are those at
Twente (Netherlands) and Dortmund (Germany).
The primary business of the D&E companies is in market segments where one can identify a niche based on a specialist
technology (medical/pharmaceutical, industrial, space/aeronautics etc.). The segments associated with standard technologies
and high volumes (consumer/household appliances, office equipment/computer peripherals) are of less importance to them.

3.0

Fabrication Techniques

The variety and diversity of MST/MEMS products is huge. The Nexus Market Analysis for MEMS and Microsystems III, 2005 –
2009 study1 named over 25 product groups, each containing several different products for specific applications and markets,
in total representing a $12 billion industry. Each of these product groups relies on its own, often unique, technology.
To this end, service and equipment suppliers utilise a guide that clearly demonstrates the technology roadmaps for these
products. Such roadmaps will enable the supply chain to anticipate developments and arrive at the right moment in time with
the right solution. Industry-wide roadmaps are possible when major industrial players work with commonly adopted technology
platforms. A good example of such a technology platform is CMOS technology in the semiconductor industry. Here a limited
and well known number of technology challenges are defined as key issues for the industry.
Contrary to the semiconductor industry, the MST/MEMS industry does not show such a generic technology platform that can
be shared. Still, when studied in detail, some general trends become clearer and it is possible to define, at least in general
terms, the principle technology developments that underpin MEMS fabrication.
MEMS fabrication uses high volume IC style batch processing that involves the addition or subtraction of two dimensional
layers on a substrate (usually silicon) based on photolithography and chemical etching. (see Figure 19) As a result, the 3-D
aspect of MEMS devices is due to patterning and interaction of the 2-D layers. Additional layers can be added using a variety
of thin-film deposition and bonding techniques as well as by etching through sacrificial “spacer layers”.
“Real” 3-D technologies include high-aspect-ratio micromachining (HARM), such as LIGA (a German acronym from
Lithographie, Galvanoformung, Abformung translated as lithography, electroforming and moulding, see Figure 20); but also
conventional macroscale manufacturing techniques such as injection moulding, turning, drilling etc, are all good for producing
three dimensional shapes and objects, but limited to low complexity products.
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Figure 19 General process flow planar processing

3.1

Figure 20 Schematic process
flow LIGA

Substrates

Silicon is still by far the most commonly used substrate in microelectronics and microtechnology, particularly by the
semiconductor industry. Silicon wafer area shipments total more than 5 billion square inches per year. The silicon commonly
used for substrates has a purity befitting the demand and is doped to provide the required electronic properties. The success
of silicon is based first on its excellent electronic characteristics, and also on its chemical and mechanical properties.
Likewise for MEMS the most popular substrate is silicon for several reasons:





Silicon is abundant, inexpensive, and can be processed to unparalleled purity.
Silicon’s ability to be deposited in thin films is very amenable to MEMS.
High definition and reproduction of silicon device shapes using photolithography are perfectly suited to achieve high levels
of precision and repeatability.
It allows fabrication with high quality and high volumes in efficient semiconductor facilities.

Silicon forms the same type of crystal structure as diamond (see Figure 21), and although the interatomic bonds are much
weaker, it is harder than most metals. In addition, it is surprisingly resistant to mechanical stress, having a higher elastic limit
than steel in both tension and compression. Single crystal silicon also remains strong under repeated cycles of tension and
compression. The crystalline orientation of silicon is important in the fabrication of MEMS devices because some of the
etchants used attack the crystal at different rates in different directions (see also Figure 26)
MST/MEMS designers are increasingly using SOI (Silicon on Insulator) wafers. Such wafers consist of two layers of silicon
separated by a thin silicon oxide layer. To create free-hanging silicon structures the top layer is used as a mechanical device
part and the silicon insulating layer as the underlying sacrificial layer (see also Figure 25).
Although silicon is by far the most used substrate material for MST/MEMS production, in a number of areas, especially
microfluidics and optics, glass is a good an often even better alternative. The choice in favour of glass for such applications
can be based on the following considerations:
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Price: glass is about 80 percent cheaper than silicon. This can be especially of interest for devices which need to achieve
a very low cost-price, such as for single use / disposable devices.
Optical transparency, transmission of ultra-violet, visible and infra-red light used in applications including: beam splitters,
mirrors, photolithography masks and lens blanks.
Chemical inertness, where glass is very resistant to attack from water, alkalis, acids and organic substances.
Glass is easier to align accurately for waferbonding, as there is no need for complex optical constructions to enable
alignment of the two wafers.
Surface finish and flatness of glass are unbeatable.
Electrical isolation: glass is a good electrical insulator; however the alkali ions (sodium and potassium) in the glass can
carry an electrical charge in glass especially at higher temperatures.
Mechanical: good abrasion and scratch resistance. Dependent on the surface quality, glass can withstand mechanical
and thermal shocks.
Thermal: good thermal stability.
Good biocompatibility.

Figure 21 Low crystallographic index planes of silicon

From a processing perspective, the disadvantage of using glass for standard waferfabs is the higher sensitivity to thermal and
mechanical shock. When the edges of the wafers are crack free however, this does not need to be such a problem as is often
feared. A more difficult problem lies in the automatic handling of glass based wafers by most of the production equipment.
Such equipment mainly uses optical sensors to detect the presence of a wafer. The transparency of the glass-based wafer,
however, prohibits their detection.
Although glass misses the unique silicon etching opportunities (Deep Reactive Ion Etching and anisotropic wet etching), there
are a large number of alternative structuring technologies:






isotropic wet etch,
powder blasting,
moulding,
mechanical processing like milling and drilling, and
photo-imageable glass.

For large production numbers, moulding is by far the most economically attractive fabrication technology. For smaller
numbers, the tool setup cost is often too high and powder blasting or wet etch offer more cost effective alternatives.
Mechanical processing and photo imageable glass are relatively expensive technologies and are only used for small
quantities. For large volumes wet chemical etching and powder blasting are the technologies of choice. There is a well
developed supply chain for glass processing. Many companies can process the glass wafers using some of the above listed
techniques, and an increasing number of suppliers are able to handle glass wafers in their facilities.
One of the interesting properties of glass wafers is the possibility of bonding them to silicon wafers. Often anodic bonding is
used, but low temperature bonding is making headway, while it enables the bonding of temperature and voltage sensitive
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products. Waferbonding enables waferscale packaging and the fabrication of interesting combinations of fluidic devices
created in glass combined with sensors created in silicon.
The concept of creating 3-D packages by mounting thin structured silicon (or glass) wafers on top of each other has increased
the interest in very thin silicon wafers. Thinning of silicon wafers has a long history in semiconductors to enable the creation of
thin packaged components of interest for i.e. mobile phones where space is limited. Wafer thinning is also required for
applications such as smart cards and in the production of SOI wafers. Continuous improvement of processes and equipment
has resulted in achieving wafer thicknesses as low as 50 μm in production.
Following the semiconductor industry, there is also a trend to go to larger wafers in MEMS. The main driver is cost, as is
demonstrated in Figure 22, where the cost savings for a MEMS product is given as function of the wafer size. Another driving
force is the need to use the latest IC technologies, available only on large substrates. This shift in wafersize is clearly seen in
foundries (see Figure 23).
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Figure 23 Substrates in use at MST/MEMS foundries
(Courtesy enablingMNT)

The major high volume MST/MEMS products (e.g. microphones) now entering the market are produced on 200 mm wafers.
Thinner wafers have many benefits in MEMS, for instance to reduce the cost of wafer through etch. The pay of is cost of
processing as thinner wafers are more difficult to handle. Therefore selecting the right thickness of the substrate is not just a
case of establishing which thickness is the best for the product design; it also should take into account which thickness is
easily available.

Figure 24 Wafer thickness trends and evolving standards
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The flexibility and availability for 4” substrates is high. Choices are a bit more restricted for 150 mm wafers. High volume
substrate suppliers only supply 675 μm wafers; medium and low volume suppliers are a bit more flexible, but below 380 μm
thickness , prices increase. This is also the minimum thickness many of the MEMS foundries accept. Equipment suppliers
have adapted their newest equipment to handle thinner wafers, but below 250 μm the handling becomes difficult and special
carriers are needed (see Figure 24).

3.2

Planar Technologies

The planar technologies are mostly based on semiconductor technologies like photolithography, sputtering, evaporating, Low
Pressure Chemical Vapour Deposition (LPCVD), Plasma Enhanced Chemical Vapour Deposition (PECVD), wet and dry
etching, and chemical mechanical planarisation. To those technologies some specific MEMS technologies are added like bulk
and surface machining; waferbonding; backside alignment, Deep Reactive Ion Etching (DRIE) etc. The most important
specific MEMS processes are discussed below.
3.2.1

Photolithography

Photolithography is the photographic technique to transfer copies of a master pattern, usually a circuit layout in IC applications,
onto the surface of a substrate of some material (usually a silicon wafer).
For example, the substrate is covered with a thin film of some material, usually silicon dioxide (SiO2), in the case of silicon
wafers, on which a pattern of holes will be formed. A thin layer of an organic polymer, which is sensitive to ultraviolet radiation,
is then deposited on the oxide layer; this is called a photoresist. A photomask, consisting of a glass plate (transparent) coated
with a chromium pattern (opaque), is then placed in contact with the photoresist coated surface. The wafer is exposed to the
ultraviolet radiation transferring the pattern on the mask to the photoresist which is then developed in a way very similar to the
process used for developing photographic films. The radiation causes a chemical reaction in the exposed areas of the
photoresist of which there are two types; positive and negative. (See also Figure 19 and Figure 20).
Positive photoresist is weakened by UV radiation whereas negative photoresist is strengthened. On developing, the rinsing
solution removes either the exposed areas or the unexposed areas of photoresist leaving a pattern of bare and photoresistcoated oxides on the wafer surface. The resulting photoresist pattern is either the positive or negative image of the original
pattern of the photomask.
A special chemical is used to attack and remove the uncovered oxide from the exposed areas of the photoresist. The
remaining photoresist is subsequently removed, leaving a pattern of oxide on the silicon surface. The final oxide pattern is
either a positive or negative copy of the photomask pattern and can serve as a mask in subsequent processing steps.
Besides those standard resists, there are three kinds of special resists used for MST/MEMS:
•
Thick resist, used when high aspect ratio electroplated material is required (LIGA or HARMST processing).
•
Nano-imprint resist. Nanoimprinting uses pressure to structure the resist instead of or in addition to (UV) light.

Electro-deposition resist, used for wafers featuring a large topography.
Lately there has been an increasing interest for technologies enabling deposition of resist without the need for alignment and
developing. The reason is not so much the potential savings on processing and material cost, nor even the savings on process
time, but the fact that those technologies can deposited resist on some areas, without damaging other areas containing
sensitive parts as in the case of biosensors or freehanging structures.
Front to back alignment
In many cases MEMS devices are fabricated by processing two sides of a wafer. For instance a pressure sensor is made by
defining the sensing element on the front side and the membrane is formed by etching from the back. This needs careful
alignment of the structures on the back to the structures on the front during lithography. Equipment for front to back alignment,
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pioneered by companies like Suss and EVG, has been on the market for a long time. The fact that this technology originally
could only be used on contact aligners was a barrier to the implementation in modern IC factories. The introduction of adapted
steppers with this technology by Ultratech and ASML, helped to remove this barrier.
3.2.2

Etching

In bulk and surface micromachining silicon etching is an important step. Not only for creating the base structures like trenches
and cavities, but also for the final release of the membranes, cantilevers or free hanging masses in surface micromachining.
This final release etching or sacrificial etching involves the undercutting by etching of a structure. The two processes are
shown in the next picture:

Figure 25 SOI wafers: etching of trenches to define free hanging structures (a) followed by release etch (b))

Wet etching
Wet etching describes the removal of material through the immersion of a material (typically a silicon wafer) in a liquid bath of
a chemical etchant. These etchants can be isotropic or anisotropic. Isotropic etchants etch the material at the same rate in all
directions, and consequently remove material under the etch masks at the same rate as they etch through the material; this is
known as undercutting (Figure 26a and b). Etch rates can slow down and in some cases (for example, in deep and narrow
channels) they can stop due to diffusion limiting factors. However, this effect can be minimized by agitation of the etchant,
resulting in structures with near perfect and rounded surfaces (Figure 26b-).
Isotropic etchants are limited by the geometry of the structure to be etched. Anisotropic etchants etch faster in a preferred
direction. Potassium hydroxide (KOH) is the most common anisotropic etchant as it is relatively safe to use. Structures formed
in the substrate by using this etchant are dependent on the crystal orientation of the substrate or wafer. They progress rapidly

Figure 26 Isotropic etching with (a) and without (b) agitation, and anisotropic etching wet etching of (100) and (110) silicon (c
and d)
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Figure 27 Structures in Silicon formed by anisotropic etching (Courtesy Aquamarijn)

in the crystal direction perpendicular to the (110) plane and less rapidly in the direction perpendicular to the (100) plane. The
direction perpendicular to the (111) plane etches very slowly if at all. Silicon wafers, originally cut from a large ingot of silicon
grown from single seed silicon, are cut according to the crystallographic plane. Therefore complex three dimensional
structures can be created. (See Figure 26c,d and Figure 27)
Dopant levels within the substrate can affect the etch rate by KOH, and if levels are high enough, can effectively stop it. Boron
is one such dopant and is implanted into the silicon by a diffusion process. This can be used to selectively etch regions in the
silicon leaving doped areas unaffected, for instance to control the thickness of a silicon membrane.
Dry Etching
Dry etching relies on vapour phase or plasma-based methods of etching using suitably reactive gases or vapours usually at
high temperatures. The two most common special dry MEMS etches are xenon difluoride (XeF2) etching. It is an isotropic
silicon etch process and has a strong selectivity for silicon above Al, SiO2, Si3N4 and photoresist. The typical etch rates are 1
to 3 μm/min and it is commonly used for release etch. The other is Reactive Ion Etching (RIE) which utilizes additional energy
in the form of radio frequency (RF) power to drive the chemical reaction. Energetic ions are accelerated towards the material
to be etched supplying the additional energy needed for the reaction; as a result the etching can occur at much lower
temperatures (typically 150º - 250ºC, sometimes room temperature or even lower) than those usually needed (above 500ºC).
RIE is not limited by the crystal planes in the silicon, and as a result, deep trenches and pits, or arbitrary shapes with vertical
walls can be etched. The MEMS process Deep Reactive Ion Etching (DRIE) is a much higher-aspect-ratio etching method. It
involves an alternating process of high-density plasma etching (as in RIE) and protective polymer deposition to achieve
greater aspect ratios.
Etch rates depend on time, concentration, temperature and material to be etched. Maintaining a high level of performance in
all these areas simultaneously is often a balancing act. Companies are doing 20:1 aspect ratios in production, research
facilities have demonstrated 50:1 ratios. Selectivity to photoresist or oxides in excess of 100:1 is possible. Etch rates are
routinely 20 µm/min and as high as 40 µm/min. With very high etch rates, surface roughness increases and, with a large
etched silicon area, the inhomogeneity of the etch depth will increase.
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The main motivations to use DRIE are:

accuracy of processing,

enabling smaller feature sizes (in surface micromachining),

more economical use of real estate (in bulk micromachining), and

CMOS compatibility.

costprice ($)

Lately, DRIE equipment suppliers are increasing their etching rates. This has resulted in processing which has become
economically more attractive than KOH etching (see Figure 28). This effect is much stronger for 150 mm wafers than for 4”
wafers, as 150 mm wafers are thicker, which increases the needed real estate area when using KOH etching.
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Figure 28 Cost of processing, per wafer, wet versus dry
etching (courtesy enablingMNT)

Figure 29 Accuracy of DRIE processing (courtesy Adixen)

At the same time the accuracy of processing has been improved as depicted by Figure 29, enabling the creation of smaller
and more precise structures. DRIE is rapidly replacing KOH etch as the major industrial technology to create bulk
micromachining products.
3.2.3

Other Technologies

Besides these MEMS processes, processes from other high volume electronic
industries are increasingly used, and have enabled a wide diversity of MEMS
products.
Powderblasting
Powderblasting is a flexible, cost-effective and accurate technique for making
fluidic channels and interconnections. A resist film is laminated on the glass
wafer and illuminated with UV light through a mask. After development, Al2O3
particles are powderblasted on the substrate through a moving nozzle and the
areas not covered by film are etched. Shaped wells can be round or
rectangular. (See Figure 30) The sides of the wells will not be completely
vertical, but sloped at an angle of about 70 degrees. The average roughness
of the channels will be between 0.8 and 2.5 µm, depending on the process.
Electro deposition
The most economic way to apply thick metal layers is by electroplating.
Essential in plating is the need to guarantee a constant supply of the metal to Figure 30 Powderblasting process
be plated to the wafer. To realize this, two methods are used; cup plating and
paddle plating. In cup plating the wafer surface is brought into contact with the upper surface or meniscus of the electrolyte
flowing out of a vertical standing pipe. It is used for plating single metal layers (i.e. Cu and Au for the conductors and bumps
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for electrical interconnection). In paddle plating a paddle is used to refresh the liquid layer close to the surface of the wafer.
This method is used for alloys where control of composition is critical. Depending on needed dimension control and demands
on step coverage, plating in box or plating in field combined with wet chemical etching is used to structure the layers. The first
uses a two step lithography process to define the structure. In the first step a box is created. After the plating a second
lithography process is used to place a lid on that box. The unwanted metal is then etched away, leaving precisely defined
structures protected by photoresist. Plating in field covers the whole wafer with metal. A one step lithography process then
defines the patterns to be created and the unwanted material is etched away. There is a fundamental limitation of plating:
plating in box gives submicron accuracy in lateral dimensions, but as the structure is “moulded” in a resist it results in nearly
straight walls of the structure. Those walls lead to step coverage problems when an insulating layer is deposited on top of it.
Wet chemical etching, more special tapered etching gives more gentle slopes, but the dimension control is the weak point,
being in the range of the thickness of the layer.
CMP (Chemical Mechanical Planarisation)
Chemical Mechanical Polishing (CMP) was first developed by IBM to enable lithography on multi-layer stacks. Due to the
differences in surface height focus problems arose in next lithography steps, in this way making further miniaturisation
impossible. At this moment CMP is worldwide accepted as a cleanroom process that is inevitable in the production of
integrated circuits. Originally developed for the planarisation of SiO2 surfaces only, the CMP spectrum has broadened to a
wide variety of processes including metal CMP like copper damascene.
In a CMP process wafers to be polished are moving in a sweeping motion over a polishing pad while applying some pressure
and the backside of the wafer (backpressure).

Figure 31 CMP/electrodeposition process (Courtesy Microfabrica)

The combination of CMP and electrodeposition is an especially interesting way to construct 3-D objects with basically planar
technologies. Microfabrica uses an additive process based on multi-layer selective electrodeposition of metals, following the
process sequence: patterned layer deposition, blanket layer deposition and planarisation. (See Figure 31).
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Physical Vapour Deposition
Physical Vapour Deposition (PVD) is a technique used to deposit thin films one atom (or molecule) at a time onto various
surfaces (e.g. onto semiconductor wafers). The coating source is physical (i.e. solid or liquid) rather than chemical as in
chemical vapour deposition. Evaporation and sputtering are commonly used PVD process, for instance for the deposition of
aluminium or gold conductors.
Chemical Vapour Deposition
Chemical Vapour Deposition (CVD) is a chemical process used to produce high-purity, high-performance solid materials. In a
typical CVD process, the substrate is exposed to one or more volatile precursors, which react and/or decompose on the
substrate surface to produce the desired deposit. Frequently, volatile by-products are also produced, which are removed by
gas flow through the reaction chamber. Plasma Enhanced Chemical Vapour Deposition (PECVD) is a single wafer process,
while Low Pressure Vapour Deposition (LPCVD) deposit very uniform layers on a batch of wafers simultaneously. Typical
LPCVD process temperatures are above 600o C, limiting its use in general to the very beginning of the processing. In MEMS it
is often used to deposit polysilicon (as mechanical layer in surface micromachining) and low stress silicon nitride (as a
membrane layer or to be used as a masking material in bulk micromachining).
3.2.4

Surface Micromachining

Surface micromachining involves processing above or in the top layers of the substrate, the substrate only using as a carrier
on which to build. Material is added to the substrate in the form of layers of thin films. The process usually involves films of two
different materials: a structural material out of which the free standing structure is made (generally polycrystalline silicon or
polysilicon, silicon nitride or aluminium) and a sacrificial material, deposited wherever either an open area or a free standing
mechanical structure is required (usually an oxide, but also resist or metals are used).

Figure 32 Basic process flow surface micromachining
process

Figure 33 Basic process flow Bulk Micromachining
process
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In the example shown in Figure 32, a sacrificial layer of oxide is deposited on the silicon substrate surface using a pattern and
photolithography. A polysilicon layer is then deposited and patterned using RIE processes to form a cantilever beam with an
anchor pad. The wafer is then wet etched to remove the oxide (sacrificial) layer releasing the beam. More complex MEMS
structures can be made using several structural polysilicon and sacrificial silicon dioxide layers, including sliding structures,
actuators and free moving mechanical gears.
Bulk Micromachining
Bulk micromachining starts with the deposition of a masking layer on both sides of the wafer, mostly LPVCD low stress silicon
nitride. In the most simple process, this mask is then structured and the wafer is subsequently etched in KOH etch. Depending
on the mask pattern cantilevers of free hanging silicon nitride layers, cavities, membranes and wafer through holes are formed
(see Figure 33).

3.3

3-D Technologies

Polymers are increasingly used, especially in area where there is a high price pressure, like in the market for disposables.
Polymers are in general cheaper to produce, but only for large numbers and they lack the thermal and mechanical stability of
silicon and glass. Polymer fabrication can be divided in direct fabrication, often using some kind of radiation to pattern the
polymers, and replication technologies using moulds.
3.3.1

High Aspect Ratio Micromachining and LIGA

High-aspect-ratio micromachining (HARM) is a process that involves micromachining as a tooling step followed by injection
moulding or embossing and, if required, by electroforming to replicate microstructures in metal from moulded parts. It is one of
the most attractive technologies for replicating microstructures at a high performance-to-cost ratio and includes techniques
known as LIGA. Products micromachined with this technique include high aspect ratio fluidic structures such as moulded
nozzle plates for inkjet printing and microchannel plates for disposable micro titre plates in medical diagnostic applications.
The materials that can be used are electro-formable metals and plastics, including acrylate, polycarbonate, polyimide and
styrene.
LIGA
LIGA is an important tooling and replication method for high-aspect-ratio microstructures. The technique employs X-ray
synchrotron radiation to expose thick acrylic resist of PMMA under a lithographic mask. The exposed areas are chemically
dissolved and, in areas where the resist is removed, metal is electroformed, thereby defining the final product or the tool insert
for the succeeding moulding step. LIGA is capable of creating very finely defined microstructures up to 1000 µm high. LIGA
provides a radically new way to produce small precise micromachined parts at relatively low cost.
SU8
An important disadvantage of LIGA is its dependence on an X-ray source. Clearly it is preferable to make use of the standard
tools in the waferfab to create thick resist structures. Although with multiple spinning of standard resist layer thicknesses of up
to 100 μm can be achieved, for many purposes this is not enough. SU8 is a negative resist specially developed to provide an
alternative to LIGA. It is an biocompatible and chemically stable material. Aspects ratios of over 1:150 have been
demonstrated and thickness of over 1000 μm are possible.
3.3.2

3-D Lithography

In general, most photo-resist and photo-epoxy materials in micro lithography employ a strategy that results in a twodimensional pattern printed in a material with the same pattern (or exact reverse) of the light image used to expose that
material. In this way, planar photolithography can directly transfer two-dimensional images into materials used for micro- and
nano-technology processing. However, for three-dimensional structures, the fabrication procedure can be much more complex
because it might include multiple layer deposition, lithography and etching processes.
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A three-dimensional micro fabrication technique that uses a unique class of light-activated molecules to selectively initiate
chemical reactions within polymers and other materials could provide an efficient way to produce complex structures with submicron features. Known as "two-photon 3-D lithography," the technique could compete with existing processes for fabricating
microfluidic devices, photonic bandgap structures, optical storage devices, photonic switches and couplers, sensors,
actuators, micromachines - and even scaffolds for growing living tissue. It is not however (yet) a mainstream technology.
3.3.3

Laser Micromachining

Most laser micromachining processes are serial and hence insufficiently fast for cost effective MEMS fabrication. Nonetheless,
such techniques have their use in specialty micromachining or in fabricating moulds. Excimer laser micromachining is,
particularly, used for the micromachining of organic materials (plastics, polymers etc.). Applications include machining
lubrication or air channels in bearings, machining variable shape nozzles for ink jet devices, machining channels, reservoirs
and elements for micro-fluidic, bio-medical and photonic devices.
3.3.4

Replication Techniques

Other micro-replication techniques besides LIGA can be used to generate a pre-form for the tool insert. These include laser
ablation, ultra-violet (UV) lithography and mechanical micromachining, which includes electric discharge machining (EDM) and
diamond milling. EDM is a relatively new approach that uses machine shop production techniques and offers the capability to
make parts out of most conductive materials. Unfortunately, as a spark erosion technique, it is slow and not ideal for batch
processing but has found many applications for MEMS prototype production.
The most common materials used to replicate are: polydimethylsiloxane (PDMS), polymethylmethacrylate (PMMA),
polycarbonate (PC) and polystyrene (PS), but many other materials are used. Replication technologies are perfectly suitable to
produce large numbers of relatively simple components with fine structures. Integration with electronics or into complex
devices is not always straightforward.
Micromoulding
In such techniques, a monomer or a low molecular weight polymer is applied to the mould. The monomer solution is
polymerized or the low molecular weight polymer is cross linked by curing. Hereafter the master is released and can be
reused. Curing can be done by heat or light. Often the masters are made with LIGA and PDMS is used as moulding material.
As organic solvents swell PDMS easily, epoxy is used as an alternative. As epoxy sticks to the master, anti sticking layers like
Teflon must be used.
Hot Embossing
In hot embossing (also called imprinting) a master is forced on a heated polymer sheet. After full contact the master and the
polymer are cooled and separated. In principle every thermoplastic material can be used for embossing.
Injection moulding
In this process, a molten polymer is injected into a cavity; with cooling the polymer hardens.
Of the discussed replication technologies, injection moulding is the fastest, but higher temperatures and pressures have to be
used. The disadvantage lies in the cost and time needed to create the mould.

3.4

MEMS Technology Platforms

Especially for products aiming at high volume electronic markets such as consumer electronics, manufacturers continuously
try to refine production methods to deliver highly reliable products, while meeting pricing pressures. They have adopted a
variety of strategies to use as much as possible the already available, well established, reliable and cost-effective technologies
used in high volume electronics and combine them with MEMS technologies.
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With the huge variety and diversity of MEMS based products it sometimes seems that each of the MEMS product groups uses
its own, unique, technology. Happily -- for foundries and equipment suppliers -- this is not quite true and the fact that there are
commonly used technologies gives the MEMS product developers the opportunity to work on commonly shared technology
roadmaps, decreasing cost and increasing quality.
Initially many products were developed using bulk micromachining in a hybrid set up: CMOS and MEMS on separate chips in
flexible package technologies like metal can and ceramic packaging. Second-generation products used surface
micromachining, which was still not compatible to CMOS processing and therefore mostly produced as “MEMS after CMOS” in
separate facilities. Simultaneously the packaging technology too moved to high volume electronics by using adapted moulded
packaging or by covering the sensitive MEMS structures in the wafer fab by a lid or second wafer to enable using standard
packaging technologies. This waferbonding technology can be part of a 3-D packaging process as is currently being used for
high end ICs following the semiconductor roadmap aiming at shorter interconnection lengths and smaller package dimensions.
This trend is leading to the reliance on thinner wafers and 3-D packaging, both requiring processes such as wafer thinning,
creation of vertical feed through and new technologies for die separation as being developed in the semiconductor industry.
Thin film encapsulation is the latest development, with such a process the resulting MEMS die looks outwardly identical to a
standard IC die. That means it can be handled in the same cost effective process as standard ICs.
Ironically, at the same time when the MEMS industry is looking into semiconductor technologies, the semiconductor industry is
looking into technologies originating from the MEMS industry. For instance, the semiconductor industry is showing growing
interest into the package as an enabler to increase functionality and performance and to decrease real estate (board area) and
height of components. As packaging still is a crucial differentiator for success in MEMS, both communities have a common
interest.
3.4.1

Bulk Micromachining based on KOH etching

With this process some relatively simple but robust products such as pressure sensors and accelerometers (see Figure 36 and
Figure 34 respectively), micromirrors, flow sensors and bolometers can be fabricated.

Figure 34 Bulk micromachined pressure sensor also showing multi-purpose glass cap and support.

Although this technology platform has the advantage that it does not need large equipment investments, the technology is
difficult to integrate with CMOS, it is time consuming, and the fragile wafers are difficult to handle. Moreover, only relatively
large structures can be created. As a consequence, in this technology platform each die consumes a large area on the silicon
wafer. Furthermore, to add functionalities or to provide more mechanical stability this type of products is often created in a
multistack form (see Figure 36 and Figure 34). As such characteristics make them unattractive for IC factories, this kind of
processing tends to be restricted to specialized companies. The resulting products however tend to be very robust and
reliable.
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Figure 35 Bulk micromachined accelerometer also showing multistack silicon wafer construction. (Courtesy of Colibrys).
3.4.2

Surface Micromachining Based on Polysilicon

Surface micromachining and especially the use of polysilicon as a structural material (see Figure 36) was a major paradigm
shift for MEMS. The material is familiar to semiconductor engineers, processing cycle times are short, and smaller structures
can be fabricated. This processing was pioneered by research labs such as UC Berkeley and University of Wisconsin, both as
MST/MEMS only process, as well as monolithically integrated with circuitry. The latter was also developed industrially, e.g. by
Analog Devices (see Figure 37) and Robert Bosch.

Figure 36 Polysilicon surface micromachined
MST/MEMS. (Courtesy of QinetiQ)

Figure 37 Accelerometers monolithic integration of MST/MEMS
with (BI)CMOS. (Copyright Analog Devices, Inc. All rights reserved )

In these polysilicon surface micromachining processes integrated with CMOS processing, most of the CMOS processing is
done as the first stage in the processing, bar the metallisation and passivation, while the gate polysilicon layer also serves as
the first MST/MEMS polysilicon layer (for fixed electrodes, not for movable structures). Next, the MST/MEMS layers are
deposited and patterned, including the structural polysilicon layer and all of the metallisation. Finally, the passivation layer is
deposited and the MST/MEMS structures are released by sacrificial layer etching. In short, the CMOS and the MST/MEMS
processes are intertwined. The original polysilicon surface micromachining process and the original CMOS process had to be
intertwined because the first makes use of high temperatures during deposition and/or annealing of the structural polysilicon
(due to the demand for good mechanical properties, including low tensile stress and low stress gradient), while the latter
makes use of aluminium metallisation. The aluminium-silicon contacts are not compatible with the temperatures during
deposition of this type of polysilicon.
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This intertwining of the two processes makes this, in general, a one-stop platform in the sense that all of the processing
usually is done in the same factory. This one-stop approach helps to avoid shipping processed wafers from one fab to the
other with all the associated hurdles like process responsibility, exchange of confidential information and tuning of two
processes to each other. Generally speaking, the one-stop process is run by captive fabs. The processing is too product
specific to make it suitable for the open foundries, who prefer multi-client technology platforms. A two-stop process, based on
a CMOS processing module and a MEMS processing module, is more suitable for an open access foundry supply chain.

Figure 38 MEMS-first approach in the SUMMiT process 5 (Courtesy of Sandia National Laboratories).

One approach to achieve a modular two-step approach is the MEMS-first methodology developed by Sandia using their
SUMMiT process. In order to be able to do CMOS processing on top of MEMS, the (multiple) polysilicon layers are planarized
by Chemical Mechanical Polishing after each successive deposition step. The fact that they do their (multiple) polysilicon
deposition, annealing, polishing and patterning processes on bare wafers enables structural layers of very high quality. (See
Figure 38) However, many CMOS fabs seem to be reluctant to process on such pre-processed wafers.
The most applied two-step processes to date are based on a CMOS-first approach, where the CMOS processing is fully
completed before the MST/MEMS processing is started. This way contamination is prevented by introducing pre-processed
wafers into the CMOS fab. For this the problems of polysilicon processing on a CMOS wafer had to be addressed. Some
CMOS foundries provide the option of a high-temperature metallisation such as tungsten or silicides, either without
passivation, or with passivation together with guidelines for selective removal. This enables standard polysilicon surface
micromachining on top of CMOS, including electrical contact between the two.
Another approach is a replacement of the high-temperature polysilicon processing
with low temperature polysilicon processing or by low temperature silicon-germanium
processing (see Figure 39). This yields structural layers with good mechanical
properties even when processed at sufficiently low temperatures. If necessary, this
processing can be followed by Rapid Thermal Processing (RTP) for stress release.
Bosch is currently bringing into production a process where bulk silicon is
transformed into porous silicon. This porous silicon later forms a cavity.

Figure 39 Poly-SiGe Gyroscope on top of 0.35 mm CMOS (Courtesy IMEC))
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3.4.3

Surface Micromachining Based on SOI

Surface micromachined structures with excellent mechanical properties are obtained from single-crystalline Silicon-onInsulator (SOI) layers. The structures are usually patterned using DRIE, while the insulating oxide serves as the sacrificial
layer. This enables thick structures (thicknesses typically range from 10-100 microns), as well as high aspect ratios (height
over width ratios) on the order of 20 or more. (see Figure 40 and Figure 41). Moreover, thanks to the CMOS-compatibility of
dry etching of silicon and of the etching of the oxide, the MST/MEMS process can be done on a CMOS-first wafer. Note that
this is not SOI-CMOS with insulated transistors in a thin SOI layer, but standard bulk-CMOS in a thick SOI layer.

Figure 40 Comb structure and metal
lines in SOI technology. (Courtesy X-fab)

Figure 41 SOI based surface micromachining Process for inertial
sensors (Courtesy X-fab)

Not all CMOS foundries are willing to process on SOI wafers, because the processing needs tweaking in order to yield the
same device performance as with standard wafers. This means the processing must go through a costly adaptation process. It
also means the CMOS fab needs to run two different processes, possibly on the same line, their regular CMOS, and this
specific CMOS on SOI wafers.
3.4.4

Surface Micromachining Based on Metal Thin Films

Another approach for an MST/MEMS technology that can be processed on standard CMOS wafers is the replacement of
polysilicon with a metal thin film or a metal/dielectric multilayer. For micromirror arrays often aluminium is used as a structural
material, such as for the Texas Instrument micromirrors. (This aluminium has a different composition compared to the
aluminium used for standard metallization, it is optimized on mechanical properties.) For RF MEMS applications usually gold
or copper is used, for its better conductivity compared to aluminium, and, in some cases, the ability to make thicker layers by
using electroplating. In this application the gold thin films are often combined with low temperature PECVD silicon oxide or
silicon nitride, enabling insulation between control and RF signals.
In general the metal layers used are thicker than the layers
generally used in CMOS processing, but they can still be
made with similar lithographic technologies. When the targeted layers become very thick (tens of microns or thicker)
other technologies must be used. For instance, surface
micromachining based on UV-LIGA provides the possibility
of high conductivity and high aspect ratio structures on top
of CMOS. Mechanical properties of this room temperature
technology can be excellent, with very low residual stress
and adequate strength and fatigue properties.
Figure 42 Metal/dielectric surface micromachined
MST/MEMS (Courtesy QinetiQ)
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3.5

Design and Modelling

With the increasing uptake of micro and nanotechnology in consumer electronics, the rate at which new products are to be
developed will increase. Currently, 5 years between two generations of products in MST/MEMS is not unusual. For consumer
electronics this will go down to two years or less. The development process must therefore be transformed into a more
disciplined and automated process. EDA (Electronic Design Automation) tools are a must to achieve such disciplined and fast
development process, by weeding out design options, and faster optimising the fit to the market needs.
Additionally it makes the company less man dependent; the knowledge is in the system, not (completely) in the staff.
It is notable that only a limited number of companies are bringing SW on the market suited or even dedicated to the needs of
the MNT community. Broadly speaking software for MST/MEMS EDA should bridge the gab between application-specific
demands and the available processes in MNT.
Designing an MST/MEMS device is basically an iterative process; the design is put into a simulation loop, improved and
resubmitted for simulation until the design fits the demands. A schematic overview of the MST/MEMS design process is shown
in Figure 43.

Figure 43 Schematic overview of the MST/MEMS design process.

It is seldom possible to use design methodologies and tools from traditional industries working with larger dimensions due to
the fundamental differences related to the order of magnitude of the typical dimensions. As an example: the surface-to-volume
ratios are different in the micro world from what they are in the macro world. In the macro world, thickness of a structure is
often comparable in size to length and width, but most micro devices are very thin and therefore some dimensions can be out
of scale to the others. Electrostatic forces and fluid damping effects are also different; they be can significantly larger.
Furthermore, the analysis of MEMS is particularly challenging due to the need to confront a large number of issues. In the
macro world, engineers have to consider only one or two physical domains. In MST/MEMS, designers must take several
domains into account during the course of a design session.
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3.6

Packaging

Selecting the proper technology may tip the scales towards a product success or towards a product failure. This is especially
valid for packaging, as this nearly always represents a substantial part of the cost of the product. It is therefore not a marginal
concern, but a crucial part of the product design.
Packaging and assembly for MST/MEMS has long been a neglected area. Lately more companies entered this field. They
range from small start-ups, offering very specialized services, to large semiconductor packaging companies, having production
lines for microsystem-based products. Much effort has been put into the modification of well proven semiconductor package
concepts for use in MNT.
With the increased availability of MEMS processes with make the products fit into more of less standard packages, the old
wisdom that the package in MEMS takes about 80% or more of the total cost doesn’t apply anymore. Even a full hermitic
ceramic package is available in the 0,5 $ range and low cost packages like QFN are even down to 0,10 $ . Injection moulding
packages are in the 0,08 -0,15 $ range. Although the capping cost can be substantial, the packaging part of the total cost is
now on par or even below the chip cost for a number of high volume products. A MEMS oscillators is reputed to be packaged
in a QFN package for les then $0,1!
Over the years a number of package concept have become available for MEMS (see Figure 45). Transferring process steps
from the back-end to the front-end fab is one way to achieve cost reductions; integration of added functionalities on the chip is
another.

3.6.1

MEMS Packaging Platforms

Metal can and ceramic packages
Typical examples are metal can packages
(Figure 46) and ceramic packages (Figure
47). They are relatively easy to use for
MEMS products. Metal can packages
provide excellent thermal dissipation and
electro magnetic shielding, ceramic
packages are ideally suited for fragile dies
and low volumes.
Optical products, such as IR sensors or
routing switches are a little more difficult to
assemble
when
compared
to
Figure 44 Packaging options
accelerometers. Such devices share the
sensitivity problems but also need optical
access through the package. Thus, it is
necessary to ensure the transparency of the package as well as the operational reliability of the mechanical microstructures,
throughout their lifetime. In such cases, vacuum or special gas filling might be used. This leads to hermeticity demands for the
package, although getters (often metals or zeolites) can be used. The simplest way to satisfy such demands is to utilize a
ceramic package and use a transparent lid (“porthole”) to close/seal the package. In this context, these products are still
sufficiently close to the traditional packaging techniques rendering them fairly acceptable by the packaging industry. Ceramic
packages can readily be mass produced.
Ceramic packages are ideal when stress is a concern, as is the case with many MEMS/MST products. In addition, small
volume production is possible without high set-up cost. Following placing and fixation of the die in the package cavity, wire
bonding ensures electrical interconnection and the cavity can, subsequently, be sealed by a lid. The lid can also be
transparent for optical applications as demonstrated in the Figure 47.
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Both packages are very suitable for demanding industrial applications but are less suitable for high volume markets due to
cost aspects
Open and semi open plastic packages
Packaging becomes much more complicated when fluidic or optical interconnections to the outside are needed. Then
MEMS specific packages are needed:
Initially, plastic moulding processes were
regarded as fundamentally unsuitable for
MEMS/MST due to the fact that the
processing conditions are too harsh for
such, often, very sensitive devices. In
addition,
the
need
for
other
interconnections, such as optical (as in
Figure 48) or fluidic, or the need for
hermeticity - as in accelerometers etc. prevents the straightforward application of
this technology. However, a number of
manufacturers have found solutions for
such problems. One of these is the
Figure 45 Evolution of package technologies
equipment
manufacturer
Boschman
Technologies. Boschman has developed a moulding process where the die during moulding is protected by a thin film (see
Figure 49. This technology is not only able to provide a moulded package with an opening, it also enables moulding with lower
pressures, being very beneficial for sensitive MEMS products.

Figure 46 Thermopile sensor in metal in
can package (courtesy HL-Planar)

Figure 47 Cross section of a ceramic package (courtesy Amkor
Technology)

Figure 48 Plastic package with optical
lid (courtesy Elmos Semiconductor)

Figure 49 Protection of MEMS structure during
moulding (courtesy Boschman Technologies)
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3.6.2

Wafer Level Encapsulation

Currently there is a growing tendency in MEMS to transfer part of the packaging process into the wafer fab to provide
protection of the sensitive MEMS part in an earlier stage and to benefit from the accurate and economically attractive wafer
scale processing (i.e. to process all dies on the wafer simultaneously). One way is to cover each die on the wafer separately
by a lid (as shown earlier in Figure 6). This lid protects the sensor during dicing and subsequent packaging. This way standard
wirebonding and low cost plastic packages can be used.
There are two major disadvantages of this process:
It creates thicker dies, which is a problem for applications where thin packages are needed, like mobile telephones. As the
lid has a minimum thickness, thinning of the die is often not enough.

This process is not wafer-to-wafer scale: one by one the lids are placed on the wafer. Therefore it does not fully benefit
from the economics of wafer scale processing.


Wafer scale packaging (WSP)
In Wafer Scale Packaging all dies are covered simultaneously. Several backend process steps are transferred into the wafer
processing domain. As a last step in wafer processing, the wafer is covered by a second wafer, hereby protecting the sensitive
sensor area before the dicing process (see Figure 50). The main advantage lies in the fact that the sensitive and fragile sensor
is protected during the subsequent packaging and assembly process. It is also attractive while the process is wafer scale,
which offers the potential of a more cost effective process when compared to die scale processing.

Figure 50 Schematic view of bonded wafer stack.

Different bonding processes are currently applied, including polymer or adhesive bonding, thermal compression or soldering or
eutectic bonding, glass frit bonding and anodic bonding. Which bonding process is chosen depends on a number of
requirements, such as thermal tolerance of the devices on the wafer, temperature window during lifetime, and requirement on
hermeticity. Whether or not only one or a few of these techniques will dominate in the near future, and which technique(s) that
will be, is not clear at this stage.
However, there are drawbacks to this technology. For example, it is not straightforward where and how to create the electrical
contacts with the device. Options are:
•
vertical feedthroughs through the cap,
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•
•


lateral feedthroughs from the side of the die,
vertical feedthroughs through the die, and
• create openings in the capping wafer allowing access for wirebonding.

Figure 51 Through wafer interconnection with distribution network and flip chip bumps. (Courtesy of Silex Microsystems)

These four are all complicated, but the trend to thinner wafers lowers the challenge for the through wafer interconnection. En
example of a technology to produce interconnects through the capping wafer is shown in Figure 51.
Encapsulation by thin film processing
This approach enables released structures under a thin film cap, created by thin film deposition and sacrificial layer etching,
completed with sealing of the release etching access holes, by again thin film deposition. This is all on one substrate, with no
need for handling and bonding of multiple parts. This requires a relatively small area consumption and in particular it allows
low heights.

Figure 52 Oscillator covered by
encapsulation layer (Courtesy SiTimes)

Figure 53 SiGe encapsulation process
(Courtesy IMEC)

Especially for very small devices, like for instance MEMS based resonators, thin film encapsulation (see Figure 52) is
becoming an interesting alternative. It is also an economically attractive solution when the MEMS structure on the wafer is very
small compared to the circuitry. By using thin film encapsulation, the chip can be processed in a standard back-end flow.
Bosch has developed such a process based on its epi-polysilicon process, which is used twice, first for forming the cap layer,
and once more for sealing of the release etchant access holes. The technology is now licensed by SiTime for its resonator
devices (see Figure 52). UC Berkeley is currently exploring a process using porous silicon for encapsulation, with access for
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the release etchant through the pores, and subsequent sealing. IMEC is investigating concepts based on nickel and indium
electroplated caps, using reflow of the indium for sealing of the access holes and SiGe as an encapsulation layer for gyros
(see Figure 53).
Wafer Bonding
Wafer bonding can be used to join any two flat mirror-polished clean surfaces. It is a technique that enables virtually seamless
integration of multiple wafers and relies on the creation of atomic bonds between each layer either directly (with heating and
pressure in the case of glass to wafer bonding), or through a thin film of silicon dioxide. Typically either temperature, force,
voltage and/or an intermediate layer are used to facilitate the bonding process. Waferbonding is used to create three
dimensional objects in MEMS, close cavities, making stacks of wafers, each having it own functionality, sensor encapsulation
etc.
Wafer bonding got its start in the manufacture of
MEMS, mostly for automotive applications.
Microsystems
such
as
accelerometers,
micromirrors and gyroscopes require a sealed
microcavity to protect the device from harsh
environments, while allowing the mechanical
function to be performed. Other devices such as
infrared (IR) detectors or resonant devices
required a vacuum-sealed package.
Later, wafer bonding was used for MOEMS,
systems combining optical and electrical functions,
with applications as varied as hearing aids and IR
focal plane arrays. Beyond MEMS and MOEMS,
three other applications drive wafer bonding
technology: wafer-level packaging, 3-D chip
stacking and silicon-on-insulator (SOI) wafers. The
myriad of applications has led to several bonding
methods as shown in the next figure.

Figure 54 Waferbonding technologies

Figure 55 3-D wafer packaging

Anodic bonding joins a silicon wafer with a glass wafer containing a high concentration of alkali metal oxides (typically
borofloat or Pyrex wafers). At elevated temperature (350-500°C), a high-voltage electric field is applied. This field drives the
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alkali metal ions out of the glass surface fronting the silicon wafer, thereby creating an oxygen-rich layer at the silicon-glass
interface resulting in a strong, irreversible bond.
Eutectic bonding uses an intermediate bonding material that forms a eutectic alloy. Examples are gold-silicon, gold-tin, or leadsilicon. The metal(s) are usually deposited by plating, while the silicon source is generally the substrate material. The bond is
formed by heating the waferstack slightly above the eutectic point applying a high contact force (40 kN). The solid seal forms
upon cooling.
Adhesive bonding uses photoresist, spin-on glasses or polymers. Such materials can be annealed at low temperature to
provide a low-stress wafer stack.
Glass frit bonding uses a glass frit seal between the MEMS wafer and a cap wafer. The cap wafer is stencilled with a mixture
of glass and binder. In assembly, the glass cap wafer is aligned and thermo-compression bonded to the device wafer, with the
glass frit making the hermetic seal.
Fusion bonding, also called silicon direct bonding, uses very high temperature (~1000°C ) and pressure to join the wafers,
often an oxidized silicon wafer (the device wafer) and a silicon donor wafer. This process is typically used to make SOI wafers.
Alternatively, companies are using plasma processing to promote the bonding process. This can reduce the annealing
temperature to 200-300°C or even lower. The plasma processing alters the surface of the wafer making it hydrophilic. The
bonding procedure is started by bringing the wafers into close proximity and applying pressure on the wafer edge. The
prebond spreads across the bond interface under its own momentum and bonding occurs.
Bonding
methods

Temperature

Hermeticity

Reliability

Insensitive to
roughness,
creates cavity

Pros

Cons

Anodic

Medium

Yes

Good

No

Strong bond

High Voltage
and outgassing

Epoxy

Low

No

?

Yes

Eutectic

Medium

Good

Yes

Strong bond,
self aligning

Fusion

High

Yes

Good

No

Strong bond

Glass frit

Medium

Yes

Good

Yes

Large area

Room
temperature

Low

?

?

No

Process
sensitive

Thin film
integration

High

Yes

?

Yes/no need

Potentially low
cost

High
temperature

Not yet proven,
low stiffness,
complex
processing

Table 2 Overview bonding technologies
3.6.3

Through Wafer Vias

Through Wafer Vias (TWV) are used to interconnect adjacent wafers of bonded stacks. Fabricating vias using mechanical
methods is a rather common kind of processing in the PCB industry. The drive to higher densities and therefore smaller
lengths of interconnects, increased the use of lasers in semiconductor back end processing. State of the art is now pushing for
vias with 50 microns diameter and the drive is towards even smaller sizes. There is also a trend in the semiconductor industry
to migrate towards to 3-D packages. The combination of several functionalities (amongst which MST/MEMS or
nanotechnology is prime) within one package is another impetus. Both trends are driving through-wafer interconnects. An
important aspect of TWVs is the need to deposit conductive material inside the via; mostly done by electroplating. A special
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case is wafer interconnections within glass wafers. Lasers are not easy to use here, neither is DRIE. Wet chemical etching or
powder blasting are the preferred alternative technologies. Table 3 is an overview of the different technologies to create vias.
Remarks
Laser drilling
Mechanical drilling
Electrical discharge
Wet etching
DRIE
Powder blasting

Large and increasing infrastructure, state of the art has now achieved 50 μm holes in 300
μm silicon at a rate of 200 vias per second.
Traditional PCB process, relative large holes
Expensive processing
Real estate usage large, but cost effective and well known process
Expensive processing. High aspect ratios possible, therefore small hole sizes possible,
real estate friendly
Niche technology, inexpensive, but real estate unfriendly
Table 3 Options TWV creation

Laser drilling and DRIE are the technologies of choice when it comes to high volume via creation, while they are the most real
estate friendly. DRIE become preferable over laser when the numbers of vias per wafers are very high. The main application
area for TWVs is stacked memories for Flash and DRAM and in MEMS waferscale packaging.

3.7

Reliability and Test

The rising complexity of products, the increasing amount of functionalities in one package and the multi-domain operation of
MNT-based devices makes the testing and the design for reliability of new products a real challenge. When new types of MNTbased systems are developed new failure modes turn up and the situation becomes even more complex for those systems
that operate in different domains simultaneously. On top of that, those domains often interact. Especially difficult to test are
disposable products – they cannot be fully tested and a test of 1M components does not say the 1,000,001st will work.
Reliability is only in few cases addressed during the design phase; often manufacturers will only worry about the risks after
experiencing yield problems or if problems are encountered during the use of the products.
Although we tend to speak about MNT products in general, different markets have different needs. For instance:

for consumer applications the highest priority is low cost. Consumer applications ask for high yield and low-cost test,
which demands for robust design and processing. The lifetime of a product is relatively short and a limited number of
lifetime failures are acceptable. Consumer products are often mistreated by users, thus some general robustness is
required.

medical applications ask for high reliability. So do space applications, but the budgets for testing are quite different. In
some aspects the reliability demands for space are similar to automotive. Additional demands are in the areas of vibration
and acceleration during launch, extreme temperatures, and radiation.
Some people see a solution in adding redundancy. Others point to the fact that similar parts will show similar failure modes.
Redundancy based on self testing, self repair or self healing could be an option. This approach however is only in a visionary
stage. A special problem is encountered when making disposable products, especially microfluidic based ones. How to
perform 100% testing (often essential to guarantee quality and/or improve the production process is an issue not (yet) solved.

4.0

MEMS Based Products

The following paragraphs will give an overview of the most important MEMS products.
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4.1

Accelerometers
6

The total market for accelerometers was $480 million in 2006. Today, the automotive sector is still the main market with a
share of about 68% (See also Figure -56-). And MST/MEMS accelerometers designed to sense deceleration and to trigger the
inflation of airbags still represent by far the largest market slice. The automotive market itself is mature and dominated by only
a few players. Vehicle dynamics systems (ESP) represent the second largest single automotive market application.

Figure 56 The world-wide market for accelerometers 2004 - 2009 (Source: WTC for NEXUS)

Applications in the consumer and IT sectors are emerging rapidly and amount already to 1% of the market opportunity in 2006.
Motion sensors are used predominantly to protect the hard disc drive of MP3 players and laptops, but cell phones and gaming
applications also start to contribute significantly. In 2009, the total market for accelerometers is expected to be around $630
million. The automotive sector retains its pole position, still growing in terms of units but stagnating in terms of dollar value (i.e.
< 1% CAGR) - the main reason being the saturation of the airbag accelerometer market combined with high pressure on
prices. By this time, consumer applications will drive the market growth for MEMS accelerometers, led by value added motion
sensing applications in mobile phones. Overall, the consumer and IT sectors are expected to grow to more than $210 million
by 2009, more than one third of the overall accelerometer market in revenue terms.
Prices of accelerometers are deceasing fast and now nearing the $ 1 level due to fierce competition and technology
developments.
With regards to the basic technology, we distinguish between three
major categories of MEMS accelerometer: the silicon capacitive, the
piezo-resistive and finally thermal accelerometers. Up to now, silicon
capacitive accelerometers have largely dominated the market, but it is
expected that the share of piezoresistive and thermal-based sensors is
estimated to grow significantly, driven by consumer applications. See
also Figure 57.

Figure 57 Accelerometers - evolution of total
market share by technology (Source: WTC)

The accelerometers developed for and used in the automotive industry
are, of course, of very high quality. They were initially used in luxury
cars but steadily penetrated into the mid to lower-range vehicles. This
was made possible by technical progress predominately aiming at
higher yields and lower prices. The size of the product was, however,
not much of an issue. That changed when demand from consumer
electronics started to rise. Consumer electronics integrators wanted,

41

besides lower prices, additional functionality in a smaller volume. This put pressure on the (process) designers to develop and
introduce processes able to produce smaller products, making them fit into the often much smaller consumer products. This
was accompanied by the need to meet more challenging consumer electronic price levels.

4.2

Gyroscopes

Gyroscopes are used to sense rotation with respect to a reference system. Most of the systems on the market use vibrating
elements. When the system is rotated, the vibrating element experiences the Coriolis acceleration effect, which causes a
secondary vibration orthogonal to the original vibrating direction. The sensors can be made either by bulk or surface
micromachining. MEMS gyroscopes are increasingly matching the performance parameters of older gyro technologies. Their
smaller size and lower fabrication cost make them very attractive for other market segments, notably consumer electronics.
Gyros are an integral part of all aeronautical control systems for the attitude and rotational rates for navigation. They also have
military uses: missiles guidance, navigation and smart munitions. MEMS gyros are witnessing especially high growth
opportunities in high-volume applications such as automotive (e.g., vehicle stability control, rollover detection) and consumer
(e.g., computer input devices, camcorder stabilization) applications. In total the market is currently in the $ 400 M area, and
expected to double in the coming 5 years, automotive now representing 80% of the market, but consumer electronics is the
fastest grower.

4.3

Pressure sensors

MEMS pressure microsensors typically use a flexible diaphragm that deforms in the presence of a pressure difference; this
deformation is converted to an electrical signal. Pressure sensors are used in a multitude of applications. In its most simple
form a MEMS pressure sensor is created by bulk micromachining to create the silicon membrane. Piezoresistors are patterned
across the diaphragm. The sensor die is then bonded to a glass substrate, to create a sealed cavity under the diaphragm. The
die is packaged in such a way that the topside of the diaphragm is exposed to the environment. The change in ambient
pressure forces a deformation of the diaphragm, resulting in a change of resistance of the piezoresistors. On-chip electronics
measure the resistance change, resulting in a voltage signal. Those sensors can include a temperature controller (in a hybrid
package) for constant temperature operation.
Piezoresistive pressure-sensor technology has become a low-cost, highly reliable batch-fabrication manufacturing technology.
In practice the technology is slightly more complex, including ion implantation for improved control of the piezoresistor
fabrication, etch stops for better control of the diaphragm thickness. DRIE was introduced for better process control and to
decrease the die size.
Capacitive sensors are less sensitive to temperature variations but have lower output signals.
Major applications for pressure sensors are in automotive, medical, industrial/process control, aerospace and defence. In
terms of turnover automotive and process control are the biggest segments, in terms of numbers automotive is the largest with
medical coming second. A relative new segment in automotive is Tire Pressure Management. This application is becoming
mandatory in the USA and needs a system with can not only detect the tire pressure, but can also transfer the information
wireless, preferable this is also a system which is self sustaining and needs therefore some form of energy harvesting.

4.4

IR sensors

Infrared sensors are a device to measure the temperature of an object by detecting electromagnetic radiation. There are
basically three types:
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Thermopile: based on a junction of two metals having a large thermo electric power and opposite polarities. They are
generally used for low price applications in white goods like ovens, medical: thermometers, automotive: cabin control etc.,
and in air conditioners and ventilation units.
Microbolometer: based on temperature dependent resistive layer, they are more sensitive compared to thermopiles, but
also more expensive. In the form of arrays they can be used in medical diagnostics and security monitoring.
Pyroelectric detectors: based on polarized material, changing its polarisation according tot the temperature, they are
relative low cost devices and used often as motion sensors.

What they have in common technology wise is the need thermal isolation of the sensor area from the surrounding. Therefore
the sensors are normally positioned on top a membrane, which can be constructed by bulk- or surface micromachining.

4.5

Micromachined Probes

Scanning Probe Microscopes (SPM) are used to measure properties of surfaces. They include Atomic Force Microscopes
(AFM) and Scanning Tunnel Microscopes (STM). Initially they were used just to measure surface topology, but nowadays a
plethora of properties can be measured, including electromagnetic and electrochemical attractions. All SPM's have in common
they use a sharp needle. The needle is mounted on a cantilever. This cantilever deforms according to the forces on it from the
surface to be measured. The deformation of the cantilever is detected by piezoresistors on top of it or by optical means.
Probes are often constructed by etching silicon using the same bulk micromachining etching technology as for instance
pressure sensors and microsieves. As this is a well know batch process, those probes can be fabricated cost effectively. They
can be coated to make them application specific, like for instance the tip shown in Figure -59- which is coated with a magnetic
layer.

4.6

Microphones

The main driver for the introduction of MEMS microphones is undoubtedly its ability to withstand standard lead-free solder
reflow profiles without impacting performance. This and manufacturing cost savings achieved by using auto pick-and-place
tools overcame the barriers of supplanting the well established electret microphones. Other advantages are the ability to be
integrated with other electronics in one production process, reliability due to better vibration and temperature resistance and
directionality when using arrays.

Figure 58 Microphone (Courtesy Panasonic)

Figure 59 Tip coated with magnetic layer (Courtesy
SmartTip)

43

According to several sources, the silicon microphone market is expected to rise to 300 – 500 M$ in 2009, with mobile phones
the largest segment. As several new players are now entering the market, pressure on prices is to be expected.

4.7

Optical Devices/MOEMS

In the early 1980’s micromirror devices were already under development at TI where they eventually became the foundation of
their Digital Mirror Device (DMD). During the 1990s the DMD commercialized as one the first Micro Electro-Optical-Mechanical
Systems (MOEMS). At that time there were high hopes of this technology to be applicable in the high volume telecom market.
In 2000 and before the telecom bubble burst, bandwidth and faster throughput were regarded as major requirements for the
high growth rate of the telecom industry. “All optical networking” was promising to fulfil these requirements and many venture
capital firms rushed to invest in it a multitude of start ups. Only a few of the initiatives survived. Of the original applications of
MOEMS, laser scanners have survived. They are now commercially available for use in i.e. barcode scanners. The DMD has
been further developed at TI to become a sophisticated low-cost chip and covering approximately 50 percent of global market
share of all front projection TVs.
Regarding telecom, there still are commercially interesting applications of MOEMS devices, but they tend to be high end
devices like Variable Optical Attenuators, optical switching units and tuneable filters.

4.8

RF MEMS

There are four main groups of RF MEMS devices:
•
Static devices like inductors and antennas.
•
Thin film bulk acoustic resonators, which use acoustic vibrations in thin films, commonly called FBARs.
•
Resonators, oscillators and filters, using mechanical vibrations of small beams to achieve high Q resonance.

• Switches and tuneable capacitors.
Initially most of the RF MEMS research went in to relays and switches. Low power loss and the ability of integration with each
other or with other electronic components on one chip made them likely candidates for early commercialisation. It was
however an oscillator achieving the status of the first RF MEMS mass product. This micromachined product vibrates at a
specific frequency due to external excitation. The benefits over the traditional quartz oscillators are: cost, size, power
consumption and ability to provide multiple frequencies. The resonator is inexpensive in volume – estimated less than
US$0.10 – and the typical price of an oscillator will start at US$0.40 and will reach a few dollars in some instances
The main application is expected to be in electronics first, especially where low power consumptions and/or small packages
are important: digital camera, camcorders, USB sticks, MP3 players etc.
Other RF MEMS products also promise to offer substantial improvements over semiconductor solutions in the areas of signal
loss, isolation, signal purity, and design simplicity. Unfortunately these hopes have often been frustrated by the challenges
associated with MEMS technology that have prevented large-scale commercialisation. RF MEMS switches seems to be
difficult to commercialise/industrialize and some of the contenders have stopped there research or switched to tuneable
capacitors.
The global market for electromechanical relays (EMR) and solid-state (SSR) relays will reach $4.2 billion by 2008, according to
7
a recent study published by market research firm VDC.
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4.9

Lab on Chip/microfluidics

Microfluidics is currently one the fastest growing area in MEMS. The main drive comes from medical diagnostics, where it
promises faster measurements and needing lower sample sizes. Secondly, the analytical market is very much interested to
use microfluidics in mass spectrometers and gas or liquid chromatography. Thirdly (home) defence has an active interest to
enable faster and more accurate detecting devices for chemical and biological attacks. Lastly, the (bio)-chemical industry is
investigating its potential for chemical processing.
Active research into microfluidics devices includes micro channels for transporting micro samples, micro reactors and micro
pumps and micro valves to control their flow and also connection between microfluidics devices, auxiliary features for
measurement and connection to peripheral path for fluid are emerging as important areas of research.
Initially many expected microfluidics to become for diagnostics and chemistry what IC technology became for the electronic
industry. Unfortunately reality was different, scaling of microfluidics is far from straightforward. Surface effects become
dominant and fluidic behaviour, always different at the borders of a channel compared to the middle, hinders efficient
manipulation. Still the potential benefits: better process control (chemistry), faster (analytical and diagnostics), smaller sample
sizes (diagnostics) are interesting enough to spur development and to attract many companies to the field.
Materials to be used are predominantly glass or polymers for analytical/diagnostics applications and glass or RVS for chemical
engineering.
The microfluidics market for research applications is expected to grow steadily for the coming 5 years, but the double digit
growth will come from the diagnostic market. According to Yole, microfluidics components for diagnostic are expected to reach
8
€ 1 billion market value in 2011 with a total accessible market of about € 5 billion. The research market will initially be an
important market segment, needing low volumes, but prepared to pay a premium price. Two main barriers to overcome for
microfluidics in the medical market are cost price (at least for disposables) and regulation.
There are two main drivers for the Lab on Chip/microfluidic market:
Point-of Care (POC) diagnostics, and

Life science research.


Point of care diagnostics
POC enables diagnostics faster and, and the name implies, closer to the
patient. Illustrative examples are blood analysers such as from I-Stat and
Abaxis. Many others are under development for specific tests. Besides
diagnostics, also the check of medicine efficiency could well be an interesting
application. For instance the company Medimate is developing a test to
monitor lithium content in the blood of patients suffering from bipolar disorder.
It is based on capillary electrophoresis: separating species by their charge and
their molecular weight. Microfluidics for life science research tends to
concentrate on genomics or proteomics applications. Those products are sold
at much higher prices.

Figure 60 Tip coated with magnetic layer
(Courtesy SmartTip)

Life science research applications
The huge interest in DNA analysis spurred many organisations to developed microfluidic systems which are able to detect
DNA sequences faster and more efficient then the classic method using wells to contain the reagent. Newly developed
systems are based on flow-through principle isolating nucleic acids and amplifying them by Polymerase Chain Reaction
(PCR). A number of systems are available on the and several companies are currently working on concepts to make fully
automated devices. There are also systems in between the traditional systems and LoCs. Those systems make use of wells to
contain the DNA and reagent, but use capillary flow trough technique to speed up reactions, and have integrated sensors to
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detect the reaction. Those systems are reported to provide results in 2 to 3 hours instead of 4 – 6 hours. Further development
9
could bring it even further down to 20 – 30 minutes.
Another area of interest for microfluidics in life science research is flow cytometry (a technique for counting, examining, and
sorting microscopic particles suspended in a stream of fluid), like Fluorescence Activated Cell Sorting (FACS), and protein
analysis.

4.10

Other Devices

In the next table some other examples of MEMS products for nice and new applications are given.
Product

Company

Application

Remarks

Cantilever sensors

Concentris

Parallel, label-free detection of
substances or biomolecular
interactions.

Emulsion equipment

Nanomi, Raindance

Double emulsions in food and
pharmaceuticals

Energy Harvester

Perpetuum

microgenerator for condition
monitoring and process
instrumentation in industrial
applications

Humidity sensor

Hygrometrix

HVAC applications

Implantable pump

Debiotech

Insulin

Liquid lenses

Varioptic, Philips

Mobile Phones

Small tube with liquid, uses
electrowetting

Memory

Cavendish Kinetics

Embedded Non-Volatile Memory

In CMOS technology.

Microsieves

Fluxxion

Filtration of beer, fractionation of milk

Bulk micro machined
silicon with perforated lows
stress silicon nitride
membrane

Microspectrometer

Ocean Optics, Zeiss etc

Colour measurement

Micromoulding

Multi deformable
micromirror

BMC

Tomography

Nebulizers

Boehringer, Medspray

Asthma inhalers

Patch clamp device

Cytocentrics

Ion channel screening

Phase shifter

MEMtronics

Phase shifters and scanning antennas
for both military and commercial radar

Probecard

Formfactor

Electronic testing

Wireless pressure
measurement system

CardioMEMS

wireless pressure measurement
system for abdominal aortic
aneurysms

MEMS pressure sensor to
measure shear stress
caused by humidity

Table 4 Examples of MEMS products

5.0

The Future of MEMS

The future of MEMS is integrally linked to market trends in general and driven by the increasing demand to monitor and control
our environment and the equipment and instruments we use in our daily lives. This demand does, undoubtedly, lead to the
need for more sensors in cars, more sensors in industrial equipment and installation and, more sensors for our ambient
intelligence. In order to avoid the need for a multitude of wires, such sensors must be self sustaining and able to communicate
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wirelessly. As a result, not only more sensors are needed, but also small energy generating modules and wireless
transmission components. Clearly, the increased numbers of devices will drive size reduction which in turn will enable higher
levels of integration.
Studies also show that there is an increasing trend to spend on health care, due to the growing numbers of elderly people in
developed countries and a growing medical and pharmaceutical infrastructure in developing countries. There is also a trend to
transfer diagnostics from the central analytical laboratory to a surgeries or clinics that are smaller and closer to the patients.
This fuels a growing demand for small and affordable devices for diagnostics, especially for point of care diagnostics.
In addition, national security is of increased importance related to the growing fear from terrorist attacks and outbreaks of
infectious human or animal diseases. This drives a need for small multi parameter instruments to test air, water blood etc. for
microbiological threats.
Simultaneously there are some general technical trends which will influence the MEMS industry. In the first place the, long
awaited, ending of the Moore’s law will lead to an increasing attention in the IC industry for other ways to improve the
performance of ICs. The so called Moore than Moore trend will add new technologies to the rather mono cultural landscape of
semiconductors to enable extra functionalities, to exploring further miniaturization by using die stacking etc..
There is also a tendency to explore more flexible and more affordable production technologies. This will be driven by the
production research into typical low cost, large surface area devices like solar cell, displays, wearable electronics and
disposable diagnostics devices. (Re) introduction of printing technologies is one of the possibilities, low cost substrates like
plastics are another.
Last but not least, a plethora of products will come from the large amount of nanotechnology research investments; in many
cases MEMS will act as an interface between the nano and human size world.

Figure 61 Expansion of sensor application area. (Courtesy enablingMNT)

Small, self sustaining, wireless sensor networks
As discussed above, the most important market trends are those reliant on merging functionalities in products such as
cameras, music players, computing, mobile phones, and portable consumer electronics in general, as well as the merging of
MST/MEMS technologies with high volume electronics. In this context, some examples of MST/MEMS products being
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introduced into portable electronics products include silicon based microphones and liquid lenses for autofocus and zoom
options. Another important trend is the increasing need for memory capacity - embedded as well as stand-alone.
One general technology trend is especially worth mentioning: the increasing use of sensors and other small electronic devices
in and around our direct environment. We will be surrounded by more electronics and will be interacting more with such
intelligence. This creates a need for smaller and cheaper electronic products, which are energy efficient and self sustaining as
well as able to communicate via wireless with other electronic devices. Devices suitable for new applications connected to
ambient intelligence and ultimately expected to be used are smart dust (see next Figure).
The big advantage of wireless sensor systems is that by removing wires and batteries, there is the potential for embedding
sensors in previously inaccessible locations; it also becomes feasible to use a large numbers of sensors because there is no
longer the need for regular replacement or recharging of batteries.
Medical diagnostic devices
A shift from clinical to point of care diagnostics, accompanied by a slow but significant drift from medical diagnostics to more
lifestyle oriented diagnostics: allergy, drugs, cholesterol, alcohol, but also diagnostics in sport . This together will make this
market more consumer-oriented.
10

The last eight years there have been more applications for registration of diagnostic devices then the 17 years before.
Therefore perhaps the fastest growing market for MEMS with many interesting applications for Point of Care monitoring, of
which glucose level monitoring will represent the largest single segment. Cheap disposable sensors are regarded as the sweet
spot in diagnostics.
But there are also many niches like: MEMS based retinal implants, robot surgery devices and diagnostic pills.
DNA chips
DNA chips have been commercialized by many companies, and a range of equipment is available for DNA chip sample
processing, data analysis etc. Future lab-on-a-chip technology may include implantable “pharmacy-on-a-chip” devices
precisely and timely releasing drugs into a body, without needing needles or injections. The delivery of insulin is one such
application, as is the delivery of hormones, chemotherapy drugs and painkillers. First generation devices are being developed
which release their medication upon signals from an outside source, wired through the skin. Proposed second generation
devices may be wireless and third generation MEMS chips could interact with MEMS sensors embedded in the body to
respond to the body's own internal signals.
Other microfluidic devices
Furthermore, there are many uses expected for microfluidics in all kind of analytical equipment such as mass spectrometry
and chromatography (See Figure -62-). A microfluidics platform integrates sample definition, injector, detectors and
diagnostics leading to fast analysis, increased ease of use, handheld and remote operation. They will not only be used for
home defence, but also for environmental measurements and industrial process control.
There is also a rising interest in the chemical industry in using microfluidics. The main reasons being:
For small quantities chemists tend to use up batch process, but often continuous processing is more easy to control,
while the residence time distribution (the time the material stays in the reactor) and the heath transfer are much better
controlled.

Also scaling up is much easier. While the process conditions in chemistry are so dependent on the scale of the reactor,
different processes are used in the lab and in the industrial plant. Microfluidic scaling up is not so much a matter of moving
from a small reactor to a big one, it is a matter of increasing the number of reactors, without changing the process.




Furthermore it can increase the catalytic efficiency due to its inherent larger amount of available surface.
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As a consequence, compared to traditional installations, microfluidic based installations tend to be smaller, more energy
efficient, safer, higher yielding and easier to expand. One approach to achieve this is to offer complete standardized systems
(“backbones”) facilitating the easy construction of miniaturized chemical installations.
However, it must be stated that efficient use of micro reactors is only possible using special chemical processes.

Figure 62 Microchannel structure for
gas chromatography (Courtesy C2V)

Figure 63 Nanowire sensor (Courtesy Nanosense)

Cantilevers/nanowires
Cantilevers are like miniature diving boards but measuring only a few hundredths of micrometers long and a few tens of
micrometers wide. For sensor applications, the cantilevers are coated with an application specific layer and placed in a sensor
device. A liquid or gas is passed through them. When a molecule or microbe fits to the coating it is locked on the surface. This
reaction can be measured by a change in momentum of the cantilever or a change in resistance. The device can be designed
to search for specific materials. For example, if the organism to be detected is E. coli, the cantilever can be coated in
antibodies specific to E. coli cells. An array of cantilevers each coated with a specific material can be used to detect different
molecules or organisms simultaneously.
Cantilevers and more especially nanowires (see Figure 63) are extremely sensitive and can measure deflections of just 1
nanometer, so are able to detect the presence of very small quantities of contamination. The applications for this new
technology are abundant, for instance IBM proposes to use cantilevers to detect DNA. Also bacteria and even parts of bacteria
can be identified, making the sensors ideal for testing the quality of water and food samples.
In addition to conventional aircraft, application of MEMS technologies could enable the development of micro, unmanned
aerial vehicles (UAVs). These small flight vehicles would perform as aerial robots to transport loads to remote sites/hazardous
locations or as reconnaissance devices.
This list is only a summary, the number of potential applications is increasing daily.
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6.0

Appendix A: Glossary

Actuator An actuator is a device that converts a signal into an action. It can create a force to manipulate itself, other
mechanical devices, or the surrounding environment to perform some useful function.
Ambient intelligence A vision of the future where we are surrounded by electronic environments, sensitive and responsive to
people. Ideally, devices work in concert to support people in carrying out their everyday life activities, tasks and rituals in easy,
natural way using information and intelligence that is hidden in the network. To achieve this we need small, connected and
self-sustaining intelligent sensors and actuators.
CMOS Abbreviation for Complementary Metal Oxide Semiconductor: The most widely used integrated circuit process. It is
found in almost every electronic product from handheld devices to mainframes.
Energy scavengers / energy harvesters Devices ably to transform energy from its surrounding environment to transform it into
electricity to be used by a device. The primary source of energy can be light, vibration, temperature difference etc. They are
meant to use in places where connection with a electricity network is difficult or when one doesn’t want to replace batteries.
Getters A small metal structure in for instance a closed package to remove contamination due to leakage or outgassing
Sensor A sensor is a device that detects a change in its environment and provides an 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

Thermal - temperature, entropy, heat, heat flow

Chemical - concentration, composition, reaction rate

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

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

Electrical - voltage, current, charge, resistance, capacitance, polarisation
Stiction A well-known problem in the fabrication of MEMS devices that arises from surface micromachining is stiction. Stiction
occurs when surface adhesion forces are higher than the mechanical restoring force of the micro-structure. When a device is
removed from the aqueous solution after wet etching the underlying sacrificial layer, the liquid meniscus formed on hydrophilic
surfaces attracts the microstructure towards the substrate and stiction occurs. The release-stiction problem may be overcome
by dry etching or supercritical CO2 drying. In-use stiction which occurs during operation of the microstructures is another
aspect of this problem.

7.0

Appendix B: Abbreviations

AFM
CMOS
CMP
DLP
DMD
DRIE
D&E

Atomic Force Microscope
Complementary Metal Oxide Semiconductor.
Chemical Mechanical Planarisation
Digital Light Processor
Digital Mirror Device
Deep Reactive Ion Etching
Design and Engineering

EDA
EDM
FACS
HARM

Electronic Design Automation
Electric Discharge Machining
Fluorescence Activated Cell Sorting
High Aspect Ratio Micromachining
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HVAC
Humidity, Ventilation, Air Conditioning
LIGA Lithografie, Galvanoformung, Abformung (German: Lithography, electroplating, and Moulding)
LoC
Lab on Chip
LPCVD Low Pressure Chemical Vapour Deposition
MEMS
Micro Electro Mechanical System
MNT
Micro and Nano Technologies
MOEMS
Micro Electro Optical Mechanical System
MST
Micro System Technology
OEM
Original Equipment Manufacturer
PC
Polycarbonate
PCR
Polymerase Chain Reaction
PDMS
Polydimethylsiloxane
PECVD Plasma Enhanced Chemical Vapour Deposition
PMMA
Polymethylmethacrylate
POC
Point of Care
PS
Polystyrene
SPM
Scanning Probe Microscope
STM
Scanning Tunnel Microscope
TWV
Through Wafer Vias
UAV
VOA
WSP

8.0

Unmanned Aerial vehicles
Variable Optical Attenuator
Wafer Scale Packaging

Appendix C: Sources of MEMS Information and Advice

NEXUS Microsystems Association
MANCEF
enablingMNT

9.0

www.nexus-mems.com
www.mancef.org
www.enablingMNT.com
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