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Abstract

MEMS technology deals with the integration of diverse micro technologies in complex and
highly integrated systems under continuously developing boundary conditions. Successful
development of MEMS demands a customised and rapid development process and requires
attention to their special characteristics: technology-driven development, a wide range of
manufacturing technologies and cooperation of experts of various fields. This paper suggests
a possible development process and methodical support of designers by specific
manufacturing guidelines and a new developed integration method to help experts of various
fields to achieve efficient and effective development processes.
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1 Introduction

The market for MEMS (Micro-Electro-Mechanical-Systems) has grown around 20 % per year
over the last decade and MEMS technology is predicted to be a key technology with
enormous potential in the 21st century [1], [2]. MST (Micro-Systems-Technology) allows the
production of such systems with extreme mechanical precision and high repetition accuracy.
Typical products, e. g. sensors, are used in a broad variety of application fields from the
automotive to the medical technology industry.

Despite the high investments in research and development of both new products and new pro-
duction technologies, structured development processes for MEMS are not common practice.

The development of MEMS mass products is characterised by:

e interaction of diverse disciplines integrated in one product, e. g. micromechanics,
micro-optics, microelectronics, biology or chemistry

e a wide range of production technologies and processes usually based on silicon or
plastic, e. g. bulk micromechanics, surface micromachining, LIGA (from the initial
letters of the German words for Lithography, Electroforming and Moulding) or MID
(Moulded Interconnect Devices)

e aclose interdependence between product and production technologies

The diversity of involved technologies, the close integration of components of diverse
domains and the simultaneous development of product and manufacturing process influence
the development process and require effective support of designers [3].

Information about limits and restrictions is often kept in the minds of individual developers
and design rules for their special needs are quite unknown [2], [3]. A lack of knowledge of the



extent of the production possibilities often interrupts the product development process due to
unavailable design rules to support the developer.

The integration of diverse domains and the interrelations between them require the incorpo-
ration of skilled specialists from different knowledge fields. Interrelations and interactions in
highly complex systems must be considered in an appropriate way [4].

An extensive study of MEMS design by Klaubert [5] emphasises the need for guidelines for
geometry, manufacturing and materials as well as assistance in the understanding of the entire
system.

This paper discloses a basic MEMS design process supplemented by aspects of DFM (design
for manufacturing) and establishes methodical support for DFI (design for integration) based
on MID-technology.

2 Manufacturing of MEMS products

2.1 Materials

Basic condition for the development of MEMS is the knowledge of physical and chemical as
well as manufacturing properties of the relevant materials.

The used materials are closely linked with MEMS manufacturing technology far beyond
applied manufacturing technologies in disciplines like mechanical engineering or precision
engineering. In addition, further factors e. g. the biocompatibility of implants, play a major
role for the choice of suitable materials for MEMS. Thus MEMS designers require more
information about manufacturing and material aspects than macro designers [5].

MEMS engineering comprises a multiplicity of materials out of diverse materials groups as
shown in table 1.

Table 1. Materials used in MEMS technology [6]

Semiconductors Si, Poly-Si, GaAs, SiC, diamonds
Dielectric materials Si0,, Si3Ny4, PSG, Al
Glass Borosilicate glass, glass solder

AINiCo, SmCo, ferrite, soft magnet

Magnetic materials .
material

Ceramics Al,Os, AIN, PZT, a-SiO,, LiNbO;

Liquid and solid electrolytes, metal oxides,

Chemical materials . R
organic compounds, optic indicators

Plastics Polyimide, PMMA, epoxide

Enzyme, proteins, biologic substrates,

Biological materials . .
microorganisms

Metals Steel, aluminium, copper, silver, gold




Silicon, plastics and diverse metals are the most common materials used for the manu-
facturing of MEMS, further materials are used in more specific application fields.

The very well investigated silicon technology allows the integration of mechanics and elec-
tronics on a chip (,,monolithic integration®) with high availability and quality at reasonable
costs. Semiconductor materials enable the use of sophisticated manufacturing methods from
microelectronics, the integration of electrical and other functional components and a multi-
plicity of effects linking electrical and non electrical signals [7].

Plastics are used in a wide range of application in MEMS. In addition to housings and covers
they particularly provide structure carriers in MID technology. Crucial factors for the
selection of a suitable plastic in addition to technological aspects are mechanical, thermal,
electrical and chemical characteristics needed in the desired application area. Despite un-
favourable characteristics of polymer structures in view of thermal and mechanical strength,
they are highly competitive when manufactured by micro injection moulding in large lot sizes
and allow a wide range of application with structured layers of metal. Typical polymers used
for MEMS are PMMA, POM, PC, PEEK or LCP [8].

Metals provide a rich variety of useful characteristics for both mechanical and electrical parts,
e. g. housings or electrical interconnections [7].

Most MEMS engineering effects are based on a conversion of signals and/or an energy
transformation. The desired function is often disturbed by unintended side effects. Thus the
development of MEMS requires material data clearly beyond characteristic values needed in
partial disciplines. Furthermore the supply with material-specific values is a serious problem
in MEMS engineering, since exact specification of boundary conditions concerning technical
data is often missing in technical literature. Simple transfer from macroscopic specifications
to thin layers is not possible [6]. Constantly new materials and manufacture parameters
require specific investigations to find adequate materials and manufacturing processes [9].

2.2 Manufacturing processes

Multiple demands on structuring and materials in MEMS technology require various manu-
facturing technologies as shown in Figure 1.
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Figure 1. Selection of MEMS manufacturing technologies [3], [7], [8]



Silicon manufacturing technologies usually descend from procedures working satisfactorily in
microelectronics (LIGA, bulk micromachining, thin-film technology, thick-film technology,
surface micromachining), although Microelectronics manufacturing is 2D while MEMS is a
3D process. They are based on the separation of layers and structuring by lithography and
etching [7], [8]. Recently the importance of micro injection moulding of ceramics and metals
is increasing (PIM - Powder Injection Moulding, CIM - Ceramic Injection Moulding).

Micro machining allows metal cutting and EDM (Electrical Discharge Machining) operations
of microstructures with excellent accuracy. Mechanical micromachining is often used for chip
removing processing of metals down to 30 um (drilling) with an accuracy of £ 2 pum. Micro
wire EDM uses wire diameters down to 20 um with achievable aspect ratios of grooves from
60 to 80 pm [10].

MID technology allows quite free and economical shaping based on die casted plastic work-
pieces with metallized surfaces. The dimensions of the carrier depend on the limits of mould
manufacturing, material and injection moulding process. The metallized surface usually
consists of electro-plated layers of diverse metals, e. g. copper-nickel-gold for conductive
coatings, structured by laser with pitches down to 50 um [8], [11].

Packaging provides contacting and integration of the individual components. In many cases
manufacturing methods are also combined in order to manufacture a MEMS. A common
practice is to manufacture separate components in different manufacturing processes and to
integrate and contact them on a substrate afterwards (hybrid integration). The integration
requires attention to various aspects of e. g. thermal and mechanical dimensioning [4].

3 Design rules in the MEMS development process

The miscellaneous manufacturing techniques call for a careful choice of the manufacturing
process [2]. Simultaneous development of product and manufacturing process requires
knowledge management supported by adequate methods [3], [5], [9]. Both methodology in
general and design rules in particular are important in this context.

3.1 Development process for MEMS design

MEMS design is enhanced by support of a well adapted design procedure and requires a
specific methodology with focus upon the characteristics of this discipline [5], [9]. Integrated
methods for DFX-support encourage this effect [9].

A proposal for a new MEMS design methodology based on the VDI guideline 2206 [12] for
development in mechatronics is shown in Figure 2.

This general development process starts with the generation of a system concept that is
continued by a parallel development of the system components in diverse domains and the
manufacturing technology. The concluding system integration verifies the desired
characteristics of the product. The development process is embedded in the product lifecycle
to incorporate knowledge and demands from different stages of the products life. This general
process must be precisely specified and adapted for the demands of specific product
developments.

The development process in a narrower sense can be superposed by different views on the
process, €. g. quality demands or economic aspects.
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Figure 2. Design process for MEMS, based on [3]

Simultaneous development of both product and manufacturing technology influence each
other and must be regarded in the development process. Thus the basic development process
in Figure 2 is superposed by a manufacturing view showing manufacturing issues affected
during the development process:

e selection of the manufacturing process at the beginning of the development

e design guidelines based on the manufacturing process to support the shaping of
MEMS

e interaction between development of the product and advanced manufacturing
technologies

¢ adjustment of technology based on results of system detailing

The two first aspects are enhanced in the following paragraphs.

3.2 Selection of the manufacturing technology for MEMS

The decision for an adequate manufacturing technology mainly comes from the analysis of
the requirements list and the basic system concept.

The choice of an adequate manufacturing technology is based on the material, quantities, cost
aspects, fundamental shape considerations as well as available and favoured production
equipment. Figure 3 illustrates different points of view on the choice of the manufacturing
technology.



Requirements on MEMS manufacturing technology

Production Use Economy
* Required Tools » Temperature * Lot size
* Process time * Heat dissipation * Number of versions
* Geometry * Operating Voltage » Material costs
* Limits of technology ||* Operating current * Manufacturing costs
* 2D /3D Dimensions ||* Environmental conditions ||* Assembly costs
* Number of pieces * Sales price

Figure 3: Examples of requirements on MEMS manufacturing technology

The various influences on the manufacturing technology make the selection more complicated
and cause more requests of MEMS designers about manufacturing aspects compared to macro
designers [5]. Design rules provide an adequate support of the development process.

3.3 Design rules

3.3.1 General approach to design rules for MEMS

Design for manufacturability includes manufacturing issues into the design process. MEMS
design requires the consideration of basic design principles [5], [9], [11]:

Minimize the number of components.
Fewer components means fewer masks, molds , less material, reduced assembly, less
processes, function sharing structures.

Use standard components.
Allows use of standard manufacturing and assembly processes, reuse or redesign of
parts, larger lots, fewer parts.

Modular design.
Enables clear interfaces, simple assembly of complex systems, automated assembly,
reuse of parts.

Standard manufacturing process.
Reuse for multiple MEMS products, higher utilisation of production facilities, lower
costs.

Ease of manufacturing.
Standard materials, simple manufacturing processes, few process steps, simple
geometry.

Use of standard interfaces.
Rationalizes quality testing, enables combination of modules.

Beyond these general design rules applicable to every MEMS development project there are
specific rules necessary for several manufacturing technologies.

The following statements about MID design rules give an example for the configuration of
specific design rules.



3.3.2 Design rules for the MID manufacturing process

The design of MID-based MEMS is influenced and limited by several factors, Figure 4.

Mould manufacturing Manufacturing process

Base material Packaging

Die casting Coating / Structuring

Figure 4. Influences on the design of MID-based MEMS components [Picture: [ZFM]

According to the manufacturing sequence, the manufacturing of the mould is the first aspect
to keep in mind. Die casting moulds are usually manufactured by metal cutting or EDM micro
machining operations with primarily geometrical limitations e. g. concerning aspect ratios
(width/depth) and minimum diameters or curves but economic aspects as well. The base
material of the product varies by costs, machinability particularly depending on the mould and
the die casting process and boundary conditions of the application field of the product, e. g.
temperature or deterioration. The die casting process must enable a complete form filling with
smooth surface roughness and small tolerances. This requires the consideration of micro-
rheological effects by simulation and experience.

Coating and structuring processes are limited by minimum or maximum thickness of coated
layers, geometric limits of the coating process, e. g. depth of grooves or sharpness of edges,
and the laser structuring process, €. g. minimum pitch, penetration depth or angle of chamfers.

The assembly process of MEMS is usually realised automatically. Assembly direction, pack-
aging and bonding technologies, geometrical limitations and further aspects influence the
feasibility and complexity of the assembly process.

The operability, complexity and sequence of the complete manufacturing process are mainly
influenced by the design of MEMS components. The consideration of the interrelation
between all phases of the manufacturing process is a basic condition for the successful design
of low-cost and high-quality components demanded for MEMS technology.

All of these influences can be covered by design rules to support the designer in deciding on
geometrical, functional and other parameters of new products. Examples for general guide-
lines supporting the development are given in [5].

Data sheets with design rules have to be updated continuously due to advances in manu-
facturing technology. An example for a data sheet with design rules for surface structuring is
shown in Figure 5.



INSTITUT FUR MASCHINENKONSTRUKTION
UND GETRIEBEBAU
UNIVERSITAT STUTTGART
Design rules Coating structure coating / structuring
MID Wa 02/2005
2K-injection [Hot Mask Laser- In-Mold-Decoration
moulding embossing |[structuring [structuring |(IMD)
Cu-coating
min. [um] 1 12 5 9 15
max. [um] 50 150 70 50 70
Surface finish Ni Au Ni Au Ni Au Ni Au Ni Au
min. [um] 1 0.1 |1 0.1 1 0.1 3 0.1 1 0.1
max. [um] 12 08 | 5 2 12 1 5 0.2 5 1
coating agea I|m|tedl by lim. by.fo.|l 2500 400 75% of foil area
max. [cm?] bath size and adjoin
z-extension 200 I|m|t_ed_ by 230 200 200
max. [mm] adjoin
Pitch 250 200 125 80 100
min. [um]
Pitch Distance 250 300 125 40 100
min. [um]
L — S N B

Figure 5. Design Rule data sheet

The area of influences on MEMS manufacturing is widespread and still unexplored in many
fields. A successful start has been made with MID manufacturing technology, but more areas
are coming up and so gathering and preparation of this information are still in the beginning
and the enlargement is going on. Especially the continuously advancing manufacturing

technologies require further work in the field of DFM.

4 Integration of MEMS

4.1 Integration requirements

MEMS technology closely integrates diverse disciplines of physics, e. g. micro mechanics,
microelectronics, micro acoustics, micro optics and micro fluidics, as well as microbiology

and microchemistry, Figure 6.
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Figure 6. MEMS disciplines [13]



A good understanding of physical background, material, manufacturing process, overall
concept and desired signal transmission is an essential precondition for any change of
dimensions.

Miniaturization and integration cause influences between MEMS components and result in
physical effects. A smaller surface-volume-ratio may cause cooling problems and the
mechanical properties of a system may change due to the fact that mechanical stiffness
increases with smaller dimensions [14]. Electromagnetic effects enable electrostatic
micromotors but also cause lubrication problems [15] or deflection [16] and undesirable para-
sitics in small systems.

The designer must verify assumptions and consider new influences when he designs highly
integrated technical system. The reduction of these impacts requires their consideration in the
development process by use of adequate methods accepted by designers in practice.

4.2 Implementation of the working structure as integration method

The importance of the geometric and material parameters for the function of mechanical,
electronical and optical design was pointed out by Jung [17], [18]. He introduced the
“geometry function principle” and constituted the importance of the correlation between
geometric and material parameters as well as internal and external influences on the function
of a system, Figure 7.

In order to consider all influences and interrelations, it is necessary to get a clear view of the
geometric combination of fundamental elements as well as the effects of used materials and
influencing operation parameters.

Operation = f (geometry, material, operating parameters)

l

Which Princip]e of effect | for a solution?

A

Geometry-Function Material-Function Operating parameter
dependency dependency dependency
Consistence of Material?

0 Active internal and
geometry: external influences?

Figure 7. Principle of effect, based on [18]

The relation between geometry and function is essential for the development of MEMS, but
different from other technical areas [5]. The function structure established in mechanical
engineering [19] enriched by geometrical, material and operation characteristics of the
solution enables a comprehensive view on MEMS and their internal and external functional
interrelations.



The new developed working structure illustrates geometric and material parameters of the
components of a system and their mechanical connection. Connections are illustrated by
symbols representing their degree of freedom, Figure 8.
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Figure 8. Illustration of rotatory and translatory degrees of freedom

[lustration (a) shows a fixed connection without possible motion. Full rotatory and trans-
latory motion is represented by (d), whereas (b) and (c) allow partly translatory and rotatory
movement.

This graphical representation of a system is supplemented with internal and external
influences. Figure 9 shows the new developed working structure of an incremental encoder as
an example.
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Figure 9. Rotary incremental encoder

a) working structure
b) functional principle

The illustration by the working structure supplies a holistic view on complex systems. A
complete overview of all components of a MEMS enables the review of system elements and
their interrelations during the development process.
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4.3 Review of system interrelations

The analysis of e. g. physical, geometrical or functional interactions between components of
the system and its environment is supported by a matrix based on the working structure.

The Design Structure Matrix (DSM), also known as Dependency Structure Matrix is a
compact matrix representation of a system or project. DSM was initially introduced by
Warfield [20] and used in numerous cases, e. g. for the integration of large scale systems by
Eppinger [21]. The DSM consists of a sequence of system components that are represented in
the same order in both row and column of the matrix. The central part of the matrix shows the
dependencies between the components.

The integration analysis of a system consists of three steps [21]:
1. Record the system configuration.
2. Document the interactions in a matrix.
3. Analyze the matrix to identify the structure of interactions.

The DSM represents the system structure and helps to get a clear view of its configuration.
All parts, connections, flows and external or internal influences are documented in the rows
and columns of the matrix. The nature or material of one of these parameters can be added in
the beginning or during the structure identification process. Influences and inter-actions are
documented by arrow pointing to the parameter in the column. Thus all influences on e. g. a
system component become quite obvious by considering the corresponding row. On the other
hand all influences coming from e. g. an external influence are centralized in one column.
This enables the designer of a component to consider all influences and to be sure to gather all
information from other domains influencing his work. Figure 10 illustrates the DSM for the
working structure of the rotary incremental encoder in Figure 9.
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Figure 10. Design structure matrix of a rotary incremental encoder

11



The matrix shows influences between components and their connections as well as external
influences of e. g. thermal energy. It enables mechanic, optic and electronic designers to work
together and to find interrelations between them and to e. g. manufacturing engineers.

Looking at the appropriate component in the first column, influences of e.g. other
components can be easily regarded in the row of the matrix. On the other hand impacts of a
component or external influence on other parts of the system can be found by considering the
arrows in the associated column. The matrix also shows components and their direct
connections by shaded fields.

This procedure was applied in three development processes with very good results. The ex-
perience proved that more aspects were considered in order to optimise quality, overall
function and manufacturability of the developed MEMS.

5 Conclusion

MEMS development differs significantly from development in other domains. It requires not
only adapted development processes but also appropriate methods to enable the development
of products with high quality at reasonable prices.

Two elements based on a fundamental development process for MEMS development have
been introduced. An approach to DFM and design rules supports the geometrical and
functional design of manufacturable MEMS components. A new method for system integra-
tion of MEMS based on working structures and DSM matrices simplifies the consideration of
integration aspects important for MEMS development.

The results obtained are promising and they open up demand for further DFX-guidelines. The
evaluation of the developed guideline showed acceptance and usability in practice.

Adoption of the method and the content to further fields is necessary. Design rules have to be
collected with respect to the particularities of the manufacturing processes and to influences
of new materials and technologies. The high grade of integration requires further support by
methods. Both areas should be enriched by use of computers to store and provide knowledge.

The relatively new and expanding field of MEMS technology becomes more and more
structured, but there are still many white spots on the map.
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