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Preface 
This thesis is based on research carried out during the past 10 years at Grundfos Sensor 
Research and at DELTA Danish Electronics, Light & Acoustics. Polymer microsystem 
packaging materials have been characterized and failure analysis methods have been 
developed with the aim of gaining higher microsystem reliability. The work has lead to 
19 publications in international journals, at conferences or workshops, see the next 
chapter "Short description of each thesis publication” or chapter 2.5. 
In the thesis focus is on the work in relation to how the adhesion of protective polymer 
adhesives and coatings can be characterized theoretically and practically and optimized 
regarding intrinsic properties, the surroundings and their interaction. The main conclusion 
is that the interaction makes a system design approach to development of reliable 
microsystem packaging mandatory. 
 
The thesis covers a general introduction to reliable microsystem packaging in chapter 1, 
an abstract in chapter 2 of the compiled work (publications) on two topics within this area 
which have been studied closer: 
 

1) Polymers and metal / ceramic -polymer composites 
2) Failure analysis 

 
and more important topics elaborated on in chapter 3. 
 
The first topic deals with application and chemical / physical protection properties of 
adhesives, polymer encapsulation and coating materials for microsystems. Emphasis has 
been on chemical / physical barrier and bond strength characterization. The importance of 
this work stems from the fact that microsystems due to small size are very sensitive to the 
often very aggressive surroundings.  
Diffusion of water is identified as the most important parameter or physical mechanism 
influencing microsystem reliability negatively due to corrosion, delamination etc. This 
topic is therefore treated thoroughly in chapter 3 by mathematical modeling / practical 
calculations to find diffusivities and methods are given by which water can be kept away 
from critical areas in microsystems. 
This research was carried out as part of the authors work during his employment as a 
research engineer at Grundfos Sensor Research 1994-1998 and at DELTA Danish 
Electronics, Light & Acoustics 1998-2005. 
 
The second topic deals with microsystem reliability / failure analysis with focus on one 
very powerful analytical tool: Scanning Acoustic Microscopy (SAM). New analysis 
methods for studying thin multilayer structures (cf. delamination detection) and cure 
degree have been developed and demonstrated. 
This research was carried out as part of the authors work during his employment as a 
research engineer at DELTA Danish Electronics, Light & Acoustics 1998-2005. 
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Danish preface 
Denne afhandling er baseret forskning udført gennem de sidste 10 år ved Grundfos 
Sensor Forskning og ved DELTA Dansk Elektronik, Lys & Akustik. Polymer 
mikrosystem packaging materialer er blevet karakteriseret og fejlanalyse metoder 
udviklet for opnåelse af øget mikrosystem pålidelighed. Arbejdet har ført til 19 
publikationer i internationale tidsskrifter, ved konferencer eller workshops, se næste 
kapitel ”Short description of each thesis publication” eller kapitel 2.5. 
I afhandlingen er fokuseret på arbejdet i relation til hvorledes adhæsionen af beskyttende 
polymer lime og belægninger teoretisk og praktisk kan karakteriseres og optimeres med 
hensyn til indre egenskaber, omgivelserne og deres vekselvirkning. Hovedkonklusionen 
er at vekselvirkningen gør en systemdesign tilgang til udvikling af pålidelig mikrosystem 
packaging nødvendig. 
 
Afhandlingen dækker en generel introduktion til pålidelig mikrosystem indkapsling i 
kapitel 1, en gennemgang i kapitel 2 af det samlede arbejde (publikationer) med to emner 
indenfor dette område der er blevet undersøgt nærmere: 
 

1) Polymere og metal / keramik -polymer kompositter. 
2) Fejlanalyse. 

 
og særligt vigtige delemner der er uddybet i kapitel 3. 
 
Det første emne handler om påføringsegenskaber og kemiske / fysiske beskyttelses-
egenskaber af lime og polymere indkapslings og belægningsmaterialer til mikrosystemer. 
Det primære arbejde er gjort indenfor karakterisering af de kemiske / fysiske barriere og 
vedhæftningsegenskaber. Vigtigheden af dette arbejde skyldes at mikrosystemer pga. 
deres lille størrelse er yderst følsomme overfor de ofte meget aggressive omgivelser. 
Diffusion af vand identificeres som den vigtigste parameter eller fysiske mekanisme der 
påvirker mikrosystem pålidelighed negativt pga. korrosion, delaminering etc. Dette emne 
er derfor behandlet nærmere med matematisk modellering / praktiske beregninger for at 
finde diffusiviteter og der er angivet metoder til holde vand væk fra kritiske områder i 
mikrosystemer. 
Denne forskning blev udført som en del af forfatterens arbejde under ansættelsen som 
forskningsingeniør ved Grundfos Sensor Forskning 1994-1998 og ved DELTA Dansk 
Elektronik, Lys & Akustik 1998-2005. 
 
Det andet emne handler om mikrosystem pålidelighed / fejlanalyse med fokus på et 
meget nyttigt redskab: Skannet Akustisk Mikroskopi (SAM). Nye analysemetoder til 
undersøglese af multilagsstrukturer (jf. detektering af vedhæftning) og hærdningsgrad er 
blevet udviklet og demonstreret. 
Denne forskning blev udført som en del af forfatterens arbejde under ansættelsen som 
forskningsingeniør ved DELTA Dansk Elektronik, Lys & Akustik 1998-2005. 
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Short description of each thesis publication 
 
Paper 1: Reliability of industrial packaging for Microsystems. 
 
This paper is an overview of studies on low cost minimum volume harsh environment 
microsystem sensor packaging. Focus has been on materials / methods testing and design 
for differential and absolute pressure sensors. Corrosion, bonding and leakage test results 
on protective coating (e.g.: Si-Ta-N, and Parylene C) and adhesive (e.g.: Epotek H77 
epoxy, and Q3-6611 silicone) materials are presented. Further, new Si-Si bonding and 
through hole interconnection methods are presented. 
 
Paper 2: Conformal Coatings for 3D Multichip Microsystem Encapsulation. 
 
This paper reports on coating materials and methods for 3D low cost and minimum 
volume protection of microsystems. Especially, the packaging demands to fulfill for a 
3·3·2 mm3 silicon based microphone have been addressed. A developed packaging 
concept involving an insulating / conductive two layer coating is presented together with 
test results on materials and application methods. The materials have been tested 
regarding applicability, volume resistivity, tightness, thickness, conformity, and E-field 
ElectroMagnetic Interference (EMI) shielding to identify the best. The most critical issue 
of covering the sharp corners and edges of single crystalline Si with the first layer is the 
main topic of the discussion. It is explained why these places are not easily covered and 
how this problem can be solved. The paper was presented orally and with poster 1. 
 
Paper 3: Stacked silicon microphones. 
 
This paper describes the first complete packaging of stacked silicon microphones of the 
type also mentioned in paper 2. The packaging influence on microphone performance is 
reported. The methods used to achieve an applicable, robust, compact and economic 
packaging concept is reported to be: Anodic bonding / gluing, fluxless solder bump 
bonding, through hole interconnection, dicing, Stud Ball Bumping (SBB) flip chip 
interconnection and mounting, underfilling, and protective encapsulation by dip / spray 
coating.  
 
Paper 4: Conformal coatings for 3D multichip microsystem encapsulation. 
 
This paper is an elaboration on paper 2. Especially a more in-depth discussion of the 
coating distribution at corners and edges of single crystalline silicon is given i.e. it is 
further accounted for by free energy minimization arguments. It is argued that the wet 
coating surface tension can be regarded as a driving force away from conformal 
coverage. 
 
 
 
 



 vii

Paper 5: Chip-size-packaged silicon microphones. 
 
This paper is an elaboration on the studies of paper 3. Especially a more detailed 
investigation of the influence of the individual packaging steps on the silicon microphone 
performance is given. Complete microphones with acceptable performance have been 
produced. However, reproducibility improvements are necessary for the solder bump 
bonding, flip-chip, and large microphone membrane handling processes. 
 
Paper 6: Encapsulation for a three-dimensional microsystem. 
 
This publication is a patent application extension of the discoveries described in paper 2 
and 4. Thus, feasible 3D minimum volume protective coating materials and methods for a 
broad range of harsh environment microsystems are described. Focus is on the 3D 
multilayer encapsulation and the sensor access hole structure of the protective coating. 
 
Paper 7: Simulated SAM A-scans on multilayer MEMS components. 
 
This paper describes a spreadsheet simulation program which has been developed to 
analyze Scanning Acoustic Microscopy (SAM) A-scans on thin layered structures better. 
The simulation is based on calculations of reflection and transmission coefficients and the 
number N of waves received by the transducer at the same time by reflection on the same 
interfaces in different order. An example of analysis on multilayers in a MEMS absolute 
pressure sensor component is given. The paper was presented with poster 2. 
 
Paper 8: Scanning Acoustic Microscopy Study of Flip-Chip Underfill Cure Degree. 
 
Two procedures to area detect acoustic impedance variation inside materials with SAM 
are described and demonstrated on isopropanole and epoxy underfill. The advantage of 
this method as compared to Differential Scanning Calorimetry (DSC) to determine e.g. 
the cure degree of flip-chip underfill is described. For the 30 µm thick underfill EC 1211 
layer between a flip-chip and Printed Circuit Board (PCB) clear differences between 
cured and uncured material could be detected. The resolution limits are discussed and in 
the above mentioned case it is found to be around 0.1 MRayl which is most often 
sufficient. The paper was presented with poster 3. 
 
Paper 9: Correlation between MEMS Adhesive cure Degree and acoustic Impedance 
determined with Differential Scanning Calorimetry and Scanning Acoustic Microscopy. 
 
This paper elaborates on the work described in paper 8, i.e. for the underfill Epotek 
T7110 between a flip-chip and PCB a rough correlation between SAM determined 
acoustic impedance and DSC determined reaction degree is established. The paper was 
presented with poster 4. 
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Paper 10: Water Uptake of Polymeric Packaging Materials. 
 
This paper reports on the importance of keeping away even very small amounts of water 
from vulnerable MEMS sensor regions by careful selection of materials and designs. 
Practical measurement and analytical procedures to determine water flux is given. The 
required water diffusion coefficient and solubility for an underfill epoxy has been 
determined at 19 °C and 45 °C and from initial measurements it is envisaged that the high 
diffusion coefficient for the otherwise promising MacroMelt material can be lowered 
significantly. The paper was presented with poster 5. 
 
Paper 11: Scanning Acoustic Microscopy Investigation of Adhesive Cure Degree. 
 
This paper is essentially a short version of paper 8 and was also presented with poster 3. 
 
Paper 12: FEM Simulation of Influence of Protective Encapsulation on MEMS Pressure 
Sensor. 
 
This paper reports on stress analyses made on an absolute MEMS pressure sensor glass 
frit mounted in a metal bush and capped with epoxy with / without a protective metal 
coating. The cap serves as a protection towards harsh environments exposure e.g. 
refrigerants. The stress influence of the cap has been analyzed using Finite Element 
Modeling (FEM). The main conclusions are that the cap is not altering the sensor 
sensitivity significantly, that the epoxy leads to much higher vertical displacement when 
pressure is applied, which might be detrimental, and that the sensor becomes much more 
temperature sensitive i.e. a temperature change of 15 °C shifts the pressure about 40 bars. 
 
Paper 13: Simulated SAM A-scans on multilayer MEMS components. 
 
This paper is essentially a short version of paper 7 and was presented orally and also with 
poster 2. 
 
Paper 14: Scanning Acoustic Microscopy for Quality Assurance of MEMS Sensors. 
 
This paper presents SAM as a failure inspection tool for Quality Assurance (QA) of 
MEMS sensors. An overview of SAM, detectable failure modes and analytical methods 
are presented with examples. The paper was presented orally. 
 
Paper 15: Water Uptake of Polymeric MEMS Packaging Materials. 
 
This paper is an elaboration of the studies first described in paper 10. It is demonstrated 
that the effective diffusion coefficient for a MacroMelt molding material can be lowered 
three orders of magnitude by application of a coating of only 10 µm Parylene C. The 
paper was presented with poster 6. 
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Paper 16: Surface tension driven shaping of adhesive microfluidic channel walls. 
 
This paper reports on the feasibility of making microfluidic channels by use of close 
proximity dispensed lines of adhesive between substrates and controlling the shape of the 
channel walls by control of adhesive and substrate surface tension, adhesive viscosity / 
thixotropy, line height and distance, and the temperature. From experiments using 4 
adhesives, 3 substrates and FEM analysis it is concluded that it is nearly possible to 
achieve channels with a round cross section, that it is very difficult to dispense close 
proximity lines, and that the channels tend to have an inner shape like a double trumpet in 
the flow direction. The paper was presented with poster 7. 
 
Paper 17: Adhesive Bonding Methods for Polymer microTAS Components. 
 
An overview of advantages and disadvantages of different bonding techniques for 
polymer micro Total Analysis Systems (µTAS) components is given. Focus of this work 
is on adhesive bonding techniques for assembly of micro fluidic channels. A range of 
approaches including unstructured / structured substrates are proposed and preliminary 
results are presented. It is so far concluded that spacers are required to avoid voids along 
or adhesive in the channels. The paper was presented with poster 8. 
 
Paper 18: Sensor packaging for harsh environments. 
 
This publication is a comprehensive overview of microsystem sensor packaging for harsh 
environments. A review of microsystem packaging in general and the challenges faced in 
this rapidly growing area is given. Following an introduction to first principles of 
microsystem packaging and technologies, examples of specific sensor packaging 
solutions are presented. 
 
Paper 19: Techniques in Scanning Acoustic Microscopy for Enhanced Failure and 
Material Analysis of Microsystems. 
 
This publication is a review of SAM analysis with focus on the use for failure analysis 
and QA of microsystems. SAM is compared with other Non Destructive Analysis (NDA) 
methods. The basic principles and theory of SAM, detectable failure modes, and methods 
to get optimal measurements are described and several microsystem analysis examples 
are given. 
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1 Microsystem packaging for harsh environments 

1.1 Introduction 
Microsystems are used in very different sensing applications. Therefore the packaging 
which comprises electrical interconnection and protective encapsulation involves many 
different application specific materials and technologies. This chapter reviews the 
knowledge gathered by the author over the past approx. 15 years in the field of reliable 
microsystem packaging with focus on sensors placed in harsh environments. It is a 
modified excerpt of [Paper 18]. Following an introduction to first principles of 
microsystem packaging and technologies, examples of specific sensor packaging 
solutions are presented. In general it turns out that a system design approach to 
microsystem packaging is mandatory 

1.2 Overview 
The problem of bringing microsystem sensors to the market originates from one 
important fundamental difference between microelectronics packaging and microsystem 
sensor packaging which is that in the latter case often very aggressive surroundings has to 
have access to a sensing part of the naked chip or almost naked chip through a sensor 
window, fig. 1.  
 

 
This implies application specific packaging and test solutions [1-5] which are why 
microsystem sensor packaging of today and the future is a challenging field. Also due to 
the often mandatory access hole microsystem failure analysis is considered an area quite 
different from that of microelectronics. A comprehensive overview of microsystem 
packaging has been given in [4]. A general overview of microsystem sensor / actuator 
packaging is given in [5]. Here focus is on the packaging of the sensor chip for harsh 
environments. About 30 years ago when the first silicon micromechanical sensor and 
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Fig. 1: Typical packaged microsystem sensor. 
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actuator structures were developed the packaging was not really given any attention by 
the scientific community. However, during the last 10 years this has changed 
dramatically. With the appearance of continued miniaturization to NEMS sensors scales 
are reduced from 1-100 µm to 1-100 nm making packaging issues even more critical. The 
delay of scientific attention seems not to be repeated for this next generation of sensors 
where packaging is already having a scientific reputation [6-11]. In the years to come 
some of the most important packaging activities will be in the areas of Wafer Level 
Packaging (WLP), System In Package (SIP), lead free electrical interconnect, optical 
interconnection, and nano-packaging [12-14]. 
The encapsulation part of the microsystem sensor packaging makes up most of the sensor 
volume and much of the price. Minimization of the encapsulation volume to keep sensors 
small requires new materials and processes to achieve sufficient protection, [1, 2]. Since 
the size reduction means that the surface to volume ratio is increased, surface physical / 
chemical properties e.g. surface tension become much more dominant than bulk 
properties. This is for instance seen for fluid in small channels [15, 16] and in unwanted 
adherence between silicon micromechanical parts (stiction) [17]. It is also used for 
alignment and self-assembly of microstructures [18]. 
In some cases the encapsulation accounts for 70% of the total cost of the microsystem 
sensor [5]. Furthermore, wafer level testing requires specialized equipment, [3]. 
In many cases bulky and expensive microsensor protective packages have been reduced 
to thin films and coatings some of which can be applied at silicon wafer level. One 
example is pressure sensors where steel membranes and oils for pressure transmission 
have been substituted with coatings [19, 20]. Another example could be a high 
performance silicon micromechanical microphone for e.g. cell phones or hearing aids 
[21, 22]. This microphone is placed in the ear where the environment is hot and moist. 
The microphone has to receive sound as physical stimuli requiring access through a hole 
in the packaging while at the same time being robust or insensitive towards other physical 
or chemical stimuli like ElectroMagnetic Interference (EMI) and sweat respectively. To 
meet these demands special coatings and thin films have been used to protect the device. 

1.3 Packaging technologies 
Microsystem sensors are miniaturized systems for analysis involving many different 
disciplines as: Mechanics, fluidics, biology, chemistry, microelectronics, optics, etc. 
Microsystem sensor packaging comprises (see fig. 1): 1) Die attach, 2) Interconnection 
between the micromechanical chip and microelectronics, photonics, RF / wireless, 3) In / 
out interconnection between the system and the outside world, 4) Sensing interconnection 
(sensor window), 5) Protective encapsulation. These elements are dealt with in the 
chapters below. 
In microsystem sensor manufacturing, the packaging is given more and more attention 
since it represents a large part of the price and volume. The sensor die is often based on a 
silicon micromechanical transducer. However, during the last decade a lot of work has 
also been put into microsensors which are not based on the traditional silicon 
MicroElectroMechanical Systems (MEMS). They are for instance made of polymers or 
ceramics [23-33]. Some of the technologies and materials involved in microsystem sensor 
and microelectronics packaging are the same, however, microsystem sensor packaging is 
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severely complicated because it is often directly exposed to the surroundings, which are 
avoided in microelectronics. The consequence is very high demands on the materials and 
methods used. Especially the protective encapsulation / housing of the component has to 
be carefully selected keeping in mind that the whole system should be kept small. Very 
harsh environments are found in e.g. the high market potential automotive and oil / gas 
industries [34-42]. During a Europractice Workshop on “Packaging Issues and 
Requirements”, September 2000, a survey among the participants was conducted. This 
survey confirmed that up to 60% or more of the production cost is used on the packaging 
of microsystems. The survey interestingly showed that the participants found that 
application specific solutions are nearly always needed. Another conclusion was that the 
development phase of the product is either in-house or subcontracted to a manufacturer. It 
is very seldom in collaboration with consultants, institutes, etc. In connection with this, it 
was said that the search for packaging sources is very difficult and therefore the use is 
limited. This work has been conducted by the Nordic Microsystems Manufacturing 
Cluster (NORMIC) consortium. 
It should be clear that many aspects of microelectronics packaging can be directly 
transferred to microsystem sensor packaging, although the sensors have some special 
requirements to fulfill, e.g. sensor die access holes (see chapter 1.4.1.3.3). Examples of 
the latter are given in chapter 1.5. Many sensor packaging solutions e.g. adhesive die 
attach, wirebond interconnection to standard packages originate from microelectronics.  
High microelectronics reliability in harsh environment is important for microsystem 
sensors even when the sensors themselves are non-standard packaged since 
microelectronics packaging of a more standard kind will most often have to be close to 
the sensor. Chapter 1.3 therefore mainly deals with a description of microelectronics 
packaging technologies of relevance for microsystem sensor packaging. Due to the 
variety of existing and coming microsystem sensors it is not possible to specify a generic 
package. However, it is attempted to ease production of microsystems by modularization 
[43-45]. Focus is therefore not on giving a full description of the many existing packages 
but to give an overview of key packaging components of today and the future which 
when brought together results in the many complete and existing microsensor packaging 
solutions and more to come. 

1.3.1 Definitions 
The purpose of this section is to provide a common understanding of the term packaging 
with special attention to microsystem sensors. Microsystem, MEMS, and micro machines 
are the European, American and Japanese terms for the same small sensors and actuators 
which are typically based on silicon micromechanical structures. Here as in [4] 
“microsystem” is defined to include microelectronics, photonics, RF / wireless and 
MEMS. Using this definition the microsystem sensor is not necessarily the MEMS. The 
focus here is MEMS sensor packaging for harsh environment application. 
The word “packaging” covers mounting / assembly of the different parts in a system 
including electrical, physical, optical, RF / wireless connections and encapsulation. In 
that way packaging constitutes all the interfacing between the microsystem components 
(active, passive) and the surroundings: Die attach, mechanical support (substrate, carrier, 
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encapsulation), interconnection, and protective package (encapsulation) including access 
to the environment.  
Microelectronics packaging is traditionally divided into a 4-level hierarchy which also 
applies for microsystem packaging [4]: 

0 level: Wafer Level Packaging 
Wafer Level Packaging (WLP) is packaging before the wafer containing several chips is 
diced out into single chips. This packaging provides interconnection (plated conductors 
and / or solder balls) and protection (inorganic, organic, metallic film, encapsulation or 
sealing) of chip / interconnections. 

1st level: Micromechanical chip and / or Integrated Circuit level 
Packaging at this level is based either on single or Multi Chip Modules (MCM). The 
micromechanical chip and / or Integrated Circuit (IC) / Application Specific Integrated 
Circuit (ASIC) etc. is bonded (e.g. anodic, glued, soldered) to a supporting and 
interconnecting carrier / substrate / housing which is typically a leadframe, ceramic 
substrate, silicon substrate, Printed Circuit Board (PCB) or flex print of some sort. The 
interconnection between components is established by wirebonding, flip-chip soldering / 
gluing, or conductive adhesive electrical contact to conductors on the carrier. The 
techniques are also used in 3D packaging by interconnecting stacked chips which saves 
space [46-49]. For lateral interconnection by the flip-chip method a carrier with 
interconnecting conductors is needed. Then the component is protected with an 
encapsulation. The substrate with interconnecting conductors between the components or 
to the outside world may be part of the encapsulation / housing or vice versa. This is e.g. 
seen in 3D Mould Interconnect Devices (3D MID) [50]. Encapsulations in direct contact 
with the components are typically low thermal stress glass / quartz filled epoxies. They 
are applied by techniques as glob topping and injection molding and combinations 
thereof. Housings where the components are inside a cavity are typically pre-molded on a 
leadframe and made of e.g. ceramic, epoxy, Liquid Crystal Polymer (LCP). Lids are then 
attached by e.g. gluing, soldering, etc.  

2nd level: System level or board level 
1st level packaging on a MCM including both a micromechanical chip, an ASIC and 
perhaps more components may result in a complete microsystem or MEMS. However, 
often more signal processing is required which is certainly the case if the 1st level 
packaging only comprises the micromechanical chip (single chip module). Then we do 
only have a MEM component and still not a MEMS. The packaging on this level consists 
of mounting the 1st level package onto some board (typically FR4 PCB or card) to 
interconnect active and passive components.  

3rd level: Board to board interconnection 
High capacity, multi-functionality and / or flexibility needs may require the possibility to 
interconnect boards like in PCs where several slots for insertion of different cards exist. 
This is the 3rd level packaging. 



 5

1.3.2 Die attach and sealing 
Each step in microsystem packaging has a certain direct purpose and influences on the 
whole system. The first step in microsensor packaging is to attach the chips (Si with a 
SiO2 or SiN surface) diced from a wafer to some sort of support (ceramic, plastic, metal, 
etc.) which also carries the electrical leads to the next level of packaging. Since this is a 
large area process performed directly on the chip surface, influences on performance can 
be very large and sometimes detrimental. Most often the chip is glued, soldered, or 
directly bonded [51, 52]. Except for the adhesion the major concerns are about secondary 
influences on the chip like stress, thermal management, and barrier properties. 
As with the other parameters good adhesion depends on the choice of bonding material / 
method and the surfaces. Adhesive materials used for die attach are typically epoxies, 
cyanate ester, urethanes, silicones, and glass frit [4, 53]. To enhance the adhesion with 
these materials different physical / chemical roughening cleaning, activation and priming 
methods are used [54-58]. For adhesives adhesion enhancement is often important 
because the choice of adhesive material has to comply with secondary influences on the 
die. For instance epoxies usually have a very good adhesion to most materials but 
introduce high stresses because of high modulus E and Coefficient of Thermal Expansion 
(CTE). Then a soft silicone might be a better choice although it does not adhere as well. 
In this way the whole system and all the materials properties have always to be taken into 
account. O2 plasma treatment is often used to physically / chemically roughen, clean and 
activate microsystem surfaces before bonding with adhesives. Especially polymers which 
are very hydrophobic can have their surface tension much increased with this treatment 
which in turn often results in better adhesion. Cleaning with solvents and priming with 
thin layers e.g. silanes, metals, etc., which adhere well to both the microsystem surface 
and the adhesive, are also used. Using solders most often requires deposition of thin 
metallic (Cr, Ti, Ni, Au, AuSi) adhesion and diffusion barrier layers. Often fluxless 
eutectic Au20Sn80 is the solder used; however, Sn-Pb is also used. Due to environmental 
demands lead free solders like SnAg3.9Cu0.6 are being developed [59-63]. Cleaning can be 
performed with the same methods as for adhesives, and adhesion is normally very good.  
Stress usually originates from CTE mismatch between materials bonded and the bond 
material. The quite high CTE for adhesives is accommodated to the surrounding 
materials by adding ceramic and metallic fillers. For precise positioning of the sensors it 
is very important that these fillers are very regularly shaped and have a very narrow 
micron size diameter distribution. Careful handling may also be necessary to avoid fillers 
with sharp corners scratching through thin protective layers on the die. At the glass 
transition temperature Tg adhesives change their CTE with a factor up to 4 [4]. They must 
therefore be carefully selected so that Tg is outside the application temperature range. 
Very stress sensitive sensor dies are not mounted with solders. To isolate extremely stress 
sensitive sensors (e.g. some pressure sensors) from mounting stresses some sensors are 
bonded to glass with a CTE close to that of Si before dicing i.e. as a WLP step. To 
maintain good electrical contact in flip-chip interconnection the chip is adhesive 
underfilled to distribute stresses so that they are not only located at the contacts. This also 
has the secondary effect of holding i.e. bonding the chip to the substrate. Thirdly the 
underfill adhesive protects (encapsulates) the interconnection sites. Underfill adhesives 
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are typically highly ceramic filled (up to approx. 90 wt%) and the CTE is matched to the 
solder ball interconnects. 
Sensors do not produce heat which has to be dissipated; however, this might be the case 
for the adjacent microelectronics which might influence overall microsystem 
performance. In that case solders are preferably used for the microelectronics die 
attachment. If adhesives are used they are filled with metal (e.g. Ag) or ceramic (e.g. 
Al2O3) to conduct heat. An important advantage of flip-chip attachment is that heat can 
be dissipated easily from the upward face of the chip. 
In some instances the attachment also functions as barrier towards harsh environment. 
Flip-chipping is one example where the underfill protects the interconnections. Then the 
chemical / physical durability of attachment materials is very important. This means that 
the material should be as stable as possible towards corrosion and diffusion of chemicals 
and ions. Unlike polymeric adhesives solders are very tight. On the other hand they often 
corrode faster. 

1.3.3 Signal interconnection 
The signal interconnections in a microsystem can be electrical or non-electrical (optical, 
RF / wireless. Ways of creating and carrying the signals e.g. optically is by use of 
components as Vertical Cavity Surface Emitting Lasers (VCSELs) and optical 
waveguides as fibers and planar Arrayed Wave Guides (AWG) respectively. Packaging 
of optical sensors and interconnects requires high positioning precision and clean 
hermetic environment [64-70]. Here only the electrical interconnections will be discussed 
in detail. 

1.3.3.1 Electrical interconnections 
There is a wide variety of electrical connections within a microsystem. They can roughly 
be divided into internal and external connections, where the internal connections can vary 
from the connections between the different parts towards connection to a leadframe or the 
like. 
For the internal electrical connections, wirebonding with Au or Al wire is often used. 
Another option is flip-chip which can be used for chip stacking. Chip stacking can also be 
accomplished using a combination of wirebonding and flip-chip interconnection. In some 
cases microsystem sensors are not planar on the surface and thus traditional flip-chip 
assembly is impossible. In these cases more creative ways of assembly / electrically 
connecting the parts must be used. Conductive adhesives are also getting more and more 
widespread in the electronic industry. An interconnection technology which is less used 
for interconnection of sensors is Tape Automated Bonding (TAB). 
The external electrical connections should provide the user of the microsystem with a 
reasonable way of being connected to the microsystem sensor. In many "standard" 
microsystem sensor packages leaded or lead-less types of packages are used. With more 
custom-designed systems wires or some kind of substrate are extended from the inside of 
the package and thus provides the connection. Here it is not always possible to 
distinguish between internal and external electrical connections. 
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1.3.3.1.1 Wirebonding 
Wirebonding with both Au and Al wires has been used by the semiconductor industry for 
many years, where the technique has proven to be very reliable. There are two different 
bonding techniques used: wedge-wedge and ball-wedge.  
Wedge-wedge bonding can be performed using both Au and Al wires. During the 
bonding process, heat and ultrasound combined with force are forming the metallurgic 
bond between the wire and the bond pad on the chip and substrate. 
The ball-wedge bonding process can only be performed using Au wire. Again, it is the 
combination of heat, ultrasound and force that is forming the metallurgic bond between 
the wire and the bond pads. For both bonding processes the metallization on the chip is 
typically Al, however, Au can also be used. On the substrates the metallization is most 
often Au. Au is generally preferred for harsh environment applications. 

1.3.3.1.2 Flip-chip 
Flip-chip mounting is one of the more advanced interconnection techniques used in the 
semiconductor industry and it is becoming more and more popular mostly because of size 
and thereby cost reduction. Electrical performance is also better because of the short 
interconnect distance. Flip-chip can be performed in a number of different ways but in 
general the idea is to flip the chip upside down so that the interconnection is under the 
chip [71]. Connection is then made using either solder or Au studs usually placed in an 
area array under the chip. Flip-chipping can be regarded a combined electrical 
interconnection and die attachment. However, as already mentioned the interconnect / 
attachment is too weak to sustain CTE mismatch stresses, and chip underfill with CTE 
matched with the solder balls or Au studs are used to stress stabilize the interconnection / 
attachment [4, 72]. In the solder technique solder is deposited by e.g. electroplating onto 
the chip pads. Then the chip is flipped and soldered to the contact pads on the substrate. 
In the stud or Stud Ball Bumping (SBB) technique [73-77] the process usually is: 
Placement of Au wirebond balls or studs on the chip interconnect pads, coining against a 
flat substrate to ensure same height of the studs, dipping of studs in conductive adhesive, 
placement on substrate pads, curing of conductive adhesive, underfilling of chip with 
epoxy, curing of underfill. The advantage of the SBB technique is that no special pad 
metallization layers like diffusion barriers are needed. Mechanical establishment of 
contact between Au studs and substrate pads by compression because of underfill 
shrinkage has also been studied [2]. 

1.3.3.1.3 Conductive adhesives 
A comprehensive overview of conductive adhesives has been given in [78]. Conductive 
adhesives are typically highly filled epoxies or tapes. Depending on the amount of filler 
they are either Isotropic Conductive Adhesives (ICA) or Anisotropic Conductive 
Adhesives (ACA). The filler is Ag, Ni, Cu, or metal (e.g. Au) coated polymer or glass 
particles with 3 µm -10 µm diameter [79, 80]. Contact resistance is in the mΩ range. 
Conductive adhesives are very interesting for microsystems for several reasons. Much of 
the research in the area of conductive adhesives is motivated by their potential as a 
substitute for solders containing Pb which has become a burden on the environment. 
According to e.g. the European Union (EU) Pb containing solders will not be allowed in 
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electronic equipment from July 2006 [61, 62]. Further, conductive adhesives offer 
combined electrical interconnection and attach, High Density Interconnection (HDI), low 
temperature processing, good heat conduction, and limited space and alignment 
requirements [79, 81]. 
Besides electrical interconnection ICA’s are used as high thermal conductivity, low CTE, 
die attach materials. ACA’s are used e.g. for the electrical interconnection of Liquid 
Crystal Displays (LCD’s) and flip-chips without the need for underfill [81, 82]. One 
important drawback of conductive adhesives is that generally they are not as 
environmentally stable as e.g. protected wirebond and solder electrical interconnections. 
Therefore they are less used in sensor packaging for harsh environments. 

1.3.3.1.4 Tape Automated Bonding 
TAB is less used for microsystem sensor packaging applications. In TAB chips are 
mounted and interconnected on Cu, Al, steel, or Alloy 42 metallized flexible polymer 
(polyimide (PI), epoxy-glass, polyester, and Bismaleimide Triazine (BT) resins) tapes 
before the attachment in a package or on Printed Wiring Board (PWB). The polymer can 
consist of up to three layers with thickness ranging between 35 µm and 125 µm. The 
interconnect lines are fabricated by etching the metallization. Free beams of the Cu lines 
are soldered to both chip and substrate by thermo compression locally on the joints. 
There is one advantage of TAB compared to wirebonding and that is that TAB has a 
lower profile, and one disadvantage when compared to flip-chip is that the 
interconnection is peripheral. 

1.3.4 Package components 
The package serves as protection of the rest of the system towards the often aggressive 
environment. Package components can vary in size from a standard ceramic or plastic 
package with a leadframe, to a thin layer of metal, polymer or a specially designed metal 
or plastic house. In some microsystem sensors the packaging is more or less integrated in 
the system (cf. Chip Scale Packaging, (CSP) and System In Package (SIP)). Examples are 
special metal layers in order to provide protection where the media can be allowed almost 
directly onto the surface of the system. 
The package is what surrounds the chip and interconnection, except usually for the die 
attach / underfill. Packages or parts thereof are called encapsulations when in direct 
contact with the chip, and housings when the chip is contained in a cavity i.e. the package 
is not in direct contact with the chip. 

1.3.4.1 Transfer molding 
Transfer molding is the most common encapsulation technique in the IC packaging 
industry. Often the material comes in direct contact with the chip, which means that this 
type of package can be called an encapsulation. In transfer molding the molten resin, 
typically silica-filled epoxy, is transferred by pressure from a melting-pot into a mould 
which is at a temperature above the melting point of the resin. In injection molding, the 
mould temperature is below the resin melting point. In injection molding the temperature 
and pressure are e.g. 300 °C and 60 bar respectively. Gentler prototype microsystem 
sensor encapsulations can be made with thermoplastic materials like the polyamide based 
Macromelts [2] at temperatures around 150 °C and pressures around 5 bar.   
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An IC or microsystem interconnected (wirebonding) to a leadframe is placed in the 
mould and the material is transferred. This kind of encapsulation is typically a Dual 
Inline Package (DIP) with leads on two sides or Quad Flat Package (QFP) with leads on 
all four sides. The higher temperature in transfer molding is important for the filling of 
moulds with high flow length, wall thickness, and to allow for shrinkage compensation. 
Furthermore, it is very important to avoid bond wire sweeping. 
Molding of other substrates than metallic leadframes (Kovar, Alloy 42) with an IC and / 
or a sensor is also possible. Printed Wiring Boards (PWB) made of ceramic and plastic 
can also be molded with plastic.  

1.3.4.2 Premold 
Premold packages are typically made of ceramics, plastics and metals [83]. Ceramics are 
used for high reliability and high frequency products. The high reliability is due to their 
hermeticity. In ceramic packages (e.g. CERamic Dual in Line Package, CERDIP and 
Ceramic Quad Flat Package, Cerquad) the chip or microsystem is mounted in a cavity in 
a premolded ceramic base with some connections e.g. a leadframe for in / out signals. On 
top of the base a ceramic lid is typically mounted with different hermetic glass sealings. 
The lid can also be made of metal, for instance Kovar and soldered with e.g. Au20Sn80. In 
that case the rim and the ceramic base and lid are first plated with metals. Note that the 
ceramic material is not in direct contact with the chip or microsystem like in traditional 
IC epoxy encapsulation. Consequently, these types of packages are often termed 
“housings”. Metal packages are used for microwave multichip modules and hybrid 
circuits because of their good thermal conduction and electromagnetic shielding. They 
are typically made of Cu10W, Cu15W, SilvarTM (Ni-Fe alloy), Cu15Mo, Kovar and Alloy 
42. Hermetic sealing between base and lid is achieved either by soldering with Au20Sn80 
or by welding. Hermetic and insulated electrical feedthroughs are achieved with glass or 
ceramics. Just like the ceramic and metallic packages also plastic houses are made with 
many different configurations. New high performance (low moisture penetration, low 
stress and chemical inertness) plastic materials are for instance LCP [50, 84-86]. 
Packages of all the above mentioned materials can also just consist of molded sheets or 
foils with plated or screen printed conductors. 

1.3.4.3 Glob-top and coatings 
To protect wirebond and TAB interconnection against corrosion and / or wire sweep 
during molding typically epoxies filled with fused silica or quartz is dispensed to cover 
these areas. In less aggressive environments thin conformal coatings are also used. These 
are for instance vacuum deposited like Parylene C (poly-para-xylylene) [1, 2, 87] applied 
by Chemical Vapor Deposition (CVD) and perfluorinated polymers like Teflon AF1600 
[1] applied by dip or spray methods. Since all polymers are easily penetrated by moisture 
it is more important (like for many other packaging materials) that these materials have a 
low solubility of water and other chemicals, that they are chemically resistant and that 
they do not take up much volume. 

1.3.4.4 Stacked interconnection layers 
Newer (around 1990) more compact ways of interconnecting chips as compared to e.g. 
DIP and QFP are by connecting them to different multilayer interconnection structures 
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[4, 66, 88-91]. The layers alternate between conductive layers and insulating layers. 
These packages are more compact than DIP and QFP because the wirebonding to a 
leadframe is eliminated and because the conducting layers are interconnected vertically 
inside (flip-chip) or nearly inside (wirebonding) the chip footprint. The substrates are 
used in two ways: One way is on single chips, the other on multiple chips. 
When used on single chips this is just a more compact way of getting the same chips 
interconnected with the next level of packaging i.e. the chips are connected through the 
layered structure to the bottom side. The chip is not interconnected directly to the next 
level of packaging, usually a PWB, because of too fine pad pitch on the chip (typically 
100 µm on the chip and 200 µm on the PWB). In that way the layered structure acts as a 
necessary space transforming interposer. The interconnect points on the bottom are solder 
balls arranged in an array. This package is called a Ball Grid Array (BGA). They are 
further subdivided according to different substrates as: plastic (PBGA), tape (TBGA), 
and ceramic (CBGA). For the flexible TBGA all three conventional interconnection 
methods are used to interconnect the chip to the interposer. The tape or thin film is 
typically polyimide, epoxy-glass, polyester, and BT resins. The chip in the rigid PBGA 
and CBGA packages are interconnected to the substrate by wirebonding and flip-
chipping respectively. TAB and wirebond interconnections in TBGA and PBGA are 
protected by over-molding. The interposer in PBGA packages is FR-4, or BT-epoxy 
Printed Circuit Boards (PCB). Ceramic interposers in CBGAs are High Temperature 
Cofired Ceramics (HTCC) and Low Temperature Cofired Ceramics (LTCC) [66, 88-90]. 
Due to the high sinter temperature of 1550ºC in the HTCC case W, Mo is used as 
conductors. 
When the primary use of the stacked interconnection substrates is to interconnect 
multiple components on the same substrate these boards are called Multi Chip Modules 
(MCM). Multi chip packages have also existed before the MCM in form of hybrid 
circuits. The difference is in the packaging density. A packaged electronic circuit is said 
to be a MCM when more than half of the substrate area is covered with active devices. 
These even more compact packages also come in three types depending on different 
substrates: Plastic laminate MCM-L, multilayer ceramic MCM-C, and deposited 
multilayer thin films MCM-D. The plastic laminates are like for the PBGA package often 
epoxy-glass based PCB-like substrates. More special resins are polyimide, Teflon®, and 
PEEK. Special fillers are quartz, Kevlar®, and Aramid® [4]. The ceramic substrates are 
HTCC and LTCC. MCM-D offers the highest packaging density with feature sizes down 
to around 10 µm. Here deposition often starts out on a silicon wafer. The insulating 
dielectric layers consist of polyimides deposited by spin coating and CVD SiO2 and 
oxynitrides. The conductors are normally Cu, Al, and Au deposited by Physical Vapor 
Deposition (PVD). Even denser packaging can be achieved if the active / passive 
component is embedded in the layered structure [66, 88]. Such packages are called 
System On Package (SOP) or System In Package (SIP). 

1.3.4.5 Wafer Level Packaging 
WLP or 0-level packaging means packaging before the wafer with chips is diced into 
separate chips for subsequent packaging. The degree of packaging on wafer level varies. 
Since this is the only packaging type in which the footprint area of a packaged chip on a 
board equals that of the unpackaged chip the WLP is considered the ultimate packaging. 
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The use is already widespread in the field of microsystem sensor packaging [12-15, 17-
22, 52, 92-105]. Except for the size reduction which is nearly always beneficial in itself 
the motivation for WLP originates from huge economic advantages of packaging and test 
before dicing. One important disadvantage is that also bad dies will be packaged. 
Actually many chips are wafer level packaged with a thin inorganic layer of SiO2, or 
Si3N4 to protect it chemically against corrosion (environment, molding, etc.) and 
physically against scratches (handling). For more than 30 years IBM has also been 
bumping chips on wafer level for subsequent single chip packaging (flip-chip) [4]. Flip-
chip interconnection and underfilling is also done at wafer level [21]. Interconnection in 
WLP is almost entirely of the area array type; however, recent studies show that even 
higher integration can be achieved by using flexible silicon structures. Flexible silicon 
substrates consist of rigid (thick) regions and thin flexible regions [97, 98]. This 
interconnect type has many advantages compared to other methods: Complete Wafer 
Scale Integration (WSI) of microsystem sensors and active circuits is possible, CTE 
match between components, possibility of 3D folding / stacking of interconnected 
components, no moisture uptake, can be sealed with glass. Current major types of WLP 
can be categorized as [4]: Redistribution WLP, encapsulated WLP, and flex / tape WLP. 
The redistribution type is most commonly used. The Al and Cu rerouting conductors are 
embedded in Benzocyclobutene (BCB) dielectric. The new contact sites are bumped with 
solder as on flip-chips and BGAs.  
Using wafer level processes underfilling of the area array interconnections is not 
necessary. Instead interconnections can for instance be embedded in a polymer by 
combined etch, metallization, and polymer re-deposition. In this way flexible 
interconnections can be made. In encapsulated WLP the entire wafer is sealed with a 
glass wafer on one or both sides. The glass can either be glued or anodic bonded [52]. 
The glass can be lapped down to a thickness of e.g. 100 µm if low profile is needed. For 
some sensors this “packaging” constitutes part of the sensor bulk structure and 
functionality to such a degree that it becomes increasingly difficult to define packaging in 
the traditional sense. This situation is very close to complete WSI or System On Chip 
(SOC) where all functionalities, mechanical as well as electrical, RF, etc. are integrated 
inside a single chip. In tape / flex WLP a sheet of tape e.g. wsCSP™ is mounted on and 
interconnected to the wafer. WLP by molding whole wafers is also a subject to current 
research [4]. 

1.3.4.6 System integration 
The trend towards system integration i.e. WSI is seen on all packaging levels by features 
getting smaller and by components brought closer to each other, etc. Overall packaging 
efficiency is increasing and more and more packages fulfill the Chip Scale Package 
(CSP) criteria that the package footprint area is maximum 20% larger than that of the 
naked die. This is for instance the case for CBGA, MCM-D, and WLP packages. 
Packaging efficiency is defined as the ratio of the naked chip footprint area to the area of 
the system board / substrate on which it is mounted. Packaging efficiencies for some of 
the mentioned packages are [4]: DIPs around 10%, BGAs at maximum 50%, MCM up to 
80%, SOP up to 90%, WLP close to or at 100%. SOP, WSI (WLP or SOC) are packaging 
areas of intensive research. 
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1.3.5 Sensor die – environment interconnection 
The drivers for direct, close proximity, partly or no access to sensing elements can be 
divided up as the economic (minimal size, number of processes), the physical (sensing 
principle, sensitivity, protection), and the chemical (sensing principle, sensitivity, 
protection). What is the primary driver depends on the specific sensing situation. 
Micro sensors like motion (accelerometers) and optical sensors do not require access in 
any form (direct, close proximity, partly) to the environment. Chemical (fluidic, gas) 
sensors may need direct access and others at least partly access through membranes / 
filters. The surroundings can have direct access (gas) or by use of a thin protective film 
barrier / interposer close proximity access (aggressive gasses, liquids) to pressure sensors. 
Close proximity access to the sensing area is often not needed for sensing purposes but 
because of a cost reduction need. The drive to make the microsystem sensor packaging 
less expensive is very high since it accounts for up to 70% of the total sensor 
manufacturing cost [5]. The main reason for this high cost is mainly the many processes 
performed on single dies more or less separately. To avoid this, the packaging has to 
approach the chip size by going to the wafer level (WLP, SOC). This in turn has the 
consequence that the packaging has to be very small and extremely durable to withstand 
the often very harsh environments sufficiently. Many bulky pressure sensors for harsh 
environment applications are e.g. packaged with steel membranes and silicone oils as 
pressure transmitting interface to the sensor element instead of close proximity access 
through a hole in the outer package to a thin film on the sensing area [19, 102-104]. The 
huge economic advantage of the thin film is that it can be applied at wafer level. 
Furthermore, in many applications it is also important that sensors are small even after 
packaging. 
The physical / chemical access hole to the system can be provided in many ways 
depending on the sensing situation. One type of access is a simple hole (premold 
package, glob-top / underfill interconnect protection, lid with hole) into the heart of the 
microsystem sensor. Transfer molding with die access holes can be made with special 
gentle ways of avoiding mould material on the sensing area [106]. In this case the access 
is an integral part of the encapsulation. Other examples are optical wires [65-69] for e.g. 
optical sensors, snouts for microphones [21], micro hoses / tubes, O-rings, etc. for micro 
liquid handling systems which are mounted / interconnected to the sensor as seen for 
instance in many Micro Total Analysis Systems (µTAS) [67, 107]. 

1.4 Packaging strategy 
When starting the development of a new microsystem sensor from the elements 
mentioned above, it is very important to think holistically in terms of system design and 
of what the system is expected to experience / endure during the projected lifetime i.e. the 
common design for reliability but also packaging. Examples of different MEMS 
packaging strategies and designs are given in [17]. All the knowledge (MEM sensor die 
designers, microelectronics circuit designers, materials scientists, etc.) has to be collected 
for best performance [108, 109]. Every step in the fabrication of microsystems has a 
certain purpose but also great influence on what can be done next and in this way often a 
large influence on final performance. Therefore solutions on each step cannot be freely 
chosen. It might be as simple as to remember to start fabrication temperatures at the high 
end. Very costly and well designed MEMS sensors have been fabricated, however, they 
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were never produced because the packaging was not taken into consideration and it 
turned out they were impossible to package [110, 111]. Another example of the 
importance of overall design is that some materials problems cannot be solved directly 
because of limited intrinsic properties. However, by combined materials design the 
problems can often be solved. Tightness of protective materials is for instance very 
important in microsystem sensor packaging for harsh environments. Polymers are 
attractive for many reasons except for their tightness. Actually no material is hermetic 
(completely tight), but by properly designed combinations of materials / phases sufficient 
tightness might be reached [2]. This is very important to remember for microsystem 
sensor packaging. 

1.4.1 Reliability 
Reliability issues are far more complex for microsystem sensors than for 
microelectronics. Common electronics reliability is e.g. reviewed in [112-115]. The 
reliability of sensors is complicated because they are closely exposed to harsh 
environments and contain moving parts [17]. Further required service life longer than 10 
years is common. For some pressure sensors protected with specially designed thin films 
for harsh environment applications this means that the allowed corrosion of the film is 
below one atomic layer per day [103]. Special care in the packaging component materials 
and process choices for microsystem sensors have already been mentioned in chapter 1.3. 

1.4.1.1 Failure modes 
The microsystem sensor failures can roughly be divided in two categories: inherent and 
environmental. Inherent microsystem sensor failures can already occur before the final 
product service life, but can also be induced / affected by the environment. These failures 
are specific for microsystem sensors because they occur due to the very nature of the 
sensor. One inherent failure is where closely separated surfaces come into contact and 
adhere to each other. This is called stiction [17]. Another example is where the silicon 
micromechanical parts break during wafer dicing. It could be argued that the latter is 
actually an environmental failure; however, it has not occurred in the final product 
environment. 
Environmentally induced failures are due to: humidity, thermal cycling, vibration, shock, 
pressure variations, radiation, etc. separately and in combinations. Combinations usually 
accelerate failures. The failures may be inevitable due to materials limited intrinsic 
properties and in that case materials and designs can only be chosen to maximize the time 
delay to failure. This is for instance the case for hermetic packages for sensors because no 
package is entirely tight. Here the Mean Time Before Failure (MTBF) may be increased 
by e.g. designs involving getters [17, 116, 117] and multilayers as already mentioned. In 
other cases failure is observed because the exposure to these conditions changes the 
materials properties. Tg for polymers (e.g. epoxy for die attach, molding, etc.) is for 
instance lowered when water is absorbed [118]. Then essentially we have a new material 
and perhaps Tg is now in the application temperature range which in turn means that 
(above Tg) high stresses are developed due to higher polymer volume and CTE. This can 
have detrimental consequences for the measurement and may lead to delamination [115]. 
These failures are also seen for ICs in microelectronics, however to a much lesser extent. 
Because of this sharing of problems some solutions from microelectronics can be used 
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for the sensor packaging [17]. However, many sensors need application specific solutions 
as already mentioned in chapter 1.2. Humidity failures are linked to the ingress or out 
gassing of chemicals from environment and package materials respectively, and loss of 
package hermeticity. These failures are very important for sensors because they initiate 
many other failures. They are less important for microelectronics. The consequence of 
these failures may be seen as e.g. damping of moving parts, corrosion, stress, 
delamination, etc. When combined with other environmental factors like thermal cycling, 
vibration, shock, pressure variations, then ingress, out gassing, loss of hermeticity and 
consequent damping of moving parts, corrosion, stress, delamination, etc. are highly 
accelerated [119]. Damping of moving parts which can also be induced by other means 
(e.g. stress) is a failure mode which is not observed at all in microelectronics. Thermal 
cycling induces solder joint and package failures (e.g. popcorning) in microelectronics 
but is less important in microsystem sensors except when combined with humid 
environments as mentioned earlier. Vibration, shock, and pressure variations may result 
in failures observed as mechanical fatigue, breakage and delamination. The latter will be 
highly accelerated if also moisture is present. In addition the stresses from vibration, 
shock, and pressure variations will often accelerate corrosion in humid environment. 
Polymer packaging materials may also be very susceptible towards radiation and 
embrittle in e.g. sunlight. This may also be accelerated by other environmental factors. 
The embrittling may result in e.g. increased stress levels which have impact on sensor 
performance. 

1.4.1.2 Failure analysis 
Failure analysis of microsystems is a scientific discipline in itself. When designing for 
reliability it is mandatory to analyse what the sensor will experience during production 
and the rest of its lifetime in use. Then from resulting specifications simulations on the 
whole sensor performance and accelerated testing can be performed. Simulation and 
statistics can help making fabrication process and design improvements to minimize e.g. 
unwanted stresses [4, 120-123] influencing sensor measurement. Stresses are one of the 
major causes for microsystem sensor drift and failure. One way of improving stress 
simulations and therefore gain better prediction of potential failure sites is by use of 
actual measured CTE values instead of not very representative (due to differences in 
processing, etc.) tabulated values. At best the CTE values are measured with the new 
OMISTRAIN® [124] equipment where nm movements during temperature cycling of 
whole component surfaces are mapped. The measurements also give direct information 
on stress levels. Then combined functional / environmental test with in situ electrical 
measurement can be performed at wafer level on unpackaged, partly packaged or fully 
packaged sensors with testing equipment also developed recently [3]. Alternatively, it 
may be done on separate sensors. Then OMISTRAIN® measurements and subsequent 
simulations may be repeated. Both types of equipment can be used for both 
microelectronics and microsystem sensors. Among more common instrumental tools to 
analyse / locate failures are Scanning Electron Microscopy (SEM), Scanning Acoustic 
Microscopy (SAM) [125], X-rays, electrical probe stations, Focussed Ion Beams (FIB) 
equipment [126], etc. They are used to detect physical / chemical failures like 
delamination, cracks bubbles, corrosion and electrical circuit failures. 
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1.4.1.3 Microsystem materials selection 
General overviews of materials for microsystems can be found in [4, 23, 127]. Careful 
selection of materials is as indicated in previous sections very important for the overall 
sensor performance and reliability. Sensor performance (access holes, electrical, 
sensitivity) and minimal size (preferably WLP processing and small hidden pervasive 
sensors [47, 128]) drive the demand for packaging with high protective capability and 
applicability without affecting sensor performance negatively. In cases where low cost 
and small package size is not mandatory materials and design can be chosen more freely 
and extremely robust sensors can be fabricated.  
In table 1 an overview of selected microsystem packaging materials and methods is 
given. 
 
Table 1: Selected microsystem packaging materials. Italic: Important in microsystem 
sensor packaging for harsh environments. 
Primary purpose, (process and other 
characteristics) 

Use and materials 

Die attach by:  
Gluing (hard to compliant attach, 
acceptable electrical / thermal 
conductance, and CTE with fillers). 
 
 

Mounting on substrates and inside 
packages. 
Adhesives: Epoxy, cyano esters, urethane, 
silicone, filled with e.g. Ag, fused silica, 
quartz. 

Anodic and frit bonding (Silicon CTE 
matched attach, and sealing). 

Glass, glass frits, silicon (wafer level 
sealing, stress isolation). 

Electrical conduction by:  
Wirebond (flexibility / compliancy). 
 
 

Interconnect between pads on top of die 
and substrate. 
Au, Al . 

Flip-chip (compact). 
 
 
 
 
 

Microelectronics assembly near sensor die 
(e.g. ASICs). Sensor die flip-chip 
interconnect to substrate. 
SnPb soldering, solder materials without 
Pb, e.g. SnAg3.9Cu0.6 or . Au bumps dipped 
in Ag filled adhesives (Stud Ball Bumping 
SBB process) 

Conductive adhesive (low temperature 
processing, compact, attach, HDI, good 
heat conduction). 

Au, Ag, Ni, Cu. 

TAB (compact). SnPb soldering, solder materials without 
Pb, e.g. SnAg3.9Cu0.6. 

Interconnect on substrate / package by:  
Under Bump Metallization (UBM).  
 
(adhesion and  
diffusion barrier). 

Solder ball interconnect, e.g. ASIC flip-
chip 
Sensor die flip-chip. 
Al, Cu, 
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Ti, W, TiW, Cu, Mo, Ni, Pt, Pd, Cr. 

Pastes (conductors, resistors, etc.). 
 
 

Hybrid circuits. 
Ag/Pd, Ru2O3 in matrix of glass, organic 
fillers and solvents. 

Conductors (high conductance). 
 

Low temperature processed substrates 
Au, Al, Cu. 

Leadframes (conductance, 
high temperature sealing). 

DIP. 
Cu, Ni42Fe (Alloy 42), Ni29Fe53Co17 
(Kovar™) W, Mo (molded packages). 

Package for protection and chip / 
interconnection support by: 

 

Deposition of thin films at wafer and 
higher levels. 
 
 

Physical (mechanical, EMI screening) and 
chemical protection. 
SiO2, Si3N4, a-CrTa, a-TaO, a-SiC, Cr, Ti, 
a- Ni. 

Molding / premolding (support, barrier, 
low stress). 
 
 
 
 
 
 
 
 

DIP, QFP: 
Polymers: Heat and UV processed 
phenolic-epoxy filled with quartz, LCP 
MCMs, and hybrid circuits with good 
thermal dissipation and electromagnetic 
shielding. 
Metals: Cu10W, Cu15W, SilvarTM (Ag-Ni-
Fe alloy), Cu15Mo, Kovar™ and Alloy 42 
plated with Au, Ag, Cu. 
Ceramics: Al2O3. 

Getters (trapping of unwanted chemicals 
and particles, use of cheaper packages). 
 
 
 
 
 
 
 
 

Inside or as part (ceramic) of hermetic 
(liquids, gasses) packages. 
Silicone - zeolite composites: STAYDRY™ 
GA2000-2. 
Metals: Zr-Al-Fe, Ti, Th, Pd, Pt. 
Metal-oxides: PdO. 
Zeolites. 
NanoGetter™. 
Al2O3 (e.g. CERDIP). 
Silicon rich oxides. 

Glob-top (barrier, mechanical protection). 
 
 
 
Underfill (mechanical protection). 
 
 

Protection toward liquids, gasses, light. 
Avoidance of wire sweep in molding. 
Adhesives: Anhydride-epoxy e.g. filled with 
ceramics, carbon. 
Microelectronics flip-chip. Sensor flip-chip 
Adhesives: Anhydride-epoxy, Cyanate 
ester e.g. filled with ceramics. 
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Coatings (barriers, wear protection). 
 
 
 
 
 
 
 

Microelectronics components / boards, 
sensors protection against liquids, gasses, 
light. 
Polymers: Solder masks, Parylene C, Nova 
HT, Teflon AF, adhesive type (epoxy, 
urethane, cyano esters, acrylates, silicone) 
Polymer-metal composites: e.g. UV curable 
acrylates with flakes of Cu plated with Ag. 

Lid mounting (tight, low stress lid 
attachment). 
 

Lid: Plastics, ceramics, glass, metal. 
Sealing: Adhesives, glass or assembly by 
anodic bonding, welding. 

Stacked substrate layers (dense, durable 
low stress interconnection). 

Dense MCM packaging of microelectronics 
and microsystem sensors. 
Hybrids: Al2O3. 
MCMs: HTCC, LTCC, epoxy filled with 
glass, Kevlar® and Aramid®, polyimide 
(PI), bismaleimide triazine (BT), 
Polytetrafluoroethylene (PTFE or 
Teflon®), Polyether ether ketone (PEEK). 

 
Some of those which are generally considered most important in microsystem sensor 
packaging for harsh environment are indicated. Due to the diversity of sensors it is 
important to stress that whether each material is relevant or not depends on the specific 
application. These materials and methods have been selected from physical / chemical 
properties such as high chemical / physical barrier and durability properties, high CTE 
match capability, low cost processing, etc. which are also important in microelectronics, 
but are considered even more important for reliable packaging of microsystem sensors. 
The major problem to be solved in sensor packaging for harsh environments is to get 
sufficient access to the sensing area while still providing adequate chip protection. 
Materials are chosen for different main purposes: Attachment, heat dissipation, 
conductance (interconnection), insulation, support (boards), protection, and combinations 
thereof. 
However, the materials purposes are all more or less interrelated with each other and the 
purpose of the final component cf. system design. Table 1 also reflects that generally 
degrees of freedom in selecting materials for some materials primary purpose is more or 
less reduced due to some other demands. 

1.4.1.3.1 Electrical interconnection materials 
Often compromises which severely complicate the packaging have to be made. One 
simple example is that the demand for a hermetic package which has a low CTE and high 
physical / chemical durability may require that it is made of ceramic sintered at 1550ºC, 
i.e. only conductors, e.g. leadframes of W, Mo, with high melting point at the cost of 
electrical conductance can be used. In that way, the relative importance of purposes / 
properties (conductance vs. melting temperature, etc.) have been altered because of 
higher purposes, hermeticity, low CTE, durability, etc. Melting temperatures for these 
metals are Tm(W) = 3422ºC, Tm(Mo) = 2623, and both have a low CTE of 4.5 ppm which 
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is very close to that of Si and many sealing glasses like borosilicates. Generally, more 
corrosion stable metals like Au instead of Al in wirebonding and Cu, Ni in conductive 
adhesive is used where required by the environment. For microsystem sensors in harsh 
environment flip-chip interconnection is very attractive from the materials point of view 
due to small amount of interconnect solder / bump material prone to chemical attach. 
This explains why Sn-Pb solders can still be used in many applications although they are 
not very corrosion stable. 

1.4.1.3.2 Highly protective die attach, underfill and package materials 
Most often the basic innermost microsystem materials (Si, GaAs) and to some extent also 
the interconnection materials are chosen for their electrical properties without regarding 
their other properties, which have influence on the reliability.  
Therefore one of the most important purposes of die attach, underfill and package 
materials is to protect the sensor / IC and other packaging materials (wirebonds, etc.) both 
by constituting a physical (mechanical, temperature) robust interface to the surroundings 
and by keeping away chemicals, particles, and radiation detrimental for the sensor 
performance due to their change of materials properties.  
The chemicals protected against can be both liquids and gasses. Amongst liquids water 
and its ionic content are the most common problems. The critical ions are usually Na+, 
K+, and Cl- coming from salt in sweat, sea water, or it is born from the packaging 
materials. The ions may diffuse around both in the packaging materials and 
semiconductors and in this way destroy the electrical functionality directly or they may 
participate in electrolytic corrosion [129]. The water can also corrode the materials 
directly (hydrolysis) [4] and indirectly by reactions with corrosive end products. The 
latter occurs e.g. when too much P is in P doped (to lower melt temperature) glass used as 
a dielectric layer. Water react with P to give H3PO4 acid which further corrodes the 
surrounding materials [130]. Just the presence of water is most often critical, especially 
for polymers. The polymers swell, modulus E, CTE, Tg and strength are lowered, etc. The 
resulting failure modes are e.g. delamination, cracks, popcorning, etc. The presence of 
water can also induce stiction in silicon micromechanical sensors [17]. 
The gas chemicals are typically H2O, H2, NH3, SO2, H2S, etc. originating from the harsh 
environment surroundings and out gassed from the packaging materials themselves, e.g. 
from plated metals and polymers (epoxy). They can all affect microsystem sensors 
performance severely for instance by corrosion and damping (resonators). 
Particles from the surroundings and from component processing can be critical because 
they can interfere with subsequent processing, short circuit, and block the movement of 
parts in microsystem sensors. Therefore the processing has to take place in a clean room 
environment all the way to the final component and appropriate cleaning methods have to 
be employed. 
Electromagnetic radiation can cause the electronics (e.g. amplifiers) and sensors (e.g. 
capacitive MEMS microphones) to malfunction. To achieve ElectroMagnetic 
Compatibility (EMC) ElectroMagnetic Interference (EMI) is commonly shielded with the 
use of metal packages (houses) / grids, metal filled polymers [1], glob-top filled with C, 
and by deposition of magnetic thin films. 
Mechanical robustness is provided first by protecting chips so that they can withstand 
further handling and processing by applying thin protective films, see table 1. Molded 
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packages and substrates provide mechanical protection towards the surroundings. Here it 
is important to note the materials differences in E and toughness.  
Generally, heat dissipation from microsystem sensors is not an important issue. However, 
in special cases as micro hotplate gas sensors where temperatures as high as 500 °C are 
reached it can be an important issue [131]. A bigger problem is to find packaging 
solutions which can meet the many high temperature applications within e.g. the 
automotive and oil / gas industry [34-42]. 
Ingress of water from the surroundings is often considered to be the biggest problem to 
solve in microsystem packaging [132-143]. Only 0.1 nL water may be critical due to 
direct corrosion of narrow Al conductors on chips [133]. No material is actually 
completely tight towards water. However, their decreasing tightness can be ranked as: 
Metals, glasses, LCP, Parylene, fluorocarbons, epoxies, silicones. A package is defined as 
hermetic if the He leak rate is below 10-8 cm3s-1 [4]. Qualifying leak testing is usually 
done in accordance with the military standard MIL-STD-883. However, since the 
diffusivities of He and water in any material differ a lot testing directly with water is 
often mandatory. Polymers are attractive because of easy and cheap processing. An 
extensive overview of polymer permeability data is given in [144]. Water uptake 
(solubility S) and diffusion constants can be determined in accordance the standard SEMI 
G66-96 [2, 118, 145-146]. This is done by using the short times approximation of (1): 
 

 
where Mt is the weight gain of a thin slab of material after exposure for a period of time t, 
ME is the weight gain at equilibrium i.e. after saturation, D is the diffusion constant, and 
L is the slab thickness [147]. ME is a power function of the humidity H: 
 

 
where K and α are temperature dependent constants [4]. The short time approximation of 
(1) is: 
 

 
and given ME,  D can be found from the short times slope h in a plot of Mt/ME as a 
function of t½/L as: 
 

 
It is then important to note that the flux F of water will be determined by: 
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where P is the permeability, i.e. that how much is actually passing critical areas is not 
only determined by D but also by S [2]. It is also very important to realize that for 
encapsulations S determines how much water is actually in contact with the critical areas. 
This means that even though a material may have a high D for water (e.g. silicone) they 
might be a good choice anyway in some application due to low S. The worst case occurs 
for instance in pressure sensors where a pressure gradient may cause a continuous flux 
across critical areas. Another critical situation is when the material has taken up a lot of 
water at high temperature and the temperature then suddenly falls to a temperature where 
S (determined from ME) is significantly lower. Then the material literally begins to sweat. 
This may cause high stresses followed by delamination, cracks, etc. This is one of the 
reasons why good adhesion at interfaces is so important. Slower mechanisms are creation 
of weak boundary layers with high water content and hydrated metal oxides and finally 
delamination. Interfaces are generally very prone to failure due to stress concentration. 
The materials used for die attach, underfill, and packages are: polymers, ceramics, 
glasses, metals, organic / inorganic / metallic thin films and coatings, and getters, see 
table 1. 
Polymers are used more and more in microsystems, especially microelectronics because 
they are becoming higher grade concerning Na+, Cl-, K+. Nowadays the content of these 
ions is usually only a few ppm for electronic grade polymers. Further, thin film protection 
(oxides, nitrides) has also made chips sufficiently mechanically / chemically robust for 
transfer molding [4]. Generally, the polymers chemical resistance against solvents can be 
evaluated using the Hansen Solubility Parameters (HSP) [148]. A common polymer 
mould compound is phenolic epoxy. Better performing polymer packages for 
microsystem sensors can e.g. be made of LCP [85, 86] or cyano ester adhesive [4, 149]. 
Both these polymers are highly chemically resistant and water tight. Actually LCP is the 
tightest polymer known. Also cyano ester adhesive is a very good water barrier in that it 
actually captures (get) the water by reaction without degradation [4]. They are both very 
chemically resistant and both come filled with very low CTEs. 
Epoxy based polymers are normally used for die attach because of their good adhesion 
and durability. They are also quite tight compared to many polymers e.g. silicone. Highly 
filled with quartz the CTE can come as low as 11 ppm. This is not possible with silicones 
which are also less chemically durable especially toward solvents. However, they are 
used in sensor applications where completely stress free assembly or encapsulation 
(silicone gel) is needed. Water flux through silicones can be as low as for epoxies due to 
low S. Very low stress sensor attach and encapsulation can also be approached by use of 
UV curable epoxies. This is due to room temperature curing, step curing, and quartz 
filling [84]. 
Anhydride epoxies are commonly used for underfill and glob-top base materials, but will 
not be good enough in the many sensor application where water comes close because 
these systems give polyester linkages which are prone to hydrolysis [4]. Here cyano ester 
based adhesive is more promising. 
Epoxy is also used for PCBs (FR4) and layered substrates (MCM-L) with different fillers, 
see table 1. This is also the case for PI, BT, PTFE, and PEEK all of which are very 
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interesting candidates for microsystem sensor packaging because of low permeability and 
/ or chemical durability. 
Ceramic substrates and house packages are typically Al2O3, HTCC, and LTCC which are 
very water tight partly due to their dense structure and because of water getter properties. 
It is also very tight towards other substances. Besides CTE is very low, chemical 
durability high, and E is high. These materials are very attractive to microsystem sensor 
packaging [66, 88-90]. 
Glasses are basically SiO2. Differently doped (e.g. with P) glasses can have low melting 
temperatures making them usable for ceramic and metal package sealing (lid and 
electrical feed-through in metal packages) and actually also for die attach e.g. silver-filled 
for thermal conductance. In humid environment it is important that the glass contains no 
alkalis like Na+ because they can be released by water corrosion and destroy the 
microelectronic circuit. 
Metal packages are usually chosen to have good thermal conductivity and low CTE. 
Examples are shown in table 1 [83]. The metal packages are used as houses for hybrids 
and MCMs. Together with glass-sealed lids and electrical feed-throughs these packages 
are hermetic. Metal lids are also soldered or welded. Moisture is often a serious problem 
when using metallic packages because metals are generally hydrophilic [4, 150]. Good 
adhesion of e.g. adhesives is very often correlated with surface energies / tensions [151]. 
To achieve good adhesive bonding good spreading is usually a prerequisite. This can be 
achieved by ensuring a low surface tension of the adhesive compared to that of the 
substrate. Moisture on metals has the effect of lowering the surface tension [152] and 
therefore often the adhesion strength. 
Organic conformal coatings are often urethane based [4]. They are used mostly for circuit 
board protection. They have very good protective properties regarding humidity, 
corrosive environment, and toughness. They can be as protective as hermetically sealed 
packages. They cure both by heat and UV light. Other organic conformal coatings of 
greater interest for microsystem sensor protection are the parylenes (poly-para-xylylene) 
and Teflon AF [1]. This is primarily because they cover bond wires and single crystalline 
silicon edges and corners highly conformal in layers thinner than 10 µm and because of 
their high chemical durability. Parylene C is also very tight (comparable to LCP) and is 
therefore used as barrier [20]. Also of interest for MEMS sensors is thin conformal 
coatings of polymer-metal composites for EMI shielding [1]. 
Inorganic / metallic thin (around 1 µm) films are of particular interest for compact 
chemical and EMI protection [19-22, 102-104]. Some coatings are amorphous to avoid 
chemical attack and fast diffusion otherwise observed at crystallite boundaries, see 
table 1. 
Getters are materials that traps unwanted chemicals e.g. H2O moisture, H2, NH3, SO2, 
H2S either by adsorption or reaction [17, 116, 117]. Silicon gas compatibility guidelines 
are described in the SEMI F79-0703 standard. Getters are used inside packages because it 
is well known that no material can keep out the mentioned chemicals sufficiently for the 
periods of interest. They consist of sticky polymer capturing particles typically from the 
processing and metal and metal oxides, see table 1. The unwanted gases flow may also be 
diverted by phase barriers as e.g. air. For moisture this can be very effective since D in 
e.g. epoxy is around 5 x 10-13 m2s-1, and in air it is around 2 x 10-5 m2s-1 at room 
temperature. As depicted in section 1.4.1.3 high durability packaging can be achieved 
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with high durability packages and smaller demands on sensor performance. However, the 
performance of the above mentioned hermetic ceramic package (section 1.4.1.3.1) may 
e.g. also be achieved in a cheaper way by use of a less tight polymer package with one or 
more getters inside and Cu as conductor. This is one way of achieving Reliability 
WithOut Hermeticity RWOH. Alternatively very high performance concerning tightness 
and the often ultimate goal to keep chemicals and particles away from the critical sensor 
parts may be achieved by use of the ceramic package including getters inside. 

1.4.1.3.3 Sensor die – environment interconnection materials 
In many cases the access hole is part of the package and consequently made of that 
material. However, often some guide of the media to be sensed on, has to be fixed to the 
microsystem sensor. For that small commercial or specifically manufactured fittings 
(plastic, glass, etc.) are used together with adhesives like epoxy and silicone [1, 20, 21, 
29, 67, 107]. The fixation has to be completely microsystem sensor compatible regarding 
the same parameters as the rest of the packaging, i.e. minimum stress, high adhesion, no 
corrosion, etc. 

1.5 Specific applications 
Below specific microsystem sensor packaging examples are given. They are grouped 
according to whether they can be considered standard packaging, modified standard 
packaging, or custom designed packaging. Pressure sensors and accelerometers represent 
the largest markets. To cover all these types of packages and sensors the examples 
comprise 3 pressure sensors, 2 accelerometers, and 1 microphone. They are commented 
regarding application (environment), and how the packaging has been solved concerning 
electrical interconnection, sensor die – environment interconnection, and protective 
package. Many examples can be found in the literature e.g. from other areas like 
biotechnology and telecommunication [153, 154]. 

1.5.1 Standard packaging 
This kind of packaging involves conventional packaging technologies from 
microelectronics. An example is the ADXL202 dual axis accelerometer from analog 
devices, fig. 2. This is a house type ceramic DIP. The accelerometer is mounted in a 
ceramic package cavity and interconnected with Al-wirebonds to the leadframe. No 
access hole / window is needed for such a sensor. A lid is hermetically sealed to the 
package cavity. 
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1.5.2 Modified standard packaging 
These packages are based on materials and shaping of the package that to a varying 
degree differs from what is seen in the microelectronics industry in order to meet the 
requirements of the specific microsystem sensor. One example is the SP13 tire pressure 
sensor from SensoNor, see fig. 3. This is an absolute pressure sensor in a plastic DIP. It 
 

 
should be noted that in this case a glob-top has been placed around the sensor stack in 
order to minimize the thermal stress and wire sweep from the injection molding 
encapsulation. Gold wirebondings are used as electrical connections from both the sensor 
to the ASIC and from the system to the leadframe which provides the external 
connection. Note also that the packaging differs from microelectronics packages as it 
includes glass bonded at wafer level (cf. WLP) on both sides providing minimum stress 
on the silicon sensor die in the middle, reference pressure cavity on the top side, and part 
of the pressure access hole / channel to the sensor die. The rest of the hole to the sensor 
die is in the leadframe and plastic mould material. Another example is the SLP004D 
pressure sensor from SensorTechnics, see fig. 4. It can be used for measuring differential  
 
 
 
 

 

 
Fig. 3: Left: X-ray photo of absolute pressure sensor. Right: 
Etching with dry HNO3 exposes the sensor and the chip. 

 

 

 

 
Fig. 2: Left: X-ray photo of dual axis accelerometer. The 
aluminium wirebonds cannot be seen on an X-ray photo. 
Right: Grinding the ceramic away opens the package.
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or absolute pressure. This sensor is wirebonded to a leadframe which provides the 
external connections resulting in a Single Inline Package (SIP). A hole in each Al plate 
provides physical connection. The hole gives direct access to the chip surface i.e. the 
component is relatively vulnerable to pollution. The package is a plastic house with Al 
plates on both front and back.  
A third example is the SA20 airbag accelerometer from SensoNor, see fig. 5. The internal  
 

 
electrical connections are made using gold wirebonding, and the external connections are 
provided via the pins, in this case a SIP. The house is a welded polyphenylene sulfide 
(PPS) plastic housing. This is a thermoplastic material with excellent thermal, mechanical 
and chemical resistance. The sensor does not need a physical connection to the outside, 
since it measures only the movement of a seismic mass via a piezo resistive bridge. The 
cavity in the house is filled with silicone oil for the purpose of dynamic damping.  

1.5.3 Custom designed packaging 
In more complex packages even the interconnections are of a more advanced type. The 
development of the bare silicon MEM die, is not the main area of work, however, the 
entire system including the sensor, the interconnection and the package have to be 
planned together, because they can have multiple functions and constrain each other 
severely. At this point there is very little to be said about standard packaging. With the 

 
Fig. 5: Left: X-ray photo showing the seismic mass (right) and 
the wirebonds. Right: Grinding exposes the die. 

 
Fig. 4: Left: X-ray photo showing wirebonds, sensor unit and 
the two aluminium plates. Right: The sensor is exposed for 
inspection by removing one aluminium plate.
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example in fig. 6 and fig. 7 which is a 3 mm · 3 mm · 2 mm microphone (dummy) for e.g. 
hearing aids, mobile phones, focus is only on the demands for a protecting encapsulation 
material that practically takes up no space [1]. Other minimum packaging volume  

 

Fig. 6: A dummy sample of a 
silicon micromechanical micro-
phone before encapsulation.

Glued sound inlet

Si chip500  µm

Glued flex print

Glued sound inlet

Si chip500  µm

Glued flex print

Fig. 7: Cross section showing the built-up 
of the test structure. Two protective 
encapsulation layers are needed. A 
conductive top layer for EMI (Electro 
Magnetic Interference) shielding and an 
insulating layer beneath to avoid short 
circuiting anywhere on the microphone. 
The first layer has been applied by dipping, 
the second by spraying. Note that it has 
been possible to cover the sharp corners of 
the silicon. Here the insulating layer has a 
thickness of approx. 50 µm. The thickness 
of the conducting layer is around 25 µm 
everywhere. 
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methods used have been chip stacking involving: anodic bonding, sealing with fluxless 
solder bump bonding, and through-hole microphone / ASIC interconnection, together 
with flip-chip interconnection (ASIC, flex print) and mounting (sound inlet) [21, 
22].Even though they are often the simplest microsystems, pressure sensors are usually 
placed in very rough environments. As mentioned earlier, keeping the microsystem small 
and cheap means high demands on the packaging materials and methods. An example is 
the Grundfos differential pressure sensor, see fig. 8. 

 

Here the sensor has to be able to withstand direct exposure to water under pressure at 
125 °C via the holes in the housing for at least 10 years. To solve this problem focus has 
been on: 

1) Materials with high corrosion stability. Especially the thin protective film has to be 
very corrosion stable. For a sufficiently thin film, which should be able to last for 10 
years, no more than one atomic layer may be corroded per day [19, 20, 102-104]. 

2) Tight and low stress mounting / sealing of die in housing. The tightness depends 
entirely on the adhesives / O-rings bulk and interface tightness to house / film on the die. 
The tightness is important since the very corrosion sensitive microelectronics is placed 
close to the water. The allowed leak rate to ensure low enough corrosion has been 
estimated to 2.5 · 10-2 mm3/year/bar [20]. Stress is important because it may couple into 
the pressure sensing membrane area and thereby disturb the measurement [109, 120]. The 
stress depends on both adhesives / O-ring and the house materials CTE. The adhesives / 
O-rings CTE might change significantly over time. 

Housing

Pressure sensor 
chip

Wirebond

Electronics

Adhesive
Protective coating

Housing

Pressure sensor 
chip

Wirebond

Electronics

Adhesive
Protective coating

Fig. 8: Cross-sectional drawing of a differential pressure sensor. The sensor chip is 
protected with a coating on both sides and mounted in a housing using adhesive. 
Through the access holes in the housing and contact with the coating the media gets in 
close proximity to the pressure sensor chip. 
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1.6 Glossary 
ACA  Anisotropic Conductive Adhesive. Adhesive where the amount of electrically 
conductive filler is adjusted for conduction in only one direction perpendicular to the 
substrate. 
 
Anodic bonding  A joining method where e.g. silicon and borosilicate glass can be 
bonded making use of heat at around 400 ºC and high voltage. 
 
ASIC  Application Specific Integrated Circuit. 
 
BCB  Benzocyclobutene. A polymer used in microsystem packaging as dielectric 
material in layered electrical interconnection. 
 
BGA  Ball Grid Array. A package where a chip is interconnected to the next level of 
packaging using a space transforming interposer. An area array of solder balls on the 
interposer is typically used for interconnection to the next level of packaging. 
 
BT  Bismaleimide Triazine. Polymer used as dielectric material in PCB and layered 
electrical interconnect substrates. 
 
CBGA  Ceramic Ball Grid Array. A BGA where the interposer is HTCC or LTCC. 
 
CSP  Chip Scale Packaging. A package where the footprint area is maximum 20% larger 
than that of the naked die. 
 
CTE  Coefficient of Thermal Expansion. Indicates how much a material expands as a 
function of temperature. The symbol is typically µm/m°C. 
 
CVD  Chemical Vapor Deposition. A vacuum deposition process where chemical 
reactions take place both in the gas and on the substrates. Used e.g. to deposit parylene 
(poly-para-xylylene) as protective coating. 
 
DIP  Dual Inline Package. A package with leads on two parallel sides. 
 
EMC  ElectroMagnetic Compatibility. Refers to the situation where an electronic 
component is constructed / protected so that EMI is not a problem. 
 
EMI  ElectroMagnetic Interference. Disturbance of electronics by electromagnetic 
radiation. 
 
FIB  Focused Ion Beams. In electronics FIB is used for failure analysis where e.g. 
conductors are cut or repaired. 
 
Flip-chip  An electrical interconnection method where a chip is turned upside down 
(flipped) to connect contact points typically in an array area on the chip and chip carrier. 
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Getter  In microsystems a material that traps or keep away unwanted chemicals and 
particles by being reactive or sticky. 
 
HDI  High Density Interconnect. Refers to electrical interconnection with a very low 
pitch. 
 
HSP  Hansen Solubility Parameters. Parameters that helps predicting the chemical 
durability of polymers towards solvents. 
 
HTCC  High Temperature Cofired Ceramic. Electrical interconnect substrates consisting 
of alternating layers of conductors and ceramic as dielectric material. The soft and 
compliant ceramic layers are co fired / hardened at high temperature (1550 ºC). 
 
IC  Integrated Circuit. 
 
ICA  Isotropic Conductive Adhesive. Electrical conductive adhesive with a high filler 
content resulting in isotropic conduction. 
 
LCD  Liquid Crystal Display. Flat displays based on liquid crystals which change 
orientation when a voltage is applied across them. 
 
LCP  Liquid Crystal Polymer. Thermoplastic polymers with unique structural, physical 
and chemical properties. Consists of linked rigid and flexible monomers. Rigid molecule 
segments align in the liquid state during flow and this alignment is maintained when 
cooling to the solid state. An example of a LCP is Vectra A-950. 
 
0 level packaging  See WLP. 
 
1st level packaging  Packaging at the micromechanical chip and / or IC level. It 
comprises chip (micromechanical, IC, ASIC, etc.) mounting (anodic bonding, gluing, 
soldering) on some support (carrier, housing, substrate e.g. with interconnecting 
conductors) and interconnection (wirebond, flip-chip soldering / gluing, conductive 
adhesive). 
 
2nd level packaging  Packaging at system level or board level. Packaging on this level 
consists of mounting the 1st level package onto some board (typically FR4 PCB or card) 
to interconnect active and passive components. 
 
3rd level packaging  Packaging at the board to board interconnection level like in PCs 
where several slots for insertion of different cards exist. 
LTCC  Low Temperature Cofired Ceramic. Stacked electrical interconnection layers like 
HTCC, only the ceramic layers are co fired at low temperatures. 
 
MCM  Multi Chip Module. A packaged electronic circuit is a MCM when more than half 
of the substrate area is covered with active devices. The substrate is typically a layered 
interconnect substrate like HTCC or LTCC. 
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MEMS  MicroElectroMechanical System. Miniaturized sensors and actuators with 
micrometer size features. Sensing and actuating is electromechanical. The MEMS 
comprises a MicroElectroMechanical (MEM) component and some low level packaging 
e.g. interconnection to a substrate, an ASIC, etc. Normally the MEM is a single 
crystalline silicon micromechanical structure fabricated by etching methods. 
 
Microsystem  MEMS together with microelectronics, photonics, RF / wireless packaged 
to the 2nd and 3rd level. 
 
Microsystem sensor  Miniaturized sensor with micrometer size features for analysis 
involving disciplines as: Mechanics, fluidics, biology, chemistry, microelectronics, 
optics, etc. 
 
µTAS  Micro Total Analysis Systems. Systems with micrometer size features comprising 
all necessary components for complete analysis. 
 
MID  Mould Interconnect Device. Molded polymer supporting and interconnecting 
carrier where the interconnecting conductors are applied e.g. by chemical / galvanic 
metallization or by hot embossing. 
 
MTBF  Mean Time Before Failure. 
 
NEMS  NanoElectroMechanical Systems. Electromechanical sensors or actuators with 
nanometer size features. 
 
Packaging  The interfacing between active / passive microsystem components and the 
surroundings: Attachment, support (substrate, carrier, encapsulation), signal 
interconnection between components and environment (electrical, optical, chemical / 
physical, access for sensing / actuation), and protection (encapsulation, housing). 
 
PBGA  Plastic Ball Grid Array.  A BGA type where the interposer is made of some kind 
of plastic which is most often FR-4 or BT-epoxy PCB. 
 
PCB  Printed Circuit Board. Typically a FR4 board made of epoxy-glass with printed 
conductors for electrical interconnection. 
 
Popcorning  Cracks and delaminations in house and encapsulation type packages 
because of sudden heating of entrapped moisture in the materials. The sudden heating is 
e.g. due to wave soldering. 
 
PWB  Printed Wiring Board. Boards with conducting lines for interconnection e.g. FR4. 
 
QFP  Quad Flat Package. A package with leads on all four sides. 
 
RWOH  Reliability WithOut Hermeticity. 
 



 30

SAM  Scanning Acoustic Microscopy. SAM is a Non Destructive Testing (NDT) method 
for micro inspection which functions like a sonar, though using much higher frequencies, 
MHz – GHz. Pulses of ultrasound is transmitted through a liquid medium, typically 
water, to the component and its interior where it is reflected and transmitted at interfaces 
between materials due to their differences in acoustic impedance Z. It is used in 
microsystem failure analysis for detection of e.g. cracks, bubbles, delamination in 
packages. 
 
SBB  Stud Ball Bumps. Bumps which can be used for electrical interconnection in the 
flip chip process by first dipping them in conductive adhesive. 
 
SEM  Scanning Electron Microscopy. A kind of microscope for surface inspection using 
electrons instead of light giving much higher magnification. 
 
SIP  1) Single Inline Package. A package with leads on one side. 2) System In Package. 
Packaging where the components are more or less integrated or encapsulated in the 
packaging i.e. in layered interconnect substrates. Another word for SIP is System On 
Package (SOP). 
 
SOC  System On Chip. SOC is the ultimate integration level accomplished when a whole 
functional system is integrated in one monolithic chip. 
 
SOP  System On Package. See SIP. 
 
Stiction  The unwanted natural adherence between surfaces of MEMS structures that 
come very close. 
 
TAB  Tape Automated Bonding. A low profile chip electrical interconnection method 
using soldering by thermo-compression of free conductors e.g. Cu on the tape to both 
chip and some package or PWB. 
 
TBGA  Tape Ball Grid Array. BGA where the interposer is made of some kind of 
polymer tape. The tape is typically polyimide, epoxy-glass. 
 
WLP  Wafer Level Packaging. Packaging at the wafer level i.e. before dicing of the 
wafer into separate components. WLP is also called 0 level packaging. 
 
WSI  Wafer Scale Integration. The act of moving the packaging processes to the wafer 
level. 
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2 Abstract of compiled work 
This abstract is a compilation of selected materials characterisation studies and methods. 
Roughly, it is divided in chapters 2.1, 2.2 dealing with materials characterisation with 
focus on stability / reliability of more or less complete microsystems and chapter 2.3 
dealing with micrometer scale materials characterisation with emphasis on analysis 
method development. The abstract reviews the main findings with reference to published 
papers and supplementary reading for further theoretical and experimental details. The 
papers are listed in chronological order. 
Note, that in the thesis context focus is on the work in the obvious relation to how the 
adhesion of protective polymer adhesives and coatings can be characterized theoretically 
and practically and optimized regarding intrinsic properties, the surroundings and their 
interaction. The main conclusion is that the interaction makes a system design approach 
to development of reliable microsystem packaging mandatory. 
Microsystems, Micro Electro Mechanical Systems (MEMS), and micro machines are the 
European, American, and Japanese terms for the same small sensors and actuators which 
are typically based on silicon micromechanical structures. A “microsystem” is defined to 
include microelectronics, photonics, RF / wireless and MEMS. They are µm scale 
miniaturised systems for analysis involving many different disciplines as e.g. mechanics, 
fluidics, biology, chemistry, microelectronics, optics [Paper 18]. 
The first silicon micromechanical sensors and actuators were developed about 30 years 
ago. Development of silicon micromechanical sensors and actuators in Denmark started 
in 1990 by the establishment of the Microelectronics Centre. Due to the strong 
collaboration with the industry it was realized around 1994, that to achieve useful 
products research was needed in the area of packaging, which covers mounting / 
assembly of the different parts in a system including electrical, physical, optical, RF / 
wireless connections and encapsulation [Papers 1-19]. Today several institutes and 
companies are involved in micro / nano –system development in Denmark. 

2.1 Microsystem materials 
It should be emphasized that microsystems is a huge interdisciplinary scientific field and 
that it is outside the scope of this thesis to give a complete overview of all possible 
microsystem materials and characterization methods. For that the reader is referred to 
general books / reviews on materials for electronics and microsystems, see e.g. references 
4, 23, 127 in [Paper 18] and a broad range of material science books. Supplementary and 
introductory books and papers are referred throughout the thesis. However, for specific 
reviews on packaging design, materials and characterization methods for high 
microsystem reliability the reader may also refer to [Papers 1, 18].  

2.2 Materials studied in this thesis 
This abstract gives an overview of characterized materials and descriptions of material 
characterizations with one important tool. The chapters are divided accordingly into the 
two topics: 1) Polymers, metal / ceramic –polymer composites, 2) Failure analysis. 
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2.2.1 Adhesive, encapsulation, and coating materials, papers 1-6, 8-
12, 14-19, posters 1-8 

Polymers are gaining more and more attention because of their physical / chemical 
properties and easy, low cost industrial processing [1-8]. Some polymers are even found 
to be intrinsically conducting or semi conducting and therefore constitute active elements 
(e.g. conductors, diodes which can be light emitting, transistors) of electronics [6-8]. 
Adhesives and / or encapsulation materials constitute very important materials or 
elements of microsystem packaging. This is clear from the complete review of 
microsystem packaging with focus on packaging of sensors for use in harsh environments 
given in [Paper 18]. Among other things papers 1, 3, 5, 8-19 all deal with different 
aspects of adhesives. They have been characterized concerning: Bond strength 
dependency on media exposure and surface treatment (durability), water leakage 
dependency on media exposure and surface treatment, cure degree, homogeneity, water 
uptake, stress, surface tension and related use as construction material. 
 
Paper 1 presents test results on Epotek H77 epoxy from Epoxy Technology and Q3-6611 
silicone from Dow Corning as adhesive bonding / encapsulation / barrier materials for a 
CrTa protectively coated 5 mm · 7.5 mm · 0.35 mm silicon micromechanical differential 
pressure sensor chip in titanium housing, see fig. 1 in [Paper 1]. The sensor should be 
able to withstand 120 °C and pH 11 water at 6 bar for at least 10 years. The two different 
classes of adhesives were chosen for comparison of their very different general 
advantages and disadvantages. Other adhesive materials were also tested. Epoxies bond 
very well to most substrates; they are hard and very durable both chemically and 
physically. Silicones do not bond as well; they are soft and relatively durable. From this it 
was expected that due to the hardness and mismatch in Thermal Coefficient of Expansion 
(TCE) between adhesive and chip / housing Epotek H77 would introduce a more 
pronounced sensor off-set change on cooling down from the 150 °C curing temperature. 
This was confirmed by experiments although Epotek H77 is filled with Al2O3 µm size 
flakes lowering its TCE, and most unpleasantly the off-set change is time dependent due 
to ageing which would have to be accounted for electronically in the final product. Also 
the epoxy exhibit significant hardness changes as function of temperature as shown in the 
bend experiments described in [Paper 1], which in itself influences the offset severely. 
The epoxy was also expected to be more water tight due to a denser molecular structure. 
This was confirmed by experiments using chips glued over a hole in titanium flanges 
mounted on a vacuum system equipped with a mass spectrometer; see fig. 11 in 
[Paper 1]. A chamber with a stirrer and temperature control was screw mounted and o-
ring sealed to the top of the flange and filled with alkaline (to resemble domestic heating 
water) D2O instead of H2O to enhance leakage detection sensitivity a factor of 100-1000. 
Further the higher bond strength of Epotek H77 was confirmed in burst off experiments 
where chips had been mounted on titanium pieces with holes, through which pressure 
was applied, see fig. 10b in [Paper 1]. Except for the offset influence, Epotek H77 was 
the only adhesive considered to perform well enough, but only for a limited temperature 
range concerning water tightness, see fig. 11 in [Paper 1]. It was therefore attempted to 
improve the performance of especially Q3-6611 by increasing bond strength and leakage. 
Although Q3-6611 is self priming in the sense that it contains low molecular weight 
siloxanes, bond strength could be increased by titanium cleaning and additional silane 
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(octamethyltrisiloxane) priming procedures see fig. 10a in [Paper 1], and for the best 
procedure it was higher than the cohesive strength of the adhesive. The general silane 
formula is RnSiX4-n where R is an organic group which bonds well to the adhesive and X 
is typically involved in the reaction with an inorganic substrate. Later it was also shown 
that by anodizing the titanium it was possible to grow a columnar oxide (approx. 100 nm 
high) on the titanium which resulted in a 10 times lower leakage rate through Q3-6611 
bondings. This is still not good enough but indicates that water transport along the 
interfaces plays an important role. Experiments to separate bulk adhesive and interface 
water transport by varying adhesive thickness was planned but never carried out. Often 
corrosion of Al bondwires, see fig. 1 in [Paper 1] was observed. By introducing a venting 
slit at the adhesive arrow in fig. 1 in [Paper 1] this corrosion disappeared completely. The 
explanation for this is that the slit vent opens up a fast escape route through air before the 
electronics is reached i.e. the diffusion constant for H2O in air at RT is around 2.5 · 10-5 
m2s-1, in silicone and epoxy it ranges from around 10-10 m2s-1 to 10-14 m2s-1. This 
combination of materials properties with geometrical design is just one example of the 
importance of holistic thinking or system design as also highlighted in the chapter on 
“Packaging strategy” in [Paper 18]. However, due to the instability of the adhesives, a 
more stable EPDM o-ring solution which had been tested alongside these experiments 
was finally chosen. 
 
Microphones are widespread in our every day life. Collectively papers 2-6, 18, and poster 
1 describe the complete microsystem packaging developed for a small 3 mm · 3 mm · 2 
mm microphone comprising the silicon micromechanical sensor, electrical 
interconnection between microphone and Application Specific Integrated Circuit (ASIC), 
electrical interconnection between ASIC and surroundings (loudspeaker, current supply), 
and protective encapsulation. The microphone is developed for use in e.g. hearing aids 
where it should be small enough to be invisible in the ear channel, high performance 
mobile phones / headsets etc. 
  
Papers 3, 5, and 18 focus on a description of the involved packaging steps. Four of these 
involve adhesive. Interconnection between ASIC and microphone is established through 
the SBB technique wherein coined Au wire bond balls on the ASIC are dipped in 
conductive adhesive (typically Ag filled epoxy), the ASIC is placed on the microphone 
interconnection pads, adhesive is cured, the mounted ASIC is underfilled (low CTE filled 
epoxy) and the underfiller cured to establish mechanical and thereby electrical contact 
stability. The same procedure is used for the interconnection through a flex print to the 
surroundings. The encapsulation part of the packaging is described in more detail later. 
 
Important microsystems reliability issues are materials stability, reproducibility, and 
uniformity [Paper 18] and easy means of monitoring. 
Together papers 8, 9, 11, 14, 19, and posters 2, 3, 4 present acoustic microscopy as an 
analytical tool to determine changes and / or differences in materials mechanical 
properties. It is thus shown how adhesive (EC1211 epoxy from Emerson and Cuming, 
Epotek T7110 from Epoxy Technology) cure degree [Papers 8, 9, 11, 14, 19], [Posters 3, 
4] and uneven adhesive (flip-chip underfill) filler distribution [Papers 14, 19], [Poster 4] 
inside components can be monitored non-destructively in 2D due to changes / differences 
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in acoustic impedance Z ≈ (ρΕ)1/2. The acoustic impedance resolution is found to be 
around 0.1 MRayl [Papers 8, 11]. Further cure degree as given by Z determined from 
SAM is correlated with reaction degree determined by DSC [Papers 9, 19]. DSC in 
general is described in [1, 2]. Determination of adhesive cure degree was motivated by a 
need to monitor whether an adhesive used to establish electrical contact by shrinkage 
between wire bond bumps on a chip and interconnection pads on a flex-print was fully 
cured after assembly in a fast flip-chip machine, see fig. 1 in [Paper 8]. Electrical 
interconnection in this way would have some advantages over e.g. traditional 
wirebonding which is less compact, durable etc. [Papers 8, 9, 11, 14, 19]. However, these 
interconnections turned out not to be sufficiently reliable (stable) in the application (the 
differential and absolute pressure sensors described in [Paper 1] figs. 1 and 3) 
environmental temperature / humidity tests. Determination of flip-chip underfill filler 
distribution was motivated by a wish to wafer level underfill (cf. Wafer Level Packaging 
(WLP), see [Paper 18]) the ASIC component of the silicon micromechanical microphone 
described in [Papers 2-6]. When underfilling over that long distances careful control of 
process parameters is mandatory, see fig. 14 in [Paper 14]. Uniform distribution of 
underfill turned out to be possible at certain temperatures. SAM was chosen as the 
monitoring tool for two main reasons. This technique for monitoring is much faster than 
e.g. DSC which requires samples from inside the components and which is therefore 
tedious and destructive and SAM, as opposed to X-absorption, provides high contrast in 
adhesives even when materials variations are due to minor variation in atomic mass. 
Comprehensive reviews of SAM with focus on use for microsystem analysis are given in 
[Papers 14, 19]. 
 
In many packaging cases materials are doing more than one job. This is also the case for 
adhesives [Paper 18]. In the above mentioned flip-chip interconnection cases the adhesive 
is doing the combined job of attachment and encapsulation protection of the electrical 
interconnection sites. 
Protective microsystem encapsulations cover the microsystem or parts thereof in 3D and 
are in direct contact with these, otherwise they are called substrates or housings. Further, 
no matter the material, microsystem protective encapsulations are termed coatings if the 
thickness is below 250 µm, otherwise the protection is called a molding [Papers 2, 4, 6, 
18]. 
 
The work on water uptake of polymeric packaging materials was motivated by the fact 
that no material is actually completely water tight, and that polymer materials belong to 
the low end concerning water tightness while still being widely used in microsystems 
where even minute amounts of water (less than 10-4 µL) may be critical concerning 
corrosion [Papers 10, 15, 18], [Posters 5, 6], [4, 5]. Epoxy (Epotek U300-1) 
attach / mould, polyamide (MacroMelt 6970 from Henkel) mould and poly(p-xylylene) 
(Parylene C from ParaTech) coating materials were tested as water barrier 
encapsulations. The flux of water into these materials was determined from sorption 
curve fits using appropriate diffusion equations. The sorption was measured by weighing 
the water uptake of immersed coated / uncoated 5 cm · 5 cm · 0.1 cm samples at certain 
time intervals. The samples were made in Teflon® moulds for easy removal. For Epotek 
U300-1 the temperature dependent flux was determined. It was found to be too high for 
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the above mentioned differential pressure sensor application where its primary use was to 
establish electrical contact by shrinkage compression in a flip-chip and curing process. 
So, perhaps the reason for bad electrical contact reliability observed earlier was found 
here to be the water saturation which reaches the contact points after a very short time. 
The MacroMelt molding material was studied because of its low temperature, pressure 
processing and soft stress compliant properties which make it generally attractive as 
encapsulation material for fragile / sensitive silicon micromechanical structures. Here the 
specific intended use was as a harsh environment absolute pressure sensor encapsulation 
material in direct contact with the sensor membrane, see fig. 2 in [Paper 15] and 
[Poster 6].  It was demonstrated that the unbeneficial high diffusion coefficient for a 
MacroMelt molding material can be effectively lowered three orders of magnitude by 
application of a coating of only 10 µm Parylene C, which is again an example of the 
importance of system design as stressed in [Paper 18]. In total this encapsulation is then 
useful. Connected to that it was found that generally it is of major importance to chose 
materials with a low water saturation level, especially when in direct contact with critical 
component parts, because the water will reach these regions anyway within a short time 
in polymers, and to chose materials / geometries that divert fluxes of water away from the 
critical component parts (cf. the slit in the differential pressure sensor house mentioned 
earlier). 
 
Stress is very important to avoid or isolate from sensitive areas in microsystem packaging 
because the performance may otherwise be severely jeopardized [Papers 1, 12, 18], [9-
14]. Stress is typically analyzed theoretically by FEM. One example is given on the thesis 
front cover where a 50 µm thick high CTE, modulus epoxy adhesive is used for mounting 
of a silicon beam on a Al2O3 snapstrate, and where thermal stresses is shown to 
concentrate in the adhesive edges when cooling down from the cure temperature. Not 
only may the stress impair performance immediately, it may also be time dependent due 
to ageing or natural fast variations in the surroundings, e.g. temperature, humidity, 
radiation etc. [Papers 1, 18]. Soft adhesive, encapsulation and coating materials are often 
preferred due to their mechanical compliancy, but have other shortcomings like implied 
open structure and consequent bad barrier properties as exemplified more than once 
earlier (Q3-6611 silicone, Macromelt which is a soft modified polyamide).  
 
Paper 12 presents a stress influence analysis of such a protective encapsulation consisting 
of a cap (Epotek H77 epoxy) with / without coating (e.g. amorphous electroless Ni) on 
the performance of the high pressure absolute pressure sensor in fig. 3 in [Paper 1]. The 
protected sensor configuration is shown in fig. 1, [Paper 12]. The low CTE sensor is low 
CTE glass frit mounted in a low CTE metal bush. The stress analysis was made by FEM. 
The main conclusions are that the high CTE cap is not altering the sensor sensitivity 
significantly, that the epoxy leads to much higher vertical displacement when pressure is 
applied, which might be detrimental, and that the sensor becomes much more temperature 
sensitive i.e. a temperature change of 15 °C shifts the pressure about 40 bars. These 
findings make the encapsulation useful for a limited range of applications. More broadly 
applicable encapsulations comprise highly durable coatings. 
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Microsystems based on polymers become as already mentioned more and more dominant 
due to low fabrication cost. One area of use is liquid handling in µTAS, i.e. as base 
material for microfluidic channels. Besides being e.g. good combined mounting / barrier 
materials adhesives also play an important role as construction / assembly materials. 
Although polymers are generally difficult to bond with adhesives due to low surface 
tension, bond strength can often be enhanced especially with O2 plasma pre-treatment 
which by the introduction of –OH groups in the surface usually increases the polar 
surface tension component and thereby the overall surface tension significantly. 
However, the effect most often decays significantly within few hours. The surface tension 
of the adhesives can also be tuned (lowered) for better wetting by mixing e.g. with small 
amounts of silane (cf. Q3-6611). The number of chemical / physical adhesive / substrate 
tuning possibilities is virtually endless [Paper 18], [15-18]. 
 
This is the reason why papers 16, 17 and posters 7, 8 explore with theory and 
experiments how control of adhesive and substrate parameters (surface tension, 
viscosity / thixotropy, structure, height and distance, temperature) makes easy / fast 
fabrication of polymeric microfluidic channels with controlled shape and without 
adhesive in the channel feasible. Control of channel shape is important for proper control 
of the flow. 
From experiments using four adhesives, three substrates and FEM analysis it is 
concluded that it is nearly possible to achieve channels with a round cross section, that it 
is very difficult to dispense close proximity lines especially with low surface tension and 
viscosity adhesive materials, and that the channels tend to have an inner shape like a 
double trumpet in the flow direction [Paper 16], [Poster 7]. Further it is concluded that in 
assembly of channels, structured polymer substrates / spacers are required to avoid voids 
along or adhesive in the channels [Paper 17], [Poster 8]. The studies had no aim at 
specific applications. 
 
With papers 2, 4, 6, and poster 1 focus is again on the previously mentioned microphone 
and coating protective encapsulation. Paper 2 and 4 describe the main demands and 
solutions which have been expanded to include all possible and relevant microsystems in 
a patent application [Paper 6]. 
In short the coating demands are: > 50 dB E-field EMI damping to avoid noise from e.g. 
mobile phones when used in hearing aids, >1012 Ωcm electrical insulation not to short 
circuit the electrical conductors, thickness below 200 µm to keep the system small, 
microsystem compatibility not to introduce stress, corrosion etc., physical and chemical 
durability to further protect the microphone. It was found that the only feasible coating 
would be one consisting of two layers where the bottom one in direct contact with the 
system to be protected should be insulating and the top coating conductive (cf. system 
design again by materials properties combination), see fig. 1 in [Paper 4]. Materials and 
methods were tested and characterized as described thoroughly in [Paper 4]. The tests 
included volume resistivity, tightness, thickness and conformity, E-field EMI shielding, 
and applicability by the gentle techniques dipping, spraying, plating. The most difficult 
task to solve was the conformal pinhole free coverage of sharp single crystalline silicon 
corners and edges with the bottom layer. This problem was solved with a low surface 
tension and viscosity solution of Teflon® AF. In fact all tested materials were low surface 
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tension and viscosity materials to be gently applicable. The first bottom layer was applied 
by dip coating, the top layers by spraying or plating. The top layer was intrinsically 
conductive polymers, metal filled polymers, or plated metal. Alternating insulative-
conductive multilayers were also tested. A Three layer combinations of Teflon® AF, Cho-
Shield 2052 (metal filled acrylate polymer), Leitsilber 200 (silver seed layer used for 
subsequent plating) turned out to perform best concerning E-field EMI damping (70-90 
dB) in a standard test (NT ELEC 030) developed by DELTA. 

2.3 Failure analysis 
Failure analysis is important in the development for reliability or QA of microsystems. A 
thorough treatment of these issues in a larger context is given in [Papers 18, 19]. 

2.3.1 Scanning Acoustic Microscopy, papers 7-9, 11, 13, 14, 18, 19, 
posters 2-4 

SAM is an excellent tool to detect mechanical variations in materials e.g. cracks, bubbles, 
delaminations and uniformity. A comprehensive review on SAM in general and for 
analysis of microsystems with practical examples is given in [Paper 19]. 
Different established techniques have been explored and new developed theoretically and 
experimentally to deal with A-scan interpretation and small distances between layers (cf. 
delamination) [Papers 7, 13, 14], [Poster 2], adhesive cure degree analysis [Papers 8, 9, 
11, 14, 19], [Posters 3, 4] and uniformity [Papers 8, 14, 19]. The techniques are all 
described in detail in the mentioned papers. In the evaluation of the adherence of 
microsystem adhesives and coatings all these three topics are important. 
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3 Discussion of selected topics 
As has become clear from the previous chapters the manufacturing of high reliability 
microsystem packaging demands special materials and methods. A lot of parameters 
influence the reliability separately and in combination and the characterization sometimes 
require the development of special equipment and techniques. 
Below some of the most important reliability subjects and techniques are explained or 
discussed deeper than previously in the papers and this thesis. 

3.1 Diffusion and stress 
Based on the work described in chapter 2 it is the author’s opinion that the most 
important parameter or physical mechanism influencing microsystem packaging 
reliability is diffusion. Stress is also a very important parameter.  

3.1.1 Water diffusion in polymeric packaging materials 
As also stated in chapter 1.4.1.3.2 when polymers constitute the only barrier between 
sensitive microsystem parts and the environments water in-diffusion is generally 
considered the most severe environmental factor decreasing reliability. This is because 
water is everywhere, is easily transported in polymers, and generally changes / impairs 
the microsystem materials cf. delamination (chapter 3.2), corrosion etc. No matter this, 
because of many other positive properties (e.g. prize, easy processing, stress compliancy 
etc.) polymers are widely used in microsystems, also as barrier materials. It is then of 
utmost importance to evaluate what reliability can be expected in each case. Below a 
thorough discussion of water diffusion in polymers is therefore given with reference to 
earlier work and chapters in this thesis. In all of what follows, if nothing else is specified, 
the diffusion is assumed be Fickian and the diffusion coefficient to be constant. It is also 
assumed that diffusion can be properly described in terms of concentration gradients 
instead of chemical potential gradients. 

3.1.1.1 Solution methods for the diffusion equation 
The diffusion equation (1) is a parabolic homogeneous linear partial differential equation: 
 

 
Three methods of solving the equation exist. These are [1]: 
 

1. The method of reflection and superposition 
2. The method of separation of variables 
3. The method of the Laplace transform 

 
Usually the solutions are of two types. Either it is a series of error functions or related 
integrals (method 1) or it is in the form of a trigonometrical series (method 2). When 
diffusion occurs in a cylinder the trigonometrical series are replaced by series of Bessel 
functions. The two types of solutions are most suitable / accurate for evaluation at short 
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time and long time diffusion respectively. The Laplace transform method, which is the 
most powerful, gives both types of solutions [1]. 

3.1.1.2 Non-steady state vs. steady state  
The delineation between non-steady state and steady state diffusion is generally 
important because at steady state the rate of water entering critical areas is higher than at 
the initial stages of in-diffusion. It may be it takes so long time of the product service life 
for the diffusion to adjust to steady state that the non-steady state can not be ignored 
considering the flux integrated with respect to time. Also dealing with products like e.g. 
point of care medical microsystems with very short service life (e.g. minutes) compared 
to the time it takes to reach steady state diffusion, the non-steady state diffusion can not 
be ignored. Such microsystem products for short time use are becoming more and more 
common. However, today for most consumer products, it is demanded that they last for 
several years and the steady state solutions to the diffusion equation are generally 
considered most valid. 
In judging what kind of solution is most relevant, looking at time of exposure and 
polymer barrier thickness, it can be used that the solution (e.g. by use of the Laplace 
method) to the diffusion equation in a semi-infinite medium with boundary conditions: 
 

 
is: 
 

 
where 
 

 
is the error function and where C0 is the initial concentration throughout the polymer, C1 
is the surface concentration, see fig 1. Values for the erf function can be found in 
mathematical tables. Note that erf(0) = 0, ( ) 1=∞erf  and ( ) 5.05.0 ≈erf . From this we 
see that for C0 = 0 and Dtx = : 
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That is, at the distance Dtx =  the concentration has reached half the surface 
concentration C1 or half saturation. It is further noted that iso-concentration depths will 
have to obey: 
 

 
where k is a constant, i.e. that the depths are proportional to t . That is, to e.g. double the 
penetration depth requires a fourfold increase in time. 
 
We get for the flux J: 
 

 
The water uptake in time t can then be calculated by integration of the flux at x = 0: 
 
 

 
Fig. 1: Diffusion into a semi-infinite medium. The concentration profiles at three 
different times t1 < t2 < t3 are shown. 
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where A is the sample cross-sectional area perpendicular to the x direction. The water 
molecules diffuse by a random / stochastic walk process. Therefore their positions along 
the x axis can be described by a continuous probability density function p(x) and: 
 

 
where xσ is the x standard deviation which is a measure of the positional spread along x, 
the kites denote averages and the integrals are taken over the range of x positions. 
The probability that a water molecule is at a certain depth x at the time t is given by the 
amount of molecules at this depth divided by the total amount of in-diffused molecules in 
time t. By integrating x times the probability of x over all depths we arrive at the average 
depth of in-diffusion <x> in time t: 
 

 
〉〈 2x can be calculated using the same procedure: 
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The fraction of molecules at distances x between 0 and 〉〈x is then: 
 

 
The fraction of molecules at distances x between 〉〈x and xx σ+〉〈 is: 
 

 
So, 95 % of the water molecules are at distances Dtxx x 35.2≈+〉〈≤ σ . 
In the symmetric situation (e.g. a very narrow channel containing water) where diffusion 
takes place in both directions from the y-z plane through x = 0 the root mean square of x, 
is a direct measure for the spread of water molecules because then 0=〉〈x  in equation 
(12), i.e.: 
 

 
In this case the fraction of molecules in the distance interval xσ±  is: 
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All in all, to judge whether it is appropriate to use a non-steady state model or a steady 
state model, we can use that in the semi-infinite model the average distance the water 

molecules have traveled in time t is Dtx
2
π

=〉〈  with a standard deviation of 

Dtx 43
4 πσ += . Further, approximately at the average water distance Dt , the 

concentration will be half the surface concentration C1. The standard deviation along x in 
the symmetric situation with diffusion in both the negative and positive x – direction 

from the y-z plane through x = 0 is determined by Dtx 3
2

=σ . 

Obviously if 〉〈x  and xσ  begins to be comparable to a barrier thickness, using the steady 
state solutions to the diffusion equations should be considered. Below in table 1 some 
numbers relevant for microsystems are shown for comparison: 
 

  t = 24 hrs t  = 30 days t = 1 year 

Material 

Typical 
water 

diffusivity 
m2/s 

〉〈x  xσ  〉〈x  xσ  〉〈x  xσ  

Epoxy 10-13 0.082 
mm 

0.14 
mm 

0.45 
mm 

0.74 
mm 

1.57 
mm 

2.58 
mm 

Silicone 10-11 0.82 
mm 

1.35 
mm 

4.51 
mm 

7.41 
mm 

15.7 
mm 

25.85 
mm 

Air 2.5·10-5 1.30 m 2.14 m 7.13 m 11.72 m 24.88 m 40.87 m 

Table 1: Typical diffusion distances and standard deviations in the semi-infinite model. 

 
The water diffusivity in polymers is several orders of magnitude larger than typical metal 
atom diffusivities in metals. Given sufficient time the diffusion through a polymer wall, 
will eventually reach steady state i.e.: 
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With the boundary conditions, see fig. 2: 
 

 
 

 
we get: 
 

 
From Ficks’ first law we then have for the flux J (also sometimes named F): 
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x=0 x=L
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x=L
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x=0 x=L
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x=L
Fig. 2: Steady state diffusion of 
water through polymer barrier. 
Water concentrations in the air on 
each side are C1 and C2.
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In the more realistic case where concentrations are different inside and outside the 
polymer wall, see fig. 3, it is often assumed that Henrys law applies (requires low  
 

 
concentration inside polymer wall. This condition is most often satisfied for polymers) on 
both interfaces and hence the Henrys’ law partition / distribution coefficient, equilibrium 
constant or solubility coefficientκ can be introduced to include a description of transfer / 
partition at / across the interfaces: 
 

 
where 
 

 
and P is the permeability constant [2]. Clearly, the first case in fig. 2 corresponds 
to 1=κ . Given the situation of a polymer as depicted in fig. 3, which can contain only 
small amounts of water, if 02 ≈C , C3 is even closer to zero and: 
 

 
This is a quite common situation. A less common definition of the permeability not 
considering partition at interfaces, and thus only the transport inside the polymer, is used 
in [Papers 10, 15, 18] and [Posters 5, 6]: 
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Fig. 3: Steady state diffusion of water 
through a polymer barrier. Water 
concentrations in the air on each side 
are C0 and C3. Inside the barrier the 
corresponding concentrations of 
water on each side is C1 and C2. 
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When 02 ≈C  and C1 is equal to the water solubility S of the polymer we have: 
 

 
Looking at equation (29) this correspond to the special situation 1=κ , i.e. C0 = C1 = S. 
More generally the equations should be expressed in terms of activities instead of 
concentrations. 
A number of important factors influencing polymer permeability are given in [3]. For 
instance no hydrophilic substituents, small substituents, close packaging and absence of 
polar groups are mentioned as important prerequisites for low water permeability. 
 
It turns out that for polymer barriers like in figs. 2 and 3, a clear time distinction between 
non-steady state diffusion and steady state diffusion can be found analytically. This can 
in many specific cases help a lot in making the right choice between a non-steady state 
and a steady state model. The well known analytical time lag formula (117) giving the 
time before steady state diffusion sets in is derived in chapter 3.1.1.5.1 below. 

3.1.1.3  Water diffusivity in polymers from diffusion into a slab 
Determination of the water diffusivity in the used polymeric packaging materials is 
clearly important to evaluate microsystem reliability. Earlier in chapters 1.4.1.3.2, 2.2.1 
and in [Papers 10, 15, 18], [Posters 5, 6] it is mentioned and demonstrated that the 
diffusivity of water in polymers can be determined by sorption experiments using 5 cm · 
5 cm · 0.1 cm slabs of the materials. The slabs should be so thin that on full humidity 
exposure or water immersion the edge face area and therefore edge water in-diffusion can 
be ignored. If the surface water concentration is C1 then the absorbed mass of water at 
infinite time ∞M is: 

 
Then at short time where the water from the two 5 cm · 5 cm faces have not yet met at 
half the sample thickness 05.02/ =L cm we have from equations (11) and (32): 
 

 
where tM  is the mass of water absorbed at time t. Thus, if at short times ∞MM t /  is 

plotted against Lt /  in the sorption plot, we get a straight line with slopeα : 
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and hence: 
 

 
which is the short time expression mentioned in chapter 1.4.1.3.2 and in [Papers 10, 15, 
18]. From the previous chapter we can use that at time t 95 % of the water is within a 
distance of Dt35.2  to estimate when the above equations applies i.e. farther away than 
L/2 measured from both faces we require much less than 5 % “overlap” of water in-
diffused from the other face: 
 

 
From this we get: 
 

 
So, as long as ∞MM t /  is well below 0.5 we can use equation (33). However, using this 
equation requires that ∞M  is known which it most often is not. Then the whole sorption 
process can just as well be monitored. Having the full sorption curve we can use the short 
time expression on the first ∞MM t /  values or the fitted full sorption curve to estimate D. 
The latter requires a solution to the diffusion equation which is valid at all times and 
which is fitted to the data. This solution is derived below using the Laplace transform 
technique [3, 4]. It involves the theory of functions of a complex variable in order to 
carry out a contour integration.  
 
As a start we have the general boundary conditions: 
 

 
Then the Laplace transform of the diffusion equation is: 
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where C  denotes the Laplace transform of C, p is a number which is sufficiently large to 
make the integrals converge, and Dpq /2 = . Thus, the partial differential diffusion 
equation has been reduced to an ordinary linear, nonhomogeneous second order 
differential equation. At the boundaries we have: 
 

 
The characteristic equation for the Laplace transformed diffusion equation is (variable 
is m): qmqm ±=⇔=− 022 . This leads to: 
 

 
where k1 and k2 are constants. 
 
At x = 0 we have: 
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Defining: 
 

 
We get: 

 
Then: 
 

 
At x = L we then have: 
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To find C we now apply the Bromwich integral (inverse Laplace transformation): 
 

 
where γ  is a vertical contour in the complex plane chosen so that all singularities of 

pteC are to the left of it. R denotes residue, i.e. C is given by the sum of residues for pteC . 
On calculating C no branch cut is necessary as it could seem due to the multivalued 
(double) behavior of the square root term in Dpx /sinh because Dpx /sinh appears 
both in the numerator and the denominator by which discontinuities / sign changes cancel 
out and C  becomes a well defined single valued function. First it is noted that pteC  has a 
simple pole for p = 0 and: 
 

 
It is also noted that the Final Value Theorem [5-8] states that1: 
 

 
which means that p = 0 in C  corresponds to ∞=t  in C. At ∞=t  the steady state 

diffusion equation 02

2

=
dx

Cd  applies and the solution for ∞=t  is immediately found to be 

given by equation (25) above.  
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Proceeding from equation (57) for C  above note that at ∞=t  we know that the initial 
concentration distribution has leveled out to a constant value C0 throughout the slab so 
that we can introduce: 
 

 
We then have: 
 

 
where L’hospitals’ rule was used in line four. The solution is the same as given earlier in 
equation (25) as it should be. 
 
Further pteC  has simple poles for: 
 

 
This leads to: 
 

 
If we put: 
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Here we have: 
 

 
and inserted in equation (58) we get: 
 

 
and finally we have the general equation: 
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Below some examples using equation (70) valid for all t starting with different initial 
concentration distributions are given. 
 
For initial parabolic concentration ( ) ( )122 2

00 +−= LxxCxC  with surface concentrations 
( ) ( ) 000 0 CLCC ==  and minimum ( ) 00 ½2/ CLC =  we get: 

 

 
This leads to the solution: 
 

 
For initial concentration ( ) xCxC 00 =  we get ( ) xCxC 0

'
0 =  and: 

 

 
For initial concentration ( ) 00 CxC =  we get ( ) 0

'
0 CxC =  and: 
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If C1 = C2 and C0 = 0 in the last equation we arrive at: 

 
 
This is the concentration equation used in chapters 1.4.1.3.2, 2.2.1, [Papers 10, 15, 18], 
[Posters 5, 6] to find Mt by integration over the entire slab thickness L. Thus, in fig. 4 the 
concentration profiles at different times through 5 cm · 5 cm · 0.1 cm slabs of the epoxy 
Epotek U300-1 according to equation (77) is illustrated. To validate equation (77) the 
corresponding FEM simulated concentration profiles are included in the same graph. The 
exact C plots were made using Microsoft Excel for 0=n  to 14 which is by far enough 
for the illustration of the exact C, since the contributions to the sum decrease very rapidly 
with increasing n. As can be seen, there is a good agreement between exact and simulated 
data. 
 
The simulated concentration profiles obtained from equation (1) are shown separately in 
the graphical way by the vertical view in fig. 5 below. The simulation represents a corner 
cut-out of the studied slabs. The simulated data in fig. 4 was taken from the left (colored) 
vertical edges of the slabs. The used FEM software was COSMOSWorks 2008. The 
software is developed for thermal diffusion studies. However, the mass diffusion 
equations are the same. Only, temperature is replaced by concentration and the thermal 
conductivity constant is replaced with the diffusion constant. 
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Concentration profiles

0
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Fig. 4: Exact (equation (77)) and simulated (cf. fig. 5) water concentration 
profiles for cm1.0cm5cm5 ⋅⋅  slabs of Epotek U300-1 adhesive at different 
times. D = 10-13 m2 s-1, 0202.01 =C  g cm-3. The exact C plots were made 
using Microsoft Excel for 0=n  to 14 which is by far enough for the 
illustration of the exact C, since the contributions to the sum decrease very 
rapidly with increasing n. The simulated data were taken from the left vertical 
edges of the repective simulated views at different times in fig. 5. As can be 
seen, there is a good agreement between exact and simulated data. 
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Fig. 5: Graphical representation of FEM simulation concentration data obtained from 
equation (1) on water diffusion in the epoxy Epotek U300-1. A 1 mm thick slab is shown 
after different times. Top: concentration profile after 1 day, middle: profile after 12 days, 
bottom: profile after 24 days. D = 10-13 m2 s-1, 0202.01 =C  g cm-3. 
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The integration of equation (77) over the entire slab thickness to find Mt gives: 
 

 
For the sorption plots we then finally have as stated in chapters 1.4.1.3.2, 2.2.1, [Papers 
10, 15, 18] and [Posters 5, 6]: 
  

 
From equations (33) and (79) we know that for small t where 5.0/ <<∞MM t  we have: 
 

 
At large t the exponentials for n > 0 in the sum (79) decrease very quickly because they 
depend on ( )212 +n , meaning that these terms can be omitted. We then have the very 
good approximation for n = 0: 
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This means that plotting ( )∞− MM t /1ln  against 2/ Lt  for large t we get a straight line 
with slope: 
 

 
In these studies the sum-function (79) was fitted for all t to the function: 
 

 
and a good fit (r2 = 1.00) was found for a = 0.877, k = 9.18, p = 0.931, see fig. 6.  

 
The D’s were then determined by fitting G to all the sorption data. 
Naturally C1 = C2 by the water immersion used here. It is more questionable if C0 was 
really zero in these experiments. To use equation (79) this was generally attempted by 
drying out the slabs in exicator or in chambers with a constant dry N2 flow for more than 
a month before immersion. However, this was unfortunately done without following the 

 
Fig. 6: Fitting of G function to the exact ∞MM t / theoretical sorption data. 
G is then used to find the D’s by fitting it to the experimental sorption data. 
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weight of the samples meaning that it is still not completely certain that C0 was really 
zero in these experiments. This is one reason why the found D’s should only be 
considered good estimates. 
 
If C1 = C2 and 00 >C  which is more likely we get: 
 

 
That is, the error in ∞MM t /  using equation (79) with a non-zero C0 is given by the last 
term in equation (86). It has not been attempted to estimate the corresponding errors in 
the found D’s. Note that of cause in this case at t = 0: 
 

 
The fitting function (85) was inspired by how the sum function (79) behaves for large t as 
described by equation (81). The found constants in the fitting match quite well with those 
in equation (81) although small t’s are included in the fit, indicating that the time interval 
(small t) with significant deviation from the large t behavior as described by equation 
(81) is relatively narrow as compared to the total time fitted or even more to the to the 
total time needed for saturation. Therefore all the sorption data can be fitted to the fit 
function G for ∞MM t /  without introducing too much error in the found D’s. 
Nevertheless, if D varies with time, the D found from G corresponds to the large t. The 
D’s for large t in polymers are often smaller than the early D’s because of less free 
volume for diffusion and because water begins to interact with itself through hydrogen 
bondings [2]. This effect will be most pronounced for relatively hydrophilic polymers. 
The pre-exponential 1≠a  in equation (85) results in an overall better fit to the theoretical 
sorption curve in fig. 6 than omitting it by setting it equal to 1 (otherwise p would of 
cause get equal to 1 in the fitting procedure). However, note that having 1≠a  is un-
physical, because then 0/0 ≠∞= MM t  which is in contradiction to what is known for 

00 =C . Deviations from the data are thus of cause largest at short times. According to 
another similar study [9] having 1=a  results in the following fit function 'G  to 
determine D: 
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This function fits the data better at small t but not as good for large t as can be seen by 
comparing the constants k and p with those in equation (81) and equation (88). Clearly, 
both fits are inaccurate at short times since they deviate much (G the most) from the 
linear dependence on t  as dictated by equation (33). This can be seen by differentiating 
with respect to t=σ : 
 

 
That is, instead of a constant slope in the sorption plots at small t equation (89) and (90) 
have slopes dependent on t and which approaches zero as t approaches zero. 
The sorption results reported in this thesis follow the Fickian t behavior nicely at the 
early stages of in-diffusion. Fickian behavior is attributed to a rate of diffusion which is 
much less than the polymer segment mobility [2]. Generally in the early stages of in-
diffusion we have [2]: 
 

 
where k and n are constants. Different cases of n have been observed. n = ½ is Case I, 
Fickian diffusion. n = 1 is Case II diffusion. ½ < n < 1 is non-Fickian or anomalous 
diffusion. Case II diffusion is attributed to fast diffusion compared to other relaxation 
processes. Non-Fickian diffusion speed is in-between Case I and Case II i.e. the penetrant 
mobility and polymer segment relaxation is comparable. 
In these experiments sorption was performed simply by dipping in DI-water. It should be 
possible to get the same results by exposing the slabs to a relative humidity (RH) of 
100 % since: 
 

 
where OHp

2
 is the partial pressure of water in the gas mixture, *

2OHp  is the saturation 

vapor pressure of water at the temperature of the gas mixture, and Vapor
OHa

2
 is the water 

vapor activity. At equilibrium we have: 
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where Liquid
OH 2

μ , Vapor
OH 2

μ , Polymer
OH 2

μ  denotes the chemical potentials of water in the three phases 
liquid water, water vapor and water dissolved in the polymer. A 100 % RH means 
that 1

2
=Vapor

OHa . Then equation (93) states that: 

 
which means that exposing the slab to 100 % RH is equal to dipping. The advantage of 
this exposure is that careful wiping off excess drops of water before weighing the slabs is 
not necessary. This procedure was also attempted in these experiments but without 
success due to bad control of the humidity and temperature. 
At other OHp

2
 than *

2OHp  the equilibrium amount of water uptake eqM  at infinite time is 
different from ∞M . Curves describing the equilibrium water uptake as a function of 

OHp
2

 are called sorption isotherms [2, 3]. The power function dependency of eqt MM / on 
humidity / activity as reported in chapter 1.4.1.3.2, [Paper 18] and in [9] can be explained 
by the Flory-Huggins polymer solution theory which applies well to hydrophobic 
polymers [2] which are used in microsystems. Here we have [10, 11]: 
 

 
where OHx

2
, Polymerx  are the volume fractions of water and polymer respectively and WPχ  

is the water-polymer interaction parameter: 
 

 
where mixHΔ  is the polymer-water mixing enthalpy, N is the total number (moles) of 
lattice sites in the model, R is the universal gas constant, T is the absolute temperature. 
That is, OHx

2
 depends on Vapor

OHa
2

 and is implicitly determined by equation (96). In fig. 7 a 
power function is fitted to equation (96) for 5.2=WPχ  corresponding to positive 
(hydrophobic) mixHΔ . A good agreement with power function behavior is found. 
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3.1.1.4 Bond pad corrosion in cylindrical diffusion 
In chapters 1.4.1.3.2, 2.2.1, in [Papers 10, 15, 18], and in [Posters 5, 6] less than 10-4 mm3 
water ingress has been mentioned as critical for microsystem reliability. This is because 
even less than that has been reported critical for failure due to bond pad corrosion. Below 
this is supported by theoretical considerations on cylindrical diffusion from the inside of 
round sensing area access holes. 
The dimensions of a typical Al bond pad is 100 µm · 100 µm · 1 µm which means that it 
contains roughly 6 · 1014 Al atoms. The actual Al atom corrosion amount reported critical 
for a microsystem [12] is 3 · 1014 atoms, i.e. one half of a bond pad. Galvanic corrosion in 
the presence of an applied potential is widespread and can for Al e.g. take place 
according to [12]:  
 
2Al + 6H+ → 2Al3+ + 3H2 
 
2Al3+ + 3H2O → 2Al(OH)3 + 3H2 
 
That is, corrosion of one Al atom takes three H2O molecules. This in turn means that at 
failure approximately 1015 H2O molecules corresponding to the volume of three bond 
pads are consumed. 10-4 mm3 (or 10-4 µL or 0.1 nL) H2O molecules have the same 

 
Fig. 7: Fit of power function to data from the Flory-Huggins equation. 
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volume as approx. 10 bond pads i.e. this is roughly three times more than the critical 
amount given every H2O molecule participate in corrosion. The acceptable amount of 
H2O molecules with diffusional direction towards an aluminum bond pad has been set to 
this value based on the arbitrary assumption that for some reasons (electrode passed 
before reaction takes place due to low reaction rate etc.) only about one third of the H2O 
molecules that arrive at an Al electrode protected by a polymer will also get to participate 
in the corrosion reaction mentioned above. Therefore it should be remembered that in the 
worst case where every H2O molecule that arrive at the electrode also react according to 
the reaction scheme above the limit is actually around 3 · 10-5 mm3 H2O. 
 
In [Papers 10, 15] and [Posters 5, 6] the calculated fluxes were based on the simplifying 
assumption of square shape sensor access holes, i.e. the projected area at water entrance 
to some place of concern is constant. In that case, the steady state flux as a function of 
distance is also constant. Most sensor access holes are round. In that case the flux 
depends on 1/r where r is the distance to the centre, see below. Note that this can actually 
be used to limit the amount of water that get in contact with sensitive parts of the 
microsystem. Anyhow, for the small distances involved in microsystems the above 
square shape access hole is often a good approximation. 
For radial diffusion through the wall (a polymer, e.g. adhesive) of a circular sensor access 
hole the steady state diffusion equation is [1]: 
 

 
where r is the distance from the centre. This equation has the general solution: 
 

 
where A and B are constants. Solutions at short time are significantly more complicated 
and involve Bessel functions [1, 4]. 
 
Solving equation (100) for A and B with the boundary conditions (see fig. 8): 
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gives the solution to the diffusion equation as: 
 

 
Then the flux is: 
 

 
From this we see by integration that the amount of water which at steady state diffuses 
through one unit length of the access hole in time t is [1]: 
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Fig. 8: Illustration of boundary conditions in radial water 
diffusion from the inside of a sensor access hole.
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For C2 = 0 and exposure of a bond pad and / or bump interconnection we have for a 
typical sensor-adhesive configuration like the one in fig. 9 which correspond well to the 
one studied for the Compression UnderFill adhesive Epotek U300-1 in [Papers 10, 15] 
and [Posters 5, 6]: 
 

 
where h is the bond pad or bump interconnection height. Note that Qt expresses the 
amount diffusing through the area hrθ  in time t. For a typical bump we have: 
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Fig. 9: Illustration of bond pad / bump interconnection 
water exposure from the inside of a circular access hole in 
epoxy. 

( )

( )

m105.1
m105.0

s10πyr1
sm10C19

mkg2.20
µm31

m1025.1at  width µm31~ rad025.0

3

3

7

1213

3
1

3

−

−

−−

−

−

⋅=

⋅=

⋅≈=

=°

=

=
⋅==

b
a
t
D

C
h

rθ

)106(
ln

1

a
b
DthCQt

θ
=



 82

and from this we get: 

 
 
For a typical bond pad we have keeping everything else as above: 
 

 
and from this we get: 
 

 
That is, functional failure due to bond pad corrosion at RT is not likely before 6.5 years 
have passed. If only one third of the H2O molecules that arrive at the bond pad participate 
in corrosion, which is of cause a very uncertain assumption, the bond pad could last for 
nearly 19.5 years. As shown in [Papers 10, 15] and [Posters 5, 6] elevated temperatures 
can easily increase the flux two orders of magnitude making the lifetime of the bond pad 
and thereby the product unacceptable low. 

3.1.1.5 Heterogeneous media 
Factors other than the polymer properties influence the diffusion of water in polymers. 
For the most reliable microsystems the interest is in factors that effectively divert or delay 
water in-diffusion to sensitive regions. Diversion / delay is established though the 
introduction of phase barriers. Complete diversion of water from sensitive areas is of 
cause of greatest interest. 

3.1.1.5.1 Phase barriers and moisture traps 
Diversion of water can in principle take place in two fundamentally different ways. One 
is by introducing less penetrable structures / materials / phases in the polymer which 
force the water to follow less critical directions in the polymer. The other is by 
introducing highly penetrable structures / materials / phases in which the water is 
transported away fast from critical areas. However, the water arrival at critical areas can 
also be delayed by enhancing the effective diffusion length or by adsorbance / absorbance 
by introduction of other materials / structures in the polymers. These kinds of delay phase 
barriers can e.g. consist of small particles of different kind mixed into the polymer. 
 
Perhaps the most effective diversion method is the second fundamental way by the 
introduction of air channels. This is due to the large difference in water diffusivity in 
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polymers and in air, see table 1. If 02 >C  in the circular case from fig. 9 diffusion into 
the air phase at r = b is commonly accounted for by an evaporation boundary condition 
(Newton evaporation) of the form [1, 4]: 
 

 
where Dh /α= , α  is a constant of proportionality and C2 is the equilibrium 
concentration just within the surface from which water evaporates. This boundary 
condition which describe the speed by which the water crosses the interface is physically 
more realistic than the abrupt inside-outside jumps in concentration where ∞=dxdC / . 
Using this boundary condition and constant concentration C1 at r = a leads to the 
following steady state solution to the diffusion equation [1]: 
 

 
From this we get the following amount of water that diffuses through one unit length of 
the access hole in time t [1]: 
 

 
Introducing less penetrable barriers (particles) on the water path toward the sensitive 
areas the water flux is lowered and at the same time, the time before steady state 
diffusion sets in is prolonged. In continuation of the subject of chapter 3.1.1.2 about 
material-inherent flux delay, equation (76) in chapter 3.1.1.3 can be used to give at very 
useful information on when steady state diffusion sets in [1]. This transition is generally 
important because at steady state the flux is higher than at the initial stages of in-diffusion 
(see below). Given the typical flat wall / barrier condition that both C0 and C2 are zero the 
equation (76) for C is: 
 

 
Sensitive electronics might be placed at x = L where the flux is: 
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From this it is seen that at small t the flux is small as compared to large t where the 
exponential terms vanish. 
 
Integration from time 0 to some time t gives: 
 

 
For ∞→t  the exponentials become very small and we get the linear dependency of 

tM on t: 
 

 
This line intersects the time axis at: 
 

 
which is a good measure of when the diffusion enters steady state behavior having a 
certain barrier thickness L. C1 (the solubility) can be found from the tM  axis intersection. 
For the epoxy in fig. 9 t = 19 days. For the same epoxy transition to steady state at 5 
mins. correspond to a thickness of only 13 µm. Most adhesive barriers will be at least 
around 100 µm thick corresponding to transition to steady state at t = 4.6 hours. So, for 
point of care microsystems the non-steady state calculations are the most relevant. For 
other applications with barrier thicknesses of the same order which should last for years, 
steady state diffusion calculations apply. 
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The delay action of getters which were mentioned in chapters 1.4.1.1, 1.4.1.3.2 and in 
[Paper 18] varies a lot and may be chemical or physical in nature. 
Water tends to adsorb to porous materials or just finely structured surfaces. This is 
because structured surfaces may confine vapor to such an extent that condensation is 
thermodynamically favorable even at relative humidity (RH) lower than 100 %. This 
phenomenon is called liquid bridging or capillary condensation and is described by the 
Kelvin equation [13-16] which has not been mentioned earlier in this thesis. 
The Kelvin equation can be derived from the theory of thermodynamics by considering 
the vapor pressure change above a liquid when subjected to a pressure change PΔ [15]. At 
equilibrium we have for the chemical potentials µ of the two phases liquid (L) and 
vapor (V): 
 

)118(VL dd μμ =
 
From the fundamental thermodynamic potentials we have for a closed system: 
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At constant temperatureT we thus have in molar quantities: 
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Using this in equation (118) we get for a pressure change PΔ assuming ideal gas behavior 
of the vapor: 
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where R is the universal gas constant, *p is the original vapor pressure without applied 
pressure, p is the new vapor pressure as a consequence of the applied pressure PΔ . 
Naturally the pressure inside the liquid is the sum of the applied pressure PΔ and the new 
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vapor pressure p . As expressed by equation (124) the resulting vapor pressure change is 
so small that it can be ignored in comparison to PΔ . In case PΔ is the Laplace pressure 
which originates from the liquid surface tension and curvature [17, 18] we have the 
Kelvin equation: 
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where Lp  is the pressure inside the liquid, Vp  is the vapor pressure *)( pp ≈  above the 
liquid, LVγ  is the liquid-vapor surface tension, H  is the liquid surface mean curvature, 

1R  and 2R  are two principal (perpendicular) radii of curvature for the liquid surface, *p  
is the vapor pressure above the flat liquid surface, Va  is the activity in the vapor phase. 
Note, that the radius of curvature is negative for a concave surface and positive for a 
convex. That is, the vapor pressure above a concave meniscus is less than above a flat 

*pp <  or convex. Now, the water capture mechanism is that any narrow slit, concave 
edge etc. will fill up spontaneously to the limit where the surrounding pressure pp

S
=  

because the vapor in the surroundings will seek to lower pressures. The amount captured 
will of cause also be limited by the extension of the slit, edge etc. and the wetting angle 
on the surfaces. Edges can easily be integrated in microsystem packaging structures by 
e.g. introducing a large number of small cavities. Actually such cavities can function in 3 
different ways regarding avoidance of water in certain areas: 1) water capillary 
condensation capture at nm -µm scale at the bottom edges and at µm - mm scale across 
the cavities, 2) capture of small water puddles condensed elsewhere. Due to gravity the 
puddles / drops may move from the condensation site when large enough and get 
captured by the cavities because here surface free energy can be saved [Paper 2, 4]. 
Clearly for the water to be held effectively in the cavities a wetting angle °< 90θ is 
important, 3) water diversion if the bottom wall of the cavities is made very thin so that 
the captured water can diffuse away through that keeping in mind equations (30) and 
(117). For liquid bridging in a narrow slit between two identical parallel walls only the 
one radius of curvature contributes significantly to H. It is easily seen that it is: 
 

)127(
cos2 θ
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where Sd is the distance across the liquid meniscus normal to the walls andθ is the liquid 
wetting angle on the surfaces. The condition for liquid bridging to occur is that VL μμ < , 
which for a concave liquid surface leads to the liquid bridging condition [19]: 
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where Young’s relation θγγγ cosLVSLSV +=  was used and SVγ and SLγ are the solid-vapor 
and solid-liquid surface tensions, see chapter 3.2.2. Clearly, this requires 0>− SLSV γγ  
which is to say that °< 90θ . 
The geometric situation at an edge is not as straight forward as for the slit, see fig. 10.  
 

 
The corresponding condition at an edge on the distance Ed across the meniscus is found to 
be: 
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Fig. 10: Cross sectional view of the geometry of liquid condensed at a concave edge. 
The edge is formed by two walls which meet at an angleα . Note that from the 
geometry of the wetted triangle at flat meniscus we have the bridging 
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where β is a geometric factor defined in fig. 10. At °= 90α this expression simplifies to: 
 

 
From the factor )tan1( θ− we see that at °= 90α we have the condition °< 45θ which is 

the same as to say
2

90 αθ −°< or that ⎟
⎠
⎞

⎜
⎝
⎛ +< −

α
αθ

sin
1cottan 1 , see fig. 10. 

Generally, it is observed that Sd  and Ed  decrease as θ  increase. Ed  also decrease 
asα increase, see table 2. 

Table 2: Influence of cavity wall geometry and humidity on the geometry and the amount 

of condensed water. The calculations are based on water for which 54.0=
RT

V LVγ nm. The 

parameter a is important to see if menisci meet at e.g. a cavity bottom. 
 
Note that: 
 

α θ 
RH/% 
above 

meniscus
r dS a dE 

Water cross 
sectional area 
A at edge/mm2 

45 20 50 0.8 nm 1.50 nm 1.54 nm 1.18 nm 131028.6 −⋅  
  99 54 nm 101.49 nm 104.04 nm 79.63 nm 91086.2 −⋅  
  99.999 54µm 101.49 µm 104.04 µm 79.62 µm 31086.2 −⋅  
  99.9999 0.54 mm 1.01 mm 1.04 mm 0.80 mm 0.29 

91 20 50 0.8 nm 1.50 nm 0.47 nm 0.66 nm 141060.7 −⋅  
  99 54 nm 101.49 nm 31.40 nm 44.79 nm 101046.3 −⋅  
  99.999 54 µm 101.49 µm 31.40 µm 44.78 µm 41046.3 −⋅  
  99.9999 0.54 mm 1.01 mm 0.31 mm 0.45 mm 21046.3 −⋅  

45 40 50 0.8 nm 1.23 nm 0.97 nm 0.74 nm 131084.2 −⋅  
  99 54 nm 82.73 nm 65.16 nm 49.87 nm 91030.1 −⋅  
  99.999 54 µm 82.73 µm 65.16 µm 49.87 µm 31030.1 −⋅  
  99.9999 0.54 mm 0.83 mm 0.65 mm 0.50 mm 0.13 

91 40 50 0.8 nm 1.23 nm 0.09 nm 0.13 nm 151067.3 −⋅  
  99 54 nm 82.73 nm 5.94 nm 8.47 nm 111067.1 −⋅  
  99.999 54 µm 82.73 µm 5.94 µm 8.47 µm 51067.1 −⋅  
  99.9999 0.54 mm 0.83 mm 59.40 µm 84.74 µm 31067.1 −⋅  
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which means that at a certain ambient p for edges like this Ed needs to be smaller 
than Sd for liquid bridging to take place. This also holds for °≠ 90α . The difference 
increases asα increases, as is also clear from table 2. 
The amount of e.g. water which can condense under differentα ,θ and RH’s can be 
calculated from the total edge length and the cross sectional area A perpendicular to an 
edge as determined in fig. 10. A for differentα ,θ and RH’s are given in table 2. As can 
be seen from table 2, the most effective water capture structures are those with 
lowα andθ . Largest amounts are captured at RH very close to 100 %. On the other hand, 
the smaller the possible difference between the meniscus RH and the surrounding RH the 
less pronounced / fast the vapor capture effect will be. It should also be noted that for 
edges at low surrounding RH’s condensation might start at higher distances 
than Ed because of wall surface roughness on the nm or µm scale. This is because at 
lower RH’s the sensitivity toward wall surface roughness on the nm or µm scale is high 
and then the geometric situation where the walls meet to form an edge may locally look 
like a slit between two walls with distance Sd . 
So, in this way water can to a varying extent be kept away from critical areas and e.g. 
corrosion and stiction between micro / nano mechanical parts by capillary force action 
can be avoided. 
Concerning stiction, in equilibrium, the external force F necessary to separate e.g. two 
parallel plates of area A with liquid in between must counterbalance the capillary pressure 
force F which is often large compared to typical mass and spring forces involved in 
micro / nanosystems and from equation (127) we get: 
 

 
Thus, humidity conditions must influence tribological properties [14, 16]. 
The presence of water most often results in anodic corrosion. If water can not be avoided 
cathodes can be protected by sacrificial anode protection or by impressed current 
cathodic protection (ICCP). Anodic protection is a less common electrical protection 
using impressed current by which a protective passivation layer is grown on the 
anode [20]. 

3.1.1.5.2 Parylene as a water barrier 
Parylene C is a very good barrier toward water ingress as the measurements in [Papers 
10, 15], [Posters 5, 6] showed. 10 µm Parylene C on top of Macromelt lower the in-
diffusion coefficient from 5 · 10-11 m2s-1 to 5 · 10-14 m2s-1 i.e. three orders of magnitude. 
Further by applying 10 µm to e.g. a 0.5 thick Macromelt barrier the corresponding time 
lag before steady state diffusion sets in is increased approximately from 14 mins. to 9.6 
days. 
It is furthermore very well suited for microsystem protection because it can be applied in 
thin completely conformal layers close to room temperature. 
From the determined diffusion coefficients for Macromelt and  Macromelt coated with 
Parylene C the diffusion constant for water in Parylene C can be estimated from the 
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steady state behavior if it is assumed that the water solubility coefficient at the interface 
between the two materials is equal to 1, see fig. 11. In that case the total concentration 
 

 
drop across the two layers is equal to the sum of the concentration drops across each 
layer. Further, the flux through the combined layers is equal to the flux through each 
layer. That is: 
 

 
where MPMP JJJ == are the flux through the combined Macromelt and Parylene layers, 
the flux through Parylene, and the flux through the Macromelt respectively, Px , Mx are the 
thicknesses of the Parylene and Macromelt materials in the flow direction, MPD , PD , MD  
are the effective diffusion constant for the combined Macromelt and Parylene layers, and 
the diffusion constants for Parylene and Macromelt separately. Equation (136) can of 
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Fig. 11: Illustration of water transport 
through Macromelt with a coating of 
Parylene C. 
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cause be extended to any number of materials and thicknesses. Here with 0.5 mm 
Macromelt and 10 µm Parylene on top we have: 
 

 
This water diffusivity is the lowest ever encountered for polymers by the author. 
 
Generally the full solutions to the diffusion equation, like equation (79) for the slab given 
above, are too involved when it comes to laminates. Instead time-lag formulas involving 
individual layer time-lags are used [21]. 

3.1.1.6 Leak rate measurements 
Leak rates are measured in a number different ways as described in [22]. Often packages 
constitute housings or enclosures for the electronics. In that situation moisture build-up 
will follow the equation: 
 

 
where iC  is the internal housing water concentration which is initially zero, aC  is the 
ambient water concentration, A is the area of a housing wall of thickness L through which 
the water penetrates, P is the polymer permeability, V is the housing volume [23]. 
The water leakage through the chip mount adhesives studied in [Paper 1] and further 
described in chapter 2.2.1 was measured with a setup principally as shown in fig. 12 
below. 
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The measuring situation illustrated in fig. 12 corresponds to a real situation where there is 
1 bar inside / outside pressure difference on the adhesive. In the real situation water could 
pass along conductors on its way out or condense on Al bond pads or interconnection 
wires as illustrated in fig. 8 in chapter 1.5.3 and in [Paper 1]. 
A detailed drawing of the chip mounting is shown in fig. 13 and the whole setup is shown 
in fig. 14. To make realistic measurements it was made possible to heat and stir the water. 
Water was detected with a mass-spectrometer connected to the vacuum chamber, fig. 12. 

Heater resistor

water

Propel 

Vacuum 
chamberchipadhesive

Heater resistor

water

Propel 

Vacuum 
chamberchipadhesive

Fig. 12: Schematic illustration of 
Residual Gas Analysis (RGA) 
equipment for measurement of 
water leakage through adhesively 
bonded chips. RGA was performed 
with a mass spectrometer connected 
to the vacuum chamber.

Fig. 13: Sketch of how the chips were 
mounted on the inside of vacuum flanges 
(left). The stirrer with heated water was 
mounted on the other side (right). 
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Fig. 14: Equipment for measurement of water leakage through adhesively bonded 
chips. 1: Mass spectrometer, 2: Turbomolecular pump, 3: Pneumatic safety valve 
(mass spectrometer W-filament protection), 4: Quick clamp for fixing vacuum 
flanges with glued chips, 5: Stirrer with temperature control, 6: Wires for cold 
cathode pressure sonde, 7: Heating belt to enhance evacuation on T-cross, 8: Heating 
on top of turbomolecular pump, 9: T-cross flange opening to remove things that have 
accidentally been dropped into the vacuum chamber during sample mounting, 10: N2
purge, 11: Temperature control for the heating belt (8), 12: Temperature control for 
stirrer (5), 13: Current supply for control of stirring speed. 
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To enhance detection sensitivity D2O instead of ordinary H2O was used. The volume leak 
rate LXQ of some gas X (here typically D2O) is defined [24]: 
 

 
where XS  is the pumping speed for the gas X (here it was taken to be 45 Ls-1 ) and XP  is 
the partial pressure of the gas X at equilibrium. From the ideal gas law: 
 

 
we can then get an expression for the mass leak rate LXm  (flux through unit area) of gas 
X in g yr-1: 
 

 
where XM  is the molar mass of the gas X. Note, that the equipment was not calibrated 
using a leak rate standard and hence the measured leak rates are at best only used for 
relative comparison. More detailed leak rate calculations based on RGA can be found in 
[22]. 
Assuming that nothing but the water diffusivity change when the temperature is changed  
it was e.g. possible to determine the steady state activation energies for water diffusion in 
the silicone DC Q3-661 and in the epoxy Epotek H77 to be 0.4 eV and 0.8 eV 
respectively from the Arrhenius plots in fig. 11, [Paper 1] using the equation: 
 

 
in the expression for flux (Ficks first law) where ( )TD  is the diffusivity at the absolute 
temperature T, 0D  is a known diffusivity at the absolute temperature 0T , AE  is the water 
diffusion activation energy, k is Boltzmanns constant. Inserting equation (142) in the 
expression for the flux (Ficks first law) gives: 
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From this it is seen that in plotting LXmln  as a function of 1/T (Arrhenius plot) at steady 
state gives a line with slope kEA /−=α , i.e. no matter the constants 0D  and dxdC /  the 
activation energy for water diffusion is: 
 

 
The activation energy 0.8 eV for water diffusion in Epotek H 77 is quite high compared 
with other polymers [25]. Part of the explanation is probably that this adhesive is highly 
filled with Al2O3 particles the main purpose of which is to lower the CTE. However, 
some fluoro polymers exhibit significantly higher activation energies (2 eV) for water 
diffusion [25]. It should also be mentioned that in these measurements diffusion in the 
bulk and along the interfaces were not separated. It was planned but never carried out to 
do that by measurements on adhesive joints with different thicknesses which keep the 
interface areas constant while more or less adhesive bulk material is exposed. By linear 
extrapolation of the leak dependency on adhesive thickness to zero thickness it should be 
possible to find the diffusivity along the interfaces which might be significantly different 
from that in the bulk adhesive. 

3.1.2 Adhesive stress coupling, Tg, DSC and DOE 
Stress coupling to sensing areas in the packaging of microsystem sensors is often a 
problem because it affects offset and sensitivity of measurements, see chapters 1.3.2, 
1.4.1.1, 1.4.1.2, 1.5.3, 2.2.1, [Papers 1, 12, 18]. Sensor offset change is most often a 
direct indication of stress coupling. If the offset remains constant it is less a problem 
because this can easily be accounted for by calibration. However, if it is time dependent it 
is a serious problem since this can not as easily be accounted for electronically. A very 
good example of this is seen in [Paper 1] figs. 12 and 13. Here adhesives for a silicon 
micromechanical pressure sensor mounting have been studied.  
Thermal stresses build up in the Epotek H77 sensor chip adhesive bonding on lowering 
the temperature from the cure temperature of 150 °C. Later it is clearly observed that as 
temperature change so does the sensor offset and sensitivity. At temperatures above 
70 °C – 80 °C the offset and sensitivity changes are largely reduced, fig. 13 in [Paper 1]. 
This corresponds well with the change in bend direction of silicon test chips glued with 
Epotek H77 on Al2O3 substrates, fig. 12 in [Paper 1], when heated above the same 
temperatures. The change in bend direction is attributed to a passage of the adhesive glass 
transition temperature Tg (absolute), whereupon the adhesive softens. That the adhesive 
softens at this temperature can be seen from the thermodynamic expression for Tg [11]: 
 

 
where κ  is the compressibility, cp is the specific heat capacity at constant pressure 
and α  the CTE. The Δ ’s denotes the change when heating from temperatures below Tg 
to temperatures above Tg. The thermodynamic quantities can be determined from [11, 
26, 27]: 
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where B is named: bulk modulus, bulk modulus of elasticity, incompressibility, 
compression modulus, hydrostatic modulus, modulus of compression, or modulus of 
volume elasticity [28, 29]. V is the adhesive volume, V0 is the original volume before 
compression, T is the absolute temperature, E is Young’s modulus or just the elastic 
modulus (linear), Pzzyyxx −==== σσσσ  is the applied uniform normal stress which 
equals the pressure in magnitude, zzyyxx εεε ,, are the normal strains,ν is Poison’s ratio, S is 
entropy. 
 
The ratio of the change in pressure to the fractional volume compression is called the 
bulk modulus of the material. This can also be expressed as the ratio of hydrostatic 
pressure to the relative volume change, equation (146). The reciprocal of the bulk 
modulus is called the compressibility of the substance. 
From equation (146) Tg is clearly a transition, when heating, to a state with higher 
compressibility i.e. a positive κΔ . From the same equation this corresponds to a transition 
to lower E, which means a softer material. Above Tg the material gets more rubbery like. 
In turn this means that usually ν  increase at the transition which to some small extent 
compensates the lowering of E in equation (146). As the material softens the stress level 
is lowered and less stress is coupled to sensitive areas. However increasing the 
temperature further might rapidly introduce stresses again since at Tg α  is also changing 
rapidly. For Epotek H77 the change is from 33 ppm below Tg to 130 ppm above Tg i.e. a 
factor of 4. So, above Tg where E is low, increasing temperature may nevertheless 
introduce high stress because of large differences in CTE between adhesive and 
surroundings. 
Due to these mechanical changes at Tg it is generally recommended to choose adhesives 
with Tg outside the application temperature interval. 
From equation (145) it is also worthwhile noting that adhesives with low Tg are 
characterized by small changes in κ , pc  and / or large change in α  at Tg. This will 
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typically be soft adhesives like e.g. silicones. Adhesives with high Tg are characterized by 
large changes in κ , pc  and / or small change in α . This will typically be hard adhesive 
like e.g. epoxy. 
If therefore silicone is chosen it will typically be best if Tg is below the application 
temperature interval. Though, in this case it is not critical that Tg is below the application 
temperature interval because the adhesive is soft and is not changing much regarding this 
property on passage of Tg. If an epoxy is chosen it may be important that Tg is high 
enough that it is never passed in the application. Otherwise it might soften significantly, 
loose strength and / or bonding and significant stress coupling changes may be observed. 
If the adhesive is not getting too soft on heating above Tg, it is sometimes observed that 
the passage result in higher bond strength. This is due to the fact that thermal stress 
disappears completely or partly when the adhesive soften and / or the temperature 
approaches the cure temperature. 
In-diffusion of water lowers Tg according to equation (149) [30]: 
 

 
where waterpolymergT +,  is the glass transition temperature of the polymer / water composite, 

( )pw  is the weight fraction of polymer, ( )ww  is the weight fraction of water in the 
polymer, ( )pgT  is the glass transition temperature of the dry polymer, and ( )wgT  is the 
glass transition temperature of water (-134 °C - -138 °C). The lowering can be as high as 
20 °C - 30 °C [30]. So, when water in-diffusion is likely, which is most often the case due 
to air humidity, it is advisable to choose adhesives with Tg at least 30 °C above the 
highest application temperature. 
 
Stress coupling may also be affected chemically in presence of water by hydrolysis of 
adhesives. The rate k of hydrolysis is described by a modified Arrhenius equation 
(150) [30]: 
 

 
where A andν are constants, EH is the activation energy for hydrolysis,σ is the stress 
(tensile), R is the universal gas constant and T is the absolute temperature. From equation 
(150) it is clear that with stress present, the activation energy for hydrolysis is lowered 
and therefore the reaction rate accelerated. In turn, during this hydrolysis the adhesive 
intrinsic strength and bond strength is lowered and therefore also the stresses. 
 
For heat curing adhesive which are still most widespread in electronics stress coupling 
can also be lowered by minimizing the thermal or CTE adhesive-substrate mismatch by 
curing at lower temperatures than that prescribed in the datasheet. It is then of paramount 
importance for reliable bond performance to achieve full curing by curing for a longer 
time. How long time is necessary depend the adhesive reaction kinetics which is analyzed 
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by DSC. For isothermal conditions the time t necessary to reach a reaction degree α  can 
be determined from the kinetic parameters Z, EA, n found in the DSC kinetic analysis by 
using equations (151) and (152) [31]: 
 

 
where Z is the Arrhenius reaction rate pre-exponential constant, EA is the reaction 
activation energy, n is the reaction order, R is the gas constant and T is the absolute 
temperature. 
If the adhesive cure conditions are adiabatic the needed time can be determined from the 
kinetic parameters Z, EA, n and the thermodynamic constants Cp and HΔ  found in the 
DSC kinetic analysis by numerical integration of equation (153) [31]: 
 

 
where Cp is the adhesive heat capacity at constant pressure and HΔ  is the adhesive 
reaction enthalpy. 
 
Since so many parameters influence packaging reliability performance it is obvious to use 
statistical methods for optimization. The use of Taguchis approach and Design Of 
Experiment (DOE) approaches [32-35] have found widespread use in many industries. 
Taguchis approach can be considered a certain way of doing classical DOE. Both 
methods employ the factorial type of experiment designs and the techniques are basically 
based on Analysis Of VAriance (ANOVA). Using the methods it is possible to achieve 
the most information about how certain factors influence a goal with the least 
experimental effort. Exploring different factors influence on a specified goal is often 
studied varying each factor believed to be of importance one at the time. This takes 
excessive time and no information about the factors interdependence / interaction is 
gained. In DOE statistical techniques several parameters are varied at the same time, less 
experiments are needed and factor interaction information is provided. 
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DOE was e.g. used to optimize (lower) the adhesive and mould stress coupling to the 
sensing area of the absolute pressure sensor described in [Papers 10, 15], [Posters 5, 6]. 
Classical DOE was preferred because in this approach no pre-assumptions on factor 
interactions are made. A 2-level 5 factor ¼ resolution III fractional factorial design was 
used to identify significant sensor assembly process factors and factor interactions 
influencing stress coupling. To increase accuracy 2 replicates of each experiment was 
used which requires a total of 25-2 · 2 = 16 experiments. This should be compared with 
making the full five factors design of all 25 = 32 possible 2 level experiments with no 
replicates. Factors, levels and responses are shown in table 3 below. 
The stress coupling was measured by monitoring the offset change upon assembly. Factor 
A (categorical) is the material used for mounting the sensor inside the bolt hole, factor B 
is the bolt hole diameter, factor C (categorical) is the surface shape of the sensor tip 
potting material (here Q3-6611 Dow Corning silicone) in the mould/pot (made of Teflon) 
before placing the sensor in it, factor D is the temperature of the mould/pot material 
before oven cure, factor E is the initial temperature of the oven when placing the sensor 
in the oven for mould/pot material cure at 150 °C for 1 hour. The software used for the 
analysis was Design-Expert6. The analysis showed that all chosen best model terms 

Run Factor A Factor B Factor C Factor D Factor E Response
 

 
Adhesive 

type 
Hole 

Diameter / 
mm 

Form 
filling 

Adhesive 
pre-heat 

temperature / 
°C 

Oven start 
Temperature / 

°C 

Offset 
Change / 

mV 

1 UV-acrylate 3,5 convex 20 150 -44 
2 silicone 7,5 convex 20 20 -15,5 
3 silicone 3,5 convex 70 20 - 
4 silicone 7,5 convex 20 20 -36,8 
5 UV-acrylate 3,5 concave 20 20 - 
6 UV-acrylate 3,5 convex 20 150 -5,6 
7 UV-acrylate 3,5 concave 20 20 -64,1 
8 UV-acrylate 7,5 concave 70 20 - 
9 UV-acrylate 7,5 convex 70 150 -100,8 
10 silicone 7,5 concave 20 150 -15,8 
11 silicone 3,5 concave 70 150 -14,7 
12 silicone 3,5 convex 70 20 -42,4 
13 silicone 7,5 concave 20 150 -28 
14 silicone 3,5 concave 70 150 - 
15 UV-acrylate 7,5 convex 70 150 -98,9 
16 UV-acrylate 7,5 concave 70 20 -6,2 

Table 3: DOE 2-level 5 factor ¼ reslotion III fractional factorial experiments 
generated by Design-Expert6 for optimising stress coupling in assembly of an 
absolute pressure sensor. Factor generator: D = AB, E = AC. Factorial effects defining 
contrast: I = ABD = ACE = BCDE. Due to the replicates the analysis could be carried 
out although some sensors were destroyed and data was missing. 
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(factors) are significant meaning that the probability that their response contribution is 
not just due to noise is higher than 95 %. The best model half normal plot is shown in 
fig. 15 and the Design-Expert6 annotated ANOVA analysis in blue below. 
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Fig. 15: Half normal plot showing the chosen model of all 1-factors included together 
with two 2-factor interactions BC and BE. The green triangles represent unused 
degrees of freedom that are leftover from replicates. 
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Response:Offset change / mVTransform:Base 10 logConstant: 105 
        ANOVA for Selected Factorial Model 
Analysis of variance table [Partial sum of squares] 
                        Sum of                      Mean              F  
   Source          Squares       DF             Square        Value Prob > F 
 Model 2.39 7 0.34 30.62 0.0026  significant         
 A 0.31 1 0.31 27.69 0.0062 
 B 0.093 1 0.093 8.29 0.0450 
 C 0.24 1 0.24 21.35 0.0099 
 D 0.12 1 0.12 11.13 0.0290 
 E 0.11 1 0.11 10.19 0.0331 
 BC 0.34 1 0.34 30.83 0.0051 
 BE 0.48 1 0.48 43.36 0.0028 
Pure Error 0.045 4 0.011 
Cor Total 2.44 11 
 
The Model F-value of 30.62 implies the model is significant.  There is only 
a 0.26% chance that a "Model F-Value" this large could occur due to noise. 
 
Values of "Prob > F" less than 0.0500 indicate model terms are significant.   
In this case A, B, C, D, E, BC, BE are significant model terms.   
Values greater than 0.1000 indicate the model terms are not significant.   
If there are many insignificant model terms (not counting those required to support 
hierarchy),   
model reduction may improve your model. 
 
 Std. Dev. 0.11  R-Squared 0.9817 
 Mean 1.68  Adj R-Squared 0.9496 
 C.V. 6.28  Pred R-Squared N/A 
 PRESS N/A  Adeq Precision 14.963 
  Case(s) with leverage of 1.0000:  Pred R-Squared and PRESS statistic not defined 
 
 "Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  
Your ratio of 14.963 indicates an adequate signal.  This model can be used to navigate the 
design space. 
 
  Coefficient  Standard 95% CI 95% CI 
 Factor Estimate DF Error Low High VIF 
  Intercept 1.72 1 0.032 1.63 1.81 
  A -0.17 1 0.032 -0.26 -0.080 1.13 
  B -0.093 1 0.032 -0.18-3.341E-003 1.09 
  C -0.15 1 0.032 -0.24 -0.060 1.09 
  D -0.11 1 0.032 -0.20 -0.018 1.09 
  E -0.10 1 0.032 -0.19 -0.013 1.09 
  BC -0.18 1 0.032 -0.27 -0.090 1.12 
  BE -0.21 1 0.032 -0.30 -0.12 1.12 
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  Final Equation in Terms of Coded Factors: 
 
  Log10(Offset change / mV + 105.00) = 
  +1.72 
  -0.17   * A 
  -0.093   * B 
  -0.15   * C 
  -0.11   * D 
  -0.10   * E 
  -0.18   * B * C 
  -0.21   * B * E 
 
  Final Equation in Terms of Actual Factors: 
 
   Adhesive type silicone 
   Form filling concave 
  Log10(Offset change / mV + 105.00) = 
  +1.36601 
  +0.18246  * Hole diameter / mm 
  -4.31502E-003  * Adhesive pre-heat 
  +7.42073E-003  * Oven start temperature / °C 
  -1.63807E-003  * Hole diameter / mm * Oven start temperature / °C 
 
   Adhesive type UV 
   Form filling concave 
  Log10(Offset change / mV + 105.00) = 
  +1.02567 
  +0.18246  * Hole diameter / mm 
  -4.31502E-003  * Adhesive pre-heat 
  +7.42073E-003  * Oven start temperature / °C 
  -1.63807E-003  * Hole diameter / mm * Oven start temperature / °C 
 
   Adhesive type silicone 
   Form filling convex 
  Log10(Offset change / mV + 105.00) = 
  +2.05479 
  +2.88095E-003  * Hole diameter / mm 
  -4.31502E-003  * Adhesive pre-heat 
  +7.42073E-003  * Oven start temperature / °C 
  -1.63807E-003  * Hole diameter / mm * Oven start temperature / °C 
 
   Adhesive type UV 
   Form filling convex 
  Log10(Offset change / mV + 105.00) = 
  +1.71445 
  +2.88095E-003  * Hole diameter / mm 
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  -4.31502E-003  * Adhesive pre-heat 
  +7.42073E-003  * Oven start temperature / °C 
  -1.63807E-003  * Hole diameter / mm * Oven start temperature / °C 
 
 
               Diagnostics Case Statistics 
Run Actual Predicted   Student Cook's Outlier  
Order Value Value Residual Leverage Residual Distance t 
11 1.96 1.96 0.000 1.000     
7 1.61 1.61 0.000 1.000     
10 1.95 1.92 0.032 0.500 0.428 0.023 0.379 
13 1.89 1.92 -0.032 0.500 -0.428 0.023 -0.379 
16 1.99 1.99 0.000 1.000     
12 1.80 1.80 0.000 1.000     
6 2.00 1.89 0.11 0.500 1.420 0.252 1.745 
1 1.79 1.89 -0.11 0.500 -1.420 0.252 -1.745 
2 1.95 1.89 0.059 0.500 0.790 0.078 0.745 
4 1.83 1.89 -0.059 0.500 -0.790 0.078 -0.745 
15 0.79 0.70 0.081 0.500 1.085 0.147 1.119 
9 0.62 0.70 -0.081 0.500 -1.085 0.147 -1.119 
   Case(s) with leverage of 1.0000: Student Residuals, Cooks Distance & Outlier T 
undefined. 
 
Proceed to Diagnostic Plots (the next icon in progression).  Be sure to look at the: 
   1) Normal probability plot of the studentized residuals to check for normality of 
residuals. 
   2) Studentized residuals versus predicted values to check for constant error. 
   3) Outlier t versus run order to look for outliers, i.e., influential values. 
   4) Box-Cox plot for power transformations. 
 
If all the model statistics and diagnostic plots are OK, finish up with the Model Graphs 
icon. 
 
According to the analysis the model turns out to be quite good. This is also the case 
looking at the diagnostic plots which are mentioned in the end of the analysis.  
However, it should be remembered that this is only a resolution III experiment (worst!), 
which means that at least one 1-factor is confounded / aliased with at least 1 2-factor 
interaction term [35]. In fact, in this model the alias structure is as shown in table 4 
below: 
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Model 
terms / 
effects 

Aliases 

A BD, CE 
B AD, CDE 
C AE, BDE 
D AB, BCE 
E AC, BCD 

BC DE, ABE, ACD 
BE CD, ABC, ADE 

Table 4: Alias structure of experiment. 
 
This means that really A = A + BD + CE and so forth. Anyhow, this aliasing makes the 
model less certain concerning where the offset contributions really come from. 
Sometimes aliased effects cancel out. This means that even when nothing comes out 
significantly it is not possible to infer that there are no active effects / factors. The 
opposite may of cause also happen. However, note that no 2-factor model terms (BC, BE) 
are aliased with 1-factor terms - hence these two 2-factor effects (or their aliases) are very 
likely to be present as also evident from the half normal plot. 
The main motivation for a resolution III design should therefore be only to pre-screen for 
any large effects among the tested, not exactly which. Then preferably, a resolution V ½ 
fractional factorial study should subsequently be performed on the found highly 
significant factors. This is because in that study, 1 factor contributions are only aliased 
with 4 factor interactions which are not very likely, and 2 factor interaction contributions 
are only aliased with 3 factor interaction contributions which are also not very likely 
(except, though, sometimes in categorical designs like here [35]). 
 
The results can be viewed in a number of different ways. However, unfortunately a 
resolution V ½ fractional factorial DOE was not employed in this study and the results 
presented here therefore only serve for illustration of what analysis is possible keeping 
the aliasing in mind. 
To estimate the influence of each factor 1-factor plots depending on the settings of the 
other parameters can be made. These plots have uncertainty bars included. Given the 
possible combinations of categorical factors, equations for the offset changes are given in 
the analysis above. From this it is possible to graph two-factor interactions like in fig. 16. 
From the graph it is clear (as it is from the half-normal plot) that there is a pronounced 
interaction between the B and E factors. Concerning packaging optimization by stress 
coupling minimization it is important to note that the second blue contour line from the 
right in fig. 16 has been set to zero. This means that all combinations of hole diameters 
and oven start temperatures on this contour results in a zero BE interaction contribution 
to the offset change. A part of Design-Expert6 can do more elaborate optimization in 
accordance with some pre-set constraints. Below (in blue), given the indicated 
constraints, this has been used to find 28 combinations (solutions) of factor settings 
resulting in zero offset change i.e. zero stress coupling. One important advantage of 
having these solutions to choose between is that optimization regarding other parameters 
can be taken into consideration. For instance, if it is know that one adhesive performs 
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better than the other regarding other parameters than stress coupling (e.g. bond strength, 
physical / chemical durability), solutions including this adhesive should of cause be used. 
Unfortunately none of these combinations were subsequently tested. 

 
 
 Constraints 
   Lower Upper Lower Upper 
 Name Goal Limit Limit Weight Weight Importance 
 A  is in range  silicone UV 1 1 3 
 B  is in range  3.5 7.5 1 1 3 
 C  is in range  concave convex 1 1 3 
 D  is in range  20 70 1 1 3 
 E  is in range  20 150 1 1 3 
 Offset change  is target = -100 100 1 1 3 
  4.26326E-014 
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Fig. 16: Response surface for BE interaction. The other factors are here: A: 
silicone, C: concave filling, D: Adhesive pre-heat 70 °C. 



 106

 Solutions 
 
 Number A B C D E Offset change Desirability 
 1 silicone 5.71 concave 37.75 115.80 -0.00087 1.000 
 2 silicone 4.03 concave 37.26 98.57 0.000567273 1.000 
 3 silicone 4.92 concave 52.04 28.30 0.000427508 1.000 
 4 silicone 4.40 concave 38.96 95.46 -0.000636056 1.000 
 5 silicone 6.29 concave 45.39 102.92 9.29658E-006 1.000 
 6 silicone 5.53 concave 62.12 52.65 0.000170677 1.000 
 7 silicone 5.11 concave 51.87 56.25 0.000140582 1.000 
 8 silicone 4.42 concave 37.53 56.71 0.000747305 1.000 
 9 silicone 5.70 concave 38.08 115.08 0.000842587 1.000 
 10 silicone 6.57 concave 50.83 97.05 0.000913766 1.000 
 11 UV 6.73 concave 20.53 40.03 -0.000567896 1.000 
 12 UV 6.76 concave 35.07 23.79 1.73589E-005 1.000 
 13 UV 6.42 concave 21.22 27.25 0.000527727 1.000 
 14 UV 7.13 concave 34.40 36.98 -0.00053569 1.000 
 15 UV 7.21 concave 41.05 32.50 -0.000534401 1.000 
 16 UV 7.40 concave 26.50 51.08 0.000317288 1.000 
 17 UV 6.37 concave 23.20 22.17 0.000379379 1.000 
 18 UV 7.35 concave 53.00 25.34 0.000772316 1.000 
 19 UV 6.70 concave 24.14 34.71 -0.000955381 1.000 
 20 silicone 3.61 convex 51.85 118.77 -0.000574896 1.000 
 21 silicone 4.25 convex 22.31 109.95 0.000845867 1.000 
 22 silicone 3.95 convex 27.43 76.99 -0.000205839 1.000 
 23 silicone 3.62 convex 45.73 102.46 0.000789951 1.000 
 24 silicone 3.58 convex 51.59 114.42 -0.000891448 1.000 
 25 silicone 4.11 convex 20.10 59.93 0.000178645 1.000 
 26 silicone 3.65 convex 40.05 89.32 0.000652352 1.000 
 27 silicone 3.70 convex 29.78 62.12 0.000261751 1.000 
 28 silicone 4.13 convex 31.62 138.15 0.000682405 1.000 
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3.2 Adhesion theories, adhesion promotion, and adhesion in 
moist environment 

At least 6 theories of adhesion exist [30, 36-40]. These are: 
 
• Mechanical interlocking 
• Electronic theory 
• Theory of boundary layers and interphases 
• Adsorption (thermodynamic) theory 
• Diffusion theory 
• Chemical bonding theory 
 
The theories focus on different dominating mechanisms of adhesion. So, normally to 
account for the total adhesion strength more than one of the theories is needed. This 
indicates that there are several ways of improving adhesion strength and that best results 
are achieved by activating as many adhesion mechanisms as possible at the same time. 
The two dominating adhesion theories are the Chemical bonding theory and the 
Adsorption theory. Adhesion by covalent chemical bonding results in the strongest 
bonds. The bond energies are in the range 63 kJ mol-1 – 710 kJ mol-1. Van der Walls 
adsorption bond energies are in the range 6 kJ mol-1 – 65 kJ mol-1. Another important 
adsorption bond type is the hydrogen bond with energies in the range 10 kJ mol-1 – 42 kJ 
mol-1 [39]. 

3.2.1 The chemical bonding theory 
In the Chemical bonding theory the bond strength originates from chemical bonds either 
directly between adhesive and substrate or through a coupling agent (adhesion promoter) 
which is typically a silane. The idea of using coupling agents is that they are tailored with 
functional groups with high chemical bonding (covalent) affinity to both adhesive (R) 
and substrate (R'), see fig. 17 below. The use of such silanes as coupling agents has been 
described in [Papers 1, 2, 4, 6, 18]. In [Paper 1] the differences in adhesion strength 
observed for various substrate treatments are probably partly due to the different amounts 
of –OH groups introduced at the surfaces. 
 
As has become clear from chapters 1 and 2 despite their weaknesses in humid 
environment adhesives find widespread use in microsystems. However, probably the only 
book reference on adhesives uses in electronics is [36].  
In [Paper 1] it was clearly seen that adhesive bond strength decreased when the bond line 
was exposed to water. Below this is explained from a semi-empirical theory and at the 
same time it is shown that adhesives and surfaces can be chosen so that bond strength 
does not deteriorate. 
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3.2.2 The adsorption theory 
The adhesion theory accounting best for the effect of bond line moisture ingress is the 
adsorption or thermodynamic theory of adhesion. This is also the most widespread theory 
of adhesion. In the adsorption theory bonding is formed by molecular attraction forces at 
short distances. Here, the most famous equation is that of Young describing the adhesive 
or more generally just liquid wetting angle θ on the substrate [30, 36-38, 40]: 
 

 
The angle θ and the solid-vapor SVγ , solid-liquid SLγ , and liquid-vapor LVγ  surface 
tensions are illustrated in fig. 18. At equilibrium these surface tensions are in balance 
according to Young’s equation. Low θ means good wetting and is most often a 
prerequisite for good adhesion but not a necessity. In that way low θ can be regarded an 
indicator that good adhesion can be achieved. This is because it means that substrate and 
adhesive has a high affinity for each other i.e. they get in close contact. 
 
 
 

Fig. 17: Bonding mechanism of silane to a substrate 
with –OH groups at the surface.  
Such a surface could typically be metal, glas, polymer, 
especially after O2 plasma treatment. The illustrated 
mechanism of silane bonding to the –OH surface is: 
(1) hydrolysis to a trisilanol, (2) condensation 
copolymerization of trisilanol and surface –OH to 
produce a polysiloxane network covalently bonded to 
the surface [32]. The adhesive can then react with the 
R groups. 

)154(cosθγγγ LVSLSV +=
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The surface tension γ is normally split up into two molecular attraction components 
representing dispersion (d) and polar (p) forces [30, 37, 38, 40]: 
 

 
Collectively the dispersion component (London’s fluctuating dipole-induced dipole 
interactions), the polar dipole-dipole component (Keesom’s interactions), and the polar 
dipole-induced dipole component (Debye’s interactions) of γ  is called the Van der 
Wall’s forces. Here the last term pγ , correspond to all non-dispersion forces including 
Keesom and Debye interactions as well as hydrogen bonding [37].  
 
The work of adhesion WA in dry environment is given by the Dupré equation [30, 36-
38, 40]: 
  

 
where a is the adhesive and b the substrate. -WA is equal to the free energy per unit area 

abGΔ of new interface formed [40]. 

3.2.2.1 Adhesion in moist environment 
Likewise in humid environments the work of adhesion (A) is given by the Dupré 
equation as [30, 37, 38, 40]: 
 

 
where Liq denotes some liquid e.g. water W, see fig. 19. According to Fowkes [30, 40] 
the surface tension SLγ between a solid (S) and a liquid (L) can be determined by the semi-
empirical equation [30, 40, 41]: 
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Fig. 18: Youngs’ equation (154) illustrated.
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Inserting equation (158) with s = b, L = a leading to abSL γγ = , aLV γγ = , bSV γγ =  in 
equation (156) gives the work of adhesion between a and b WA in dry environment [30, 
37, 38, 40]: 
 

 
Inserting Young’s equation (154) for SVγ  in Fowkes’ equation (158) (or in Dupre’s 
equation (156)) we get the Young-Dupre equation (161) for the work of adhesion in dry 
environment [30, 36-38, 40]: 
 

 
Equation (161) means that WA can be determined solely from the liquid / adhesive surface 
tension and wetting angle with the substrate and that the maximum WA equals 2 aγ  which 
is the adhesive cohesion energy (note that for liquids surface tension and surface free 
energy are numerically the same but have different dimensions, mN/m and mJ/m2 
respectively). This is quite accurate for adhesives on polymer surfaces with non-zero 
contact angle where no liquid / adhesive is adsorbed on the substrate close to the contact 
point of the three surface tensions [40]. If the environment is not dry i.e. liquid / adhesive 
vapor is present and adsorbed on the substrate close to the contact point of the three 
phases Sγ  (or bγ ) is reduced to SVγ  (or bVγ ), πγγ −= SSV  where π  is called the 
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Fig. 19: Illustration of terms in equation (158). 
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spreading pressure. This can be seen by reformulating Dupre’s equation (156) in 
accordance with the presence of vapor [40]: 
 

 
and inserting Young’s’ equation (154): 
 

 
π can be high for high energy surfaces such as metals or oxides [40]. At best ( )0=θ  for 
adhesives this means that WA is significantly higher than the cohesive energy of the 
adhesive. 
Equation (162) means that knowing different test liquids / adhesives i.e. d

aγ , p
aγ  and the 

wetting angles θ  on some substrate b, d
bγ  and p

bγ  can be determined from the intercept 

and slope respectively of the linear plot of ( ) d
aa γθγ 2/cos1+  against d

a
p
a γγ / . 

 
Inserting equation (158) in equation (157) leads to the following work of adhesion in 
water: 
 

 
where WCγ  is the water cohesion energy, abW  is the work of adhesion in dry environment, 

aWW  is the work of adhesion of adhesive and water in dry environment, bWW  is the work 
of adhesion of substrate and water in dry environment. The negative terms may result in 
spontaneous separation of adhesive and substrate when the overall WA,W gets negative, 
which is most often the case. However, by chemically modifying adhesives and 
substrates surfaces to minimum work of adhesion to water, WA,W  can get positive i.e. the 
adhesive bond is stable in water. 
The work of adhesion in dry and wet environment is at maximum when the ratio of the 
dispersive and polar contributions to the adhesive surface tension is equal to the ratio of 
the dispersive and polar contributions to the substrate surface tension. This can be seen 
by differentiating WA with respect to e.g. d

aγ  and equating to zero: 
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Further, from this the d

aγ  resulting in maximum WA is found to be: 
 

 
Thus, it is suggested that the large difference in adhesive bond strength achieved by 
substrate surface treatment 1 and 2 in [Paper 1] is also due to different degree of match of 
substrate and adhesive dγ , pγ  proportion i.e. highest bond strength is achieved for the 
best match (treatment 2). 2-propanole merely removes dirt, especially grease whereas 
soap both removes dirt and introduces less polar –OH groups on the oxidized titanium 
surface. The –OH groups are also generally easy to bond chemically. Following soap 
treatment with 2-propanole is a good way of removing H2O. 
With the same argumentation it is also suggested that treatment 2 before use of silane 
(treatment 4) enhance the match / non-covalent bond strength component of silane to 
substrate and thereby the overall bond strength of the adhesive to the substrate. The large 
effect of heat treatment is probably due to removal of H2O residues from the 
condensation reaction of trisilanol with surface –OH groups, see fig. 17 above. 
 

( ) ( )( )
)166(

22
d
aa

p
b

d
b

d
a

d
b

d
a

p
b

d
aa

d
b

d
a

d
a

d
aA

d
d

d
dW

γγ
γ

γγ
γ

γ
γγγγγ

γ
γ

−
−=

−+
=

( )

( )

)169(

)168(

)167(0

2

p
b

d
b

p
a

d
a

d
aa

p
b

d
a

d
b

d
b

d
a

d
aA

d
dW

γ
γ

γ
γ

γγ
γ

γγ
γ

γ
γ

=

−
=

=

c

c

( )

)172(
1

)171(1

)170(

b

ad
bp

b
d
b

a
d
b

p
b

d
b

ap
b

d
b

d
a

ap
b

d
b

p
b

d
bd

a

d
aap

b

d
bd

a

γ
γγ

γγ
γγ

γ
γ

γ
γ
γ

γ

γ
γ
γ

γ
γγ

γγ
γ
γγ

=
+

=
+

=

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−=

c

c



 113

Also in [Paper 1], a decrease in bond strength is observed for both the silicone (Q3-6611) 
and the epoxy (Epotek H77) upon exposure to water. That is, in both cases WA,W is 
negative (disregarding other bond strength mechanisms e.g. covalent bonding) and the 
substrate surface would rather have water present than adhesive. 
In both cases adhesion strength could probably have been enhanced by better substrate-
adhesive proportional match of dγ , pγ . However, in these experiments (dry/wet) no 
matches of this kind were attempted to improve adhesion. Most metals have a very polar 
oxide surface layer. Therefore, if bonding is purely by adsorption, it is likely that 
relatively much higher bond strength could have been achieved by chemically 
introducing polar groups to the adhesives chemistry. 
Covalent chemical bonding is generally preferred because it results in the strongest and 
most durable bonds. In case water is present chemical attack i.e. hydrolysis has to take 
place to degrade bond strength which takes longer time. 

3.3 Conformal coatings and surface tension 
According to [Papers 2, 4], the higher the surface tension the higher the driving force 
away from conformal coating. However, the model used in [Papers 2, 4] to explain how 
coatings distribute on surfaces (edges, corners) is very simple and should only be 
considered heuristic. It is viz. only valid on round edges / corners and when surface 
tension dominates gravity and hydrostatic pressure etc. Although microsystems are small 
and surface tension normally dominates over bulk properties like gravity and hydrostatic 
pressure it is an approximation considering coating shape to ignore these properties when 
surface tension is low. 
The shape of liquids on structured surfaces is more accurately described by the Young-
Laplace equation [17-19, 42-44]: 
 

 
where PΔ and ρΔ is the pressure and density drop respectively across the liquid – 
surrounding atmosphere interface, γ is the liquid surface tension, A is the liquid surface 
area, V is the liquid volume, gzρΔ  is the hydrostatic pressure at vertical liquid surface 
distance z from the liquid apex, g is the gravity, 1κ  and 2κ  are two principal 
(perpendicular) liquid suface curvatures at z with corresponding radii R1 and R2, 

21 κκ +=H  is the mean curvature. 
It is thus evident that the degree of conformity of coatings to structured surfaces is 
determined by the balance between the surface tensions, gravity forces etc. The liquid 
surface free energy AG γ= or A will be at the minimum corresponding to the situation of 
forces acting on the liquid, i.e. the liquid and substrates surface tension, gravity forces 
etc. From differential geometry the more free the liquid is the smaller A is and the less H 
will vary from place to place. 
It is also clear that from liquid shape analysis this equation can be used for surface 
tension determination e.g. by the pendant drop method cf. [Paper 16]. The mean 
curvature H is defined in the realm of differential geometry and can be determined for 
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any surface shape directly from the equation for the surface [44, 45] or by fitting 
procedures [43]. For the pendant drop in fig. 20 we have e.g.: 
 

 
where f is the function fitted to the contour of the drop at the apex. Note, that due to the 
rotational symmetry at the apex apexapexapexapexapexHH ,2,1,2,1 22 κκκκ ==+== , so that: 

21

22
RR

P γγ
==Δ , which of cause is the same equation as for a spherical drop with radius 

R1 = R2. 
 

 

3.4 The reflection coefficient R in SAM 
As pointed out in [Papers 7-9, 14, 19], [Posters 2, 3] the reflection coefficient 12R  for 
longitudinal sound waves traveling in a material 1 with acoustic impedance 1Z  in a 
direction perpendicular to an interface to a material 2 with acoustic impedance 2Z  is: 
 

Fig. 20: Sketch of pendant drop 
showing the parameters in 
equation (174). 
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Here vZ ρ= , where ρ  is the density of the materials and v  is the speed of sound in the 
materials. The indices denote the respective materials. Then the reflected amplitude with 
polarity at the interface between the two materials 1 and 2 is: 
 

 
In the literature there is some ambiguity as to whether 12R is really [46]: 
 

 
This is most probably due to the similar expression for transversal p-waves moving along 
a taut string which is [47]: 
 

 
where 1 and 2 denote two joined strings, μ/Tv =  is the speed of sound, 

v
v
v

v
TZ μμ

===
2

 is the acoustic impedance, T is the string tension, μ  is the taut string 

mass per unit length. Likewise contributing to the confusion is the similar expression for 
transversal light p-waves [47, 48]: 
 

 

where [ ]
n

Z 11
=≈Ω=

εε
μ  is the intrinsic impedance, μ  is the permeability, ε  is the 

permittivity, and n is the refractive index. 
 
Below it is shown that equation (175) is the correct reflection coefficient expression to 
use for longitudinal sound waves. 

3.4.1 Acoustics preliminaries 
First it is noted that there is an analogy between sound and electricity physical behavior 
in the sense that the fundamental parameters are governed by equations of the same type. 
The most fundamental equation from electricity is Ohms law IRU ⋅=  which for sound 
converts into vZp ⋅= where p is the sound pressure, i.e. p corresponds to U, Z to R and 
the particle velocity v to I, see more details in fig. 21 below. 
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Fig. 21: Connection of acoustic sizes [49]. 
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Secondly it is noted sound propagation is pressure (or density) propagation where the 
phase velocity is different from the particle velocity. The acoustic wave equation is: 
 

 
where ξ  is the particle displacement in the x direction, vp is the phase velocity and t the 
time. The solution to the equation is: 
 

 

where 0ξ  is the particle displacement amplitude, 
λ
π2

=k  is the wave number, λ  is the 

wavelength, and 
T

f ππω 22 ==  is the angular frequency. Note that pvff
k

=== λ
π

πλω
2

2 . 

The pressure can be written: 
 

 
where E is Young’s modulus. Using this, the force needed to compress an area A a 
distance xΔ  can be written: 
 

 
Alternatively this can be written (Newton 2nd law): 
 

 
where m is the mass of the moved material, and ρ is the materials density. Equating these 
two equations for F we can write the acoustic wave equation as: 
 

 
Comparison with the first mentioned acoustic wave equation (180) leads to: 
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This can be used to show that 
Z
pv = . We get from equation (181) and (182): 

 

 
The particle velocity is: 
 

 
Comparison of equation (187) and (188) gives: 

 

3.4.2 Derivation of R 
The reflection coefficient 12R can be derived by demanding energy conservation or wave 
amplitude and gradient continuity at the interface between the two materials. Below the 
former method is used. To do that the situation in fig. 22 is considered. From fig. 21 we 
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Fig. 22: Sound reflection and transmission at a material 
boundary. ip , Rp  and Tp denotes the incoming, reflected and 
transmitted pressure waves. T is the transmission coefficient. 
Note that TR =+1 . Note also that the fraction of energy 
transmitted across the boundary is 21 R−  and not 2T  as 

22 1 RT −≠ . 
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see that the sound intensity is pv . Energy conservation requires that the flux of energy 
towards the boundary equals the flux of energy away from the boundary. The average 
incoming energy at time t = 0 of one wave cycle / period of duration T corresponding to 

one wavelength 
k
πλ 2

=  is: 

 

 
Taking only the real part we get: 
 

 
Using the same calculation on

R
pv and

T
pv we get: 

 

 

3.5 The calculation of N in simulated SAM A-scans 
The formula in [Paper 7] for the number N of waves received by the SAM transducer at 
the same time by reflection at the same interfaces in different order is a modified version 
of the formula for the multinomial coefficients. In what follows the formula is not proved 
in a strict mathematical sense but justified inductively by: 
 
• Showing the derivation of the multinomial coefficients formula which can be found in 

standard textbooks on combinatorics [50]. 
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• Showing some of the uses of the formula for the multinomial coefficients in physics 
[51, 52, 53] including one which can be directly adopted in a limited number of 
reflection sequence permutation cases [53]. 

• Giving some examples on how the derived formula for N is used. 

3.5.1 Combinatorics preliminaries 
The well known binomial formula is: 
 

 
where the coefficients are called binomial coefficients. The binomial coefficients are the 
number of ways k elements can be combined from n elements. Fore more variables we 
get the less known multinomial formula:  
 

 
where the coefficients are called multinomial coefficients (M.C.). The M.C. is the 
number of ways n distinct elements can be partitioned / permuted into r unordered 
subsets, the ith set having ki elements where nkkk r =+++ ....21 . The M.C. are derived 

by realizing that first we can combine 1k elements taken from the n elements in ⎟⎟
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different ways, and so on. Hence by the product rule from combinatorics we can permute 
the n distinct elements among the r subsets in the following number of ways: 
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3.5.1.1 Physical uses of the multinomial coefficients 
The M.C. are used in many calculations in physics. Here three important examples from 
statistical physics are mentioned: 
 
Example 1: 
The number of atomic configurations in a binary alloy ),( BAΩ  consisting of N atoms of 
which NA are atom A and NB are atom B is [51]: 
 

 
From this it can be shown [51] that the entropy S is given by: 
 

 
where k is Boltzmann’s constant and T is the absolute temperature. 
 
Example 2: 
The number of ways the same total energy can be distributed among 6 identical but 
distinguishable particles on the energy levels in fig. 23 is according to Maxwell-

Boltzman statistics [52]: Left: 6
!1!5

!6
= , middle: 60

!1!2!3
!6

= , right: 180
!1!1!2!2

!6
= . 

 

 

Fig. 23: Three ways of distributing the same 
total energy between 6 identical but distin-
guishable particles. 
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Example 3: 
Combining two systems like those in example 2 we have from statistical thermodynamics 
that the number of states ),( baΩ  of the AB system in fig. 24 with molecules / particles 

ja  and jb , where the systems A and B are in thermal contact is [53]: 
 

 
where A and B are the total numbers of A and B molecules / particles and ia , kb  are the 
numbers of A and B molecules at energy levels i and k respectively. Note that the 
ensemble must satisfy: 
 

 

Fig. 24: AB system where A and B 
parts are in thermal contact. A and 
B are characterized by NA, VA, EAi, 
ai and NB, VB, EBi, bi, where N
denote the numbers of A or B, V
the volume of A or B parts, 

iAE and

iBE  the energies of the ith level for 
the A and B molecules / particles 
respectively, ia  and ib  the num-
bers of A and B molecules 
respectively at energy level i. 
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where ia  and ib  are the numbers of A and B molecules respectively at energy level i, 
iAE  

and 
iBE  the energies of the ith level for the A and B molecules / particles respectively and 

ε  is the total energy of the AB system. Note again that the possible number of states / 
permutations for the combined system is achieved by using the product rule from 
combinatorics i.e. it is the product of the possible number of states for the A and B 
systems separately.  

3.5.2 A few illustrating examples on calculating N  
Clearly equation (201) is very similar to the one found in [Paper 7], for N(M,V) = the 
number of waves received by the SAM transducer at the same time by reflection at the 
same interfaces in different order which is: 
 

 
where: 
 
k = number of reflections up 
mi  = number of an up reflecting impedance transition  
vj = number of a down reflecting impedance transition 
ai = number of elements in V ≥ mi, i∈{1, 2,…., k} 
pj = number of elements in M ≤ vj, j∈{1, 2,…., k-1} 
An = number of elements in M with value n 
Pn = number of elements in V with value n 
 
where M and V are the following orders of reflections up and down respectively: 
 

 
Using equation (201) on the up and down reflection sequence of sound, A is the number 
of up reflections in the sequence, ai is the number of up reflections on impedance 
transition i, B is the number of down reflections in the sequence, bi is the number of down 
reflections on impedance transition i. However equation (201) is not generally valid when 
calculating the number of possible ways reflections on a number of interfaces can be 
permuted. This is illustrated below. 
Given the up and down reflections can be separated by a horizontal line as in the example 
in fig. 25 equation (201) can be adopted directly to calculate the number N of ways 
(permutations) we can have the same reflections just in different order. Then A and B are 
the numbers of up and down reflections respectively and ia , ib  are the numbers of up and 
down reflections respectively on the ith interface. In the example we have: 
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The reflection permutations are illustrated in fig. 26 below. 

 
Using equation (205) we get: 
 
M = {5, 4, 3}, V = {2, 1}, k = 3, ai = pj = 0, An = Pn = 1 
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y1

y2

 
Fig. 25: Reflection sequence example where reflection on each interface 
only takes place once and where up / down reflections can be separated 
by a horizontal line (green). Angles are only for illustration. Actually the 
transducer – interface sound pulse path both up and down is much more 
vertical. 

51423

41523

51324

31524

41325

31425

52413

42513

52314

32514

42315

32415

xyxyx
xyxyx
xyxyx
xyxyx
xyxyx
xyxyx

xyxyx
xyxyx
xyxyx
xyxyx
xyxyx
xyxyx

51423

41523

51324

31524

41325

31425

52413

42513

52314

32514

42315

32415

xyxyx
xyxyx
xyxyx
xyxyx
xyxyx
xyxyx

xyxyx
xyxyx
xyxyx
xyxyx
xyxyx
xyxyx

 
Fig. 26: Illustration of the possible permutations of the reflections 
in fig. 25 above. x’s denote up reflections, y’s denote down 
reflections. There are 3 up reflections i.e. they can be permuted in 
3! = 6 different ways. There are 2 down reflections i.e. they can 
be permuted in 2! = 2 different ways. Combining the possible up / 
down reflections gives a total of 12 possible permutations. To the 
left the 6 permutations of the x’s are combined with the first 
permutation of the y’s, to the right with the second. 
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which also leads to: 
 

 
Fig. 27 is another reflection sequence case where up / down reflections can be separated 
by a horizontal line. However, unlike the previous example in this case some reflections 
take place at the same interfaces. Using equation (201) to calculate the total number N of 
possible similar permutations we get: 
 

 

 
 
Using equation (205) with: 
 
M = {5, 4, 4}, V = {1, 1}, k = 3, ai = pj = 0, A4 = 2, A5 = 1, P1 = 2        
 
we also get: 
 

 
 
In equation (201) there is no restriction on the relative energy levels of the ai, bi 
molecules / particles. However, in some cases when dealing with consecutive reflections 
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Interface 5  
Fig. 27: Illustration of reflection sequence where up / down reflections can be 
separated by a horizontal line (green) and where there is an interface on which 
there is more than one (two on interface 4) reflection of one of the types (up). 
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in SAM, the number of allowed up / down reflection permutations equal to (i.e. 
indistinguishable in SAM because the reflections are on same impedance interfaces) a 
given up / down reflection sequence is reduced as compared to equation (201) in 
accordance to what orders of reflections are actually physically possible, which is 
determined by the relative positions of the reflecting impedance interfaces. That is, when 
a wave is reflected up at some impedance interface it can not be combined / followed by 
a reflection down at the same interface or some deeper down interface and vice versa. 
The needed modification of equation (201) is what is accounted for in the numerator of 
equation (205). Fig. 28 illustrates such a case in which equation (201) is not valid and 
where equation (205) has to be used. Here up / down reflections can not be separated by a 
horizontal line and there is no equal reflections (up/down) on the same interfaces. Note, 
that on two interfaces (2 and 3 marked with red and green circles) we have both up and 
down reflections. Using the equation (201) we get the wrong result: 
 

 
 

 
 
Using equation (205) with: 
 
M = {5, 4, 3, 2}, V = {3, 2, 1}, k = 4, a4 = 2, a3 = 1, a2 = 0, a1 = 0, p1 = 2, p2 = 1, p3 = 0 
An=1, Pn = 1 
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Fig. 28: Example of a reflection sequence where up / down 
reflections can not be separated by a horizontal line. Further it is an 
example where there no more than one up or down reflection on each 
involved interface / impedance transition. However, there are two 
interfaces (interfaces 2 and 3 marked with red and green circles 
respectively) on which both up and down reflections are observed. 
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we get the correct result which can be confirmed by sketching all possibilities: 
 

 
The “-2” in the first bracket originates from the fact that up reflection 21 can not be 
followed by down reflections 24 and 35 for up reflections on interfaces 4 and 5 when the 
reflection order is permuted. Likewise in the second bracket the second ”-1” comes from 
the fact that up reflection 32 can not be followed by down reflection 35 for up reflection 
on interface 5 when permuting the reflection order, and so on in the expression (211) 
above. The equation has also been confirmed by sketching the reflection sequences in 
cases resulting in much higher ( )VMN ,  numbers. It has not yet been possible to find 
reflection sequence cases where ( )VMN ,  is not valid. 

3.6 Acoustic impedance determination 
As mentioned in [Papers 8, 9, 11, 14, 19], [Posters 3, 4] SAM can be used to characterize 
the interior uniformity of materials concerning acoustic impedance and strain. That is, 
with reference to fig. 29 the interior acoustic impedance xZ can be  

 
determined from C-scan grey tone values g in two ways. Here the equations are derived: 
 
Case 1:  
The acoustic impedance 1Z  of the top material is unknown. Two reference acoustic 
impedances aZ  and bZ  are known. Then the calculation of the unknown xZ  is based on 
the approximation that 12R  and therefore g varies linearly with 2Z , i.e. that: 
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Fig. 29: Illustration of acoustic impedances used in equations (219) and (225) to find 
unknown acoustic impedance xZ . 

( ) )212(22 kZZg += α
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where α  is the slope of the line and k is a constant. Looking at fig. 30 where ( )212 ZR  or 
just ( )2ZR  is plotted for some typical microsystem packaging material 1Z  values the 
approximation seem to be very good especially for high 1Z  values compared to the 2Z  
values. The chosen values of 1Z  and 2Z  in fig. 30 correspond well to adhesives  

 
(polymers) under a number of different materials (plastics to glasses) with higher acoustic 
impedance. The actual linear approximation can be derived from the Taylor series of 

( )212 ZR  at 0
2Z  to the first order which is: 

 

 
Proceeding from equation (212) to find xZ  we have: 

Fig. 30: ( )2ZR  for some typical microsystem packaging values of 1Z  and 2Z . Here the 
values correspond well to adhesives (polymers) under a number of different materials 
(plastics to glasses) with higher acoustic impedance. The curve for 151 =Z  MRayl is 
approximated (red line) with equation (213) in the neighborhood of 30

2 =Z  MRayl 
corresponding to adhesive under glass. 
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To find k we can use that: 
 

 
Inserting this in equation (214) above we get: 
 

 
Again inserting in equation (214) we get the expression for xZ : 
 

 
Case 2: 
The acoustic impedance 1Z  of the top material is known. Only one reference acoustic 
impedance aZ  is known. Then the calculation of the unknown xZ  is based on the linear 
dependence of g on 12R  i.e.: 
 

 
Then we have: 
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Then from the known aZ  we can find α : 
 

 
This leads to: 
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4 Conclusions and outlook 
In this thesis focus has been on the performed work in relation to how the adhesion of 
protective polymer adhesives and encapsulations can be characterized theoretically and 
practically and optimized regarding intrinsic properties, the surroundings and their 
interaction. The main conclusion is that the interaction makes a system design approach 
to development of reliable microsystem packaging mandatory. 
 
For the two specific adhesion reliability areas studied the following can be concluded: 
 
Polymers, metal / ceramic -polymer composites 
In-diffusion of water to corrosional critical areas in microsystems should be considered 
the most important single factor influencing microsystem reliability. Polymer adhesive 
and coating bond strength and mechanical properties depend a lot on the humidity 
exposure no matter the polymer type. Further water may lead to corrosion etc. 
Therefore, with water present it is of utmost importance to evaluate what reliability / life 
time can be expected for each polymer. This involves carefully determining polymer 
water diffusivities D, solubilities C or S (equilibrium water uptake), and means of 
reducing the exposure of or transport through the adhesive / coating and other 
microsytem elements. 
It is possible by mathematical modeling to find a general expression for the water 
concentration distribution inside e.g. 5 cm · 5 cm · 0.1 cm polymer slabs as a function of 
time no matter the initial distribution. Considering the mass of water uptake at different 
times tM  until equilibrium ∞M  by water immersion / 100 % RH exposure it is then 

possible to determine diffusivities by fitting experimental 
∞M

Mt  data to the corresponding 

analytical expression. Thus, diffusivities have been satisfactorily determined in the 
specific case where, after drying periods, zero initial water concentration throughout the 
slabs has been assumed. Using a found diffusivity and solubility for an epoxy (Epotek 
U300-1) the mathematical expression for the concentration distribution (equation (77), 
chapter 3) has been confirmed by direct simulation on the non-steady state diffusion 
equation. 
In these calculations D has been assumed constant i.e. water concentration independent. 
However, it is to be expected that due to water – water interactions, strain increase etc. as 
the concentration increase D will decrease. D (constant) can be determined by fitting of 

all, early or late 
∞M

Mt  data to the theoretical expression valid at all times. Because of the 

concentration dependence some discrepancy in the found D’s are to be expected. In the 

early stages of in-diffusion a simple mathematical expression for 
∞M

Mt  can be found from 

the semi-infinite diffusion model. From this D can also be found by fitting of 
corresponding experimental data. A reasonable early stage in-diffusion limit of less than 
5 % “overlap” of water in-diffused from the two large slab surfaces is found to 
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correspond to 48.0<
∞M

M t . D can be determined from late 
∞M

Mt  data by fitting to a late 

time limit of the mathematical expression valid at all times. 
  
In case adhesive or coating delamination and stress are no problems corrosion is often the 
most serious problem. In this case the most important parameters from which the life 
time can be evaluated are the water flux and solubility. Concerning water flux it may be 
important for some applications to consider when the steady state diffusion which 
depends on the diffusivity and barrier thickness sets in. This is because the adhesives and 
coatings are very thin in microsystems and it can be shown that at steady state the flux is 
high. Note that high water flux also leads to faster adhesive / coating bond deterioration 
by e.g. hydrolysis. A number of simple equations have been found from which it is 
possible to judge when steady state diffusion sets in. For adhesives and coatings barriers 
are often at least 100 µm thick. This means that for point of care microsystems the non-
steady state calculations are the most relevant. For other applications with barrier 
thicknesses of the same order which should last for years, steady state diffusion 
calculations apply. Considering a certain corrosion failure mechanism it has been shown 
for a specific water differential pressure sensor with mm thick barrier (Epotek U300-1 
epoxy) to an Al bond pad that a life time of 6.5 to 19.5 years are to be expected at RT. 
However, it has also been demonstrated that this life time can be reduced more than two 
orders of magnitude at elevated temperatures. Practical mass spectrometer water flux 
studies on similar test samples show as expected a lower water flux for epoxy (Epotek 
H77) than for silicone (DC Q3-6611) with varying temperature. In both cases the flux 
temperature dependence follows an Arrhenius behavior as also expected. From the 
Arrhenius plots, assuming that nothing but the water diffusivity change when the 
temperature is changed, it is possible to determine the steady state activation energies for 
water diffusion. For the silicone DC Q3-661 and the epoxy Epotek H77 they have been 
found to be 0.4 eV and 0.8 eV respectively. The activation energy 0.8 eV for water 
diffusion in Epotek H77 is quite high compared with other polymers. Part of the 
explanation is probably that this adhesive is highly filled with ceramic Al2O3 particles the 
main purpose of which is to lower the CTE to minimize thermal stresses upon heat cure. 
The less water penetrable particles also delay the polymer in-diffusion by making the 
diffusion path longer. However, some fluoro polymers exhibit significantly higher 
activation energies (2 eV) for water diffusion. It should also be mentioned that in these 
measurements diffusion in the bulk and along the interfaces were not separated. It was 
planned but never carried out to do that by measurements on adhesive joints with 
different thicknesses which keep the interface areas constant while more or less adhesive 
bulk material is exposed. By linear extrapolation of the leak dependency on adhesive 
thickness to zero thickness it should be possible to find the diffusivity along the interfaces 
which might be significantly different from that in the bulk adhesive. Furthermore, as the 
adhesive / bond begins to deteriorate because of the water presence / flux the diffusivity 
along the interfaces might also change differently from the way in the bulk adhesive. 
Epoxies are usually harder than silicones and except for the offset influence due to the 
consequent thermal stress coupling upon heat cure, Epotek H77 was the only adhesive 
considered performing well enough, but only for a limited temperature range concerning 
water tightness. 
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Since polymers are attractive to use in microsystems for many reasons but have the 
drawback of high water diffusivities a number of ways has been identified to reduce or 
delay the amount of water that arrives at critical places. They are all based on delay / 
diversion by introduction of phase barriers and moisture traps. For instance soft coatings 
are often attractive because they do not introduce high stresses. However, their water 
diffusivities are often high due to open structure etc. In that case it has been demonstrated 
that this problem can be reduced by applying a thin delay layer of a less water penetrable 
polymer (10 µm Parylene C on top of Macromelt). The most effective diversion phase 
barrier is air. The idea of using structured polymer surfaces for water capture and 
diversion by capillary condensation and subsequent diffusion is new. For e.g. square 
(bottom and side walls) cavities the most effective capture geometries are those with low 
concave edge angleα and wetting angleθ . Largest amounts are captured at RH very 
close to 100 %. 
 
Stress which is strongly dependent on water in-diffusion is a very important factor 
influencing microsystem reliability. Thus, it may lead to adhesive / coating delamination, 
unstable offsets, accelerated corrosion etc. It can be minimized by controlling the water 
content in the polymers, use of e.g. DSC, DOE and polymers with the glass transition 
temperature Tg outside the application temperature interval. 
Due to mechanical changes at Tg it is generally recommended to choose adhesives with 
Tg outside the application temperature interval. If silicone is chosen it will typically be 
best if Tg is below the application temperature interval. Though, in this case it is not 
critical that Tg is below the application temperature interval because the adhesive is soft 
and is not changing much regarding this property on passage of Tg. If an epoxy is chosen 
it may be important that Tg is high enough that it is never passed in the application. 
Otherwise it might soften significantly, loose strength and / or bonding and significant 
stress coupling changes may be observed. If the adhesive is not getting too soft on 
heating above Tg, it may sometimes be observed that the passage results in higher bond 
strength. This is due to the fact that thermal stress disappears completely or partly when 
the adhesive soften and / or the temperature approach the cure temperature. 
 
Surface and adhesive / coating preparation can enhance bond strength and lifetime of the 
bonds between them significantly. The positive effect of surface preparation has been 
demonstrated clearly by titanium surface cleaning and priming experiments using the 
silicone DC Q3-6611. There is around 400 % difference in bond strength between the 
best and worst cleaning / priming procedure. For the best procedure the bond strength 
exceeds the adhesive cohesive strength of about 4 N/mm2. 
The strongest and most durable bonds are of the covalent chemical type. However, Van 
der Wall’s adsorption bonds are also strong and durable. 
From the thermodynamic adhesion theory it can be shown that the work of adhesion 
(bond strength) in dry and wet environment is at maximum when the ratio of the 
dispersive and polar contributions to the adhesive surface tension is equal to the ratio of 
the dispersive and polar contributions to the substrate surface tension. Also, from the 
adsorption theory it is clear that a large substrate to adhesive / coating surface tension 
ratio is an indication that good adhesion can be achieved because this ensures good 
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surface wetting / contact. The above mentioned surface preparation experiments seem to 
confirm both these results from the adsorption theory. 
 
Using polymers for microsystem protection by coating, it has been shown and explained 
theoretically that how well the coat surface follow the topology of the microsystem and 
therefore how thin the coat can be, largely depend on the uncured polymer surface 
tension. Besides being important for proper microsystem protection, the conformity also 
ensures good adhesion on structured surfaces by the inherent better mechanical grip. 
Surface tension turns out to be a driving force away from conformal coating i.e. the 
polymer surface tension should preferably be as low as possible. However, it can also be 
too low and / or the microsystem is too big since the degree of conformity of coatings to 
structured surfaces can be shown to be determined by the balance between the surface 
tensions and gravity forces etc. 
On a surface the liquid surface free energy G or area A will be at the minimum 
corresponding to the situation of forces acting on the liquid. The liquid will move away 
from convex corners and edges to concave corners and edges. The freer the liquid is the 
smaller A is and the less the mean curvature H will vary from place to place. This 
behavior has proven very useful in the precise control of adhesive distribution in 
microsystem assembly. 
Conformal layers of polymer coatings containing metal flakes can by applied on 
microsystems and effectively protect them against EMI. 
 
Failure analysis 
Special equipment and analysis methods are needed for studying microsystem materials 
reliability. 
To judge the reliability of microsystems incorporating polymer water barriers it is as 
stated above important to find the water diffusion constants by carefully solving the 
diffusion equation corresponding to adequate test samples. It is further possible to make 
mass spectrometer leak rate measurements to see how much water actually penetrates to 
critical areas in situations close to the reality. 
SAM is a powerful non-destructive materials characterization and failure analysis tool for 
microsystems. The feasible determination in SAM of the sound pulse reflection 
coefficient R, the number N of equal sound pulse reflection sequences in theoretical A-
scan amplitudes and the acoustic impedances Z, is of high importance in analyzing 
adhesion of adhesives and coatings. 
The amplitude sign in A-scans is determined by the sign of R at bond interfaces and 
directly reveals adhesive / coating bond integrity to substrates. 
In case there are many thin (say below 50 µm) layers interpretation of the A-scans gets 
complicated by overlapping amplitudes of different phases and it may be difficult to 
detect adhesive / coating delamination. The calculation of N may facilitate the 
interpretation of the A-scans in such cases. 
In both these cases it is of cause of paramount importance to use the expression for R 
which has been demonstrated to be correct. 
Determination of Z for the adhesive / coating may reveal if the material is fully cured or 
uniformly distributed which are a prerequisites for optimal adhesion. It may also reveal 
stresses which may lead to bond failure. 
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Based on the thesis the outlook for the subject is: 
 
Outlook 
Looking ahead with the appearance of continued miniaturization to NEMS sensors scales 
are reduced from 1-100 µm to 1-100 nm making packaging issues like system design and 
the kind of analyses reported in this thesis and new to come even more crucial for their 
reliability. The delay of scientific attention seems not to be repeated for this next 
generation of sensors where packaging is already having a scientific reputation. 
In the years to come some of the most important packaging activities will be in the areas 
of Wafer Level Packaging (WLP), System In Package (SIP), lead free electrical 
interconnect, optical interconnection, and nano-packaging. 
In the future polymer adhesives and coating materials as assembly and protective barrier 
materials are expected to play a less important role in nano-packaging close to e.g. nano-
sensing elements due to the lack of sufficient tightness. Metals are probably going to be 
used here instead. They can be applied very accurately by vacuum techniques like PVD 
or FIB’s. However, it is anticipated that polymer adhesives and coating materials as 
assembly and protective barrier materials will still be widely used due to the necessary 
nano-micro integration, perhaps even more than now. 
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Summary.  Materials and methods for low cost minimum volume protective encapsulation of mi-
crosystems have been investigated. Focus has been on a 3D conformal multilayer coating of sili-
con microphones. Materials with different properties, e.g. insulating and conductive, can be ap-
plied and combined as multilayers around the sharp edges of single crystalline silicon giving a
protection which can not be matched by a single material. A 50 µm thick insulating layer with vol-
ume resistivity above 1016 Ωcm with a 150 µm thick conductive layer on top is reported to have an
EMI damping higher than 55 dB in the 50 MHz to 1 GHz frequency range.

Keywords: protection, encapsulation, coating, conformal, electromagnetic interference (EMI)

Introduction
Protective encapsulation is often the final step in
microsystems manufacturing. The encapsulation
makes up most of the volume and much of the price.
Therefore, in order to avoid that small and cheap
components are getting bulky and expensive, there is
a broad interest in materials and processes making it
possible to make encapsulations, which are so thin
(< 0.25 mm) that they can be termed coatings.

Many microsystems e.g. sensors are fragile and
exposed to chemically, physically and electromag-
netically hostile environments. Reducing the amount
of encapsulation material makes the right choice of
materials and methods even more crucial for the life-
time, performance, and cost of the system. In many
cases traditional encapsulation materials like glass-
filled epoxies and injection / transfer-moulding tech-
niques can not be used due to the implied high pres-
sures and temperatures.

The motivation for this work has been to protect a
fragile 3x3x2 mm3 silicon microphone three dimen-
sionally with a low cost minimum volume coating.
Related work has been going on the last 25 years,
mainly with focus on how to protect components and
conductors on PCB's and in recent years the silicon in
microsystems [1-3] in two dimensions with coatings.

Demands
The demands are high for the microphone coating and
can be expressed by the following characteristics:

• EMI E-field shielding (> 50 dB)
• Electrical insulation (> 1012 Ωcm)
• Pinhole free
• Applicability below total thickness of 0.2 mm
• Materials compatibility
• Chemical / physical durability

Developed coating concept and critical issue
EMI shielding can only be accomplished with con-
ductive materials. Therefore, the first two demands
implies a 2-layered coating, the top layer being con-
ductive and the bottom layer insulating to avoid short
circuiting (Fig. 1). In this way materials compatibility

becomes a critical issue since materials with very
different properties e.g. Thermal Coefficient of Ex-
pansion (TCE) may be combined. The required thick-
nesses and the fragility of the microphone make it
critical to achieve pinhole free conformal coverage
around the sharp edges on single crystalline silicon
edges with gentle techniques.

Results
Selected materials have been tested regarding appli-
cability, volume resistivity, tightness, thickness, con-
formity, and E-field EMI shielding, to identify the
best (Table 1, 2).

Choice of materials
The investigated materials are low viscosity and low
surface tension polymers, metal filled polymers and
plating solutions.

Fig. 1: Coating concept used for the microphone.
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Table 1: Measured first layer materials properties.

Layer
configuration

Volume
resistivity

(1016 Ωcm)

Tight Conformity
(Thickness

variation / %)
Teflon® AF

1600
Yes 70

Loctite 394 4 ± 2 Not at corners
and edges

TSR 144 6 ± 5 No

Table 2: Measured damping of different layer con-
figurations.

Layer
combination

Thickness
(µm)

E-field damping
50 MHz - 1GHz

(dB)
Cho-Shield 2052
Teflon® AF 1600

150
50

55

Leitsilber 200
Cho-Shield 2052
Teflon® AF 1600

98
23
80

Total: 70 - 90

Leitsilber 200
Teflon® AF 1600

36-83
50-65

40 - 55
Two samples

same damping
within 5

Leitsilber 200
Teflon® AF 1600

Leitsilber 200
Teflon® AF 1600

30-54
60-66

68-104
46-65

Total: 45 - 70
Three samples
same damping

within 15
Copper

Leitsilber 200
Teflon® AF 1600

11
63
50

Total: 55 - 65

Copper
Leitsilber 200

Teflon® AF 1600
Copper

Leitsilber 200
Teflon® AF 1600

9
29
62
8

86
52

Total: 45 - 55

One successful combination of materials is 2 wt.%
Teflon® AF 1600 from DuPont dissolved in Fluorin-
ert™ FC 75 from 3M as bottom layer and on top of
that Cho-Shield 2052 from Chomerics. Teflon® AF
1600 is an amorphous copolymer of 4,5-difluoro-2,2-
bis(trifluoromethyl)-1,3-dioxole and PTFE. The sol-
vent is perfluoro 2-butyltetrahydrofurane. This mate-
rial was chosen primarily due to its very low surface
tension which makes it possible to wet the sharp sin-
gle crystalline silicon edges. Cho-Shield 2052 is a one
component acrylic polymer filled with silver plated
copper flakes of max. 40 µm diameter. This material
was chosen because of its claimed low electrical re-
sistivity (25-50 Ω/� at 2 mils thickness) and good
EMI shielding properties (75 dB in the 20 MHz to 2
GHz frequency range) together with its ease of appli-
cation.

Other investigated materials have been TSR 144
from TOSHIBA and Loctite 394 from LOCTITE for

the first layer and plated / not plated Leitsilber 200
from Degussa-Hüls, ORMECON L5000 from Orme-
con Chemie and ConQuest XP 1000 from DSM. TSR
144 is a silicone and Loctite 394 is an acrylate / ure-
thane mixture. Leitsilber 200 consists of small silver
particles in a mixture containing acetone and ethoxy
propanole. After application acetone and ethoxy pro-
panole evaporates leaving a surface with exposed
silver particles. The surface is then easily plated gal-
vanically. This has been done with Cu in saturated
CuSO4 solution. The resistivity of Leitsilber 200 is
sufficiently low (0.02-0.04 Ω/�) for the material to be
used as EMI-shield without a plated layer on top. This
has not been the case for the intrinsically conductive
polymers ORMECON L5000 and ConQuest XP 1000,
which are polyaniline and polypyrrole based respec-
tively. These materials were therefore not investigated
further.

Choice of processes
All investigated materials can be applied gently by
either dipping or spraying and are processed at room
temperature. Advantages and disadvantages of these
application techniques have been identified to be:

Dipping
☺ Simple process
L Only low viscosity materials can be used
L Only very low surface tension materials can be

used

Spraying
☺ Controlled amount of applied material
☺ Some poorly wetting (high surface tension) mate-

rials can be applied
L Only low viscosity materials can be applied
L Shadowing

Teflon® AF 1600 can be applied either by dipping
or by spraying. In these investigations it was applied
by dipping. Cho-Shield 2052 and Leitsilber 200 can
only be applied uniformly on Teflon® AF 1600 by
spraying.

Volume resistivity
The insulating properties of first layer coatings have
been determined by standard film resistivity meas-
urements in a Keithley 6105 resistivity adapter. Vol-
ume resistivities exceeding 1016 Ωcm has been meas-
ured (Table 1).
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Tightness
Pinholes in the insulating layer have been detected by
using coated silicon chips (1 cm x 1 cm x 0.5 mm)
with a conductor attached with conductive glue, by
measuring the resistance through the layer using as
contact media either a drop of DI water placed on the
surface or a glass of DI water in which most of the
chip was dipped. Typical values have been 106-1010 Ω
if the coating was not pinhole free. Values above
1012 Ω indicate a pinhole free coating.

Thickness and conformity
In order to determine the conformity and thickness of
the coatings microphone demonstrators were moulded
in epoxy and cross sections made for microscopy
inspection (Fig. 2).

For the found successful materials combination
the total coating thickness is close to 0.2 mm on sili-
con and the coverage is complete with less than 70%
thickness variation.

EMI shielding
The shielding properties were determined on coated
antennas of the same size as the microphone accord-
ing to the Nordtest standard NT ELEC 030 developed
at DELTA. The EMI E-field shielding of a 150 µm
Cho-Shield 2052 layer on top of 50 µm Teflon® AF
1600 is above 55 dB in the frequency range 50 MHz
to 1 GHz (Table 2 and Fig. 3).

The damping of other layer combinations have
been investigated (Table 2), and recent measurements
show that 70 dB - 90 dB damping is possible by ap-
plying one layer of Leitsilber 200 on top of the Tef-
lon® AF + Cho-Shield 2052 layers.

Discussion
The volume resistivity of Teflon® AF 1600 has not
been determined, but it is expected to be of the same
order as that for PTFE, ρPTFE > 1018 Ωcm because of
the chemical  resemblance.

Complete coverage of single crystalline silicon
sharp edges with the first layer has been the most
critical problem to solve. The reason is that the coat-
ing material tends to minimise its surface free energy
by reducing the surface area to a minimum [4]. At an
edge, following the surface contour one unit of length
u perpendicular and along the edge changes the coat-
ing surface area relatively to the flat regions by
(± t/R)u2, where t is the coating thickness and R the
substrate radius of curvature (Fig. 4). Plus (+) is for
convex and minus (-) for concave surfaces.

R

R

u u
t

(1 + t/R)u

R + t θ

u

Substrate

Coating

Fig. 4: Geometrical argument for coating surface area
per unit substrate length u perpendicular and along a
convex edge. The area projected from substrate to
coating surface is u2 in flat regions and u2(R + t)θ =
u2(R + t)/R = (1 + t/R)u2 on the curved edge. The area
difference is (t/R)u2.

On spherical surfaces (corners) the corresponding
area difference is: Au((R ± t)2θ - R2θ) =  Au(R2 + t2 ±
2tR - R2)/R2 = Au(± 2t/R + (t/R)2), where Au is a unit
area. Therefore at corners and edges, changing its
thickness by not following the surface contour in
three and two dimensions respectively, the coating
can save surface free energy. The coating will be thin
(fig. 2) in convex regions, which may result in uncov-
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Fig. 3: EMI damping measurement.
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ered areas, and thick in concave regions. That is,
material will move to concave regions if possible
making the coating thick here. Around the inlet in
Fig. 2 the coating thickness is therefore >500 µm and
another design and optimised application by spraying
instead of dipping have to be considered. Using coat-
ings with very low surface tension minimises the
energy, which can be saved in these regions and there-
fore the layer is more conformal. Even with Teflon®

AF 1600 at least 5 separate dips were necessary to
achieve a complete coverage. Note that the tightness
is probably worse than determined here since the
contact to silicon through pinholes is dependent on
how well the water wets the polymer. This effect
might make especially the Teflon® AF 1600 coating
coverage seem much more complete than it really is
due to its very low critical surface tension
γc(Teflon AF 1600) = 15,7 mN/m, which is even lower than
that for pure PTFE, γc(PTFE) = 18 mN/m.

Due to the general first layer covering difficulties
more complicated and expensive vacuum techniques
for deposition of polymers have also been considered.
Parylene which is poly(chloro-p-xylylene) is the
material which would probably be the best to satisfy
the demands [2]. Here monomers of the material
condense at the surfaces at low pressure and
polymerisation follows. This implies that sharp edges,
bond wires etc. can be covered more conformable.

Because of the low critical surface tension of
Teflon® AF 1600 difficulties were encountered when
attempts were made to coat the Teflon® AF 1600
layer with Cho-Shield 2052 or Leitsilber 200 by
dipping or spraying. Though, a uniform coverage can
be achieved by spraying because the speed of
application can be adjusted for the droplets to cure /
dry sufficiently fast upon impact. In this way the
retraction of the material because of poor wetting is
avoided. The low surface tension of Teflon® AF 1600
is an advantage in case there are still pinholes, since it
may prevent the conducting polymer to get in
electrical contact with the silicon.

Repetitions of the layer structure, insulator -
conductor, have been investigated because the most
effective E-field damping takes place at the interface
between these layers by reflection. Due to the
achieved layer thickness variations the E-field
damping efficiency of different layer combinations
can not be compared directly. Plated layers were
investigated because they have a denser and therefore
more tight distribution of conductive crystallites.
Galvanic Cu layers were used to explore the effect of
a plated layer in an easy way. Electroless plated Ni is
preferred since the resulting layer is amorphous and
therefore more tight and chemically durable. Besides
it is both conductive and ferromagnetic, which means
that H-fields are also damped. The drawback for
electroless Ni is the instability of the plating solutions.

There has been focused on the initial 5 demands
but Teflon® AF 1600 is also a material with very high
chemical / physical durability. The chemical inertness

and bad adherence of fluorocarbons is due to the
strong F bond to the carbon backbone: C-F:
427 KJ/mol. For comparison other similar bond
strengths are C-H: 414 KJ/mol, C-C: 335 KJ/mol,
C-Cl: 322 KJ/mol. The polymer part of Cho-Shield
2052 however, is an acrylate, which might hydrolyse
critically if exposed to a high humidity level for a
prolonged period.

Adhesion has not been considered a problem since
the coatings are held in place by the 3D structure of
the microphone. If necessary perfluorosilanes like
1H,1H,2H,2H-perfluorodecyltriethoxysilane can e.g.
be used to enhance the adhesion of Teflon® AF 1600
to silicon.

The materials and methods can easily be used in
production. Commercial production equipment for
dipping and spraying application exists. Teflon® AF
1600 is the most expensive material investigated, but
with a loss of 50% in production the cost per micro-
phone is still below 0.15 €.

Conclusion
Production friendly new materials and methods of
applying and combining them have been found for 3D
low cost and minimum volume encapsulation of a
silicon microphone. The materials and methods com-
ply with the demands and related critical issues.

Generally the concept applies where minimum
volume protection against chemical attack, physical
attack, fluid penetration and EMI is needed [5]. The
choice of materials and methods of application de-
pend on object of encapsulation.
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Summary. This paper presents results on the first silicon microphones that are completely batch-
packaged and integrated with signal conditioning circuitry in a chip stack. The chip stack is
designed to be directly mountable into a system, such as a hearing instrument, without further
single-chip handling or wire bonding. The devices are fully encapsulated and provided with a
well-determined interface to the environment. The integrated microphones operate at a bias of
1.5 V and are expected to reach a sensitivity of 5 mV/Pa, an equivalent input noise of 24 dBA SPL,
and a power consumption of about 50 µW in the near future, thereby living up to the tight
specifications of microphones for hearing instruments. Other potential applications include mobile
phones, headsets, and wearable computers, in which space is constrained.

Keywords: microphone, acoustic transducers, stacking, packaging

Introduction

Silicon microphones have a large potential to be the
next high-volume MEMS application as mentioned
by several key players in industry. However, high-
quality microphones are delicate mechanical
systems and their fabrication requires accurate
control of mechanical parameters and a good
encapsulation.

Many excellent designs have been presented
[1-4]. Recently, specifications have been reached in
terms of technical performance [5, 6]. The
important issue now is to develop an applicable,
robust, compact and economic packaging concept.

Silicon microphone stacking concept

The concept for a stacked silicon microphone has
been one of the two focal points of the European
ESPRIT-funded project HISTACK [7]. It is based
on connecting a transducer chip to an integrated
circuit chip by direct wafer-to-wafer and chip-to-
wafer bonding, forming a batch-packaged,
completely encapsulated smart transducer (Fig. 1).
The concept allows also for combining different
optimized technologies for transducer and circuit,
improving the cost/performance ratio further. The
individual technologies for stacking, including
feedthroughs and bonding, have been published a.o.

Fig. 1: Stacking concept for a batch-packaged silicon microphone.
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at Eurosensors XIII [8]. In this paper we present the
first stacked microphones.

Transducer performance

The transducer part applies capacitive readout with
an external bias of 1.5 V. The membrane stress has
been reduced to 50 MPa by using stress-
compensated multilayers of silicon nitride and
polysilicon, resulting in a sensitivity of typically
4 mV/Pa without amplification and an equivalent
input noise of 24 dBA SPL. The air gap, membrane,
and backplate are dimensioned as described earlier
[5] with a highly perforated backplate to reduce
squeeze-film damping and with ventilation holes in
the membrane.
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Fig. 2: Measured sensitivity and noise spectra.

All measurements are done on wafer level using
an artificial mouth and a characterized and modeled
buffer amplifier. The back volume is infinite for
these measurements. Typical sensitivity and noise
spectra using this setup are shown in Fig. 2. Besides
a 50 Hz peak and ripples in the high frequency
range due to reflections in the artificial mouth, the
frequency response is flat, as expected.

Table 1 lists the sensitivity and equivalent input
noise including the buffer amplifier. Figs. 3 and 4
show pictures of the transducer element.

Table 1: Sensitivity and noise measured on wafer
level before stacking.

Membrane
Size (mm2)

Sensitivity
(mV/Pa)

Eq. Input noise
(dBA SPL)

1.00 1.03 32.0
2.25 2.62 27.0
4.00 5.07 24.5

Fig. 3: Scanning electron micrograph of the
microphone transducer element (backplate and
membrane with contact pads). The four dark
squares in the corners are areas with larger
openings in the backplate (close-up in Fig. 4).

Fig. 4: Scanning electron micrograph of a
ventilation hole in the membrane, exposed in a
larger opening in the perforated backplate.

Stacking process flow and its influence on
the transducer performance

The characterized transducer wafers have been
bonded to backchamber wafers by thin-film anodic
bonding (level 1) [9]. All stacked substrates are
silicon substrates in order to minimize the thermally
induced stresses. The anodic bonding does not
affect the microphone performance. However, half
of the bonding trials have failed, probably due to
the surfaces being contaminated from processing
and measuring of the wafers. Alternatively,
backchambers can be attached at a later stage by
gluing.
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Fig. 5: Microphone wafer with solder bump bonded
interconnect dies on top and without a backchamber
wafer. The microphone membranes are transparent
and the seal ring is visible. The interconnect dies
contain the sound inlet and two openings for
feedtroughs. The terminals are visible on the top
surface of the interconnect dies.

In the next step, interconnect dies are bonded to
the transducer side by fluxless chip-to-wafer solder
bump bonding (level 2) with an implemented seal
ring [8] (Fig. 5). The bonding sequence includes
prebonding with a moderate force and heating to
form the solder joint. The heating procedure can be
applied several times without degradation.
Measurements after this step did not indicate any
degradation to the microphone performance. About
60 % of all dies were bonded successfully in the lab
experiment. Also the insulation resistance and
conductivity of feedthrough lines were sufficiently
high at lab conditions. The stability during
temperature and humidity cycling has still to be
tested.

After level-2 bonding, the stacked wafers are
diced from the front side, covering the openings of
the interconnect dies by a compliant UV-sensitive
blue tape. Wafers without backchambers have been
diced similarly with another blue-tape film on the
backside with no visible effect on the mechanical
structure of the microphones. However, the
characterization revealed that the seal ring was only
partly bonded for a large number of dies. Water that
entered through the seal ring during dicing caused
the microphones to collapse and contaminated the
surface with dicing particles. Underfiller has been
successfully used to fill the gaps in the seal ring and
keep water and particles outside.

In the next step, ASIC dies are flip-chip
mounted onto the stack using conductive adhesive
on gold studs and underfiller for sealing and
mechanical strength. Two types of circuits have
been designed and characterized, one with a buffer

amplifier and one with a Σ/∆ converter for a digital
microphone.

Fig. 6: Silicon microphone assembly before the
final polymer coating. Flex-print and sound inlet
are flip-chip mounted onto the stack.

After separation of the stacked dies, a flexprint
connector and a snout are flip-chip mounted onto
the stack (Fig. 6) before encapsulation by spray
coating with a conductive polymer for
electromagnetic shielding and mechanical
protection.

Due to the difficulty of handling devices with
larger membranes (and thin frames), stacks have
only been made using transducers with 1x1 mm2

membranes, which do not yet live up to hearing
instrument standards. However, it is expected that
using specialized and improved tools for die
handling will solve this problem.

Conclusion

Wafer and die stacking has a high potential for
being a cost-effective packaging technology for
microsystems with delicate structures. Wafer-to-
wafer feedthroughs play an important role for more
flexible and compact constructions. The further
development has to include improvements of the
electroplating and bonding processes as well as the
handling of larger membrane structures.
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Figure 1: Cross section through bump – pad electrical interconnection 
between flip-chipped MEMS pressure sensor chip and print. 

Scanning Acoustic Microscopy Study of Flip-Chip Underfill Cure 
Degree 

J. Jantinga, D. H. Petersenb, B. V. Schonwandta 

aDELTA Danish Electronics, Light & Acoustics, Denmark 
bThe Microelectronics Centre (MIC), Denmark 

1 Introduction 

The motivation for this work has been to gain a fast and reliable Compression UnderFill (CUF) 
based flip-chip interconnection process for MEMS components. In this process electrical contact 
between bumps and pads is established mechanically by the high curing shrinkage of the underfill, 
figure 1. 
 
 
 
 
 
 
 
 
 
 

Although the studied CUF material EC1211 has been cure characterised by Differential Scanning 
Calorimetry (DSC), the actual temperature environments experienced by the underfill in the flip-
chip process might be much different from expected. When trying to run the process as fast as 
possible it might therefore be that the CUF is not uniformly cured. Using DSC for evaluation is 
tedious and destructive because samples of the CUF will have to be taken out for the analysis. A 
better alternative is Scanning Acoustic Microscopy (SAM). Here detection of cure degree relies on 
the big mechanical (stiffness E) differences between cured and uncured material and the great 
advantages are that the inspection is 2D and non-destructive. 

Acoustic microscopy has many applications, SAM especially in the microelectronics industry to 
detect failures e.g. cracks, bubbles, delaminations in chip encapsulations, solderings, gluings etc. 
Generally SAM is a Non Destructive Testing (NDT) method for microinspection which functions 
like a sonar, though using much higher frequencies, MHz – GHz. Ultrasound is transmitted through 
a liquid medium, typically water, to the component and its interior where it is reflected and 
transmitted at an interface between two materials 1 and 2 with amplitudes A(R)12, A(T)12 because of 
the changes in acoustic impedance according to [1]: 
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where A0 is the incoming wave amplitude, R12 and T12 are the reflection and transmission 
coefficients respectively, Z1 and Z2 are the acoustic impedances of materials 1 and 2 respectively, 
figures 2, 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The acoustic impedance is expressed by [2]: 
 

 
where VL is the longitudinal wave velocity, B is the bulk modulus, E is Young's modulus, ρ is the 
density, and ν is Poisson's ratio. Both E and ρ will increase by curing and therefore Zcured > Zuncured. 

SAM can be considered as a supplement to other NDT methods like X-ray inspection. The 
contrast in X-ray inspection relies on absorption due to differences in the atomic mass. Bubbles, 
cracks etc. in polymers are for instance not easy to see with X-rays, though they are easy to see with 
sound. 

Results are most often presented as C-scans, which are 2D pictures of the sound reflected from a 
certain depth range corresponding to a certain echo time delay where a gate is placed in a sample, 
figure 3. Pulses and echoes are transmitted and received by the same transducer, which is scanned 
over the surface of the sample. 

In SAM resolution and penetration depth depends on frequency (focal spot size), focus position, 
stiffness and stiffness changes in the materials. High frequency gives high resolution but low 
penetration depth and vice versa. Lateral and depth resolution is expressed by equations 4 and 5 
below respectively. 
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Figure 2: Illustration of SAM study on flip-chip 
with cured / uncured underfill. 
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Figure 3: A-scan on flip-chip in figure 1. 
Reflected sound at chip / underfill varies according 
to cure degree. 



   3

)5(44.2
2







=∆

D
F

materialdepth λ  

 
where λmaterial is the wavelength in the study material, F is the focal length and ∆ is the transducer 

aperture diameter. 
The detection limit of delaminations or other gaps (air or vacuum) is below 0.1 µm since even 

such narrow defects have been demonstrated to reflect all the sound [3]. For best results plane and 
smooth surfaces are required. Using 200 MHz and the KSI WINSAM 200 instrument of this study a 
lateral resolution of 8 µm in the interface between bonded silicon and glass has been achieved. 

2 Results 

Two approaches for determining the degree of CUF curing degree have been studied. First it was 
attempted to determine the cure degree from differences in sound speed. This requires knowledge 
about the CUF thickness and reflection time delay between the top and bottom interfaces. The 
method turns out not to be feasible for typical CUF thicknesses (30 µm – 70 µm) because of too 
low depth resolution. Even with thick bond lines and therefore well separated reflections from top 
and bottom interfaces it is difficult to determine the speed with sufficient accuracy because the 
waves do not have the same form and the places on the waves to measure from / to are not well 
defined. Though, using C-scan grey tone values good results can be achieved.  

2.1 Acoustic impedance calculations from C-scan grey tone values 

The advantage of this approach compared to the speed of sound method is that only the degree of 
reflection at the same depth between different materials e.g. cured / uncured CUF is measured. 
Depending on the situation, with reference to figure 4, two different calculations can be used to find 
the acoustic impedance of a material under another: 
 
• The acoustic impedance Z1 of the top material is unknown. 
 
Calculation of Zx is based on the approximation that R12 has a linear dependence on Z2. Then Zx is 
given by: 
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I.e. to determine Zx two reference acoustic impedances Za, Zb for materials under the top material 

are needed. Their grey tone values and that for the studied material x are measured in the C-scan 
picture. 
 
• The acoustic impedance Z1 of the top material is known 
 

Calculation of Zx is based on the linear dependence of gx on R. Then Zx is given by: 
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Figure 5: Isopropanole, air, water, and adhesive between two microscope slides. 
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Figure 4: Illustration of the variables in equations 6 and 7.   
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I.e. to determine Zx in this case only one reference acoustic impedance Za for a material under-

neath the top material is needed. Again the corresponding grey tone value ga and that for the studied 
material gx is found in the C-scan picture. 

Normally underfill materials contain a silica filler to lower the Coefficient of Thermal Expansion 
(CTE). In an attempt to evaluate the uniformity of the filler in cured underfill the above equation 7 
has previously been derived in a slightly different form [4]. 
 
 
 
 
 
 
 
 
 
 
 

2.2 Test 1: Determination of acoustic impedance of isopropanole 

To test the methods of determining acoustic impedances isopropanole, air, water, and adhesive 
were placed between two microscope slides (glass) with the purpose of determining the acoustic 
impedance of isopropanole, fig 5. Isopropanole and air were entrapped in small aluminum pans 
meant for DSC measurements. 

 
 
 
 
 

 
 
 
 
 
 

The sample was placed in the water filled SAM inspection vessel and a gate for the C-scan cover-
ing the whole reflected wave from the bottom interface of the microscope slide was placed, figure 6. 
The C-scan was performed and grey tone values determined with KSI WINSAM 200 software, fig-
ure 7. 
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Figure 7: 110 MHz C-scan. Grey tone values for isopropanole, air, water, and 
adhesive. 

Figure 6: 110 MHz A-scan in centre of figure 5 
sample (adhesive under microscope slide). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The grey tone and the reference acoustic impedance values used for the calculations are shown in 

table 1. The results derived by use of equation 6 and 7 show satisfactory agreement with the tabu-
lated Z value for isopropanole, table 2. 
 
Table 1: Determined grey tone values and reference acoustic impedances. 

Reference acoustic impedances / MRayl Grey tone values (0 => 256) 
Z1(glass) Za(H2O) Zb(air) ga(H2O) gb(air) gx(isopropanole) 

15 1.48 0.0004 142 170 152 
 
Table 2: Acoustic impedance of isopropanole. 

Zx(isopropanole) / MRayl 
Equation 6 Equation 7 Table 

0.95 0.97 0.92 

2.3 Test 2: Test on flip-chip with CUF 

Cured / uncured epoxy EC1211 CUF material between a 2 cm x 2 cm x 0.35 mm test flip-chip 
with approximately 30 µm bumps and a Printed Circuit Board (PCB) were studied, figure 8. The 
narrow gate around the middle of CUF material in the figure 9 A-scan results in a clear picture of 
the bump positions, figure 10. To get the grey tone values a gate is placed which covers the whole 
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Figure 8: Test flip-chip with 30 µm bump height on PCB’s with cured / uncured EC1211 
CUF material. During investigation water is under the chip in the bottom left corner. 

 
Figure 9: 50 MHz A-scan on flip-chip in figure 8 (white cross)..

reflected wave at the chip / CUF / PCB interfaces, figure 9. The resulting C-scan picture with grey 
tone values is shown in figure 11. 
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Figure 10: 50 MHz C-scan corresponding to 
narrow gate in A-scan  shown in figure 9. 

188188188

188188219

188188212

Figure 11: 50 MHz C-scan corresponding to 
broad gate in A-scan. Numbers indicate grey 
tone values.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The grey tone and reference acoustic impedance values used for the calculations are shown in ta-
ble 3. The results derived by use of equation 7 show satisfactory agreements with the tabulated Z 
value for typical cured epoxy, table 4. 
 
Table 3: Determined grey tone values and reference acoustic impedances. 

Reference acoustic impedances / MRayl Grey tone values (0 => 256) 
Z1(silicon) Za(H2O) ga(H2O) gx(EC1211 cured) gx(EC1211 uncured)

20 1.48 219 188 212 
 

Table 4: EC1211 and typical epoxy acoustic impedances. 

EC1211 acoustic impedances / MRayl 
Equation 7 Table (typical epoxy)

Zx(cured) Zx(uncured) Z(cured) 
3.0 1.8 3 - 4 

 
 
 
 

4 Discussion 

The speed sound in the [111] direction of single crystalline silicon is 8.4 µm/ns. I.e. sound travels 
forth and back in the 350 µm flip-chip within 83 ns. The broad gate for grey tone determination 
starts about 20 ns later. The surface which is detected automatically at some level which might be 
quite low can be the explanation for this. Further the explanation might be the roughness of the 
unpolished top side of the chip. The speed of sound in cured epoxy is around 3 µm/ns. The wave 
length at 50 MHz is 60 µm. With a bump height of 30 µm the reflections from the chip / EC1211 
and EC1211 / print interfaces with a time delay of around 20 ns cannot be resolved according to (5). 
Though, this interference from the EC1211 / print interface reflection is not critical since the two 
materials are acoustically well matched, which means that most of the sound is transmitted (see 
figure 3). This is also evidenced by the fact that A-scan wave forms in the flip-chip test case, figure 



 8

9 resembles the A-scan wave form in the isopropanole test case where the thickness of the adhesive 
is 2 mm. 

On curing EC1211 the acoustic impedance changes about 1 MRayl unit / 20 grey tone values. By 
measuring at different places the uncertainty was estimated to be approximately 2 grey tone values 
corresponding to 0.1 MRayl. 

5 Conclusion 

It has been demonstrated that SAM can be used to determine acoustic impedances of materials in 
layered structures. Two equations have been verified. The usability of one equation depending on 
knowledge about the top layer acoustic impedance and only one other acoustic impedance of a 
material in the same depth as the analysed one has been demonstrated on a CUF flip chip with 30 
µm bump height. A clear difference between cured / uncured CUF can be observed. 
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1. Introduction 

The motivation for this work has been to gain a fast, reliable and quantitative adhesive cure QA method 
for MEMS and microelectronics. In earlier studies the feasibility and advantages of using Scanning 
Acoustic Microscopy (SAM) in order to area detect whether Compression UnderFill (CUF) is cured or not 
cured at all have been demonstrated [1, 2]. The method relies on comparison of adhesive acoustic 
impedances Zx calculated from C-SAM grey values gx by using equation (1) which is based on the 
assumption that gx varies linearly with the reflection coefficient R. 
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In (1) Z1 is the acoustic impedance of the top material, Za, ga are acoustic impedance and grey tone 
respectively for some reference material, typically water, underneath the top material. 

Here it is demonstrated that the method can be used to determine not only whether an adhesive is cured 
or not cured at all, but also to determine cure degrees in between these limits. 
 
2. Results 
The two component EpoTek T7110 epoxy adhesive was studied. The reaction kinetics was analysed using 
Differential Scanning Calorimetry (DSC). A single chip with adhesive underneath was used to avoid 
sample to sample variations. I.e. adhesive between the four corners of flip chip with 30 µm bump height 
and four PCB corners was cured at different times at 100 °C. Slightly different gate positions and widths 
were used to explore the reproducibility in determining Zadhesive by C-SAM, figs. 1-3. 
 
3. Discussion 

The grey tone depends on the reflected amplitude with polarity (2): 
 

here A0 is the incoming wave amplitude, R12 is the reflection coefficient corresponding to the interface 
ot 
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between materials 1 and 2, Z1 and Z2 are the acoustic impedances of materials 1 and 2 respectively. R is n
very sensitive to changes in Z2, as can be seen from (3) inserting typical values (e.g. Z1 = water = 1.48 MRayl, 
Z2 = microelectronics = 20 Mrayl) though for many applications sensitive enough as also shown by these 
experiments. 
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Using grey tones directly to determine reaction degree is not feasible due to the small relative changes. 

A
ange 

coustic impedances here changes approx. 30 % from 68 % reacted to 100 % reacted adhesive. The 
method is quite sensitive to the SAM gate adjustment, i.e. when the gate is changed the grey tones ch
and therefore also the determined acoustic impedances change. However, the grey tone relative values do 
not change. They can therefore be used as a quick gate-insensitive detection of more or less reacted areas. 
For quantitative evaluations a reference is needed and the grey tone values should be converted to acoustic 
impedances. 

http://www.delta.dk/
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1. Introduction 

Fig. 1. Tightness of different packaging 
materials [1]. 

MEMS and microelectronics are very sensitive to water. 
Ingress of less than 10-4 µL water to bond pads in packages is 
often critical due to galvanic corrosion. Polymeric materials are 
widely used for MEMS and microelectronics packaging, but 
they are not water tight (fig. 1). 

The general motivation for this work has been to identify 
optimal polymeric materials and methods for water protective 
encapsulation of MEMS and microelectronics. 

Studies have been made on Compression UnderFill (CUF) for 
flip chip electrical interconnection of a MEMS pressure sensor 
and a two-layer combination of materials to glob-top protect a 
needle shaped MEMS absolute pressure sensor. 

 
2. Diffusion theory 

Based on Fick’s second law of diffusion the amount of water diffusing into a thin square piece of 
polymer from both sides can be calculated to be [2]: 
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where Mt, ME are the masses of in-diffused water at time t and at equilibrium respectively, D is the 
diffusion constant, and L is the thickness of the polymer piece. From this equation D can be found. 

The flux F of water into a package can then be determined from (2) 
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where S is the water solubility, d is the polymer package thickness, and P is the polymer permeability.  
 
2. Results 
 
2.1 Fit function to determine D 

To find D a suitable (r2  = 1.00) fit function G’ to G was found: 
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By fitting this function to the Mt/ME experimental data D is determined. 
 

2.2 CUF water uptake 
Figs. 2 and 3 show measurements on an epoxy based CUF. In one MEMS pressure sensor application 

where water is supposed to be in direct contact with the CUF d is less than 1 mm. From fig. 3 it is seen that 
this distance is far too short considering the critical limit of 10-4 µL. 

http://www.delta.dk/
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Fig. 3. Flux of water through epoxy CUF of different 
thickness as function of temperature. Calculations 
based on fig. 2 data. 
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Fig. 2. Sorption curves for epoxy CUF at different 
temperatures. The sample studied at 19 ºC is 1 mm 
thick. The sample studied at 45 ºC is 0.85 mm thick. 
Fitting (3) to the data gives: D(19 ºC) = 7·10-14 m2/s, 
D(45 ºC) = 5·10-13 m2/s. 

 
 
2.3 Water uptake of a polymeric bi-layer protective encapsulation for a MEMS absolute pressure sensor 

Currently sorption measurements are being performed on a MacroMelt material coated with parylene C 
(fig. 4). Later measurements on the naked MacroMelt will show the effect of the coating. 

 
4. Discussion 

Due to the pre-exponential in the fit function (5) this 
Mt/ME estimate is not accurate at short times. If the 
solubility and therefore ME are known Mt/ME can be 
plotted for short times as a function of t½L-1 and 
D = πh2/16 where h is the slope. 

Note that by water immersion at 45 ºC the 0.85 mm 
thick CUF sample is saturated after approx. 8 days. At 
19 ºC and 1 mm thickness it is saturated after 25 days. 
I.e. already after these times throughout the polymer the 
maximum amount of water which can be in contact with 
e.g. conductors at any time is achieved. 

Fragile MEMS components can be moulded with 
thermoplastic materials like the soft polyamide based MacroMelts which are processed at low temperatures 
and pressures. However, they are not a suitable choice for water protection due to high P. This problem can 
be reduced by coating with e.g. 10 µm parylene C which has lower P. In this way the good properties of 
both materials can be combined. Further simulations show that such a coating barrier will have no influence 
on the pressure measurements. 
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Fig. 4. Sorption curve at 19 ºC for a MacroMelt 
material coated with 10 µm parylene C. Total sample 
thickness is approx. 2 mm. Here ME is not the real 
equilibrium mass but only the latest measured since 
saturation has not yet been reached. 

 
4. Conclusion 

Generally, the water flux at different temperatures through polymeric encapsulation materials for MEMS 
and microelectronics can be measured. Design with e.g. materials combinations is important to reduce 
water attack. 

For typical flip chip dimensions the amount of water passing through the studied epoxy CUF in direct 
water contact by far exceeds the critical 10-4 µL within typical required lifetimes. 

This is also the case for the studied encapsulation materials separately and in combination. Though, by 
combining the materials in a layered structure improvement can be achieved. 
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1. Introduction 

The motivation for this work has been to gain 
a fast and reliable Compression UnderFill (CUF) 
based flip-chip interconnection process for 
MEMS components. In this process electrical 
contact between bumps and pads is established 
mechanically by the high curing shrinkage of the 
underfill (fig. 1). 

Print PrintEpoxy
mould

Print

Chip Interconnection

Print

EC1211

Si chip

Au
bump

Cu conductor

31 µm

Fig. 1. Cross section through bump – pad electrical 
interconnection between flip-chipped MEMS pressure sensor 
chip and print. 

Although the studied CUF material EC1211 has 
been cure characterised by Differential Scanning 
Calorimetry (DSC), the actual temperature 
environments experienced by the underfill in the flip-chip process might be much different than expected. 
When trying to run the process as fast as possible it could be that the CUF is not uniformly cured. Using 
DSC for evaluation is tedious and destructive because samples of the CUF will have to be taken out for the 
analysis. A better alternative is Scanning Acoustic Microscopy (SAM). Here detection of cure degree relies 
on the big mechanical (stiffness E) differences between cured and uncured material and the great 
advantages are that the inspection is 2D and non-destructive. 

 
2. Results 

Two approaches for determining the degree of CUF curing degree have been studied. First it was 
attempted to determine the cure degree from differences in sound speed. This requires knowledge about the 
CUF thickness and reflection time delay between the top and bottom interfaces. The method turns out not 
to be feasible for typical CUF thicknesses (30 µm – 70 µm) because of too low depth resolution. Even with 
thick bond lines and therefore well separated reflections from top and bottom interfaces it is difficult to 
determine the speed with sufficient accuracy because the waves do not have the same form and the points 
on the waves to measure from / to are not well defined. Though, using C-scan grey tone values good results 
can be achieved.  
 
2.1 Acoustic impedance calculations from C-scan grey tone values 

The advantage of this approach compared to the speed of sound method is that only the degree of 
reflection at the same depth between different materials e.g. cured / uncured CUF is measured. Depending 
on the situation two different calculations can be used to determine the acoustic impedance of a material 
placed under another: 
 
• The acoustic impedance Z1 of the top material is unknown. 
 
Calculation of Zx is based on the approximation that R12 has a linear dependence on Z2. Then Zx is given by: 
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i.e. to determine Zx two reference acoustic impedances Za, Zb for materials placed under the top material 

are needed. Their grey tone values and the value for the studied material x are measured in the C-scan 
picture. 
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• The acoustic impedance Z1 of the top material is known 
 
Calculation of Zx is based on the linear dependence of gx on R. Then Zx is given by: 
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i.e. to determine Zx in this case only one reference acoustic impedance Za for a material placed under the 

top material is needed. Again the corresponding grey tone value ga and the value for the studied material gx 
is found in the C-scan picture. 

 
2.1 Test 1: Determination of acoustic impedance of isopropanole 

To test the methods of determining acoustic impedances isopropanole, 
air, water, and adhesive were placed between two microscope slides (glass) 
with the purpose of determining the acoustic impedance of isopropanole. 
Isopropanole and air were entrapped in small aluminum pans used for DSC 
measurements. 

The sample was put in the SAM inspection vessel. The vessel was filled 
with water and a gate was placed for a C-scan covering the whole reflected wave from the bottom interface 
of the microscope slide. The C-scan was performed and grey tone values determined with KSI WINSAM 
200 software. The acoustic impedance as determined from (1) and (2) are shown in table 1. Good 
agreement with tabulated values is found in both cases. 

 
2.2 Test 2: Flip chip with CUF 

Cured / uncured epoxy EC1211 CUF material 
between a 2 cm x 2 cm x 0.35 mm test flip-chip with 
approximately 30 µm bumps and a Printed Circuit 
Board (PCB) were studied. Again to get the grey tone 
values a gate is placed covering the whole reflected 
wave at the chip / CUF / PCB interfaces. The acoustic im
observed between the determined acoustic impedance and
 
3. Discussion 

The speed sound in the [111] direction of single crysta
and back in the 350 µm flip-chip within 83 ns. The broa
ns later. Low pre-determined threshold level for surface 
the explanation might be the roughness of the unpolished
epoxy is around 3 µm/ns. The wave length at 50 MH
reflections from the chip / EC1211 and EC1211 / print in
be resolved. Though, this interference from the EC1211 /
materials are acoustically well matched, which means th
evidenced by the fact that A-scan wave forms in the flip-
the isopropanole test case where the thickness of the adhe
 
4. Conclusion 

It has been demonstrated that SAM can be used to deter
structures. Two equations have been verified. The usabili
the top layer acoustic impedance and only one other acou
the analysed one has been demonstrated on a CUF flip ch
between cured / uncured CUF can be observed. 
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ABSTRACT 

The objective of the work is to evaluate 
the feasibility of packaging a MEMS 
silicon pressure sensor by using either a 
polymer encapsulation or a combination of 
a polymer encapsulation and a metallic 
protection Membrane (fig. 1). The potential 
application of the protected sensor is for 
harsh environments. Several steps of 
simulation are carried out:  

1) Comparisons of the sensitivities are 
made among the non-encapsulated silicon 
sensor, the polymer encapsulated and 
polymer with metal encapsulated sensor. 
This is for evaluating whether the 
encapsulating materials reduce the pressure 
sensitivity compared to the conventionally 
exposed sensor. 

2) Stress concentration calculations are 
performed to investigate if the 
encapsulation could lead to increased stress c
adhesion of the metallic encapsulating mem
membrane / coating will peel off when applyin
shear stress between the metallic membrane an

3) Thermal calculations are made to evaluate
 
Sensitivity related conclusion remarks: 
• The polymer and the metallic encapsulation w

the silicon sensor. 
• Metallic encapsulation has a negligible influe

design without the metal protection membran
 
Stress concentration related conclusion remark
• The coating leads to larger stresses on the inte
• The coating leads to larger stresses in the jun

material. 
• Whether the stress concentration on the interf

a reliability risk depends on the adhesion of t
• The polymer encapsulation leads to much lar

harm the reliability of the mounting of the sen
 

metalmetal
oncentration in the silicon structure. The reliability of the 
brane is assessed by investigating whether the metallic 
g the maximum pressure, which is 4000 bar leading to high 

d the polymer encapsulation material. 

membrane

Fig.1: Encapsulated Danfoss pressure sensor with
indication of stress zones to investigate.
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Glass frit / ceramic
filled adhesive

Bush

cavity

Needle sensor

membrane

Fig.1: Encapsulated Danfoss pressure sensor with
indication of stress zones to investigate.
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ction region between the silicon sensor die and the mounting 
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Thermal related conclusion remarks: 
• For the currently selected polymer encapsulation material with a thermal expansion coefficient of 5·10-5, 

the temperature-induced deformation has significant influence on the sensitivity. A temperature change of 
15 °C will give a signal as a pressure of 40 bars. 
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1. Introduction 

SAM has been used for several years as a microelectronics failure analysis tool though often with poor 
understanding of the A-scan and C-scan pictures. This is especially the case when the components consist 
of layers very close to each other and where phase inversions take place. 

Most often MEMS contain stacks of many very thin layers. The motivation for this work has therefore 
been to gain better understanding of SAM A-scans on MEMS multilayer structures by simulation. 

 
2. Results 

All calculations have been made in an excel spreadsheet. SAM measurements were made on KSI 
Winsam 200 equipment. 
 
2.1 Spreadsheet calculations 

For given sets of reflections we calculate for each first the number N of possible reflection orders. The  
calculations are based on maximum 4 or 9 impedance transitions with up to 8 or 2 reflections back towards 
the transducer respectively (Fig. 1). Then the received amplitudes with polarity according to (1) together 
with the corresponding delay times are calculated. 
 

)1(0 totaltotal RTNAA ⋅⋅⋅=
 
Ttotal and Rtotal are the products of all involved transmission 
and reflection coefficients. Due to limited available data the 
sound attenuation in each layer is not yet included in the 
calculations, however, the program is prepared for this. The 
spreadsheet input values are the materials acoustic 
impedances, the speed of sound in the materials, and the 
layer thicknesses. 
 
2.2 A-scans on fusion bonded wafers 

Bonded silicon wafers with test cavities for an absolute 
pressure sensor have been investigated with SAM. The 
cavities are used to test the leakage through the bond 
interface into the cavity [1]. Over the cavities and down the 
layers are Si (350 µm) / cavity (2 µm) / Si (500 µm) / SiN 
(0.1 µm). 

Simulations show that in order to get a scan of the 
interface with a minimum of overlapping waves out of phase 
the bonded wafers should be inspected from the Si side 
(Fig. 2). Then all the reflected waves have the same sign and 
are well separated because the time between them is 83 ns. 
Though, by comparing the real scan from the Si side (Fig. 3) with the simulations it is evident that this 
looks more like the one expected when scanning from the SiN side (Figs. 2 and 3). 
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Fig. 1. Illustration of two waves which are equal 
because they are reflected at the same interfaces only 
in different order (3-1-2, 2-1-3). They are therefore 
received at the transducer at the same time. 

 
3. Discussion 

Spectra much like the one from the SiN side are achieved no matter the thin layer material and position at 
the exterior or next to the cavities and channels. Therefore we suggest that the thin boron diffused bond 
layer is acoustically different from bulk silicon, which was not expected from the start. This is supported by 
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the observation that stresses built-up in such layers, which 
might change the longitudinal acoustic impedance of silicon 
significantly. I.e. we have the layers: Si (350 µm) / approx. 
2 µm B diffused Si / cavity (2 µm) / Si (500 µm) / SiN (0.1 
µm). 

Apart from the time position differences due to 
differences in Si thickness before the cavity, the real scan 
from the Si side resembles the A-scan simulation of 
inspection from the SiN side quite well because waves of 
opposite amplitude sign seem to overlap more or less. Note 
that only two signals from the interface are clearly seen, i.e. 
the first and second time reflections from cavities / channels 
at around 83 ns, 166 ns and 118 ns, 237 ns in the real scan 
from the Si side (Figs. 2 and 3) and in the simulation of 
inspection from the SiN side (Fig. 2) respectively. The rest 
of the signals essentially die because waves with opposite 
phase are added. Already from the second time echoes this 
begins to happen e.g. by addition of 3-1-3-.. and 3-2-3-.. 
reflections in the case of inspection from the SiN side. Even 
though the second time reflection from the cavity has 
passed two times through the silicon material, the amplitude 
is high because of the high N val
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Fig. 2. Simulated amplitudes of A-scans on bonded 
wafers with cavities. Each dot shows amplitude and 
time for a back reflected wave. Top: Inspection from Si 
side. Bottom: Inspection from SiN side. Note that in 
this case many waves are received at the transducer at 
the same times. ue. 

 
4. Conclusion 

A calculation method and spreadsheet program for 
simulation of SAM A-scans on multilayer structures have 
been developed. The useful information, which the 
simulations provide, has been demonstrated on fusion 
bonded wafers containing MEMS pressure sensor test 
cavities in the interface. Unexpectedly it was found that an 
extra layer on the wafer without etched cavities / channels 
has influence on the A-scans. Presumably this layer is a B 
diffused bond layer. 

Generally, it has been shown that structure variations in 
samples can be simulated and therefore analysed better. 
Failures or variations in MEMS structures can be analysed 
by investigating the effect of introducing them in the A-scan 
simulations and comparing them with real A-scans. 
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1st echo  2nd echo 

 
Fig. 3. 110 MHz SAM A-scan on Si (350 µm) / 
approx. 2 µm B diffused Si / cavity (2 µm) / 
Si (500 µm) / SiN (0.1 µm) from Si side. Note that 
surface trigger is in the front of the wave reflected at 
the top surface. First and second reverberations from 
the cavity starting at 83 ns and 166 ns respectively are 
observed (arrows). The gate indicated by a black bar 
is a filter which is here open for the first signal. 
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1. OVERVIEW
The problem of bringing microsystem sensors to the mar-
ket originates from one important fundamental difference
between microelectronics packaging and microsystem sensor
packaging which is that in the latter case often very aggres-
sive surroundings has to have access to a sensing part of the
naked chip or almost naked chip through a sensor window
(Fig. 1). This implies application specific packaging and test
solutions [1–5] which are why microsystem sensor packaging
of today and the future is a challenging field. Also due to the
often mandatory access hole microsystem failure analysis is
considered an area quite different from that of microelec-
tronics. A comprehensive overview of microsystem packag-
ing has been given in [4]. A general overview of microsystem
sensor/actuator packaging is given in [5]. Here focus is on
the packaging of the sensor chip for harsh environments.
About 30 years ago when the first silicon micromechanical
sensor and actuator structures were developed the packag-
ing was not really given any attention by the scientific com-
munity. However, during the last 10 years this has changed
dramatically. With the appearance of continued miniaturiza-
tion to NEMS sensors scales are reduced from 1–100 �m to
1–100 nm making packaging issues even more critical. The
delay of scientific attention seems not to be repeated for
this next generation of sensors where packaging is already
having a scientific reputation [6–11]. In the years to come
some of the most important packaging activities will be in
the areas of Wafer Level Packaging (WLP), System In Pack-
age (SIP), lead free electrical interconnect, optical intercon-
nection, and nano-packaging [12–14].

The encapsulation part of the microsystem sensor pack-
aging makes up most of the sensor volume and much of
the price. Minimization of the encapsulation volume to
keep sensors small requires new materials and processes
to achieve sufficient protection [1, 2]. Since the size reduc-
tion means that the surface to volume ratio is increased,
surface physical/chemical properties, e.g., surface tension
become much more dominant than bulk properties. This is
for instance seen for fluid in small channels [15, 16] and in
unwanted adherence between silicon micromechanical parts
(stiction) [17]. It is also used for alignment and self-assembly
of microstructures [18].

In some cases the encapsulation accounts for 70% of the
total cost of the microsystem sensor [5]. Furthermore, wafer
level testing requires specialized equipment [3].

In many cases bulky and expensive microsensor protec-
tive packages have been reduced to thin films and coatings
some of which can be applied at silicon wafer level. One
example is pressure sensors where steel membranes and oils
for pressure transmission have been substituted with coat-
ings [19, 20]. Another example could be a high performance
silicon micromechanical microphone for, e.g., cell phones or
hearing aids [21, 22]. This microphone is placed in the ear
where the environment is hot and moist. The microphone
has to receive sound as physical stimuli requiring access
through a hole in the packaging while at the same time
being robust or insensitive toward other physical or chemical
stimuli like ElectroMagnetic Interference (EMI) and sweat
respectively. To meet these demands special coatings and
thin films have been used to protect the device.

2. PACKAGING TECHNOLOGIES
Microsystem sensors are miniaturized systems for analysis
involving many different disciplines as: Mechanics, fluidics,
biology, chemistry, microelectronics, optics, etc. Microsys-
tem sensor packaging comprises (see Fig. 1): (1) Die attach,
(2) Interconnection between the micromechanical chip and
microelectronics, photonics, RF/wireless, (3) In/out inter-
connection between the system and the outside world,
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Figure 1. Typical packaged microsystem sensor.

(4) Sensing interconnection (sensor window), (5) Protective
encapsulation. These elements are dealt with in this chapter.

In microsystem sensor manufacturing, the packaging is
given more and more attention since it represents a large
part of the price and volume. The sensor die is often based
on a silicon micromechanical transducer. However, dur-
ing the last decade a lot of work has also been put into
microsensors which are not based on the traditional sili-
con MicroElectroMechanical Systems (MEMS). They are
for instance made of polymers or ceramics [23–33]. Some
of the technologies and materials involved in microsystem
sensor and microelectronics packaging are the same, how-
ever, microsystem sensor packaging is severely complicated
because it is often directly exposed to the surroundings,
which are avoided in microelectronics. The consequence
is very high demands on the materials and methods used.
Especially the protective encapsulation/housing of the com-
ponent has to be carefully selected keeping in mind that the
whole system should be kept small. Very harsh environments
are found in, e.g., the high market potential automotive and
oil/gas industries [34–42]. During a Europractice Workshop
on “Packaging Issues and Requirements,” September 2000,
a survey among the participants was conducted. This sur-
vey confirmed that up to 60% or more of the production
cost is used on the packaging of microsystems. The survey
interestingly showed that the participants found that appli-
cation specific solutions are nearly always needed. Another
conclusion was that the development phase of the product is
either in-house or subcontracted to a manufacturer. It is very
seldom in collaboration with consultants, institutes, etc. In
connection with this, it was said that the search for packag-
ing sources is very difficult and therefore the use is limited.
This work has been conducted by the Nordic Microsystems
Manufacturing Cluster (NORMIC) consortium.

It should be clear that many aspects of microelectron-
ics packaging can be directly transferred to microsystem
sensor packaging, although the sensors have some spe-
cial requirements to fulfil, e.g., sensor die access holes
[see Section 31.3(a)]. Examples of the latter are given in
Chapter 4. Many sensor packaging solutions e.g., adhesive
die attach, wirebond interconnection to standard packages
originate from microeletronics.

High microelectronics reliability in harsh environment is
important for microssystem sensors even when the sensors
themselves are non-standard packaged since microelectron-
ics packaging of a more standard kind will most often have

to be close to the sensor. Chapter 2 therefore mainly deals
with a description of microelectronics packaging technolo-
gies of relevance for microsystem sensor packaging. Due to
the variety of existing and coming microsystem sensors it
is not possible to specify a generic package. However, it
is attempted to ease production of microsystems by mod-
ularization [43–45]. Focus is therefore not on giving a full
description of the many existing packages but to give an
overview of key packaging components of today and the
future which when brought together results in the many
complete and existing microsensor packaging solutions and
more to come.

2.1. Definitions

The purpose of this section is to provide a common
understanding of the term packaging with special attention
to microsystem sensors. Microsystem, MEMS, and micro
machines are the European, American and Japanese terms
for the same small sensors and actuators which are typi-
cally based on silicon micromechanical structures. Here as
in [4] “microsystem” is defined to include microelectron-
ics, photonics, RF/wireless and MEMS. Using this definition
the microsystem sensor is not necessarily the MEMS. The
focus here is MEMS sensor packaging for harsh environ-
ment application.

The word “packaging” covers mounting/assembly of the
different parts in a system including electrical, physical,
optical, RF/wireless connections and encapsulation. In that
way packaging constitutes all the interfacing between the
microsystem components (active, passive) and the sur-
roundings: Die attach, mechanical support (substrate, car-
rier, encapsulation), interconnection, and protective package
(encapsulation) including access to the environment.

Microelectronics packaging is traditionally divided into a
4-level hierarchy which also applies for microsystem packag-
ing [4]:

0 Level: Wafer Level Packaging Wafer Level Packag-
ing (WLP) is packaging before the wafer containing several
chips is diced out into single chips. This packaging provides
interconnection (plated conductors and/or solder balls) and
protection (inorganic, organic, metallic film, encapsulation
or sealing) of chip/interconnections.

1st Level: Micromechanical Chip and/or Integrated Cir-
cuit Level Packaging at this level is based either on
single or Multi Chip Modules (MCM). The micromehan-
ical chip and/or Integrated Circuit (IC)/Application Spe-
cific Integrated Circuit (ASIC) etc. is bonded (e.g., anodic,
glued, soldered) to a supporting and interconnecting car-
rier/substrate/housing which is typically a leadframe, ceramic
substrate, silicon substrate, Printed Circuit Board (PCB)
or flex print of some sort. The interconnection between
components is established by wirebonding, flip-chip solder-
ing/gluing, or conductive adhesive electrical contact to con-
ductors on the carrier. The techniques are also used in
3D packaging by interconnecting stacked chips which saves
space [46–49]. For lateral interconnection by the flip-chip
method a carrier with interconnecting conductors is needed.
Then the component is protected with an encapsulation.
The substrate with interconnecting conductors between the
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components or to the outside world may be part of the
encapsulation/housing or vice versa. This is e.g., seen in
3D Mould Interconnect Devices (3D MID) [50]. Encapsula-
tions in direct contact with the components are typically low
thermal stress glass/quartz filled epoxies. They are applied
by techniques as glob topping and injection moulding and
combinations thereof. Housings where the components are
inside a cavity are typically pre-moulded on a leadframe and
made of e.g., ceramic, epoxy, Liquid Crystal Polymer (LCP).
Lids are then attached by e.g., gluing, soldering, etc.

2nd Level: System Level or Board Level 1st level pack-
aging on a MCM including both a micromechanical chip, an
ASIC and perhaps more components may result in a com-
plete microsystem or MEMS. However, often more signal
processing is required which is certainly the case if the 1st
level packaging only comprises the micromechanical chip
(single chip module). Then we do only have a MEM com-
ponent and still not a MEMS. The packaging on this level
consists of mounting the 1st level package onto some board
(typically FR4 PCB or card) to interconnect active and pas-
sive components.

3rd Level: Board to Board Interconnection High
capacity, multi-functionality and/or flexibility needs may
require the possibility to interconnect boards like in PCs
where several slots for insertion of different cards exist. This
is the 3rd level packaging.

2.2. Die Attach and Sealing

Each step in microsystem packaging has a certain direct pur-
pose and influences on the whole system. The first step in
microsensor packaging is to attach the chips (Si with a SiO2
or SiN surface) diced from a wafer to some sort of support
(ceramic, plastic, metal, etc.) which also carries the electrical
leads to the next level of packaging. Since this is a large area
process performed directly on the chip surface, influences on
performance can be very large and sometimes detrimental.
Most often the chip is glued, soldered, or directly bonded
[51, 52]. Except for the adhesion the major concerns are
about secondary influences on the chip like stress, thermal
management, and barrier properties.

As with the other parameters good adhesion depends on
the choice of bonding material/method and the surfaces.
Adhesive materials used for die attach are typically epoxies,
cyanate ester, urethanes, silicones, and glass frit [4, 53]. To
enhance the adhesion with these materials different phys-
ical/chemical roughening cleaning, activation and priming
methods are used [54–58]. For adhesives adhesion enhance-
ment is often important because the choice of adhesive
material has to comply with secondary influences on the die.
For instance epoxies usually have a very good adhesion to
most materials but introduce high stresses because of high
modulus E and Coefficient of Thermal Expansion (CTE).
Then a soft silicone might be a better choice although it does
not adhere as well. In this way the whole system and all the
materials properties have always to be taken into account.
O2 plasma treatment is often used to physically/chemically
roughen, clean and activate microsystem surfaces before
bonding with adhesives. Especially polymers which are very
hydrophobic can have their surface tension much increased

with this treatment which in turn often results in better
adhesion. Cleaning with solvents and priming with thin lay-
ers, e.g., silanes, metals, etc., which adhere well to both
the microsystem surface and the adhesive, are also used.
Using solders most often requires deposition of thin metallic
(Cr, Ti, Ni, Au, AuSi) adhesion and diffusion barrier layers.
Often fluxless eutectic Au20Sn80 is the solder used; however,
Sn-Pb is also used. Due to environmental demands lead
free solders like SnAg3�9Cu0�6 are being developed [59–63].
Cleaning can be performed with the same methods as for
adhesives, and adhesion is normally very good.

Stress usually originates from CTE mismatch between
materials bonded and the bond material. The quite high
CTE for adhesives is accommodated to the surrounding
materials by adding ceramic and metallic fillers. For pre-
cise positioning of the sensors it is very important that these
fillers are very regularly shaped and have a very narrow
micron size diameter distribution. Careful handling may also
be necessary to avoid fillers with sharp corners scratching
through thin protective layers on the die. At the glass tran-
sition temperature Tg adhesives change their CTE with a
factor up to 4 [4]. They must therefore be carefully selected
so that Tg is outside the application temperature range. Very
stress sensitive sensor dies are not mounted with solders. To
isolate extremely stress sensitive sensors (e.g., some pressure
sensors) from mounting stresses some sensors are bonded
to glass with a CTE close to that of Si before dicing i.e., as
a WLP step. To maintain good electrical contact in flip-chip
interconnection the chip is adhesive underfilled to distribute
stresses so that they are not only located at the contacts. This
also has the secondary effect of holding i.e., bonding the
chip to the substrate. Thirdly the underfill adhesive protects
(encapsulates) the interconnection sites. Underfill adhesives
are typically highly ceramic filled (up to approx. 90 wt%)
and the CTE is matched to the solder ball interconnects.

Sensors do not produce heat which has to be dissipated;
however, this might be the case for the adjacent micro-
electronics which might influence overall microsystem per-
formance. In that case solders are preferably used for the
microelectronics die attachment. If adhesives are used they
are filled with metal (e.g., Ag) or ceramic (e.g., Al2O3� to
conduct heat. An important advantage of flip-chip attach-
ment is that heat can be dissipated easily from the upward
face of the chip.

In some instances the attachment also functions as bar-
rier toward harsh environment. Flip-chipping is one example
where the underfill protects the interconnections. Then the
chemical/physical durability of attachment materials is very
important. This means that the material should be as stable
as possible toward corrosion and diffusion of chemicals and
ions. Unlike polymeric adhesives solders are very tight. On
the other hand they often corrode faster.

2.3. Signal Interconnection

The signal interconnections in a microsystem can be electri-
cal or non-electrical (optical, RF/wireless. Ways of creating
and carrying the signals, e.g., optically is by use of compo-
nents as Vertical Cavity Surface Emitting Lasers (VCSELs)
and optical waveguides as fibers and planar Arrayed Wave
Guides (AWG) respectively. Packaging of optical sensors
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and interconnects requires high positioning precision and
clean hermetic environment [64–70]. Here only the electrical
interconnections will be discussed in detail.

2.3.1. Electrical Interconnections
There is a wide variety of electrical connections within
a microsystem. They can roughly be divided into internal
and external connections, where the internal connections
can vary from the connections between the different parts
toward connection to a leadframe or the like.

For the internal electrical connections, wirebonding with
Au or Al wire is often used. Another option is flip-chip
which can be used for chip stacking. Chip stacking can also
be accomplished using a combination of wirebonding and
flip-chip interconnection. In some cases microsystem sen-
sors are not planar on the surface and thus traditional flip-
chip assembly is impossible. In these cases more creative
ways of assembly/electrically connecting the parts must be
used. Conductive adhesives are also getting more and more
widespread in the electronic industry. An interconnection
technology which is less used for interconnection of sensors
is Tape Automated Bonding (TAB).

The external electrical connections should provide the
user of the microsystem with a reasonable way of being
connected to the microsystem sensor. In many “standard”
microsystem sensor packages leaded or lead-less types of
packages are used. With more custom-designed systems
wires or some kind of substrate are extended from the inside
of the package and thus provides the connection. Here it
is not always possible to distinguish between internal and
external electrical connections.

a. Wirebonding Wirebonding with both Au and Al wires
has been used by the semiconductor industry for many years,
where the technique has proven to be very reliable. There
are two different bonding techniques used: wedge-wedge
and ball-wedge.

Wedge-wedge bonding can be performed using both Au
and Al wires. During the bonding process, heat and ultra-
sound combined with force are forming the metallurgic
bond between the wire and the bond pad on the chip and
substrate.

The ball-wedge bonding process can only be performed
using Au wire. Again, it is the combination of heat, ultra-
sound and force that is forming the metallurgic bond
between the wire and the bond pads. For both bonding pro-
cesses the metallization on the chip is typically Al, however,
Au can also be used. On the substrates the metallization is
most often Au. Au is generally preferred for harsh environ-
ment applications.

b. Flip-Chip Flip-chip mounting is one of the more
advanced interconnection techniques used in the semicon-
ductor industry and it is becoming more and more popular
mostly because of size and thereby cost reduction. Electrical
performance is also better because of the short interconnect
distance. Flip-chip can be performed in a number of differ-
ent ways but in general the idea is to flip the chip upside
down so that the interconnection is under the chip [71].
Connection is then made using either solder or Au studs
usually placed in an area array under the chip. Flip-chipping

can be regarded a combined electrical interconnection and
die attachment. However, as already mentioned the inter-
connect/attachment is too weak to sustain CTE mismatch
stresses, and chip underfill with CTE matched with the
solder balls or Au studs are used to stress stabilize the inter-
connection/attachment [4, 72]. In the solder technique sol-
der is deposited by, e.g., electroplating onto the chip pads.
Then the chip is flipped and soldered to the contact pads
on the substrate. In the stud or Stud Ball Bumping (SBB)
technique [73–77] the process usually is: Placement of Au
wirebond balls or studs on the chip interconnect pads, coin-
ing against a flat substrate to ensure same height of the
studs, dipping of studs in conductive adhesive, placement
on substrate pads, curing of conductive adhesive, underfill-
ing of chip with epoxy, curing of underfill. The advantage
of the SBB technique is that no special pad metallization
layers like diffusion barriers are needed. Mechanical estab-
lishment of contact between Au studs and substrate pads
by compression because of underfill shrinkage has also been
studied [2].

c. Conductive Adhesives A comprehensive overview
of conductive adhesives has been given in [78]. Conduc-
tive adhesives are typically highly filled epoxies or tapes.
Depending on the amount of filler they are either Isotropic
Conductive Adhesives (ICA) or Anisotropic Conductive
Adhesives (ACA). The filler is Ag, Ni, Cu, or metal (e.g.,
Au) coated polymer or glass particles with 3 �m–10 �m
diameter [79, 80]. Contact resistance is in the m� range.
Conductive adhesives are very interesting for microsystems
for several reasons. Much of the research in the area of
conductive adhesives is motivated by their potential as a
substitute for solders containing Pb which has become a
burden on the environment. According to, e.g., the Euro-
pean Union (EU) Pb containing solders will not be allowed
in electronic equipment from July 2006 [61, 62]. Further,
conductive adhesives offer combined electrical interconnec-
tion and attach, High Density Interconnection (HDI), low
temperature processing, good heat conduction, and limited
space and alignment requirements [79, 81].

Besides electrical interconnection ICA’s are used as high
thermal conductivity, low CTE, die attach materials. ACA’s
are used, e.g., for the electrical interconnection of Liquid
Crystal Displays (LCD’s) and flip-chips without the need
for underfill [81, 82]. One important drawback of conductive
adhesives is that generally they are not as environmentally
stable as, e.g., protected wirebond and solder electrical inter-
connections. Therefore they are less used in sensor packag-
ing for harsh environments.

d. Tape Automated Bonding TAB is less used for
microsystem sensor packaging applications. In TAB chips
are mounted and interconnected on Cu, Al, steel, or Alloy
42 metallized flexible polymer (polyimide (PI), epoxy-glass,
polyester, and Bismaleimide Triazine (BT) resins) tapes
before the attachment in a package or on Printed Wiring
Board (PWB). The polymer can consist of up to three lay-
ers with thickness ranging between 35 �m and 125 �m. The
interconnect lines are fabricated by etching the metalliza-
tion. Free beams of the Cu lines are soldered to both chip
and substrate by thermocompression locally on the joints.
There is one advantage of TAB compared to wirebonding
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and that is that TAB has a lower profile, and one disadvan-
tage when compared to flip-chip is that the interconnection
is peripheral.

2.4. Package Components

The package serves as protection of the rest of the system
toward the often aggressive environment. Package compo-
nents can vary in size from a standard ceramic or plastic
package with a leadframe, to a thin layer of metal, poly-
mer or a specially designed metal or plastic house. In some
microsystem sensors the packaging is more or less integrated
in the system [cf. Chip Scale Packaging, (CSP) and Sys-
tem In Package (SIP)]. Examples are special metal layers in
order to provide protection where the media can be allowed
almost directly onto the surface of the system.

The package is what surrounds the chip and interconnec-
tion, except usually for the die attach/underfill. Packages or
parts thereof are called encapsulations when in direct con-
tact with the chip, and housings when the chip is contained
in a cavity i.e., the package is not in direct contact with
the chip.

2.4.1. Transfer Moulding
Transfer moulding is the most common encapsulation tech-
nique in the IC packaging industry. Often the material
comes in direct contact with the chip, which means that this
type of package can be called an encapsulation. In trans-
fer moulding the molten resin, typically silica-filled epoxy,
is transferred by pressure from a melting-pot into a mould
which is at a temperature above the melting point of the
resin. In injection moulding, the mould temperature is below
the resin melting point. In injection moulding the temper-
ature and pressure are e.g., 300 �C and 60 bar respectively.
Gentler prototype microsystem sensor encapsulations can be
made with thermoplastic materials like the polyamide based
Macromelts [2] at temperatures around 150 �C and pressures
around 5 bar.

An IC or microsystem interconnected (wirebonding) to a
leadframe is placed in the mould and the material is trans-
ferred. This kind of encapsulation is typically a Dual Inline
Package (DIP) with leads on two sides or Quad Flat Package
(QFP) with leads on all four sides. The higher temperature
in transfer moulding is important for the filling of moulds
with high flow length, wall thickness, and to allow for shrink-
age compensation. Furthermore, it is very important to avoid
bond wire sweeping.

Moulding of other substrates than metallic leadframes
(Kovar, Alloy 42) with an IC and/or a sensor is also possible.
Printed Wiring Boards (PWB) made of ceramic and plastic
can also be moulded with plastic.

2.4.2. Premould
Premould packages are typically made of ceramics, plastics
and metals [83]. Ceramics are used for high reliability and
high frequency products. The high reliability is due to their
hermeticity. In ceramic packages (e.g., CERamic Dual in
Line Package, CERDIP and Ceramic Quad Flat Package,
Cerquad) the chip or microsystem is mounted in a cavity in
a premoulded ceramic base with some connections e.g., a

leadframe for in/out signals. On top of the base a ceramic lid
is typically mounted with different hermetic glass sealings.
The lid can also be made of metal, for instance Kovar and
soldered with e.g., Au20Sn80. In that case the rim and the
ceramic base and lid are first plated with metals. Note that
the ceramic material is not in direct contact with the chip or
microsystem like in traditional IC epoxy encapsulation. Con-
sequently, these types of packages are often termed “hous-
ings.” Metal packages are used for microwave multichip
modules and hybrid circuits because of their good thermal
conduction and electromagnetic shielding. They are typi-
cally made of Cu10W, Cu15W, Silvar™ (Ni-Fe alloy), Cu15Mo,
Kovar and Alloy 42. Hermetic sealing between base and lid
is achieved either by soldering with Au20Sn80 or by welding.
Hermetic and insulated electrical feedthroughs are achieved
with glass or ceramics. Just like the ceramic and metallic
packages also plastic houses are made with many different
configurations. New high performance (low moisture pene-
tration, low stress and chemical inertness) plastic materials
are for instance LCP [50, 84–86]. Packages of all the above
mentioned materials can also just consist of moulded sheets
or foils with plated or screen printed conductors.

2.4.3. Glob-Top and Coatings
To protect wirebond and TAB interconnection against cor-
rosion and/or wire sweep during moulding typically epoxies
filled with fused silica or quartz is dispensed to cover these
areas. In less aggressive environments thin conformal coat-
ings are also used. These are for instance vacuum deposited
like Parylene C (poly-para-xylylene) [1, 2, 87] applied by
Chemical Vapor Deposition (CVD) and perfluorinated poly-
mers like Teflon AF1600 [1] applied by dip or spray meth-
ods. Since all polymers are easily penetrated by moisture it
is more important (like for many other packaging materials)
that these materials have a low solubility of water and other
chemicals, that they are chemically resistant and that they
do not take up much volume.

2.4.4. Stacked Interconnection Layers
Newer (around 1990) more compact ways of interconnecting
chips as compared to e.g., DIP and QFP are by connect-
ing them to different multilayer interconnection structures
[4, 66, 88–91]. The layers alternate between conductive lay-
ers and insulating layers. These packages are more compact
than DIP and QFP because the wirebonding to a leadframe
is eliminated and because the conducting layers are inter-
connected vertically inside (flip-chip) or nearly inside (wire-
bonding) the chip footprint. The substrates are used in two
ways: One way is on single chips, the other on multiple chips.

When used on single chips this is just a more compact
way of getting the same chips interconnected with the next
level of packaging i.e., the chips are connected through the
layered structure to the bottom side. The chip is not inter-
connected directly to the next level of packaging, usually a
PWB, because of too fine pad pitch on the chip (typically
100 �m on the chip and 200 �m on the PWB). In that way
the layered structure acts as a necessary space transform-
ing interposer. The interconnect points on the bottom are
solder balls arranged in an array. This package is called a
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Ball Grid Array (BGA). They are further subdivided accord-
ing to different substrates as: plastic (PBGA), tape (TBGA),
and ceramic (CBGA). For the flexible TBGA all three con-
ventional interconnection methods are used to interconnect
the chip to the interposer. The tape or thin film is typi-
cally polyimide, epoxy-glass, polyester, and BT resins. The
chip in the rigid PBGA and CBGA packages are intercon-
nected to the substrate by wirebonding and flip-chipping
respectively. TAB and wirebond interconnections in TBGA
and PBGA are protected by over-moulding. The interposer
in PBGA packages is FR-4, or BT-epoxy Printed Circuit
Boards (PCB). Ceramic interposers in CBGAs are High
Temperature Cofired Ceramics (HTCC) and Low Tempera-
ture Cofired Ceramics (LTCC) [66, 88–90]. Due to the high
sinter temperature of 1550 �C in the HTCC case W, Mo is
used as conductors.

When the primary use of the stacked interconnection
substrates is to interconnect multiple components on the
same substrate these boards are called Multi Chip Modules
(MCM). Multi chip packages have also existed before the
MCM in form of hybrid circuits. The difference is in the
packaging density. A packaged electronic circuit is said to
be a MCM when more than half of the substrate area is
covered with active devices.

These even more compact packages also come in three
types depending on different substrates: Plastic laminate
MCM-L, mutilayer ceramic MCM-C, and deposited mul-
tilayer thin films MCM-D. The plastic laminates are like
for the PBGA package often epoxy-glass based PCB-like
substrates. More special resins are polyimide, Teflon®, and
PEEK. Special fillers are quartz, Kevlar®, and Aramid®

[4]. The ceramic substrates are HTCC and LTCC. MCM-D
offers the highest packaging density with feature sizes down
to around 10 �m. Here deposition often starts out on a
silicon wafer. The insulating dielectric layers consist of
polyimides deposited by spin coating and CVD SiO2 and
oxynitrides. The conductors are normally Cu, Al, and Au
deposited by Physical Vapor Deposition (PVD). Even denser
packaging can be achieved if the active/passive component
is embedded in the layered structure [66, 88]. Such pack-
ages are called System On Package (SOP) or System In
Package (SIP).

2.4.5. Wafer Level Packaging
WLP or 0-level packaging means packaging before the wafer
with chips is diced into separate chips for subsequent pack-
aging. The degree of packaging on wafer level varies. Since
this is the only packaging type in which the footprint area
of a packaged chip on a board equals that of the unpack-
aged chip the WLP is considered the ultimate packaging.
The use is already widespread in the field of microsystem
sensor packaging [12–15, 17–22, 52, 92–105]. Except for the
size reduction which is nearly always beneficial in itself the
motivation for WLP originates from huge economic advan-
tages of packaging and test before dicing. One important
disadvantage is that also bad dies will be packaged.

Actually many chips are wafer level packaged with a
thin inorganic layer of SiO2, or Si3N4 to protect it chem-
ically against corrosion (environment, moulding, etc.) and
physically against scratches (handling). For more than 30

years IBM has also been bumping chips on wafer level
for subsequent single chip packaging (flip-chip) [4]. Flip-
chip interconnection and underfilling is also done at wafer
level [21]. Interconnection in WLP is almost entirely of the
area array type; however, recent studies show that even
higher integration can be achieved by using flexible silicon
structures. Flexible silicon substrates consist of rigid (thick)
regions and thin flexible regions [97, 98]. This intercon-
nect type has many advantages compared to other methods:
Complete Wafer Scale Integration (WSI) of microsystem
sensors and active circuits is possible, CTE match between
components, possibility of 3D folding/stacking of intercon-
nected components, no moisture uptake, can be sealed with
glass. Current major types of WLP can be categorized as [4]:
Redistribution WLP, encapsulated WLP, and flex/tape WLP.
The redistribution type is most commonly used. The Al and
Cu rerouting conductors are embedded in Benzocyclobutene
(BCB) dielectric. The new contact sites are bumped with
solder as on flip-chips and BGAs.

Using wafer level processes underfilling of the area array
interconnections is not necessary. Instead interconnections
can for instance be embedded in a polymer by combined
etch, metallization, and polymer re-deposition. In this way
flexible interconnections can be made. In encapsulated WLP
the entire wafer is sealed with a glass wafer on one or both
sides. The glass can either be glued or anodic bonded [52].
The glass can be lapped down to a thickness of e.g., 100 �m
if low profile is needed. For some sensors this “packaging”
constitutes part of the sensor bulk structure and function-
ality to such a degree that it becomes increasingly difficult
to define packaging in the traditional sense. This situation is
very close to complete WSI or System On Chip (SOC) where
all functionalities, mechanical as well as electrical, RF, etc.
are integrated inside a single chip. In tape/flex WLP a sheet
of tape e.g., wsCSP™ is mounted on and interconnected to
the wafer. WLP by moulding whole wafers is also a subject
to current research [4].

2.4.6. System Integration
The trend toward system integration i.e., WSI is seen on all
packaging levels by features getting smaller and by compo-
nents brought closer to each other, etc. Overall packaging
efficiency is increasing and more and more packages fulfill
the Chip Scale Package (CSP) criteria that the package foot-
print area is maximum 20% larger than that of the naked
die. This is for instance the case for CBGA, MCM-D, and
WLP packages. Packaging efficiency is defined as the ratio
of the naked chip footprint area to the area of the sys-
tem board/substrate on which it is mounted. Packaging effi-
ciencies for some of the mentioned packages are [4]: DIPs
around 10%, BGAs at maximum 50%, MCM up to 80%,
SOP up to 90%, WLP close to or at 100%. SOP, WSI (WLP
or SOC) are packaging areas of intensive research.

2.5. Sensor Die-Environment Interconnection

The drivers for direct, close proximity, partly or no access
to sensing elements can be divided up as the economic
(minimal size, number of processes), the physical (sensing
principle, sensitivity, protection), and the chemical (sensing
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principle, sensitivity, protection). What is the primary driver
depends on the specific sensing situation.

Micro sensors like motion (accelerometers) and optical
sensors do not require access in any form (direct, close
proximity, partly) to the environment. Chemical (fluidic,
gas) sensors may need direct access and others at least
partly access through membranes/filters. The surroundings
can have direct access (gas) or by use of a thin protec-
tive film barrier/interposer close proximity access (aggressive
gasses, liquids) to pressure sensors.

Close proximity access to the sensing area is often not
needed for sensing purposes but because of a cost reduction
need. The drive to make the microsystem sensor packaging
less expensive is very high since it accounts for up to 70% of
the total sensor manufacturing cost [5]. The main reason for
this high cost is mainly the many processes performed on
single dies more or less separately. To avoid this, the pack-
aging has to approach the chip size by going to the wafer
level (WLP, SOC). This in turn has the consequence that
the packaging has to be very small and extremely durable
to withstand the often very harsh environments sufficiently.
Many bulky pressure sensors for harsh environment applica-
tions are e.g., packaged with steel membranes and silicone
oils as pressure transmitting interface to the sensor element
instead of close proximity access through a hole in the outer
package to a thin film on the sensing area [19, 102–104].
Thehuge economic advantage of the thin film is that it can
be applied at wafer level. Furthermore, in many applica-
tions it is also important that sensors are small even after
packaging.

The physical/chemical access hole to the system can be
provided in many ways depending on the sensing situa-
tion. One type of access is a simple hole (premould pack-
age, glob-top/underfill interconnect protection, lid with hole)
into the heart of the microsystem sensor. Transfer mould-
ing with die access holes can be made with special gentle
ways of avoiding mould material on the sensing area [106].
In this case the access is an integral part of the encapsula-
tion. Other examples are optical wires [65–69] for e.g., opti-
cal sensors, snouts for microphones [21], microhoses/tubes,
O-rings, etc. for microliquid handling systems which are
mounted/interconnected to the sensor as seen for instance
in many Micro Total Analysis Systems (�TAS) [67, 107].

3. PACKAGING STRATEGY
When starting the development of a new microsystem sen-
sor from the elements mentioned above, it is very impor-
tant to think holistically in terms of system design and of
what the system is expected to experience/endure during
the projected lifetime i.e., the common design for reliability
but also packaging. Examples of different MEMS packag-
ing strategies and designs are given in [17]. All the knowl-
edge (MEM sensor die designers, microelectronics circuit
designers, materials scientists, etc.) has to be collected for
best performance [108, 109]. Every step in the fabrication
of microsystems has a certain purpose but also great influ-
ence on what can be done next and in this way often a large
influence on final performance. Therefore solutions on each
step cannot be freely chosen. It might be as simple as to
remember to start fabrication temperatures at the high end.

Very costly and well designed MEMS sensors have been
fabricated, however, they were never produced because the
packaging was not taken into consideration and it turned out
they were impossible to package [110, 111]. Another exam-
ple of the importance of overall design is that some mate-
rials problems cannot be solved directly because of limited
intrinsic properties. However, by combined materials design
the problems can often be solved. Tightness of protective
materials is for instance very important in microsystem sen-
sor packaging for harsh environments. Polymers are attrac-
tive for many reasons except for their tightness. Actually
no material is hermetic (completely tight), but by properly
designed combinations of materials/phases sufficient tight-
ness might be reached [2]. This is very important to remem-
ber for microsystem sensor packaging.

3.1. Reliability

Reliability issues are far more complex for microsystem sen-
sors than for microelectronics. Common electronics reliabil-
ity is e.g., reviewed in [112–115]. The reliability of sensors is
complicated because they are closely exposed to harsh envi-
ronments and contain moving parts [17]. Further required
service life longer than 10 years is common. For some pres-
sure sensors protected with specially designed thin films for
harsh environment applications this means that the allowed
corrosion of the film is below one atomic layer per day [103].
Special care in the packaging component materials and pro-
cess choices for microsystem sensors have already been men-
tioned in chapter 2.

3.1.1. Failure Modes
The microsystem sensor failures can roughly be divided
in two categories: inherent and environmental. Inherent
microsystem sensor failures can already occur before the
final product service life, but can also be induced/affected by
the environment. These failures are specific for microsystem
sensors because they occur due to the very nature of the sen-
sor. One inherent failure is where closely separated surfaces
come into contact and adhere to each other. This is called
stiction [17]. Another example is where the silicon microme-
chanical parts break during wafer dicing. It could be argued
that the latter is actually an environmental failure; however,
it has not occurred in the final product environment.

Environmentally induced failures are due to: humidity,
thermal cycling, vibration, shock, pressure variations, radi-
ation, etc. separately and in combinations. Combinations
usually accelerate failures. The failures may be inevitable
due to materials limited intrinsic properties and in that case
materials and designs can only be chosen to maximize the
time delay to failure. This is for instance the case for her-
metic packages for sensors because no package is entirely
tight. Here the Mean Time Before Failure (MTBF) may be
increased by e.g., designs involving getters [17, 116, 117] and
multilayers as already mentioned. In other cases failure is
observed because the exposure to these conditions changes
the materials properties. Tg for polymers (e.g., epoxy for die
attach, moulding, etc.) is for instance lowered when water
is absorbed [118]. Then essentially we have a new mate-
rial and perhaps Tg is now in the application temperature
range which in turn means that (above Tg� high stresses are
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developed due to higher polymer volume and CTE. This
can have detrimental consequences for the measurement
and may lead to delamination [115]. These failures are also
seen for ICs in microelectronics, however to a much lesser
extent. Because of this sharing of problems some solutions
from microelectronics can be used for the sensor packaging
[17]. However, many sensors need application specific solu-
tions as already mentioned in chapter 1. Humidity failures
are linked to the ingress or outgassing of chemicals from
environment and package materials respectively, and loss
of package hermeticity. These failures are very important
for sensors because they initiate many other failures. They
are less important for microelectronics. The consequence of
these failures may be seen as e.g., damping of moving parts,
corrosion, stress, delamination, etc. When combined with
other environmental factors like thermal cycling, vibration,
shock, pressure variations, then ingress, outgassing, loss of
hermeticity and consequent damping of moving parts, corro-
sion, stress, delamination, etc. are highly accelerated [119].
Damping of moving parts which can also be induced by other
means (e.g., stress) is a failure mode which is not observed at
all in microelectronics. Thermal cycling induces solder joint
and package failures (e.g., popcorning) in microelectronics
but is less important in microsystem sensors except when
combined with humid environments as mentioned earlier.
Vibration, shock, and pressure variations may result in fail-
ures observed as mechanical fatigue, breakage and delami-
nation. The latter will be highly accelerated if also moisture
is present. In addition the stresses from vibration, shock, and
pressure variations will often accelerate corrosion in humid
environment. Polymer packaging materials may also be very
susceptible toward radiation and embrittle in e.g., sunlight.
This may also be accelerated by other environmental factors.
The embrittling may result in e.g., increased stress levels
which have impact on sensor performance.

3.1.2. Failure Analysis
Failure analysis of microsystems is a scientific discipline
in itself. When designing for reliability it is mandatory to
analyze what the sensor will experience during production
and the rest of its lifetime in use. Then from resulting
specifications simulations on the whole sensor performance
and accelerated testing can be performed. Simulation and
statistics can help making fabrication process and design
improvements to minimize e.g., unwanted stresses [4, 120–
123] influencing sensor measurement. Stresses are one of
the major causes for microsystem sensor drift and fail-
ure. One way of improving stress simulations and therefore
gain better prediction of potential failure sites is by use of
actual measured CTE values instead of not very represen-
tative (due to differences in processing, etc.) tabulated val-
ues. At best the CTE values are measured with the new
OMISTRAIN® [124] equipment where nm movements dur-
ing temperature cycling of whole component surfaces are
mapped. The measurements also give direct information on
stress levels. Then combined functional/environmental test
with in situ electrical measurement can be performed at
wafer level on unpackaged, partly packaged or fully pack-
aged sensors with testing equipment also developed recently
[3]. Alternatively, it may be done on separate sensors. Then

OMISTRAIN® measurements and subsequent simulations
may be repeated. Both types of equipment can be used
for both microelectronics and microsystem sensors. Among
more common instrumental tools to analyze/locate failures
are Scanning Electron Microscopy (SEM), Scanning Acous-
tic Microscopy (SAM) [125], X-rays, electrical probe sta-
tions, Focussed Ion Beams (FIB) equipment [126], etc. They
are used to detect physical/chemical failures like delamina-
tion, cracks bubbles, corrosion and electrical circuit failures.

3.1.3. Microsystem Materials Selection
General overviews of materials for microsystems can be
found in [4, 23, 127]. Careful selection of materials is
as indicated in previous sections very important for the
overall sensor performance and reliability. Sensor perfor-
mance (access holes, electrical, sensitivity) and minimal size
(preferably WLP processing and small hidden pervasive sen-
sors [47, 128]) drive the demand for packaging with high
protective capability and applicability without affecting sen-
sor performance negatively. In cases where low cost and
small package size is not mandatory materials and design
can be chosen more freely and extremely robust sensors can
be fabricated.

In Table 1 an overview of selected microsystem packaging
materials and methods is given. Some of those which are
generally considered most important in microsystem sensor
packaging for harsh environment are indicated. Due to the
diversity of sensors it is important to stress that whether each
material is relevant or not depends on the specific applica-
tion. These materials and methods have been selected from
physical/chemical properties such as high chemical/physical
barrier and durability properties, high CTE match capabil-
ity, low cost processing, etc. which are also important in
microelectronics, but are considered even more important
for reliable packaging of microsystem sensors.

The major problem to be solved in sensor packaging for
harsh environments is to get sufficient access to the sensing
area while still providing adequate chip protection. Mate-
rials are chosen for different main purposes: Attachment,
heat dissipation, conductance (interconnection), insulation,
support (boards), protection, and combinations thereof.

However, the materials purposes are all more or less
interrelated with each other and the purpose of the final
component cf. system design. Table 1 also reflects that gen-
erally degrees of freedom in selecting materials for some
materials primary purpose is more or less reduced due to
some other demands.

a. Electrical Interconnection Materials Often compro-
mises which severely complicate the packaging have to
be made. One simple example is that the demand for a
hermetic package which has a low CTE and high phys-
ical/chemical durability may require that it is made of
ceramic sintered at 1550 �C, i.e., only conductors, e.g., lead-
frames of W, Mo, with high melting point at the cost of
electrical conductance can be used. In that way, the relative
importance of purposes/properties (conductance vs. melting
temperature, etc.) have been altered because of higher pur-
poses, hermeticity, low CTE, durability, etc. Melting tem-
peratures for these metals are Tm�W� = 3422 �C, Tm�Mo� =
2623, and both have a low CTE of 4.5 ppm which is very
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Table 1. Selected microsystem packaging materials. Italic: Important in microsystem sensor packaging for harsh environments.

Primary purpose (process and other characteristics) Use and materials

Die attach by:
Gluing (hard to compliant attach, acceptable Mounting on substrates and inside packages.
electrical/thermal conductance, and CTE with fillers). Adhesives: Epoxy, cyano esters, urethane, silicone, filled with

e.g., Ag, fused silica, quartz.
Anodic and frit bonding (Silicon CTE matched attach, and sealing). Glass, glass frits, silicon (wafer level sealing, stress isolation).

Electrical conduction by:
Wirebond (flexibility/compliancy). Interconnect between pads on top of die and substrate.

Au, Al.
Flip-chip (compact). Microelectronics assembly near sensor die (e.g., ASICs).

Sensor die flip-chip interconnect to substrate.
SnPb soldering, solder materials without Pb,
e.g., SnAg3�9Cu0�6 or Au bumps dipped in Ag filled adhesives
(Stud Ball Bumping SBB process).

Conductive adhesive (low temperature processing, compact, attach, Au, Ag, Ni, Cu.
HDI, good heat conduction).
TAB (compact). SnPb soldering, solder materials without Pb, e.g SnAg3�9Cu0�6.

Interconnect on substrate/package by:
Under Bump Metallization (UBM) (adhesion and diffusion barrier). Solder ball interconnect, e.g., ASIC flip-chip Sensor die flip-chip.

Al, Cu, Ti, W, TiW, Cu, Mo, Ni, Pt, Pd, Cr.
Pastes (conductors, resistors, etc.). Hybrid circuits.

Ag/Pd, Ru2O3 in matrix of glass, organic fillers and solvents.
Conductors (high conductance). Low temperature processed substrates Au, Al, Cu.
Leadframes (conductance, high temperature sealing). DIP.

Cu, Ni42Fe (Alloy 42), Ni29Fe53Co17(Kovar™) W, Mo
(moulded packages).

Package for protection and chip/interconnection support by:
Deposition of thin films at wafer and higher levels. Physical (mechanical, EMI screening) and chemical protection.

SiO2, Si3N4,a-CrTa, a-TaO, a-SiC, Cr, Ti, a- Ni.
Moulding/premoulding (support, barrier, low stress). DIP, QFP:

Polymers: Heat and UV processed phenolic-epoxy filled with
quartz, LCP MCMs, and hybrid circuits with
good thermal dissipation and electromagnetic shielding.
Metals: Cu10W, Cu15W, Silvar™
(Ag-Ni-Fe alloy), Cu15Mo, Kovar™ and Alloy 42 plated with
Au, Ag, Cu.
Ceramics: Al2O3�

Getters (trapping of unwanted chemicals and particles, use of cheaper Inside or as part (ceramic) of hermetic (liquids, gasses)
packages). Silicone–zeolite composites: STAYDRY™ GA2000-2.

Metals: Zr-Al-Fe, Ti, Th, Pd, Pt.
Metal-oxides: PdO.
Zeolites.
NanoGetter™.
Al2O3(e.g., CERDIP).
Silicon rich oxides.

Glob-top (barrier, mechanical protection). Protection toward liquids, gasses, light.
Avoidance of wire sweep in moulding.
Adhesives: Anhydride-epoxy e.g., filled with ceramics, carbon.

Underfill (mechanical protection). Microelectronics flip-chip. Sensor flip-chip.
Adhesives: Anhydride-epoxy, Cyanate ester e.g., filled with ceramics.

Coatings (barriers, wear protection). Microelectrinics components/boards, sensors protection against
liquids, gasses, light.
Polymers: Solder masks, Parylene C, Nova HT, Teflon AF,
adhesive type (epoxy, urethane, cyano esters, acrylates, silicone)

Polymer–metal composites: e.g., UV curable acrylates with flakes of
Cu plated with Ag.

Lid mounting (tight, low stress lid attachment). Lid: Plastics, ceramics, glass, metal.
Sealing: Adhesives, glass or assembly by anodic bonding, welding.

Stacked substrate layers (dense, durable low stress interconnection). Dense MCM packaging of microelectronics and microsystem sensors.
Hybrids: Al2O3.
MCMs: HTCC, LTCC, epoxy filled with glass, Kevlar® and Aramid®,
polyimide (PI), bismaleimide triazine (BT), Polytetrafluoroethylene
(PTFE or Teflon®), Polyether ether ketone (PEEK).
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close to that of Si and many sealing glasses like borosilicates.
Generally, more corrosion stable metals like Au instead
of Al in wirebonding and Cu, Ni in conductive adhesive
is used where required by the environment. For microsys-
tem sensors in harsh environment flip-chip interconnection
is very attractive from the materials point of view due to
small amount of interconnect solder/bump material prone
to chemical attach. This explains why Sn-Pb solders can still
be used in many applications although they are not very cor-
rosion stable.

b. Highly Protective Die Attach, Underfill and Package
Materials Most often the basic innermost microsystem
materials (Si, GaAs) and to some extent also the intercon-
nection materials are chosen for their electrical properties
without regarding their other properties, which have influ-
ence on the reliability.

Therefore one of the most important purposes of die
attach, underfill and package materials is to protect the sen-
sor/IC and other packaging materials (wirebonds, etc.) both
by constituting a physical (mechanical, temperature) robust
interface to the surroundings and by keeping away chemi-
cals, particles, and radiation detrimental for the sensor per-
formance due to their change of materials properties.

The chemicals protected against can be both liquids and
gasses. Amongst liquids water and its ionic content are the
most common problems. The critical ions are usually Na+,
K+, and Cl− coming from salt in sweat, sea water, or it is
born from the packaging materials. The ions may diffuse
around both in the packaging materials and semiconductors
and in this way destroy the electrical functionality directly
or they may participate in electrolytic corrosion [129]. The
water can also corrode the materials directly (hydrolysis) [4]
and indirectly by reactions with corrosive end products. The
latter occurs e.g., when too much P is in P doped (to lower
melt temperature) glass used as a dielectric layer. Water
react with P to give H3PO4 acid which further corrodes the
surrounding materials [130]. Just the presence of water is
most often critical, especially for polymers. The polymers
swell, modulus E, CTE, Tg and strength are lowered, etc.
The resulting failure modes are e.g., delamination, cracks,
popcorning, etc. The presence of water can also induce stic-
tion in silicon micromechanical sensors [17].

The gas chemicals are typically H2O, H2, NH3, SO2, H2S,
etc. originating from the harsh environment surroundings
and outgassed from the packaging materials themselves, e.g.,
from plated metals and polymers (epoxy). They can all affect
microsystem sensors performance severely for instance by
corrosion and damping (resonators).

Particles from the surroundings and from component pro-
cessing can be critical because they can interfere with subse-
quent processing, short circuit, and block the movement of
parts in microsystem sensors. Therefore the processing has
to take place in a clean room environment all the way to the
final component and appropriate cleaning methods have to
be employed.

Electromagnetic radiation can cause the electronics (e.g.,
amplifiers) and sensors (e.g., capacitive MEMS micro-
phones) to malfunction. To achieve ElectroMagnetic Com-
patibility (EMC) ElectroMagnetic Interference (EMI) is
commonly shielded with the use of metal packages

(houses)/grids, metal filled polymers [1], glob-top filled with
C, and by deposition of magnetic thin films.

Mechanical robustness is provided first by protecting
chips so that they can withstand further handling and pro-
cessing by applying thin protective films (see Table 1).
Moulded packages and substrates provide mechanical pro-
tection toward the surroundings. Here it is important to note
the materials differences in E and toughness.

Generally, heat dissipation from microsystem sensors is
not an important issue. However, in special cases as micro
hotplate gas sensors where temperatures as high as 500 �C
are reached it can be an important issue [131]. A bigger
problem is to find packaging solutions which can meet the
many high temperature applications within e.g., the automo-
tive and oil/gas industry [34–42].

Ingress of water from the surroundings is often consid-
ered to be the biggest problem to solve in microsystem pack-
aging [132–143]. Only 0.1 nL water may be critical due to
direct corrosion of narrow Al conductors on chips [133]. No
material is actually completely tight toward water. However,
their decreasing tightness can be ranked as: Metals, glasses,
LCP, Parylene, fluorocarbons, epoxies, silicones. A package
is defined as hermetic if the He leak rate is below 10 −8

cm3 s−1 [4]. Qualifying leak testing is usually done in accor-
dance with the military standard MIL-STD-883. However,
since the diffusivities of He and water in any material differ
a lot testing directly with water is often mandatory. Poly-
mers are attractive because of easy and cheap processing.
An extensive overview of polymer permeability data is given
in [144]. Water uptake (solubility S) and diffusion constants
can be determined in accordance the standard SEMI G66–
96 [2, 118, 145, 146]. This is done by using the short times
approximation of (1)

Mt

ME

= 1− 8
�2

�∑
n=0

exp�−�2n+ 1�2�2�Dt/L2��

�2n+ 1�2
(1)

where Mt is the weight gain of a thin slab of material after
exposure for a period of time t, ME is the weight gain at
equilibrium i.e., after saturation, D is the diffusion constant,
and L is the slab thickness [147]. ME depends exponentially
on the humidity H as

ME = KH	 (2)

where K and 	 are temperature dependent constants [4].
The short time approximation of (1) is
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and given ME , D can be found from the short times slope h
in a plot of Mt/ME as a function of t1/2/L as

D = �h2

16
(4)

It is then important to note that the flux F of water will be
determined by

F = DS

L
= PS (5)
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where P is the permeability, i.e., that how much is actually
passing critical areas is not only determined by D but also
by S [2]. It is also very important to realize that for encapsu-
lations S determines how much water is actually in contact
with the critical areas. This means that even though a mate-
rial may have a high D for water (e.g., silicone) they might
be a good choice anyway in some application due to low S.
The worst case occurs for instance in pressure sensors where
a pressure gradient may cause a continuous flux across crit-
ical areas. Another critical situation is when the material
has taken up a lot of water at high temperature and the
temperature then suddenly falls to a temperature where S
(determined from ME� is significantly lower. Then the mate-
rial literally begins to sweat. This may cause high stresses
followed by delamination, cracks, etc. This is one of the rea-
sons why good adhesion at interfaces is so important. Slower
mechanisms are creation of weak boundary layers with high
water content and hydrated metal oxides and finally delami-
nation. Interfaces are generally very prone to failure due to
stress concentration.

The materials used for die attach, underfill, and packages
are: polymers, ceramics, glasses, metals, organic/inorganic/
metallic thin films and coatings, and getters (see Table 1).

Polymers are used more and more in microsystems, espe-
cially microelectronics because they are becoming higher
grade concerning Na+, Cl−, K+. Nowadays the content of
these ions is usually only a few ppm for electronic grade
polymers. Further, thin film protection (oxides, nitrides) has
also made chips sufficiently mechanically/chemically robust
for transfer moulding [4]. Generally, the polymers chemi-
cal resistance against solvents can be evaluated using the
Hansen Solubility Parameters (HSP) [148]. A common poly-
mer mould compound is phenolic epoxy. Better performing
polymer packages for microsystem sensors can e.g., be made
of LCP [85, 86] or cyano ester adhesive [4, 149]. Both these
polymers are highly chemically resistant and water tight.
Actually LCP is the tightest polymer known. Also cyano
ester adhesive is a very good water barrier in that it actually
captures (get) the water by reaction without degradation [4].
They are both very chemically resistant and both come filled
with very low CTEs.

Epoxy based polymers are normally used for die attach
because of their good adhesion and durability. They are also
quite tight compared to many polymers e.g., silicone. Highly
filled with quartz the CTE can come as low as 11 ppm. This
is not possible with silicones which are also less chemically
durable especially toward solvents. However, they are used
in sensor applications where completely stress free assem-
bly or encapsulation (silicone gel) is needed. Water flux
through silicones can be as low as for epoxies due to low
S. Very low stress sensor attach and encapsulation can also
be approached by use of UV curable epoxies. This is due to
room temperature curing, step curing, and quartz filling [84].

Anhydride epoxies are commonly used for underfill and
glob-top base materials, but will not be good enough in the
many sensor application where water comes close because
these systems give polyester linkages which are prone to
hydrolysis [4]. Here cyano ester based adhesive is more
promising.

Epoxy is also used for PCBs (FR4) and layered substrates
(MCM-L) with different fillers (see Table 1). This is also the

case for PI, BT, PTFE, and PEEK all of which are very inter-
esting candidates for microsystem sensor packaging because
of low permeability and/or chemical durability.

Ceramic substrates and house packages are typically
Al2O3, HTCC, and LTCC which are very water tight partly
due to their dense structure and because of water getter
properties. It is also very tight toward other substances.
Besides CTE is very low, chemical durability high, and E
is high. These materials are very attractive to microsystem
sensor packaging [66, 88–90].

Glasses are basically SiO2. Differently doped (e.g., with
P ) glasses can have low melting temperatures making them
usable for ceramic and metal package sealing (lid and elec-
trical feed-through in metal packages) and actually also
for die attach e.g., silver-filled for thermal conductance. In
humid environment it is important that the glass contains
no alkalis like Na+ because they can be released by water
corrosion and destroy the microelectronic circuit.

Metal packages are usually chosen to have good thermal
conductivity and low CTE. Examples are shown in Table 1
[83]. The metal packages are used as houses for hybrids
and MCMs. Together with glass-sealed lids and electrical
feed-throughs these packages are hermetic. Metal lids are
also soldered or welded. Moisture is often a serious prob-
lem when using metallic packages because metals are gen-
erally hydophillic [4, 150]. Good adhesion of e.g., adhesives
is very often correlated with surface energies/tensions [151].
To achieve good adhesive bonding good spreading is usu-
ally a prerequisite. This can be achieved by ensuring a low
surface tension of the adhesive compared to that of the
substrate. Moisture on metals has the effect of lowering
the surface tension [152] and therefore often the adhesion
strength.

Organic conformal coatings are often urethane based [4].
They are used mostly for circuit board protection. They have
very good protective properties regarding humidity, corro-
sive environment, and toughness. They can be as protec-
tive as hermetically sealed packages. They cure both by heat
and UV light. Other organic conformal coatings of greater
interest for microsystem sensor protection are the parylenes
(poly-para-xylylene) and Teflon AF [1]. This is primarily
because they cover bond wires and single crystalline silicon
edges and corners highly conformal in layers thinner than
10 �m and because of their high chemical durability. Pary-
lene C is also very tight (comparable to LCP) and is there-
fore used as barrier [20]. Also of interest for MEMS sensors
is thin conformal coatings of polymer-metal composites for
EMI shielding [1].

Inorganic/metallic thin (around 1 �m) films are of par-
ticular interest for compact chemical and EMI protection
[19–22, 102–104]. Some coatings are amorphous to avoid
chemical attack and fast diffusion otherwise observed at
crystallite boundaries (see Table 1).

Getters are materials that traps unwanted chemicals e.g
H2O moisture, H2, NH3, SO2, H2S either by adsorption
or reaction [17, 116, 117]. Silicon gas compatibility guide-
lines are described in the SEMI F79–0703 standard. Get-
ters are used inside packages because it is well known that
no material can keep out the mentioned chemicals suffi-
ciently for the periods of interest. They consist of sticky
polymer capturing particles typically from the processing
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and metal and metaloxides (see Table 1). The unwanted
gases flow may also be diverted by phase barriers as e.g.,
air. For moisture this can be very effective since D in
e.g., epoxy is around 5 × 10−13 m2 s−1, and in air it is
around 2 × 10−5 m2 s−1 at room temperature. As depicted
in Section 3.1.3 high durability packaging can be achieved
with high durability packages and smaller demands on sen-
sor performance. However, the performance of the above
mentioned hermetic ceramic package (Section a) may e.g.,
also be achieved in a cheaper way by use of a less tight
polymer package with one or more getters inside and Cu as
conductor. This is one way of achieving Reliabilty WithOut
Hermeticity RWOH. Alternatively very high performance
concerning tightness and the often ultimate goal to keep
chemicals and particles away from the critical sensor parts
may be achieved by use of the ceramic package including
getters inside.

c. Sensor Die-Environment Interconnection Materials
In many cases the access hole is part of the package and con-
sequently made of that material. However, often some guide
of the media to be sensed on, has to be fixed to the microsys-
tem sensor. For that small commercial or specifically manu-
factured fittings (plastic, glass, etc.) are used together with
adhesives like epoxy and silicone [1, 20, 21, 29, 67, 107]. The
fixation has to be completely microsystem sensor compatible
regarding the same parameters as the rest of the packaging,
i.e., minimum stress, high adhesion, no corrosion, etc.

4. SPECIFIC APPLICATIONS
Below specific microsystem sensor packaging examples are
given. They are grouped according to whether they can be
considered standard packaging, modified standard packag-
ing, or custom designed packaging. Pressure sensors and
accelerometers represent the largest markets. To cover all
these types of packages and sensors the examples comprise
3 pressure sensors, 2 accelerometers, and 1 microphone.
They are commented regarding application (environment),
and how the packaging has been solved concerning elec-
trical interconnection, sensor die–environment interconnec-
tion, and protective package. Many examples can be found
in the literature e.g., from other areas like biotechnology
and telecommunication [153, 154].

4.1. Standard Packaging

This kind of packaging involves conventional packaging
technologies from microelectronics. An example is the

Figure 2. Left: X-ray photo of dual axis accelerometer. The aluminum
wirebonds cannot be seen on an X-ray photo. Right: Grinding the
ceramic away opens the package.

Figure 3. Left: X-ray photo of absolute pressure sensor. Right: Etching
with dry HNO3 exposes the sensor and the chip.

ADXL202 dual axis accelerometer from analog devices
(Fig. 2). This is a house type ceramic DIP. The accelerom-
eter is mounted in a ceramic package cavity and inter-
connected with Al-wirebonds to the leadframe. No access
hole/window is needed for such a sensor. A lid is hermeti-
cally sealed to the package cavity.

4.2. Modified Standard Packaging

These packages are based on materials and shaping of the
package that to a varying degree differs from what is seen in
the microelectronics industry in order to meet the require-
ments of the specific microsystem sensor.

One example is the SP13 tire pressure sensor from
SensoNor (see Fig. 3). This is an absolute pressure sensor
in a plastic DIP. It should be noted that in this case a glob-
top has been placed around the sensor stack in order to
minimize the thermal stress and wire sweep from the injec-
tion moulding encapsulation. Gold wirebondings are used
as electrical connections from both the sensor to the ASIC
and from the system to the leadframe which provides the
external connection. Note also that the packaging differs
from microelectronics packages as it includes glass bonded
at wafer level (cf. WLP) on both sides providing minimum
stress on the silicon sensor die in the middle, reference pres-
sure cavity on the top side, and part of the pressure access
hole/channel to the sensor die. The rest of the hole to the
sensor die is in the leadframe and plastic mould material.

Another example is the SLP004D pressure sensor from
SensorTechnics (see Fig. 4). It can be used for measuring dif-
ferential or absolute pressure. This sensor is wirebonded to
a leadframe which provides the external connections result-
ing in a Single Inline Package (SIP). A hole in each Al plate
provides physical connection. The hole gives direct access to
the chip surface i.e., the component is relatively vulnerable

Figure 4. Left: X-ray photo showing wirebonds, sensor unit and the
two aluminum plates. Right: The sensor is exposed for inspection by
removing one aluminum plate.
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Figure 5. Left: X-ray photo showing the seismic mass and the wire-
bonds. Right: Grinding exposes the die.

to pollution. The package is a plastic house with Al plates
on both front and back.

A third example is the SA20 airbag accelerometer from
SensoNor (see Fig. 5). The internal electrical connections
are made using gold wirebonding, and the external connec-
tions are provided via the pins, in this case a SIP. The house
is a welded polyphenylene sulfide (PPS) plastic housing. This
is a thermoplastic material with excellent thermal, mechan-
ical and chemical resistance. The sensor does not need a
physical connection to the outside, since it measures only the
movement of a seismic mass via a piezo resistive bridge. The
cavity in the house is filled with silicone oil for the purpose
of dynamic damping.

4.3. Custom Designed Packaging

In more complex packages even the interconnections are of
a more advanced type. The development of the bare sili-
con MEM die, is not the main area of work, however, the
entire system including the sensor, the interconnection and
the package have to be planned together, because they can
have multiple functions and constrain each other severely.
At this point there is very little to be said about standard
packaging. With the example in Figs. 6 and 7 which is a
3 mm · 3 mm · 2 mm microphone (dummy) for e.g., hearing

Figure 6. A dummy sample of a silicon micromechanical microphone
before encapsulation.

Glued sound inlet

Si chip500  µm

Glued flex print 

Figure 7. Cross section showing the built-up of the test structure. Two
protective encapsulation layers are needed. A conductive top layer for
EMI (Electro Magnetic Interference) shielding and an insulating layer
beneath to avoid short circuiting anywhere on the microphone. The first
layer has been applied by dipping, the second by spraying. Note that it
has been possible to cover the sharp corners of the silicon. Here the
insulating layer has a thickness of approx. 50 �m. The thickness of the
conducting layer is around 25 �m everywhere.

aids, mobile phones, focus is only on the demands for a pro-
tecting encapsulation material that practically takes up no
space [1]. Other minimum packaging volume methods used
have been chip stacking involving: anodic bonding, sealing
with fluxless solder bump bonding, and through-hole micro-
phone/ASIC interconnection, together with flip-chip inter-
connection (ASIC, flex print) and mounting (sound inlet)
[21, 22].

Even though they are often the simplest microsystems,
pressure sensors are usually placed in very rough environ-
ments. As mentioned earlier, keeping the microsystem small
and cheap means high demands on the packaging materials
and methods. An example is the Grundfos differential pres-
sure sensor (see Fig. 8). Here the sensor has to be able to
withstand direct exposure to water under pressure at 125 �C
via the holes in the housing for at least 10 years. To solve
this problem focus has been on:

1. Materials with high corrosion stability. Especially the
thin protective film has to be very corrosion stable. For
a sufficiently thin film, which should be able to last
for 10 years, no more than one atomic layer may be
corroded per day [19, 20, 102–104].

Housing

Pressure sensor
chip

Wirebond

Electronics

Adhesive

Protective coating

Figure 8. Cross-sectional drawing of a differential pressure sensor. The
sensor chip is protected with a coating on both sides and mounted
in a housing using adhesive. Through the access holes in the housing
and contact with the coating the media gets in close proximity to the
pressure sensor chip.
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2. Tight and low stress mounting/sealing of die in hous-
ing. The tightness depends entirely on the adhesives/
O-rings bulk and interface tightness to house/film
on the die. The tightness is important since the
very corrosion sensitive microelectronics is placed
close to the water. The allowed leak rate to ensure
low enough corrosion has been estimated to 2�5 ×
10−2 mm3/year/bar [20]. Stress is important because
it may couple into the pressure sensing membrane
area and thereby disturb the measurement [109, 120].
The stress depends on both the adhesives/O-ring and
the house materials CTE. The adhesives/O-rings CTE
might change significantly over time.

GLOSSARY
ACA Anisotropic Conductive Adhesive. Adhesive where
the amount of electrically conductive filler is adjusted for
conduction in only one direction perpendicular to the
substrate.
Anodic bonding A joining method where e.g., silicon and
borosilicate glass can be bonded making use of heat at
around 400 �C and high voltage.
ASIC Application Specific Integrated Circuit.
BCB Benzocyclobutene. A polymer used in microsys-
tem packaging as dielectric material in layered electrical
interconnection.
BGA Ball Grid Array. A package where a chip is intercon-
nected to the next level of packaging using a space trans-
forming interposer. An area array of solder balls on the
interposer is typically used for interconnection to the next
level of packaging.
BT Bismaleimide Triazine. Polymer used as dielectric
material in PCB and layered electrical interconnect
substrates.
CBGA Ceramic Ball Grid Array. A BGA where the inter-
poser is HTCC or LTCC.
CSP Chip Scale Packaging. A package where the footprint
area is maximum 20% larger than that of the naked die.
CTE Coefficient of Thermal Expansion. Indicates how
much a material expands as a function of temperature. The
symbol is typically �m/m �C.
CVD Chemical Vapor Deposition. A vacuum deposition
process where chemical reactions take place both in the gas
and on the substrates. Used e.g., to deposit parylene (poly-
para-xylylene) as protective coating.
DIP Dual Inline Package. A package with leads on two
parallel sides.
EMC ElectroMagnetic Compatibility. Refers to the situa-
tion where an electronic component is constructed/protected
so that EMI is not a problem.
EMI ElectroMagnetic Interference. Disturbance of elec-
tronics by electromagnetic radiation.
FIB Focused Ion Beams. In electronics FIB is used for
failure analysis where e.g., conductors are cut or repaired.
Flip-chip An electrical interconnection method where a
chip is turned upside down (flipped) to connect contact
points typically in an array area on the chip and chip carrier.

Getter In microsystems a material that traps or keep away
unwanted chemicals and particles by being reactive or sticky.
HDI High Density Interconnect. Refers to electrical inter-
connection with a very low pitch.
HSP Hansen Solubility Parameters. Parameters that helps
predicting the chemical durability of polymers toward
solvents.
HTCC High Temperature Cofired Ceramic. Electrical
interconnect substrates consisting of alternating layers of
conductors and ceramic as dielectric material. The soft and
compliant ceramic layers are cofired/hardened at high tem-
perature (1550 �C).
IC Integrated Circuit.
ICA Isotropic Conductive Adhesive. Electrical conductive
adhesive with a high filler content resulting in isotropic
conduction.
LCD Liquid Crystal Display. Flat displays based on liquid
crystals which change orientation when a voltage is applied
across them.
LCP Liquid Crystal Polymer. Thermoplastic polymers with
unique structural, physical and chemical properties. Consists
of linked rigid and flexible monomers. Rigid molecule seg-
ments align in the liquid state during flow and this alignment
is maintained when cooling to the solid state. An example
of a LCP is Vectra A-950.
0 level packaging See WLP.
1st level packaging Packaging at the micromechanical chip
and/or IC level. It comprises chip (micromechanical, IC,
ASIC, etc.) mounting (anodic bonding, gluing, soldering) on
some support (carrier, housing, substrate e.g., with inter-
connecting conductors) and interconnection (wirebond, flip-
chip soldering/gluing, conductive adhesive).
2nd level packaging Packaging at system level or board
level. Packaging on this level consists of mounting the 1st
level package onto some board (typically FR4 PCB or card)
to interconnect active and passive components.
3rd level packaging Packaging at the board to board inter-
connection level like in PCs where several slots for insertion
of different cards exist.
LTCC Low Temperature Cofired Ceramic. Stacked elec-
trical interconnection layers like HTCC, only the ceramic
layers are cofired at low temperatures.
MCM Multi Chip Module. A packaged electronic circuit
is a MCM when more than half of the substrate area is cov-
ered with active devices. The substrate is typically a layered
interconnect substrate like HTCC or LTCC.
MEMS MicroElectroMechanical System. Miniaturized
sensors and actuators with micrometer size features. Sensing
and actuating is electromechanical. The MEMS comprises
a MicroElectroMechanical (MEM) component and some
low level packaging e.g., interconnection to a substrate, an
ASIC, etc. Normally the MEM is a single crystalline silicon
micromechanical structure fabricated by etching methods.
Microsystem MEMS together with microelectronics, pho-
tonics, RF/wireless packaged to the 2nd and 3rd level.
Microsystem sensor Miniaturized sensor with micrometer
size features for analysis involving disciplines as: Mechanics,
fluidics, biology, chemistry, microelectronics, optics, etc.
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�TAS Micro Total Analysis Systems. Systems with
micrometer size features comprising all necessary compo-
nents for complete analysis.
MID Mould Interconnect Device. Moulded polymer sup-
porting and interconnecting carrier where the intercon-
necting conductors are applied e.g., by chemical/galvanic
metallization or by hot embossing.
MTBF Mean Time Before Failure.
NEMS NanoElectroMechanical Systems. Electromechani-
cal sensors or actuators with nanometer size features.
Packaging The interfacing between active/passive
microsystem components and the surroundings: Attachment,
support (substrate, carrier, encapsulation), signal intercon-
nection between components and environment (electrical,
optical, chemical/physical, access for sensing/actuation), and
protection (encapsulation, housing).
PBGA Plastic Ball Grid Array. A BGA type where the
interposer is made of some kind of plastic which is most
often FR-4 or BT-epoxy PCB.
PCB Printed Circuit Board. Typically a FR4 board
made of epoxy-glass with printed conductors for electrical
interconnection.
Popcorning Cracks and delaminations in house and encap-
sulation type packages because of sudden heating of
entrapped moisture in the materials. The sudden heating is
e.g., due to wave soldering.
PWB Printed Wiring Board. Boards with conducting lines
for interconnection e.g., FR4.
QFP Quad Flat Package. A package with leads on all four
sides.
RWOH Reliability WithOut Hermeticity.
SAM Scanning Acoustic Microscopy. SAM is a Non
Destructive Testing (NDT) method for microinspection
which functions like a sonar, though using much higher fre-
quencies, MHz–GHz. Pulses of ultrasound is transmitted
through a liquid medium, typically water, to the component
and its interior where it is reflected and transmitted at inter-
faces between materials due to their differences in acoustic
impedance Z. It is used in microsystem failure analysis for
detection of e.g., cracks, bubbles, delamination in packages.
SBB Stud Ball Bumps. Bumps which can be used for elec-
trical interconnection in the flip chip process by first dipping
them in conductive adhesive.
SEM Scanning Electron Microscopy. A kind of microscope
for surface inspection using electrons instead of light giving
much higher magnification.
SIP (1) Single Inline Package. A package with leads on
one side. (2) System In Package. Packaging where the com-
ponents are more or less integrated or encapsulated in the
packaging, i.e., in layered interconnect substrates. Another
word for SIP is System On Package (SOP).
SOC System On Chip. SOC is the ultimate integration
level accomplished when a whole functional system is inte-
grated in one monolithic chip.
SOP System On Package. See SIP.
Stiction The unwanted natural adherence between sur-
faces of MEMS structures that come very close.

TAB Tape Automated Bonding. A low profile chip elec-
trical interconnection method using soldering by thermo-
compression of free conductors e.g., Cu on the tape to both
chip and some package or PWB.
TBGA Tape Ball Grid Array. BGA where the interposer
is made of some kind of polymer tape. The tape is typically
polyimide, epoxy-glass.
WLP Wafer Level Packaging. Packaging at the wafer level,
i.e., before dicing of the wafer into separate components.
WLP is also called 0 level packaging.
WSI Wafer Scale Integration. The act of moving the pack-
aging processes to the wafer level.
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Techniques in Scanning Acoustic
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Material Analysis of Microsystems

J. Janting
DELTA, Danish Electronics Light & Acoustics, Venlighedsvej 4, 2970 Hoersholm, Denmark

1. INTRODUCTION

Acoustic microscopy is a widely used Non Destructive Testing (NDT) method for
micro-inspection. Introductions to ultrasonic NDT in general and acoustic microscopy is
given in [1–5] and [6–9] respectively.

In acoustic microscopy pulses of ultrasound is transmitted through a liquid medium
which is typically water, to the component and its interior where it is reflected and transmitted
at interfaces between materials according to their differences in acoustic impedance Z.
Common types of acoustic microscopy is C-mode or reflection mode Scanning Acoustic
Microscopy (C-SAM) [6–53] and Through-mode Scanning Laser Acoustic Microscopy
(SLAM) [25, 38, 54, 55]. Useful information on what microscopy method to use is given
in [25].

Acoustic microscopy can be considered as a supplement to other NDT methods like
X-ray inspection. The contrast in X-ray inspection relies on absorption due to differences in
the atomic mass. Bubbles, cracks etc. in polymers are for instance not easy to observe with
X-rays, though they are easy to see with sound due to large differences in Z. Often samples
are X-ray inspected prior to acoustic microscopy for two reasons: 1) Internal interfaces are
located, 2) Detection of structures/features not seen acoustically, e.g. thin Al wirebonds in
electronic packages.

Typically the sound is emitted and received by the same transducer in C-SAM. It
function like a sonar, though by using much higher frequencies, MHz–GHz. In SLAM the
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detector is a scanning laser on the backside of the inspected sample. The SLAM frequencies
are also in the MHz–GHz range.

Application areas of C-SAM and SLAM are e.g. in microelectronics [6–41, 53–55],
constructions [6–9, 51–54], biology [42–44, 53, 54] and materials characterization [6–8,
37–50, 53, 54]. The primary use is in the microelectronics industry. Microsystems comprise
microelectronics, photonics, RF/wireless and MEMS [56]. This chapter gives an overview
of C-SAM inspection methods for microsystems with focus on the requirements and ap-
proaches used for Quality Assurance (QA) of MEMS. A number of characteristic examples
are presented.

2. BASIC C-SAM THEORY

In SAM a transducer emits sound as short pulses and receives the reflected sound. The
emitted sound is focused on or inside the sample and the reflected A(R)12 and transmitted
A(T )12 amplitudes with polarity at interfaces are given by [1]:

A(R)12 = A0 R12 = A0
Z2 − Z1

Z1 + Z2
(1)

A(T )12 = A0T12 = A0
2Z2

Z1 + Z2
(2)

where A0 is the incoming wave amplitude, R12 and T12 are the reflection and transmission
coefficients respectively, Z1 and Z2 are the acoustic impedances of materials 1 and 2
respectively, see figs. 1 and 2. If the inspected sample can be considered to be of infinite
dimension concerning the description of wave propagation, the waves in SAM are plane

T
ransducer

T
ransducer

Incoming wave

Transmitted wave

Reflected wave

Position A Position B

Air

Water (Z
1
)

Flip chip (Z
2
)

Interconnection (Z
4
)

Cured underfill (Z
5
)

Print (Z
6
)

Uncured
underfill (Z

3
)

FIGURE 1. Illustration of C-SAM study on flip-chip with cured/uncured or stressed underfill adhesive. Note that
the reflections travel time in water is subtracted on the time axis in Fig. 2.
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FIGURE 2. A-scan on flip-chip in figure 1. Reflected sound at chip/underfill interface varies according to cure
degree or stress.

and longitudinal and the acoustic impedance is given by [57]:

Z = ρVL = ρ

√
B(1 − ν)

ρ(1 + ν) · (1 − 2ν)
=

√
ρB(1 − ν)

(1 + ν) · (1 − 2ν)

≈
√

ρE(1 − ν)

(1 + ν) · (1 − 2ν)
≈

√
ρE (3)

where VL is the longitudinal wave velocity, B is the bulk modulus, E is Young’s modulus,
ρ is the density, and ν is Poisson’s ratio.

A graph showing the reflected sound amplitudes with polarity as a function of time
delay at a certain point is called an A-scan, fig. 2. A-scans are 1D or point interface depth
profiles. In C-SAM a 2D or area C-scan is performed where only reflected sound from a
certain depth range is collected corresponding to a gate placed at a certain time interval in
the A-scan.

Resolution in SAM depends to a large extent on a combination of the studied samples
mechanical materials properties i.e. stiffness and stiffness changes c.f. equations (1)-(3)
and the equipment. Important parameters defining or influencing resolution is the focal spot
size, focus position, and the resolution of the generated picture. C-SAM is usually confocal
acoustic microscopy and the depth of focus is [6]:

�ZFocus = 1.28λmaterial

sin2 θ0
= 1.28νmaterial

f

(
F

N A

)2

(4)

Where λmaterial is the wavelength of the sound in the material where the focal spot is located,
θ0 is the semi-angle of the lens aperture subtended at the focus, sin θ0 = N A is the lens
numerical aperture, νmaterial is the velocity of sound in the material where the focal spot is
located, f is the tranducer frequency, F is the focal length. νmaterial values can e.g. be found
in [58]. Within the depth of focus the lateral resolution is determined by the focal spot size



296 J. JANTING

by [6]:

�X = λmaterial

2 sin θ0
= νmaterial

f

(
F

2N A

)
(5)

Typically the coupling medium between the sound emitting transducer and the studied
sample is water. Then �X is e.g. 30 µm for f = 200 MHz, F = 8 mm, N A = 2 mm and
νwater = 1500 ms−1. A lateral resolution of 15 nm has been achieved with special equipment
[7]. With more common 2 GHz equipment a resolution of 0.7 µm can be reached [7].

The depth or axial resolution is determined by the limit at which reflected wave pulses
from different depths are completely separated in the A-scan and is thus given by:

�Z = λmaterial (6)

3. GENERAL SAM SAMPLE REQUIREMENTS

Best results are achieved when samples with plane i.e. un-curved and smooth surfaces
are studied [52]. If the top surface is not planar the focus will move with respect to the
sample surface during x-y scanning and much of the sound may not be reflected back to the
transducer. However, detection of curvature i.e. warpage as a consequence of stress is also
sometimes the purpose of the SAM analysis [14].

It is also an advantage if the top and bottom sample surfaces are coplanar, because this
ensures that the top and interior surfaces of the component are coplanar with the scanning
plane. Problems with planarity and co-planarity are typically seen as a gradual change in
grey tones corner to corner or edge to edge.

On rough surfaces the sound is scattered and less reflected or transmitted sound is
received by transducers and the resolution gets poor.

Edge effects may be pronounced in analysis of MEMS with features of sizes comparable
to or smaller than that of the focal spot size. In these samples often the waves cannot be
considered plane and longitudinal, see section 5.1.

When inspecting the interior of a sample it is an advantage if the liquid sound coupling
agent has a Z which is as close as possible to that of the top material, because according
to (1) and (2) this ensures more sound transmitted to the depth of interest. For water
Z = 1.482 MRayl the worst case is when the region of interest is encapsulated with e.g. Au
which has a Z = 63.8 MRayl far above any liquid. Then most of the sound never reaches
the region of interest and the fraction which does will be trapped by multiple reflections
within the high Z transitions. This situation is e.g. encountered in some Ball Grid Array
(BGA) electronic packages, and the best solution to this problem usually is to remove
some or all of the Au. Alternatively, in some very special cases Hg (Z = 19.6 MRayl) or
Ga (Z = 17.5 MRayl) might be used as a coupling agent. Hg and Ga are almost perfect
coupling agents for interior inspection of Si (Z = 19.7 MRayl) [58].

Analysis with sufficient penetration and resolution inside or under composite materials
like Printed Circuit Boards (PCBs) which consist of epoxy and glass filler is also difficult
in C-SAM. Like for rough surfaced this is due to scattering of the sound. In this case the
sound is scattered on the glass filler. BGAs often include a PCB making them even more
difficult to analyse with C-SAM.
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4. SAM STATE OF THE ART ANALYSIS AND QUALIFICATION

In acoustic microscopy resolution and penetration depth depends primarily on fre-
quency, focus position, stiffness and stiffness changes in the materials. The choice of trans-
ducer therefore depends on the specific situation.

Below the feasibility of using high frequency, move of sound focus and modelling
to further enhance QA on MEMS components is discussed. Further new results on wafer
to wafer silicon bonding, wafer to glass bonding, and adhesive cure degree studies are
presented.

4.1. Analysis

It is important to note that the pulses in SAM consist of a band of frequencies and
amplitudes. These are shifted downward on the way to the sample and back because of high
attenuation of high frequency components which means that (4) should only be considered
a rough estimate of lateral resolution [29, 30, 44]. Using Fourier analysis better resolution
has been achieved by filtering out low frequencies in the frequency domain and transform-
ing back to the time domain [10]. Generally, high frequency gives high resolution but low
penetration depth and vice versa. Common C-SAM is in the range of 15 MHz–300 MHz
and therefore wavelengths are high compared to the low pitch of layers and conductors
in MEMS. However, due to high sensitivity towards changes in Z the thickness detection
limit of e.g. narrow delaminations/gaps which is wavelength independent is below 100 nm
[27], which is far better than the typical wavelength determined depth resolution. That is
generally very small changes can be detected but usually their in-depth dimension cannot be
measured directly [7, 9, 26–28, 31–35, 49, 50]. This might make conventional SAM equip-
ment useful for future analysis of some NEMS structures. For nm lateral SAM resolution
special equipment is required [7]. Research in these areas is important not only because of
the NEMS analysis possibilities, but also due to the continued micro-, nanosystem including
MEMS/NEMS miniaturization trend towards Wafer Scale Integration (WSI) or System On
Chip (SOC) [56].

High frequencies (2 GHz) and focusing below the surface result in both a high wave-
length determined resolution but also a very good detection limit of gaps/cracks perpendic-
ular to the surface due to Rayleigh waves travelling along the surface [7, 9, 26, 28, 49, 50].
Whether focusing below the surface is a suitable method of gaining high resolution at the
depth of interest depends on the used transducers and the materials involved. When moving
the sound focus from the surface of a component to the interior, it is important to note that
each transition between layers acts as a lens obeying Snells law of refraction. Thus Snells
law determines the necessary transducer movement d1 to achieve focus on an interior plane
at depth d2. This distance is:

d1 = V2d2

V1
= d2

n
(7)

where V1 is e.g. the velocity of sound in the coupling liquid, V2 is the velocity of sound in
the sample material and n is the refractive index of the fluid and sample material interface.
Downward movement of the transducer a distance d1 results in a sound wave travel time in
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the coupling liquid reduced by t1:

t1 = 2d1

V1
(8)

This means that all the reflections in the A-scan come t1 earlier. Rewriting (7) in terms of
time, t1 can also be found from the sound wave travel time t2 inside the material:

t1 =
(

V2

V1

)2

t2 = t2
n2

(9)

The speed of sound in many electronic materials except polymers is high and above 6000 m/s
(e.g. silicon, ceramics). As water is usually the coupling agent the speed of sound here is
about 1500 m/s. Then the refractive index is 0.25 which means that the critical angle is
15◦ and waves incident at angles above this do not excite any longitudinal waves in the
solid. As a consequence high resolution transducers with a wide aperture cannot be used
effectively [9].

MEMS A-scan and C-scan pictures are often difficult to analyse because the compo-
nents consists of layers very close to each other resulting in overlapping reflected waves
some of which are with opposite phases [33–35]. One approach for better A-scan analysis
in these cases is the full wave propagation description [34]. Another is simple spreadsheet
simulations based on calculations of reflection, transmission coefficients and the number
of waves received by the transducer at the same time by reflection at the same interfaces in
different order [35].

Further, through (1) and (3) materials can be analysed for stiffness variations e.g.
whether an adhesive is fully cured everywhere [40, 41]. R is not very sensitive to changes in
Z2, as can be seen from (10) inserting typical values though for many applications sensitive
enough.

�R

R
= 2Z1 Z2

Z2
2 − Z2

1

· �Z2

Z2
(10)

Depending on the available information Z of an interior material can be found in two different
ways [40], fig. 3. One situation is where the acoustic impedance of the top material Z t is
unknown. Then if Z1 is large compared to Z2 A(R)12 varies approximately linearly with
Z2 and an unknown acoustic impedance Zx of a material underneath the top material can
be determined from two know acoustic impedances Za, Zb of other materials and their

Zt

ZxZa Zb

Incoming wave
(C-SAM)

FIGURE 3. Illustration of the variables in equations (11) and (12).
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respective grey tone values gx, ga, and gb in the C-SAM picture using (11):

Zx = Zb + (gx − gb)
Zb − Za

gb − ga
(11)

Another situation is when Z t is known. Then because A(R)12 varies linearly with R12, Zx

can be determined from only one known acoustic impedance of a material underneath the
top material and their respective grey tone values gx and ga in the C-SAM picture using (12):

Zx = Zt
ga(Za + Z1) + gx (Za − Z1)

ga(Za + Z1) − gx (Za − Z1)
(12)

Since stress σ depend on E through (13):

σ = εE (13)

(3), (10) and (11) implies that C-SAM can also be used to measure stress.
Depth resolution can be enhanced to be better than one wavelength in the studied

material using special modelling techniques [32].

4.2. Qualification

In SAM QA on electronics the commonly used procedure is to make the inspections
comply with the standard IPC/JEDEC J-STD-035 “Acoustic Microscopy for Nonhermetic
Encapsulated Electronic Components” [59]. Often this standard is not directly applicable
because of the large diversity of products and failure modes. Therefore efforts are put into
describing more product specific QA procedures [60] and to develop new analysis tools
[10, 32–35, 40, 41]. For instance using the above mentioned A-scan simulation programme
components can be analysed before the actual scan and prepared to get optimal signal for
enhanced failure and materials analysis.

5. GENERAL FAILURE EXAMPLES AND NEW RESULTS
ON MEMS TEST STRUCTURES

A relatively new area of microsystem failure analysis is SAM analysis of MEMS.
However, many MEMS materials, manufacturing processes and packaging methods are
more or less the same as in microelectronics. SAM QA on MEMS and microelectronics
components comprises assurance that there are no failures in [35, 36]: Interfaces between
component parts, component materials and uniformity of component materials, see fig. 4.

Flip chip

Print

Adhesive

Flip chip

Print

Adhesive

FIGURE 4. Sketch showing the general areas interest for SAM inspection in microsystems. Interface failures:
Delamination between adhesive and print and between layers in print. Failures inside component materials: Cracks
(in the chip), bubbles (in the adhesive). Failures in materials uniformity: Variation in adhesive cure degree, stress.
Note that warpage which is a consequence of stress is not shown.
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FIGURE 5. X-ray picture of Dual In Line (DIP) packaged MEMS absolute pressure sensor. All the areas of
interest mentioned in fig. 4 are also present here. Reprinted from “Encyclopedia of Sensors” Edited by C. A.
Grimes, E. C. Dickey and M. V. Pishko, Copyright (2005), with permission from American Scientific Publishers.
http://www.aspbs.com/eos.

An example of a MEMS sensor in production where SAM has been a part of the moisture
sensitivity classification is a pressure sensor in principle constructed as shown in fig. 5.

5.1. Interface Failures

The failures of the first type is mainly delaminations e.g. in interfaces between encap-
sulation material and chip/leadframe, and between chip and adhesive [18, 24, 26]. Many
microelectronics examples of SAM detection of interface failures can be found in the lit-
erature, e.g.: [11–18, 21–24, 26, 36, 37]. The term “delamination” here also covers the
area of failures where for instance there is no contact or only partly contact between bond
wires/bumps and bond pads. Conversely SAM can also be used to detect unwanted ad-
herence i.e. stiction between mechanical MEMS structures [36]. A typical example of a
delamination between encapsulation material and leadframe is shown in fig. 6.

Delaminations

Chip

Leadframe

FIGURE 6. Encapsulated die on leadframe. Delamination is C-SAM detected between encapsulation material
and leadframe.
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200 nm Oxide 

300 nm Oxide 360 nm Oxide 

Silicon 350 µm

Silicon 525 µm

FIGURE 7. Drawing showing the mid cross-section dimensions of test pattern between fusion bonded silicon
wafers. The final MEMS absolute pressure sensor dimensions are approx. 3 mm · 7 mm · 0.9 mm.

SAM is also used as a QA method in the MEMS development and manufacturing
process. Direct bonding of silicon wafers and anodic bonding of silicon and glass wafers
are manufacturing and packaging processes which are specific to MEMS. Figs. 7–11 show
recent results on how well the quality of test bonding interfaces between fusion bonded
silicon wafers for an absolute pressure sensor can be inspected with SAM. Often IR trans-
parency is used to monitor silicon wafer to wafer bond quality, however here SAM is far
more sensitive as illustrated. Using IR inspection only the large round disbond at the bottom
left area of fig. 8 can be seen. Note the very narrow and thin pattern features which are
also detected with SAM. Height differences less than 100 nm are detected, see figs. 9, 10,
with frequencies as low as 50 MHz and with an unpolished top wafer. Often the surface
reflection is masking the much lower intensity reflections from material transitions close to
the surface, fig. 11. In these cases the second echo with double time delay can be used. In

Bad bond

FIGURE 8. IR picture of one quarter of the 4 inch fusion bonded wafer where a disbond is observed.
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Bad bonds

Pattern

FIGURE 9. C-SAM picture of bond interface in fig. 7. The region is the same as in fig. 8. More disbonds and the
pattern can now be seen.

Pattern

Bad
Bonds

FIGURE 10. Blow-up of region with small disbonds.
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FIGURE 11. A-scan on structure between wafers shown in fig. 7.

this case it is also the only echo from the interface which can be used since the other echoes
die because of attenuation and overlapping waves with opposite polarity, see fig. 12.

Fig. 13 is an example of diced MEMS test strips of anodic bonded silicon wafers. A
transducer with f = 110 MHz, F = 12.7 mm, N A = 1.5 mm was used and the coupling
liquid was water. The sound was focused on the top strip. Then ∆X = 58 µm. Clearly badly
bonded areas could be detected but also edge/resolution effects was observed i.e. 3 distinct
grey zones is seen and the measured width is only 938 µm as compared to the nominal
1000 µm.

Using 400 MHz and the KSI WINSAM 200 instrument of these studies, MEMS test
cavities with a lateral pitch of 8 µm in the interface between wafers of anodic bonded silicon
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FIGURE 12. Simulated amplitudes of A-scan on structure between wafers shown in fig. 7. Each dot indicates
amplitude, polarity and time delay for a back reflected wave. The software described in [35] was used. Attenuation
was not included in the simulation.
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FIGURE 13. C-SAM pictures of interface between anodic bonded silicon strips. Top: Width of strip 500 µm.
Bottom: Width of strip 1000 µm.

and glass have also been clearly resolved by scanning through the silicon wafer isotropically
etched down to approx. 50 µm thickness, see fig. 14.

Warpage of e.g. electronic components is due to stresses at interfaces which originate
from mismatch between materials Coefficient of Thermal Expansion (CTE). Warpage can
be pronounced for thin electronic components like Chip Scale Packages (CSP’s) [14]. It
can be a failure in itself or a source of potential failure i.e. delamination.

5.2. Failures Inside Component Materials

Failures of the second type are e.g. cracks and bubbles in the encapsulation, adhesive
and soldering. Also here many microelectronics examples of SAM detection can be found
in the literature, e.g. [16, 19, 38]. Bubbles in the encapsulation originate from the moulding
process and often they contain air/moisture. In later soldering processes this is critical
because the air/moisture expansion may result in cracks (popcorning) extending all the way
from the exterior to the vulnerable MEMS and microelectronics interior parts [16]. Poor

FIGURE 14. C-SAM picture of cavities between a wafer of silicon and wafer of glass anodic bonded.
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FIGURE 15. C-SAM picture of lid solder interface of package housing (approx. 8 mm · 4 mm · 3 mm) for MEMS
and microelectronics. White areas in soldered rim are without contact between lid and solder.

wetting may result in bad or no contact between parts and bubbles either entirely in the
solder or perhaps extending from one or both surfaces into the solder like in fig. 15.

5.3. Failures in Materials Uniformity

The third type of failures comprises measurement of variations in adhesive cure degree,
adhesive filler distribution etc. by measurement of variations in Z, see figs. 16 and 17.
Methods for determining acoustic impedances in layered structures have been developed,
[40, 41]. The method relies on determination of A(R)12 from C-SAM grey values, see
section 4.1. This can e.g. be used to determine not only whether an adhesive used in MEMS

FIGURE 16. Inhomogeneous flip-chip underfill flow.



306 J. JANTING

FIGURE 17. Acoustic impedance/cure degree of EpoTek T7110 adhesive between flip chip (30 µm bump height)
and PCB (4 pieces, bottom up) determined from C-SAM picture grey values.

applications is cured or not cured at all, but also to determine cure degrees in between these
limits, see figs. 17 and 18. Further it can be used to measure stress.

Measurement of adhesive cure degree on whole bond areas non-destructively instead
of by use of Differential Scanning Calorimetry (DSC) where samples have to be picked
out is of broad interest. Recent studies [40] was motivated by a wish to establish a suitable
QA method for the flip chip Compression UnderFill (CUF) electrical interconnection of
MEMS components with flex print/PCB, figs. 17, 18. In this interconnection method the
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FIGURE 18. Average acoustic impedance (MRayl) of EpoTek T7110 adhesive as a function of reaction degree
as determined by DSC kinetic analysis.
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contact is established mechanically by the shrinkage of the adhesive while it cures in a flip
chip machine. In trying to make the process as fast as possible it is important to assure that
the adhesive is fully cured.

When stress due to CTE mismatch do not result in long range movement i.e. warpage
the materials have to adjust locally by tension or compression which change their effective
physical properties e.g. E and therefore also A(R)12 c.f. (1), (3), (10), (11), (12). Therefore
if stress variations are large enough they can be detected with SAM.

C-SAM can also be used for QA of MEMS chip underfilling e.g. on wafer level. One
problem to control in that process is adhesive filler distribution as illustrated in fig. 16,
where the underfill is dispensed at the right flip chip and flows under both of them. At the
left chip the filler is unevenly distributed. By analysis of acoustic impedances the amount
of filler at different places can be determined [41].
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