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CHAPTER 9

MICRO STRUCTURE TECHNOLOGY AND
MICROMACHINED DEVICES

9.1.

Abstract

Micro structure technology and micromachined device technology
have emerged during the three last decades. At first they were mainly
technological spin-offs from microelectronics/integrated circuit
technology. Sensor applications gave the main market pull, batch
processing the key to high quality at low cost. Silicon micromachining
established itself as a unique process technology with distinctive
features. Today, these technologies and these devices have matured
into a separate industry sector with their own market and
manufacturing infrastructure, also with the use of other materials than
silicon. The devices are used in microelectronic systems with
widespread use, ranging from low cost, high volume automotive
applications to high cost, low volume instrumentation applications.
The micro structure technology and micromachined devices have
during these years shown a much slower learning curve than
microelectronics in general, making them to bottlenecks for
performance and cost improvements in their systems. The herald of the
rapid development of integrated circuit technology - batch processing -
is one of the important keys to ease these bottlenecks. The basics of the
micro structure technology and micromachined devices are introduced.
The most important batch processes for micromachined devices are
also highlighted and recommendations for future batch processing
developments for micromachined devices are given.

INTRODUCTION AND MOTIVATION: DEFINITIONS, AN EXAMPLE OF
A MICROMACHINED DEVICE AND THE MAIN DRIVING FORCES

MICRO STRUCTURE TECHNOLOGY can be defined as a group of three-
dimensional micromachining techniques enabling feature dimensions with
accuracy in the micrometer range.

MICROMACHINED DEVICES can be defined as devices made by Micro
Structure Technology.

These micromachining techniques are mainly based upon batch organised
microelectronic process technology, either directly adapted techniques like
photolithographics, or modified techniques such as anisotropic etching
techniques. Some micromachining techniques are specially developed for this
field, e.g., anodic bonding of micromachined devices.
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Today, these devices have matured into a separate industry sector with their own
market and manufacturing infrastructure, also with micromachining of other
materials than silicon. They are used in microelectronic systems with widespread
applications, ranging from low cost, high volume automotive applications to
high cost, low volume instrumentation applications.

The micromachined devices have during these years shown a much slower
learning curve than microelectronics in general, making them to bottlenecks for
performance and cost improvements in their systems. The herald of the rapid
development of integrated circuit technology - batch processing - is one of the
important keys to ease these bottlenecks. This paper will therefore focus on the
batch organised processes.

Photolithographic etching techniques are excellent examples. These techniques
have become feasible as a result of the advanced solid state technology
developed to manufacture silicon integrated circuits. In this way high-quality and
inexpensive manufacturing processes have become available to produce high-
performance, miniaturised and inexpensive micromachined devices.

Single crystal silicon is by far the most used material for micromachined
devices. We will later show that this is both due to the unique features of this
material and the strong infrastructure support from the field of silicon integrated
circuit technology. Several other materials and material systems are used, e.g.
gallium arsenide, quartz and polymers. This author will focus on silicon
micromachined sensors, partly because this is the most important, and partly
because this is the application area I know best.

Applications areas are mainly within sensors for sensing mechanical quantities
such as pressure, force, flow and acceleration, but sensors for other measurands
such as for example light or chemical quantities can also benefit from this
technology. Actuator applications and miniaturised precision assembly parts are
also important. We are still at the innovative stage of development of these
devices, and new ways of using this technology will emerge which will increase
the feasibility and expand the application area. At present, the potentials of this
technology seem to be restricted by the ability of device designers to come up
with innovative new designs.

The field can of course be divided into many sub fields. An example could be:
By combining sensor elements made by micromechanics in silicon with silicon
integrated circuits on the same chip set, a new sensor concept has emerged, the
MICROMECHANICAL SMART SENSOR. A smart sensor is a device in which
one or more sensing elements and signal conditioning electronics are integrated
on the same silicon (or gallium arsenide) chip. By including micromechanics in
this concept, we have the MICROMECHANICAL SMART SENSOR. This kind
of sensors combines the features of silicon both as an electronic material, as a
micromachinable material and as a sensor material, and is by many expected to
have a great impact on the sensor market as well as the electronic instrument
system market in the coming years.
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Example

As an example of a typical micromechanical sensor, we will explain the design,
processing and main features of the SP80 Pressure Sensor, developed at SINTEF
(earlier Center for Industrial Research), Norway and manufactured by SensoNor
A/S (earlier ame), Norway. This sensor visualises the main features and
limitations of micromechanical sensors, and points out pressure sensing as the
main application for these kinds of sensors.

The SP80 is a piezoresistive integrated pressure sensor with the pressure-
sensitive diaphragm micromachined in a silicon chip by anisotropic etching and
with ion implanted piezoresistors in a full Wheatstone bridge configuration as
the electronic sensing element. In addition, a temperature measuring resistor and
a heating resistor are implanted on the same chip, making it possible to
thermostat the chip to minimise thermal drifts. By varying the area and the
thickness of the diaphragm, the family of these sensors comprises a number of
pressure ranges from 0.5 Bar full scale pressure up to 60 Bar full scale pressure,
all with equally high full scale output signal.

The device is packaged in a transistor header, and main application areas are
within general instrumentation, metrology and aerospace application.

The silicon chip set is shown in Figure 9.1, and consists of diaphragm chip
sealed to a support chip which is mounted on top of a glass tubing acting as a
mounting stand as well as a pressure port.

The size of the chips is 4*4 mm, chip thickness approximately 0.3 mm, the
diaphragm area is typical 2*2 mm and the diaphragm thickness is typical 30
micrometers. The diaphragm is manufactured by stripping off the surface oxide
of the silicon wafer by means photolithographic technique in the areas we want
the diaphragm cavity. Then the wafer is etched in an anisotropic etching solution
with the remaining oxide as masking film. This etching solution attacks the
single crystal silicon with different speed in the different crystal directions. The
etch is extremely slow in the <1-1-1> direction, meaning that the etch is stopped
towards the (1-1-1) planes. The chip material is (1-0-0) silicon, and this means
that the etch cavity is surrounded by four (1-1-1) planes which have an angle of
inclination of 54.7 degrees relative to the (1-0-0) surface plane, rendering a
cavity with four sloped walls as indicated on Figure 9.1.

In this way we can control the diaphragm area, but we also need a technique to
control the thickness of the diaphragm, and in this design this is done by doping
the silicon with a high concentration boron stopping layer. The etching speed is
slowed considerately with increased boron concentration, thereby making it
possible to remove the wafer from the etching solution when the slow-etching
mode is reached and a well-defined diaphragm thickness is obtained.
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Fig. 9.1: Cross-sectioned view of the silicon chip set of the SP80 Pressure Sensor.

However, the process for the ion-implanted piezoresistors is not possible in the
boron-doped stopping layer, therefore an additional layer of single crystal silicon
has been deposited by epitaxial technique at an earlier stage of the processing.
The thickness of the epitaxial layer can be tailored with great accuracy, and
together with the stopping layer this gives the total thickness of the diaphragm.
The sensing electronics including the piezoresistors is processed on top of the
epitaxial layer. This is done by standard techniques well known from the silicon
integrated circuit processing technology. The piezoresistors are located along the
edges of the diaphragm midway between the corners. This is where we have
maximum diaphragm stress due to applied pressure, and by orienting two of
them with current direction parallel with the edges and two of them transversal
to the edges, two and two will change value with opposite sign as a function of
applied pressure. In this way we get a full Wheatstone bridge with four active
arms, having a full scale output signal at approximately 30 mV/V. The
schematic of the device is shown in Figure 9.2.
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Fig. 9.2: Electrical schematic of the SP80 Pressure Sensor.

The device is mounted and packaged in a transistor header as shown in Figure
9.3. The glass tubing is epoxy sealed to the pressure connection tubing in such a
way that the chip set is free-standing on top of the glass tubing and therefore
well mechanically and thermally isolated from the transistor header. Mechanical
isolation is crucial to obtain isolation from handling and mounting strain, a must
to obtain good short-term and long-term stability, and good thermal isolation
enhances the temperature accuracy as well as reduces the power requirements

when thermostating the device.
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Fig. 9.3: Cross-sectioned view of the SP80 Pressure Sensor packaged in a transistor

header.
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Fig. 9.4: Cross-sectioned view of the SP80 Pressure Sensor with a top chip
containing a vacuum reference chamber.

The Reference Pressure Port makes this sensor a differential pressure sensor. If
gauge pressure measurement is wanted, the Reference Pressure Port is omitted,
and the absolute pressure sensor version has an extra chip sealed on top of the
chip set with an etched vacuum reference chamber, as shown in Figure 9.4.

A picture of the assembled unit is given in Figure 9.5, and as can be seen, this
sensor is more a system component than a transducer, as electrical connection
and interfacing are necessary, as well as mechanical mounting, before the device
is ready to measure pressure.

Main features of this sensor are:

. Low non-linearity ( <+-0.1% )

. Negligible hysteresis ( <+- 0.005% of full scale output )

. Low long term drift ( typical less than 0.1% per year )

. Active thermal compensation by utilising the on-the-chip heating resistor.
. Small size.

Of course, there are drawbacks too:

. Reference pressure medium must be non-conducting and non-corrosive to
be compatible with the on-chip sensing elements and electronics.

. Safe overload is limited to 3 times rated pressure as no mechanical
overload stop is implemented.

. The devices have no normalised output signal meaning each device has to

be individually calibrated when system installed. The output signal in the
millivolt range must be amplified and signal conditioned to be converted
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to standard output signal form like, e.g. 0 - 5 Volts from zero to full scale
pressure.

. Temperature range is limited (-55 - +125 °C) and uncompensated thermal
sensitivity drift is relative high ( = -0.2%/°C).

The bottom line is whether such a device has the preferred price/- performance
ratio. At present, this is not always true for micromechanical sensors compared
to more traditional sensors or other competing technologies. However, based
upon the excellent qualities of silicon as a sensor material combined with its
micromachining capabilities and low cost silicon technology batch processing,
these sensors are by many believed to be future winners. The main challenge
will probably be to come up with sensor designs that combines mechanics,
electronics and processing in such a way that high quality, low-priced device are
achieved.

Fig. 9.5: Picture of the SP80 Pressure Sensor.

Rapid advances in silicon planar technology have made micromachined
devices competitive

The planar silicon technology has been the busiest workhorse in the
advancement and expansion of the integrated circuit technology during the past
three decades. This technology is the basis for the modern electronics with all its
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advanced computers, measurement & control systems, etc. There has been a
heavy technology push as well as a strong market pull, the first visualised by
Moore's law saying that the maximum number of components per IC chip
doubles approximately every 18 months, and a market growth for the
semiconductor industry of about 20% per year. This growth has declined
somewhat lately as the industry and market mature, but there still exists strong
growth potentials to fuel further technological advances and price/- performance
improvements.

Milestones in the planar silicon processing technology:

1948: The invention of the transistor.
1959: The invention of the planar silicon processing and the invention of
the integrated circuit.

. 1971: The invention of the microprocessor.

. 1985: 1 Megabit random-access-memory chips available.

. 1991: 4 Megabit random-access-memory chips available.

. 1994: 64 Megabit random-access-memory chips available.

. 1995: Microprocessors with more than 3 million transistors available.

Micromachined devices are to a large extent based on silicon planar technology
because this technology is suitable for these devices, but first of all because these
methods are developed to an advanced stage with the strong market pull from
the integrated circuit market. This has resulted in a well-assorted choice of
advanced processing techniques as well as comparatively inexpensive and
diversified processing equipment for manufacturing micromechanical sensors.

Silicon, and first of all single crystal silicon, has been drawing the attention of
material researchers in order to push planar silicon processing advances, and
therefore silicon is one of the best known materials with both mechanical,
chemical and electronic characteristics well known and documented. The low
impurity, low-defect single crystal silicon wafers manufactured for the IC
industry are, for example, a strong, almost perfect elastic material well suited as
spring element in sensors for mechanical quantities.

Based mainly on silicon, the IC world market is more than $60 billions today
with still a high growth potential making the IC industry one of the most
important industries of the future, not only by its own size, but also because its
impact in almost every other industry. An example could be office automation
based on electronic information systems built with cheap and powerful silicon
integrated silicon chips giving dramatic productivity improvements, or the
automobile industry turning from an almost mechanical basis into more and
more use of electronics.

The demand for micromachined devices with sensors as area of example

Mainly as a result of the success of the integrated circuit industry, electronic
measurement & control systems have become cheap and powerful and gained
new markets as technology acceptance has matured.
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The central unit of such system with signal conditioning, data processing and
communication administration has a record of success, and data presentation
systems such as monitors and printers are also reaching an advanced
technological level, giving an ever increasing performance increase per $.

These systems need input signals from sensors to handle their tasks, and sensors
are more and more becoming the expensive and critical part of such systems
because both performance and price have not progressed in the right direction
with the same speed. Sensor designs dated back more than two decades are still
on the market and competitive, often based on complicated and laborious
assembling techniques making them bulky, fragile and expensive.

New sensor designs are often hard to achieve, having to be compatible with
harsh environments, rough handling and stringent demands on measuring
accuracy, and a lot of consideration, testing and redesign is more the rule than
the exception before market acceptance is achieved. This is giving a time lag
from idea to running high- volume production that can be several years and
sometimes a decade. This time lag severely hampers technological advances
within sensor technology, and has also a frightening effect on entrepreneurs, who
often prefers to invest their money in less speculative fields with faster
investment returns.

This is a tremendous challenge for the sensor industry, and as the market grows
and technological advances are made, things are beginning to move with faster
speed, and an increasing quality at a declining price is expected in the coming
years, though not so dramatic as in the IC industry. Micromechanical sensors are
heralded as one of the main roads to achieve these goals in the future as such
sensors both have promising high-quality features and can be inexpensively
manufactured by silicon batch processing and packaging technology.

Market and applications for micromachined devices with sensors as area of
example

Business opportunities for micromechanical sensors have until recently been
almost exclusively been in high-tech fields such as medical technology and
industrial process control technology. These are fields with long traditions as
pioneers in high-tech both from a technological and a funding point of view,
fuelling ideas from the university laboratories into manufactured and marketed
high-volume products.

These two markets still are the most important with a multitude of applications
and increasing numbers of new business opportunities, but as technology
acceptance is achieved, new markets sectors are emerging for micromechanical
sensors. The following market sectors with applications examples give an
indication on how widespread and diversified the business opportunities for
micromechanical sensors are:
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. The industrial process control sector market. Application examples:
- Flow sensors in gas pipelines.
- Tank level measurements by pressure measurement.
. The medical sensor market. Application examples:
- Blood pressure sensors.
- Brain pressure sensors.
- Microphones for hearing aids.
. The measurement instrumentation market. Application examples:
- Electronic barometers.
- Infrared light detectors.
- Vibration sensors.
. The automotive market. Application examples:
- Carburettor manifold absolute pressure sensor.
- Accelerometers as crash sensors in air bag systems.
- Suspension control accelerometer.
- Air flow sensor.
. The consumer market. Application examples:
- Level measurement in white goods appliances.
- Pressure and flow sensors in air condition systems.

. The agriculture electronics market. Application examples:
- Automotive sensors used in tractors, harvesters, etc.
. The off-shore oil exploitation market. Application examples:

- High pressure measurement in oil wells.
- Sea wave sensor.
. The avionics, space & military markets. Application examples:
- Accelerometers for rocket navigation.
- Micro gravity sensors.

Among these markets the automotive market has drawn a lot of attention during
the last years as electronics has entered under the hood and into the cabin. The
automotive industry has reluctantly started to use more electronics, partly to
meet governmental legislation and partly as a result of market pull, and with
some and thirty millions cars produced each year, suppliers are tempted with
high-volume orders of for instance carburettor manifold absolute pressure
sensors. This is the most high-volume application of micromechanical sensors,
and it is believed that research efforts and manufacturing facilities set up to
produce these sensors will have a major technological impact. This is also
leading to reduced prices, which again will open up new markets and new
applications for micromechanical sensors.

Competing technologies for micromachined devices with sensors as area of
example

The competing sensor technologies for micromechanical sensors are multiple
and diversified, some based one more traditional hand-crafted technology and
some based on modern manufacturing technologies with both general and
specific application areas.

Most of them have in common that they are based on old, but fine-tuned
technology meaning they are harder to beat than expected from a theoretical
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evaluation of their advantages and drawbacks compared to silicon
micromechanical sensors.

Those sensor technologies that are based on modern manufacturing technologies
have almost all just like micromechanical sensors emerged as spin-offs from
modern solid state technology and/or general electronics, where large markets
have attracted a lot of research efforts.

Among the competing technologies we could mention:

. Metal-diaphragm capacitive pressure sensors. These sensors use the gap
variance between a pressure sensitive metal diaphragm and an electrode
plate as an air dielectric capacitance pressure sensor. This sensor
principle has been used for years with excellent results. Among its
features is high thermal stability, while one of its main drawbacks is the
need for sophisticated signal conditioning electronics. This drawback is
no longer a problem with state-of-the-art advanced and inexpensive
electronics, and for instance in the automotive sector these sensors are
very competitive.

. Strain gage pressure sensors. The pressure is by way of a pressure
sensitive diaphragm converted into mechanical strain, which is sensed as
a resistance change. The resistance changing element is either an
unbonded wire gage, or a deposited-metal-film (mostly thin film), or a
bonded semiconductor gage.

Most often there are four, sometimes two strain gages in each sensor making up
the four (two) arms in a Wheatstone bridge. The Wheatstone bridge
configuration has several advantages compared to a single gage sensor, among
these we would point out better thermal stability, increased linearity and higher
sensitivity. Most of today's micromechanical pressure sensors are based on this
principle, as the next logical step was to integrate piezoresistive strain gages in a
micro- machined pressure-sensitive diaphragm.

. Piezoelectric accelerometers and vibration sensors.

Accelerometers and vibration sensors are based on the acceleration of a
seismic mass restrained by a spring element and with a sensing element
either based on strain or position detection. A piezoelectric crystal
material such as quarts or a ceramic material such as barium titanate is
very attractive to use in such sensors. Strain in the material produces an
electrical charge displacement in the material, giving the possibility to let
a disc of the crystal material act as the seismic mass, the spring element
and the sensing element.

However, since such a sensor is based on charge redistribution, they can
only measure dynamic acceleration. Steady-state acceleration will give a
fixed charge on the electrodes that is lost in short time due to leakage
current and input current in the detecting electronics.
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To summarise there is a large number of sensor technologies competing on the
same or parts of the same market as micromechanical sensors. A rough estimate
of the world market for sensors could be $2 billions in 1995, with
micromechanical sensor having a market share of some twenty per cent. This
market as well as this share is expected to increase in the coming years, but the
bottom line is that micromechanical sensors are facing stiff competition from
other sensor technologies emphasising the need for improved designs, cost-
effective manufacturing and aggressive marketing.

Manufacturers of micromachined devices with sensors as area of example

The industry structure within micromechanical sensors is highly diversified both
in size, technological basis and organisation type. Some typical examples can
visualise this:

. Traditional sensor manufacturers have seen micromechanical sensors as a
natural expansion of their technological basis, and have taken up research
and production of these sensors as a part of their activity.

. Semiconductor companies have entered this market as a logical expansion
of their integrated circuit activity, since they already have most of the
needed equipment and the appropriate marketing channels.

. System companies or original equipment manufacturers, which see
micromechanical sensors as a way to boost their systems to higher
performance, levels. This includes even companies with their main
activity outside the electronics field; e.g. the auto maker GM is using its
subsidiary company Delco to produce micromechanical pressure sensors
for cars.

. "Start ups", companies having micromechanical sensors (some- times as a
part of micromechanics in silicon) as their main business idea.

There are of course companies that do not fit into any of these types and some
are somewhere in between these types.

Manufacturers of micromechanical sensors are spread all over the world, with
USA and especially Silicon Valley as the main location, but also companies in
Western Europe and Japan are active as manufacturers of micromechanical
sensors. In Table 9.1, several of the manufacturers world-wide are listed.

Since this is a growing field there are many business opportunities and a good
guess is that the number of manufacturers will increase in the coming years.
Some companies are, according to rumours having problems because they have
underestimated the technological difficulties needed to be solved to get market-
accepted products. However, a shake-out will probably not occur in a long time
since the market is growing and a lot of special products with market niches
rather than standard products are asked for in the market.
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Honeywell USA
Microswitch USA

SenSym USA

IC Sensors USA

Motorola USA

Delco USA
Foxboro/ICT USA

Endevco USA

Kulite USA

Lucas NovaSensors USA

Michigan Microsensors USA

Hitachi Japan

Toshiba Japan

NEC Japan
Yokagawa Hokushin Japan

Toyota Motor Company Japan

Siemens Germany
Philips The Netherlands
Microtel The Netherlands
Xensor Integration The Netherlands
Druck UK

Keller Switzerland
Vaisala Finland

Radi Medical System Sweden
SensoNor Norway

Table 9.1: Examples of manufacturers of micromachined sensors

Research activity in micromachined devices with sensors as area of example

Research activity in this field is very intensive as this a relative new field with
the need for a lot more basic research as well as more product and process
oriented development to establish a matured technological basis for the involved
manufacturers. There is a rather sharp division between scientific research and
company research:

. Pioneering research was done and still is done by several universities and
research institutions, often sponsored by governmental funding agencies.
In Table 9.2 some of the most well known examples are listed. Stanford
University in California should be honoured as the pioneer centre, being
the first to establish micromechanical sensors as an independent research
field, and later several universities and research centres have taken up
micromachined sensors as research activity.
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Stanford University USA

Case Western Reserve University USA

University of Michigan USA

University of California, Berkeley USA

University of Wisconsin USA

MIT USA

Tohoku University Japan

Kyoto University Japan

Fudan University Peoples Republic of China
Delft University The Netherlands
Twente University The Netherlands
IMEC Belgium
Catholic Un of Leuven Belgium
University of Neuchatel Switzerland
CSEM Switzerland
Fraunhofer Institute, IFT Munich Germany
Fraunhofer Institute, IMT Berlin Germany
Techn. Un of Berlin Germany
Techn. Un of Denmark Denmark

VTT Finland
Uppsala University Sweden
KTH/IMC Sweden
SINTEF Norway

Table 9.2: Examples of research centres for micromachined sensors

As the technology has matured it has attracted entrepreneurs that have seen its
potential for commercial exploitation, and more of the research and development
of micromechanical devices have taken place in the laboratories of the
manufacturers rather than at the universities. This has lead to a substantial
increase of research resources, but also to a less open scientific communication,
as companies want to keep their acquired technology in secret. However, this
field is still characterised by an unusual open scientific communication even
from the manufacturing companies, as all parties see the advantage of
exchanging their results to fertilise further technological progress. Some
processes and designs are patented, but most of these patents are of minor value
since technological progress is moving faster than the patent bureaucracy,
meaning that the patent often is old- fashioned already before it is properly
protected. Therefore, most innovations are not patent protected, but commercial
exploited by the innovators simply by keeping it confidential until products are
marketed and using the time advantage to make money before the innovation are
copied or further developed by competitors.

Research in this field is calling for resources at a lower level than present-day
silicon integrated circuit technology, and this has lead to that several centres
earlier involved with IC research have taken up micromechanical sensors as their
speciality. This has given the field a lot of talented people with academic
background in solid state physics using solid state physics in a very successful
manner in micromechanical sensor research.
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On the other hand, micromechanical sensor research calls for a lot of innovative
and competent research related to the field of mechanical engineering, and it
looks very obvious that this part has not been given proper attention. This has
resulted in a critical need for the micromechanical sensor field to attract talented
mechanical engineers to implement state-of-the-art mechanical engineering in
new product designs. All in all, research in the field of micromachined devices is
a multi-disciplinary research field calling for talents from many fields. The
centres that are able to meet this challenge will probably have a better chance to
be successful than others in their research efforts.

Fig. 9.6: A silicon wafer with micromachined diaphragms for condenser

9.2.

microphones made at SINTEF. Batch organised planar processing and
micromachining is used to make microphones that have low zero pressure
distortion. Controlling the initial mechanical stress by doping the material,

4x4 mm?2 diaphragms of thickness 1 micrometer have been made with a
resonant frequency of 10-13 kHz for an initial stress of 10-15 MPa.
(Photo: Jan D. Martens, SINTEF)

KEY FACTORS TO SUCCESSFUL INDUSTRIAL INNOVATION OF
MICROMACHINED DEVICES

Micromachined device technology is a true-born offspring from integrated
circuit technology with silicon as the most used material. Micromachined
devices are mostly used as sensors and actuators in microelectronics systems,
with sensors being the most important. There are several key success factors
specific for micromachined devices are [9.1], [9.2]. We suggest the following
subjective list:

The top ten success factors of micromachined devices

1. Batch organised planar processing technology offers high quality, low
cost, batch organised ways to manufacture micromachined devices. This
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includes both subtractive techniques such as etching and additive
techniques such as thin film deposition.

Microelectronics manufacturing infrastructure offers a wide range of
advanced services for the manufacture of micromachined devices, e.g.
high quality materials such as silicon wafers and photo masks, and
sophisticated equipment such as aligners and implanters.

Research results from solid state technology and other related fields of
microelectronics. This is first of all the accumulated research results of
silicon microelectronics, making silicon by far the most investigated
electronic material. Advanced research results are also available for other
materials used for micromachined devices.

Micromachining. Anisotropic, isotropic and selective etching techniques
combined with photolithography make high-precision, miniaturised three
dimensional structuring feasible. This micromachining capability is first
of all achievable with single crystal silicon, but both in principle and
practice other materials can be used, e.g. gallium arsenide, quarts or
polysilicon.

Wafer and chip bonding. To assemble into packaged units, bonding on
wafer level or chip level is necessary. Main techniques are silicon-to-
silicon bonding, silicon-to-glass bonding and silicon-to-thin film
bonding. The techniques can be used for both chips and wafers. Silicon-
to-silicon fusion bonding is a high temperature process giving high
strength, used primarily for wafers. Anodic bonding is a low temperature
process used both for chips and wafers. Other available processes are
gluing, soldering and welding.

Mechanical material characteristics. The used materials feature favourable
characteristics as mechanical materials. Single crystal silicon is here an
excellent example, with its high strength and almost perfect elasticity,
making it an excellent spring element for sensors and actuators.

Sensor effects. The materials used has a large number of physical effects

that can be used for signal conversion for sensors, for instance
piezoresistivity for sensing in the mechanical signal domain and Hall
effect for magnetic signal.

Actuator functions. The technology facilitates microscale actuating
functions such as micromotors and micropumps.

Integrated electronics. Many of the used materials have excellent
properties as electronic materials. By combining micromachined devices
with on-chip, integrated signal-conditioning electronics, so-called
micromachined smart devices, improved or new sensing and actuating
methods can be used. For instance, silicon capacitive sensors are very
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hard to make without on-chip circuit, because both capacitance and
capacitance change are in the picofarad range.

10. Combination of features can make very competitive products. Single
crystal silicon is in this respect as outstanding. E.g., a silicon
micromachined smart pressure sensor [9.2] makes extensive use of these
features.

Fig. 9.7: The SINTEF/Simrad Optronics Silicon Micromachined Infrared Source as
an example of an actuator. This is used in a gas monitoring system, using
the absorption of infrared light as sensing principle. Due to the low
thermal mass, this actuator can be electrically chopped up to 1 kHz,
replacing a bulky electromechanical chopper. (Photo: Jan D. Martens,
SINTEF)

Fig. 9.8. The SINTEF Smart Capacitive Silicon Pressure Sensor, demonstrating the
power of combination of features. [9.3] This sensor is using many of the
listed features. It has a micromachined diaphragm made by batch
processing, as shown in the detail photograph of the diaphragm chip. It
uses the variable air gap capacitive sensing principle, has integrated
electronics and is assembled by silicon-to-silicon anodic bonding. (Photo:
Jan D. Martens, SINTEF)

Micromachined device technology is a part of the microelectronics field. World-
wide, microelectronics is recognised as a basic technology commanding the
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performance and market success of both present and future electronics systems.
These are systems that constitute one of the most important key factors
determining the effectiveness and competitiveness of most business fields and
public administration services. Microelectronics has and will dramatically
improve performance both in a revolutionary and an evolutionary way, and this
is giving corresponding impacts in those areas using electronics systems based
upon microelectronics.

However, the field of micromachined devices is having a much slower
development in performance increase, cost improvements and market impact
compared to other fields of microelectronics [9.4], [9.5] There are many
bottlenecks slowing this development. These trends have motivated us to
suggest the following list:

The bottom ten list of inhibiting factors

1. Slow market acceptance. Micromachined devices are not well known in
the market, and users are hesitant to use products with a very short track
record.

2. Low production volumes. With a few exemptions, most products are
produced in low production volumes, giving high cost and low market
penetration.

3. Immature industrial infrastructure. Most of the industry is still very young
and very fragmented both from a geographical and technological point of
view. Strong industrial clusters as we know from other industry, e.g., like
Silicon Valley in microelectronics, have not yet been established

4. Poor reliability. Complex products and processed produced in low
volumes for a relative short time can give questionable reliability.

5. Complex designs and processes optimised for performance, not cost.
Sophisticated designs and high complexity of the production process for
most of the devices call for large development and manufacturing
resources, and long lead times from the idea to successful commercial
production.

6. Immature processing technology. Most often, many individual device
process steps with an early transition from batch processing are used
giving yield problems and high cost.

7. Immature packaging and interconnection technologies. Interfacing of the
device with the medium it senses or actuates on is most often difficult
and expensive, since several individual device packaging fabrication
steps are needed.

8. Limited research resources. The industry is still small with limited
commercial success. Therefore, research resources, both financial and
technological, are limiting the progress of the technology.
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9. Limited human resources. The industry has only a limited number of
seasoned first-class experts, and the education system has with only a
few exemptions yet to recognise to full extent the need to train students
in the field of micromachined devices.

10. High cost. Generally, as a consequence of inhibiting factors as those
mentioned above, the industry is generally still manufacturing high-cost
products. This gives a negative feedback to those same factors, e.g.,
slows down the market acceptance of the products.

The performance versus cost is a key issue for success in the market for
micromachined devices. With competitive performance versus cost ratio,
micromachined devices will both replace traditional sensors and open up new
applications such as microactuators. Batch processing of micromachined devices
used the right way has a strong effect in this respect. At some stage in the
production, batch processing is taken over by individual processing such as
packaging. The rule of the thumb is that cost per device is very low until
individual device processing starts. A good way to visualise this is the price
level of commodity integrated circuits, where advanced batch processing
technology is driving the cost per transistor into the nano-ECU range [9.4], [9.5],
and [9.6]. The most aggressively priced micromachined devices such as airbag
crash sensors have price targets less than 10 ECU, [9.7], indicating that the batch
processing costs are only a few percents of the total production costs.

Extensive and appropriate batch processing methods are very important for
successful industrial innovation of micromachined devices. SensoNor, a
Norwegian silicon micromachined sensor producer, is focusing on silicon batch
processes as their competitive edge. [9.8] They have an annual production of
several millions silicon accelerometers used as crash sensors in automotive
airbag systems.

Therefore efforts should be made to develop devices that to a larger extent than
today is made by batch processing instead of individual device processes. In this
review, the most important batch processing technologies appropriate for
micromachined devices are presented, together with some examples and
recommendations for future work in this area. We have divided these batch
processes into 4 groups:

. Batch processes adapted from microelectronics/IC technology with no or
minor modifications.

. Batch processes modified from microelectronics/IC technology processes.

. Batch processes adapted or modified from other technologies than
microelectronics/IC technology

. Batch processes mainly developed for micromachined devices

These groups will be described in more detail in the following chapters.

BATCH PROCESSES ADAPTED FROM MICROELECTRONICS/IC
TECHNOLOGY WITH NO OR MINOR MODIFICATIONS

As earlier pointed out, manufacturing methods from microelectronics, primarily
developed for silicon integrated circuit manufacturing, are very important
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cornerstones for the micromachined device technology. They are well
developed, commercial processing equipment is available at modest prices, and
they have the important feature of batch processing, all ending up in high-
quality, cost-effective ways of manufacturing micromachined devices.

We will mention some of these methods and discuss their versatility for
micromachined device manufacturing. Their technological fundamentals are
rather complex; therefore this overview has to be rather summarising, giving no
room for in-depth explanations and analyses. We refer to textbooks [9.9], [9.10],
and [9.11] for a more comprehensive overview.

Photolithography

Photolithography in IC manufacturing, is the art of photoengraving, which
means the process of transferring geometric shapes on a mask to the surface of
the semiconductor wafer so that all its surface is protected except where
following processes such as etching, implantation or diffusion will take place.

By means of photo artwork a geometric pattern giving the mask openings are
transferred from a hand-crafted or computer-aided-designed large-scale layout to
the desired pattern on a mask. These steps are most of them very critical calling
for high-precision and ultra clean processing until the mask is ready for use.
Errors like stepping mismatch or dust contamination must be minimised, as
mask errors are copied down on the wafers giving device problems and failures.
The mask is wusually a right-sized and repeated pattern for use in
contact/proximity aligners, or a single enlarged pattern as a reticle that is stepped
during registration with a projection aligner.

Pattern is transferred to the wafer by photo registration on the photoresist layer
on the wafer that is deposited before registration by spin coated and further
processed by selective removal of patterned area. The resulting openings of the
developed photoresist are then subject to further processing like etching of the
surface oxide or thin film metallisation, and afterwards the remaining hardened
photoresist is removed.

A silicon micromachined pressure sensor is an example on how
photolithography is used to manufacture micromachined device.
Photolithography is used to make an etch opening in the surface oxide for
anisotropic etching of the diaphragm.

Spin coating
Spin coating is primarily used for photoresist deposition in photolithography, but

has also proved itself as a versatile technique for different polymer and glass
coatings, with the material to be deposited spin coated in a low viscosity form,
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e.g., polyimide in its monomer form imide or glass particles, both in solvents to
tailor the appropriate viscosity.

Etching techniques
Etching techniques are used in combination with photolithography and other
processing techniques to give patterned geometrical and electronic features of
the processed device.

Wet etching techniques are mostly based upon organic solutions tailored for
photoresist removal and acid or alkali solutions for etching off surface films
such as oxides, nitrides and metal films. For photoresist, a selective resist
removal of exposed/not exposed photoresist is used, at first to remove the resist
in the patterned areas for subsequent processing, then after appropriate
processing of patterned areas to strip off the remaining hardened resist from the
unpatterned areas. The wet etching techniques of micromachining originated
from silicon IC processing.

Dry etching techniques have gained popularity the recent years, both because
they for some applications have added features, but also because of cost
advantages and environmental issues. Physical etching techniques by sputter
etching or ion milling are used to some extent, but combined physical and
chemical plasma techniques are most popular. Reactive plasma etching is the
most used technique for hardened resist removal. Physical/chemical plasma
etching is also much used - e.g., RIE (Reactive Ion Etching) has high flexibility
in etching selectivity and is to some extent anisotropic. RIE is extensively used
for etching polycrystalline silicon films, e.g., for surface micromachined motor
processing.

Diffusion of dopants

The thermal diffusion technique as a way of introducing electrical active
impurities in a controlled way into silicon is the most important way to alter the
electrical characteristics of silicon and other semiconductors. Impurity levels in
the range of one/tenth of a percentage and down to parts per million are used to
alter the resistivity and type of main conduction mechanism (p-type or n-type)
giving the possibility to make resistors, transistors, etc.

Diffusion of impurities takes place in diffusion ovens, operating in the range
from approximately 800°C to 1200 °C with tight temperature regulation and gas
as impurity source.

Implantation
The implantation technique is an alternative way of introducing dopants into a

semiconductor. This is done by accelerating the desired impurity ions to high
energies and focus them at the semiconductor surface. To cover the whole
surface, the ion beam is scanned, and in this way ions enter the semiconductor
wafer wherever it is not protected by a mask that can withstand the high energy
of the ions. The characteristics of an implantation process are dependent upon
type of ionised dopant, ion energy and ion dose per area. The ion energy can be
several hundred KeV and the impact creates excessive damage of the substrate
material, calling for an annealing step after implantation. This is a heat treatment
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where the crystal heals itself of the damage and the implanted ions move into
substitutional lattice positions and become electrical active.

Ion implantation is often followed by a diffusion step to get the wanted impurity
profile going deeper than the few parts of a micron normally achieved by
implantation. In this way ion implantation is used as a predeposition technique,
using its high dose accuracy to improve the accuracy of the doping. E.g., ion
implanted resistors have a resistance value accuracy down to one per cent with
excellent matching, and this is many times better than what is achievable with
the thermal diffusion technique, and making ion implantation of boron in silicon
the dominating way of making piezoresistive micromachined sensors.

SIMOX (Separation by IMplanted OXygen) is a fascinating specialised
implantation process applicable for micromachined devices. [9.12] With this
technique, a buried dielectric SiO, layer is made by O, implantation and
subsequent annealing. The dielectric layer can be used for component isolation
and/or selective etch stop for micromachined devices.

Epitaxy
Epitaxy is used to grow a single crystal (semiconductor) layer of controlled

thickness, composition and doping on top of a single crystal (semiconductor)
substrate in such a way that the crystal structure of the substrate is extended
unperturbed into the epitaxial layer.

Epitaxial growth is done when semiconductor atoms from vapour or liquid phase
are deposited on a hot substrate. In order to obtain single crystal growth, an
almost perfect match of lattice constants is necessary, otherwise polycrystallinity
will result.

Silicon-on-silicon epitaxy is used extensively in silicon micromachined device
manufacturing. E.g., a selective etch stopping layer for a silicon micromachined
pressure sensor is obtained by first doping the substrate with boron at high
concentration, then growing an epitaxial silicon layer with phosphorus doping
(n-type) defining the diaphragm thickness and giving a substrate layer for the
boron doped piezoresistors. Silicon epitaxy is done in the temperature range
from 950°C to 1250°C using for instance silane (SiH4) as vapour source.

Recently molecular beam epitaxy (MBE) has been given much attention from
the semiconductor scientific community as a way of making new electronic
devices by bombarding a substrate with evaporated material to be deposited. In
this way ultra thin single crystal layers with specific doping and electrical
characteristics can be tailored. Such structures could also have several
applications in micromachined devices, but much basic research needs to be
done before this is feasible.
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