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Abstract
Semiconductor wafer bonding has been a subject of interest for many years and a wide variety of
wafer bonding techniques have been reported in literature. In adhesive wafer bonding organic and
inorganic adhesives are used as intermediate bonding material. The main advantages of adhesive wafer
bonding are the relatively low bonding temperatures, the lack of need for an electric voltage or current,
the compatibility with standard CMOS wafers and the ability to join practically any kind of wafer
materials. Adhesive wafer bonding requires no special wafer surface treatments such as planarisation.
Structures and particles at the wafer surfaces can be tolerated and compensated for some extent by the
adhesive material. Adhesive wafer bonding is a comparably simple, robust and lowcost bonding
process. In this thesis, adhesive wafer bonding techniques with different polymer adhesives have been
developed. The relevant bonding parameters needed to achieve high quality and high yield wafer
bonds have been investigated. A selective adhesive wafer bonding process has also been developed
that allows localised bonding on lithographically defined wafer areas.

Adhesive wafer bonding has been utilised in various application areas. A novel CMOS compatible
film, device and membrane transfer bonding technique has been developed. This technique allows the
integration of standard CMOS circuits with thin film transducers that can consist of practically any
type of crystalline or noncrystalline high performance material (e.g. monocrystalline silicon, gallium
arsenide, indium-phosphide, etc.). The transferred transducers or films can be thinner than 0.3 µm.
The feature sizes of the transferred transducers can be below 1.5 µm and the electrical via contacts
between the transducers and the new substrate wafer can be as small as 3x3 µm2. Test structures for
temperature coefficient of resistance measurements of semiconductor materials have been fabricated
using device transfer bonding. Arrays of polycrystalline silicon bolometers for use in uncooled
infrared focal plane arrays have been fabricated using membrane transfer bonding. The bolometers
consist of free-hanging membrane structures that are thermally isolated from the substrate wafer. The
polycrystalline silicon bolometers are fabricated on a sacrificial substrate wafer. Subsequently, they
are transferred and integrated on a new substrate wafer using membrane transfer bonding. With the
same membrane transfer bonding technique, arrays of torsional monocrystalline silicon micromirrors
have been fabricated. The mirrors have a size of 16x16 µm2 and a thickness of 0.34 µm. The
advantages of micromirrors made of monocrystalline silicon are their flatness, uniformity and
mechanical stability. Selective adhesive wafer bonding has been used to fabricate very shallow
cavities that can be utilised in packaging and component protection applications. A new concept is
proposed that allows hermetic sealing of cavities fabricated using adhesive wafer bonding.
Furthermore, microfluidic devices, channels and passive valves for use in micro total analysis systems
are presented.

Adhesive wafer bonding is a generic CMOS compatible bonding technique that can be used for
fabrication and integration of various microsystems such as infrared focal plane arrays, spatial light
modulators, microoptical systems, laser systems, MEMS, RF-MEMS and stacking of active electronic
films for three-dimensional high-density integration of electronic circuits. Adhesive wafer bonding can
also be used for fabrication of microcavities in packaging applications, for wafer-level stacking of
integrated circuit chips (e.g. memory chips) and for fabrication of microfluidic systems.

Frank Niklaus, Microsystem Technology, Department of Signals, Sensors and Systems (S3),
Royal Institute of Technology (KTH), SE-100 44 Stockholm, Sweden
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"Whereas in art nothing worth doing can
be done without genius, in science even a
very moderate capacity can contribute to a
supreme achievement."

Bertrand Russell (1872-1970)

1. Introduction
Bonding one substrate to another substrate has become an important process in the fabrication of
microelectronic and microelectromechanical systems (MEMS). Historically, some of the earliest uses
of wafer bonding were in fabrication and packaging of pressure sensors [1, 2]. The fabrication of
silicon on insulator (SOI) substrates for advanced microelectronic applications [3-5] created a lot of
research interest in wafer bonding technologies. This research was mainly focused on fusion bonding
and anodic bonding technologies and lead to detailed understanding of a variety of bonding
mechanisms. A series of review articles [6-10] and the book “Semiconductor Wafer Bonding” from
Q.-Y. Tong and U. Gösele [11] give a comprehensive overview of the research conducted.

In the past, adhesive bonding did not play a significant role in the field of semiconductor wafer
bonding, despite the many potential advantages of using an intermediate adhesive bonding material. I
believe that this is partly due to a lack of wide spread knowledge about suitable materials and process
parameters for adhesive wafer bonding with which well-defined high quality and high yield bond
interfaces can be achieved. A few research articles that describe applications of adhesive bonding have
been published in the past [12-47]. However, these publications often do not contain details about the
bonding materials used, the process parameters or the yield of the bonding process. For an adhesive
bonding technique to be accepted for semiconductor wafer bonding, it is important that the adhesive
material used is well established in the electronic industry and compatible with existing clean room
equipment.

The present thesis discusses theoretical, technological and practical issues in adhesive wafer
bonding and applications of adhesive wafer bonding in the field of microelectronics and MEMS.
Specifically adhesive wafer bonding with benzocyclobutene (BCB) and the negative photoresist
ULTRA i-310 as the intermediate bonding material is described. The thesis starts with a short
description of the history of the project. An overview of the most common wafer bonding techniques
and bond characterisation techniques is given. This is followed by a discussion of materials, processes
and process parameters for adhesive wafer bonding. The discussion also includes selective adhesive
bonding and wafer alignment in adhesive bonding. Different microelectronic and MEMS related
applications of adhesive bonding are described. These applications include CMOS compatible, wafer-
level transfer bonding of various transducers, wafer-level packaging and component protection, wafer-
level stacking of chips and fabrication of microfluidic devices. Test structures for temperature
coefficient of resistance measurements, high temperature annealed silicon bolometers for use in
uncooled infrared focal plane arrays and torsional monocrystalline silicon micromirrors are presented.
The test structures are fabricated using wafer-level transfer bonding and the bolometers and
micromirrors are fabricated using CMOS compatible membrane transfer bonding. Furthermore,
microcavities and hydrophobic valves are presented that have been fabricated with adhesive wafer
bonding. Finally, a summary of the appended papers and a discussion is given. The 9 papers at the end
of the thesis give full details of the work.
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2. History of the project
The origins of this project date back to 1992 when thermal infrared detectors that are suitable for use
in uncooled staring infrared focal plane arrays were designed, fabricated and characterised by Pontus
Eriksson at the Royal Institute of Technology (KTH) in Stockholm [48-52]. Within this project,
surface micromachined amorphous silicon bolometers have been developed that were intended for
monolithic integration on prefabricated readout integrated circuits (ROIC) based on CMOS or
BICMOS technology. At the same time, a ROIC for an infrared focal plane array was developed at the
Linköping Institute of Technology (LiTH) and the Totalförsvarets Forskningsinstitut (FOI) (formerly
National Defence Establishment, FOA) [53-62]. In 1999 a first working infrared focal plane array with
320x240 pixels and a pitch size of 40x40 µm2 was demonstrated within this project [63]. The infrared
focal plane array was based on amorphous silicon bolometers that were monolithically integrated on
the ROIC from the LiTH/FOI research group. The surface micromachined bolometers had a noise
eqivalent temperature difference (NETD) of about 400 mK. During this research project, however,
some drawbacks were discovered with monolithic integration of infrared detectors on CMOS based
ROIC. The bolometers are directly processed on the CMOS wafer, thus, only processes with
temperatures below 450°C can be used without damaging the CMOS circuits. This excludes the use of
high temperature annealed, high performance materials for the bolometers. Furthermore, the materials
deposited at lower temperatures often suffer from long-term stability and low uniformity over a wafer,
which may cause yield problems. One way to overcome these drawbacks is to fabricate the ROIC and
the bolometers on different substrate wafers and then integrate the ROIC and the bolometers in a
subsequent step. For economic and practical reasons, the integration should be performed using a
wafer-level process.

The first aim of this thesis was to develop a CMOS compatible, wafer-level and high yield bonding
process that uses a polymer adhesive (paper 1). In subsequent research the adhesive bonding process
was further developed (paper 2, 7 and 8) and applied to fabrication and CMOS compatible integration
of high temperature annealed polycrystalline silicon bolometers (paper 5). This allows fabrication of
the ROIC and the infrared bolometers on different substrates and consequently high temperature
annealed, high performance materials can be used for the bolometers.

Adhesive wafer bonding proved to be a very stable and high yield bonding process, thus it was
utilised for other application areas. Adhesive wafer bonding has been used for wafer-level transfer
bonding of monocrystalline silicon and gallium arsenide components and thin films from an original to
a new substrate wafer (paper 4), for the fabrication of monocrystalline silicon micromirrors (paper 6),
for the fabrication of microfluidic devices (paper 2 and 3) and for the fabrication of microcavities in
packaging applications (paper 7 and 9).
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"The secret to creativity is knowing how
to hide your sources."

Albert Einstein (1879-1955)

3. Wafer bonding techniques
The most commonly used semiconductor wafer bonding techniques are direct bonding, anodic
bonding, adhesive bonding, low-temperature melting glass bonding, solder bonding, eutectic bonding,
thermocompression bonding and ultrasonic bonding. The basic principle that all bonding techniques
have in common is that two materials fuse and adhere to each other if they are brought in sufficiently
close contact. The cohesion of atoms and molecules in a solid material as well as the cohesion of
atoms and molecules between two solid materials is ensured by a number of basic bond types, which
are:

1. Covalent bonds
2. Van der Waals bonds
3. Metallic bonds
4. Ionic bonds

All these bond types are based on electromagnetic (coulombic) forces resulting from the attraction
of opposing electrical charges. Covalent bonds and van der Waals bonds are the dominant bonding
mechanisms in most wafer bonding techniques. To accomplish covalent and van der Waals bonds, the
atoms of two opposing surfaces must be less tan 0.5 nm apart from each other. The resulting bonds
have varying energies that depend on the surface materials and the distance between the atoms of the
surfaces, but none of the bonds extend further than 0.5 nm. Figure 1 shows the energy content of a
covalent and two van der Waals bonds versus the distance between the atoms. Metallic bonds occur
only in metals and ionic bonds occur in ionic materials. Table 1 shows a comparison of the typical
energy content of the different bond types.

Figure 1: The energy content of covalent and van der Waals bonds versus the distance between the
atoms [11, 64].
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Table 1: Comparison of the energy content of various bond types [64].
Bond type Energy content (kJ/mol)

Ionic bonds 590 – 1050
Covalent bonds 563 – 710
Metallic bonds 113 – 347
Van der Waals (intermolecular) bonds:

Hydrogen bonds with fluorine < 42
Hydrogen bonds without fluorine 10 – 26
Other dipole-dipole bonds 4 – 21
Dipole-induce dipole bonds < 2
Dispersion bonds 0.08 – 42

Direct coulombic forces arise if two surfaces become macroscopically charged by either adsorbing
or desorbing electrons. The direct coulombic forces are generally strong and dominant whenever
charging occurs.  However, they usually become negligible when water or water vapour is present in
the environment, which partly neutralises the charges on the surfaces. The influence of direct
coulombic forces can reach up to a distance of several micrometers.

3.1 Direct bonding
Direct bonding is also referred to as fusion bonding or thermal bonding. In direct bonding two wafers
are contacted without the assistance of any significant pressure, electrical fields or intermediate
layers [11]. Direct bonding schemes rely on the tendency for very smooth and flat surfaces to adhere
to each other. Direct wafer bonding typically involves wafer surface preparation and cleaning, room
temperature contacting of the wafers and an annealing step to increase the bond strength. Very flat
wafer surfaces are required to achieve reliable and high yield bonds. Typical annealing temperatures
for silicon-to-silicon direct bonding are between 600°C and 1200°C. Room temperature silicon-to-
silicon bonding schemes have also been reported [65-69]. The basic process of direct bonding can be
applied to materials other than silicon  and even dissimilar materials e.g. silicon and gallium arsenide
or silicon and glass can be bonded [11, 70, 71]. Direct bonding usually leads to strong bonds and is
widely used in silicon-on-insulator (SOI) technology.

3.2 Anodic bonding
The terms electrostatic bonding or field assisted bonding are also commonly used for this bonding
technique. Anodic bonding is based on joining an electron conducting material (e.g. silicon) and a
material with ion conductivity (e.g. alkali-containing glass). Two contacted wafers are heated to
180-500°C to mobilise the ions while a voltage of 200-1500 V is applied [8, 72-74]. The voltage
creates a large electric field that pulls the wafer surfaces into intimate contact and fuses them together.
Due to the high forces of attraction that are created by the electric field, anodic bonding is more
tolerant to surface roughness than direct bonding. It is also possible to anodically bond two wafers
with intermediate layers like glass, silicon dioxide, aluminium, silicon nitride or polycrystalline silicon
[75-77]. Anodic bonding usually leads to strong and hermetic bonds and is widely used for
microsensor fabrication and for hermetic sealing of micromachined devices.

3.3 Adhesive bonding
Adhesive bonding uses organic or inorganic intermediate layers to create a bond between two wafer
surfaces [12-47]. The adhesive material deforms and flows so it can make sufficiently close contact
with the wafer surface to create a bond. In adhesive wafer bonding the adhesive layer is deposited on
one or both of the wafers e.g. by spin coating, laminating, spraying or other suitable deposition
techniques. The wafers are brought into intimate contact and the intermediate adhesive layer is cured,
typically by applying heat and pressure. The exact bonding procedure depends very much on the
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adhesive material used. A huge variety of organic adhesives (mainly polymers) with different
chemistries and material properties are available [78]. Inorganic adhesives are mostly ceramic
materials that are based on oxides or silicates [79-82]. The bonding temperatures for polymer
adhesives vary between room temperature and 450°C. Practically all types of wafer materials can be
joined with adhesive bonding and since low bonding temperatures are required, the bonding process is
CMOS compatible. The intermediate bonding material can also tolerate, to some extent, particles and
structures at the wafer surfaces. A detailed discussion of different adhesive bonding materials and the
relevant bonding parameters are given in chapter 5.

3.4 Low-temperature melting glass bonding
Low-temperature melting glass bonding is a variation on adhesive bonding in which an inorganic low-
temperature melting glass layer is used as the intermediate bonding material [79-82]. The glass or
glass frit layer is deposited on one or both of the wafers e.g. by spraying, screen-printing, extrusion,
sedimentation or spin-coating. The wafers are brought into intimate contact and heated. The glass
deforms or reflows and makes sufficiently close contact with the wafer surfaces to create a bond
between them. Two different types of glasses are available: Devitrifying glasses and vitreous glasses.
Devitrifying glasses are thermosetting materials, which crystallise during the heating process. The
melting point of these glasses is permanently increased after the curing process. Vitreous glasses are
thermoplastic materials, which melt and flow at the same melting temperature each time they are
thermally processed. Glasses with curing temperatures between < 400°C and 1100°C are available.
The advantages of low-temperature melting glass bonding are the ability to join various wafer
materials and to achieve hermetic bonds. Other advantages include their relatively low bonding
temperatures and their tolerance of particles and structures at the wafer surfaces, to some extend. Low-
temperature melting glass bonding is often used in fabrication and hermetic packaging of
microsensors.

3.5 Solder bonding
Typically in solder bonding, layers of metal or metal-alloy based solders are used to bond two
wafers [83-88]. Usually metal layers are deposited on both wafers. The metal solders can be applied
by sputtering, evaporation, chemical vapour deposition, electroless-plating, electroplating or by
another suitable technique. The wafers are brought into close contact and are heated to the melting
temperature of the solder. The solder reflows and wets both wafer surfaces, which causes intimate
contact and bonding of the surfaces. A popular solder material is lead-tin (Pb-Sn) solder, that melts at
a temperature of 360°C. Gold-tin (Au-Sn) and tin-copper (Sn-Cu) solders are also suitable solder
materials. Most solder bonding processes use flux to remove oxides from the metal surfaces. If oxides
are present at the metal surfaces, they can prevent wetting of the surfaces with the liquid solder, which
causes poor bonding. The advantages of solder bonding are the low bonding temperatures and the
ability to join various wafer materials with a hermetic bond. The solder reflow process can also
tolerate, to some extent, particles and structures at the wafer surfaces. Solder bonding is widely used to
create electrical contacts in flip-chip bonding.

3.6 Eutectic bonding
Eutectic bonding is a variation of solder bonding in which the low melting temperatures of certain
alloys are used to bond at low temperatures [82, 89-94]. This effect can be used to join two wafers
with dissimilar surface materials. When the wafers are brought into intimate contact diffusion
mechanisms between the surface materials cause the creation of an alloy at the bond interface. The
alloy has a lower melting temperature than the individual materials. Thus, the melting of the alloy
occurs only in an extremely thin layer directly at the bond interface. The most commonly used
material combination is silicon (Si) and gold (Au) with a eutectic temperature of 363°C. Also, other
material combinations such as lead (Pb) and tin (Sn) have been used for eutectic bonding. Eutectic
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bonding can result in strong and hermetic bonds at low temperatures and is often used for hermetic
sealing of micromachined transducers. The disadvantage of eutectic bonding is the difficulty to obtain
complete bonding over large areas due to native oxides at the material surfaces which prevents
bonding from occurring.

3.7 Thermocompression bonding and ultrasonic bonding
Thermocompression bonding is also referred to as solid-state welding. In this bonding scheme two
surfaces, from which at least one is usually a metal layer, are brought into close contact by applying a
high pressure. The pressure causes plastic deformation of the metal, which results in intimate contact
and bonding between the opposing surfaces [95-102]. The application of heat improves the resulting
bond quality. Instead of directly heating the bond interface, the heat can also be supplied by ultrasonic
energy (ultrasonic bonding). The application of ultrasonic energy has the advantage that native oxides,
particles and surface nonuniformities at the bond interface are removed by scrubbing the surfaces at
the bond interface. Common materials for thermocompression bonding and ultrasonic bonding are
gold to gold, aluminium to gold, aluminium to aluminium and aluminium to glass bonding. Typical
bonding parameters for gold to gold compression bonding are pressures of about 300 MPa and
temperatures of about 500°C. The disadvantage of thermocompression and ultrasonic bonding is that
huge net forces are required when bonding larger wafer areas. Thus thermocompression and ultrasonic
bonding schemes are mainly used in wire bonding and in bump bonding schemes in which only very
small areas are bonded.
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"You can't depend on your eyes when
your imagination is out of focus."

Mark Twain (1835-1910)

4. Bond characterisation
The quality of a bond can be described by defect rate, bonding strength, hermeticity, induced stresses
in the involved materials and stability towards harsh environments. A number of nondestructive and
destructive techniques can be used to characterise a bond. The most common techniques are bond
interface imaging, bond strength measurements and bond hermeticity measurements.

4.1 Bond interface imaging
Useful imaging methods for wafer bonding applications are the bonding of glass wafers, infrared
transmission, X-ray topography, acoustic microscopy, interface etching and cross-sectional
analysis [9-11]. The former four methods are nondestructive while the latter two are destructive
methods.

If one of the bonded wafers is transparent to visible light (e.g. a glass wafer) the bond interface can
be inspected directly or with optical microscopy. This method is especially useful in adhesive wafer
bonding since bond defects in adhesive wafer bonding are usually not very dependent on the wafer
materials. This method is inexpensive and efficient. However, it can not be used to characterise
bonded wafers consisting of nontransparent materials.

In infrared transmission imaging the bonded wafers are located between an infrared source and an
infrared sensitive camera. Defects at the bond interface are displayed as contrasts in the infrared
image. Infrared transmission can only be used if all wafer materials involved are transparent to
infrared light (e.g. silicon). The technique is comparably simple, fast and inexpensive. However,
infrared transmission has limitations in the lateral resolution of defects.

X-ray topography is a method used to obtain an image of deviations from ideal, undistorted lattice
planes. It can only be applied to single crystalline materials. X-ray topography has a typical spatial
resolution of 2-20 µm, which is much better than that of conventional infrared transmission
techniques. X-ray topography is comparably expensive and time consuming.

Acoustic microscopy makes use of the fact that acoustic waves can propagate through solid-state
materials. The scattering of acoustic waves depends on changes in elastic properties of the material.
Thus, voids and defects at a bond interface can be detected. Depending on the frequency range used,
the resolution of acoustic microscopy can reach up to 10 µm. The equipment is relatively expensive
and the measurements are performed in water or in another liquid. Acoustic microscopy measurements
are easy to operate, fast and applicable to practically all materials.

In interface etching, one of the bonded wafers is sacrificially etched to a thin etch-stop layer with a
suitable etching technique as illustrated in Figure 2. Voids and defects can be visually inspected
through the thin etch-stop layer using optical microscopy. If larger defects are present at the bond
interface the etch-stop layer can buckle or burst open, indicating unbonded areas. For silicon wafers
the interface etching can be performed using wet etching or deep reactive ion etching (DRIE). SiO2

can be used as the etch-stop layer (paper 1).
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Wafer 1

Adhesive

Wafer 1

Wafer 2

Etch Stop Layer

Figure 2: In interface etching, one wafer is sacrificially etched to an etch-stop layer (e.g. SiO2).

Cross-sectional analysis of a bond interface is done by cleaving or dicing a bonded wafer pair
perpendicular to the bond interface. The cross-section of the bond interface can be inspected using
optical microscopy or scanning electron microscopy (SEM). In some cases, the cross-sections of the
diced samples must be polished to clearly image the bond interface. Cross-sectional analysis can be
especially useful for the inspection of bonds with thin intermediate bonding materials such as
adhesives (paper 2 and 4).

4.2 Bond strength measurements
Figure 3 illustrates four bond strength measurement techniques that are useful for wafer bond
characterisation [9-11, 73], all of which are destructive techniques. The tensile load test measures the
tensile strength of a bond while the crack opening test and the blister test measures the surface energy
of a bond. A mathematical correlation between tensile strength and the surface energy is not easily
possible.

                   

Adhesive

Bonded Dies

Tensile Force

Tensile Force
Shear Force

Shear Force

              

Wafer 1

Adhesive

AdhesiveThin Film

Tensile Force
(a) tensile and shear load tests (b) tensile load test for thin film bonds

             

Wafer 2

Wafer 1 Adhesive

Blade

          

Adhesive

Pressure

Wafer 1

Wafer 2

Wafer 1

(c) crack opening test (d) blister test
Figure 3: Schematics of bond strength measurement techniques.

In tensile and shear load measurements, bonded samples are pulled apart as illustrated in Figure 3a.
The load necessary for destroying the bond is measured. The tensile strength of a bond equals the
tensile forces at the time of fracture divided by the bond area of the sample. Load measurements are
typically performed on strain test machines. Figure 3b shows a schematic set-up for tensile strength
measurements of bonds between a thick substrate and a thin film.

In the crack opening test, also referred to as razor blade test, a blade of a defined thickness is
introduced in between the bonded wafers as illustrated in Figure 3c. The length of the resulting crack
can be measured with infrared inspection and gives a measure of the surface energy keeping the
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wafers together. The crack opening method can not be used if the bond is too strong to introduce the
blade without cracking one of the bonded wafers.

A schematic drawing of the blister test or pressure burst test is shown in Figure 3d. The test sample
consists of two bonded wafers with one wafer containing a hole. Hydrostatic oil pressure is applied
through the wafer hole while the wafer containing the hole is fixed to the surface underneath. The
pressure at which the bond cracks gives a measure of the surface energy of the bond.

4.3 Bond hermeticity measurements
Hermeticity is defined as gas tightness. A hermetic bond must work as a barrier towards gases and
moisture. Practically all hermeticity test methods use a cavity that is sealed with a bond. The gas
leakage into or out of the cavity through the bond is measured to determine the hermeticity of the
bond. The spectrum of leak rates of interest is in the range 10-1 to 10-4 atm cm3 s-1 for gross leaks and
in the range 10-5 to 10-12 atm cm3 s-1 for fine leaks. The most important testing methods are briefly
described below.

The bubble method is a gross leak test. In this method the bonded cavity is subjected to vacuum
evacuation. The cavity is immersed in a fluorocarbon liquid (e.g. FC-84, 3M Electronic Products)
without breaking the vacuum to facilitate easy entry of the liquid into the cavity if a leak exists. The
cavity is then immersed in a bath with another fluorocarbon liquid (e.g. FC-40, 3M Electronic
Products) having a higher boiling temperature than the first liquid. The temperature of the bath is held
between the respective boiling temperatures of the two fluorocarbon liquids. Any fluorocarbon that
has leaked into the bonded cavity during the fill phase will now expand in volume and appear as
bubbles observable in the fluorocarbon bath [73, 103, 104].

The negative ion detection method (NID) is a gross leak test in which the bonded cavity is
penetrated with a fluorocarbon liquid (e.g. FC-84, 3M Electronic Products) in a manner similar to that
used in the bubble method. Thereafter, the cavity is placed in a metal chamber and heated
(e.g. 125°C). The metal chamber is attached to a gas analyser that can detect the fluorocarbon
molecules that emerge from the cavity. Thus, a measure for the leak rate of the cavity bond can be
determined [103, 104].

The helium leak test is a fine leak test and is widely used to test the hermeticity of electronic
packages [44, 73, 103, 104]. A sealed cavity is subjected to helium gas under several atmospheres
pressure. After pressurising, the cavity is introduced into a vacuum chamber that is attached to a
helium sensitive mass spectrometer. The helium that leaks out of the cavity is detected and converted
into a standard leak rate. Helium is used due to its high diffusion rate and its inert chemical behaviour.
The helium leak test is dependent on the cavity volume and has limitations in the minimum detectable
leak rate, which is crucial for small cavities. The helium leak test requirements for hermeticity in
method 1014.4 of military standard MIL-STD-883E are not directly applicable to very small cavities
[44].

The radioisotope method can be used as a fine and gross leak test. A tracer gas (e.g. Kr85) is forced
into a bonded cavity by pressurisation. The cavity is then placed in a scintillation counter, which
detects the gamma emission that accompanies the beta decay of the tracer gas. The gamma emission
directly yields a measure of the tracer gas concentration within the cavity. In this method the amount
of gas leaking into the cavity is measured directly, thus, the leak rate detection is independent of the
cavity volume [103, 104].

The internal vapour analysis test (IVA) analyses the gas composition of the atmosphere that is
present inside a bonded cavity. Thus, information about the hermeticity of the sealing and the
corrosiveness of the atmosphere inside the cavity can be extracted. In the internal vapour analysis test
a bonded and sealed cavity is pierced (opened) and the gases that escape the cavity are analysed with
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mass spectroscopy. In this way, it is possible to see if moisture or other gases such as oxygen, nitrogen
and carbon dioxide were present inside the cavity. Also the pressure of the atmosphere inside the
cavity prior to the piercing can be determined. The internal vapour analysis test is a destructive test
method.

Another possibility to test the hermeticity of a bond is to place or integrate a pressure, gas or
moisture sensitive device (e.g. bolometer, resonator, moisture sensor or pressure sensor) in a cavity
that is sealed. The atmosphere inside the cavity is monitored with the sensing device over time. Thus,
changes in the pressure or the atmospheric composition in the cavity can be measured with the device
in the cavity and the leak rate of the bond can be determined [44, 73, 103, 104].



 Adhesive Wafer Bonding for Microelectronic and Microelectromechanical Systems 21

"The cloning of humans is on most of the
lists of things to worry about from Science,
along with behaviour control, genetic
engineering, transplanted heads, computer
poetry and the unrestrained growth of plastic
flowers."

Lewis Thomas (1913-1993)

5. Adhesive wafer bonding technology
Adhesive bonding has been successfully used as a fabrication technology in many industries including
airplane, aerospace and car manufacturing industries to join various similar and dissimilar materials.
Like most bonding techniques, adhesive bonding is based on the fact that atoms and molecules fuse
and adhere to each other when they are brought in sufficiently close contact (< 0.5 nm). Very flat
surfaces, such as polished silicon wafers, have a root mean square roughness of 0.3 to 0.8 nm.
Nevertheless, the profile depth (peak to trough) of these surfaces is several nanometers. Figure 4a
shows a schematic drawing of the contact interface of two solid surfaces that are macroscopically flat.

          
      (a)            (b)                   (c)

Figure 4: (a) Contact interface of two macroscopically flat solid surfaces, (b) boundary layer of a
solid surface and a liquid that is not wetting and (c) one that is wetting the surface [64].

In order to bring two material surfaces in sufficiently close contact to achieve bonding, at least one
material surface must deform to fit the other. This deformation may be accomplished by plastic or
elastic deformation, by diffusion of a solid-state material or by wetting of a surface with a liquid
material. All previously described wafer bonding techniques uses one of these mechanisms to establish
bonding. When an intermediate adhesive material is used to join two solid-state surfaces it is naturally
the adhesive material that deforms to fit the surfaces to be bonded. Adhesives are at a certain point of
the bonding process in a liquid or semi-liquid phase and wet the surfaces to be bonded by flowing into
the troughs of the surface profile. The adhesive must then harden into a material that is capable of
bearing the forces involved to hold the surfaces together. Not all liquids can automatically wet all
surfaces. For wetting to happen, the solid surface must have a greater surface energy (surface tension)
than the liquid. Figure 4b shows a schematic drawing of a liquid that does not wet the surface and
Figure 4c shows a liquid that does wet the surface. The surface energy is a result of unbalanced
cohesive forces at the material surface. The higher the cohesive forces between the atoms or molecules
of a material are, the higher is its surface energy. Figure 5 shows the surface energy of different solid
and liquid materials in hierarchical order.
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Figure 5: Surface energy (surface tension) of different solid and liquid materials [64].

The more complete the adhesive flows into the troughs of a surface profile and fills them the better
is the resulting bond quality and the long-term stability of the bond. In reality, adhesives only partly
fill the surface profile. Adhesives that have low viscosity, low shrinkage during hardening and slow
hardening speeds generally achieve better filling of the troughs of a surface profile which decreases
the amount of unfilled space at the bond interface. Small molecules such as water or gas molecules can
creep or defuse in the unfilled space at the boundary layer between the adhesive and the surface and
may decrease the bond energy or affect the materials at the boundary layer.

Adhesive materials can be classified as organic adhesives and inorganic adhesives.  Organic
adhesives are plastic and polymeric materials. Inorganic adhesives are mostly ceramic materials that
are based on oxides or silicates. The present thesis deals with adhesive wafer bonding techniques and
applications that use polymers as the intermediate bonding material. Adhesive wafer bonding
techniques that use inorganic adhesives, such as low-temperature melting glass bonding [79-82] are
not discussed in this thesis.

5.1 Polymer adhesives
A large amount of polymer materials are commercially available that have widely varying material
properties and chemistries [78]. Polymers are macromolecules (large molecules) consisting of large
numbers of linked small molecules (monomers). The joining process of the monomers is called
polymerisation. Depending on the polymer, the molecular chains are 0.2 to 1 nm wide and up to
several hundreds of nanometers long. The molecular chains and their internal structure determine the
unusual properties of polymers. Polymers can be placed into the four broad material classes
thermoplastics, thermosettings, elastomers and polymer alloys and blends. Thermoplastic polymers
solidify by cooling and can be remelted. Thermosetting polymers undergo cross-linking to form a
three-dimensional network and, unlike thermoplastics, can not be remelted or reshaped. However, they
do flow for a short time when heated the first time to achieve cross-linking. The distinguishing
characteristics of elastomer materials are their ability to sustain large deformations (5 to 10 times the
unstretched dimensions) at relatively low stresses and their ability to spontaneously recover their
original shape without rupturing. Polymer alloys and blends are mixtures of different polymers which
form new materials whose properties and characteristics can be quite different from the individual
components. In principle, polymers from all four material classes can be used as adhesives.
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5.1.1 Polymerisation and hardening of polymer adhesives

A polymer adhesive must exist in a liquid or semi-liquid phase at some point in the adhesive bonding
process to get into sufficiently close contact with the surfaces to be bonded. The adhesive must then
transform into a solid material to achieve a lasting bond. There are three basic ways for polymer
adhesives to harden and transform from a liquid phase into a solid phase.

 Polymers that are dissolved in water or in solvents harden when the water or solvents are
evaporated. These types of polymer adhesives are called drying adhesives.

 Thermoplastic polymers melt when heated to their melting temperature and solidify upon
cooling below their melting temperature. These types of polymer adhesives are called hot-
melts.

 Polymer precursors cure (polymerise) by chemical reactions that form larger molecules or
molecular chains. The polymer precursor may be in a liquid phase (e.g. resins) prior to
curing or transform from a solid into a liquid phase for some time during the curing
process. The curing process can be triggered or maintained by various mechanisms such as:

- mixing of two or more components
- heating (thermosetting adhesives)
- illumination with light, e.g. ultraviolet light (UV)
- presence of moisture
- absence of oxygen (anaerobic adhesives)
- etc.

There are numerous ways to combine the above mentioned hardening and curing principles with
each other. For example, some frequently used combinations are solvent-based epoxies which both dry
and cure. Solvents in thermosetting materials are often employed to realise low viscosity adhesives.
The solvents are evaporated before or during the curing (polymerisation) process. Another example of
combining the hardening and curing principles is a two component adhesive for which the start of the
curing process is triggered with UV light illumination. The curing process continues to proceed even
after the UV light illumination is removed. Very often, the polymerisation process of UV curable
polymers can be supported and intensified by additional heat treatment. Tacky, pressure sensitive
adhesives, such as the ones used on tapes, are highly viscous polymers that deform and flow very
slowly into surface troughs to bond to a surface. These types of polymer adhesives remain highly
viscous, do not harden and provide comparably low bond strength.

The most commonly used hardening principles for polymers in the semiconductor industry are
hardening by evaporation of solvents (drying), thermal curing, two component curing, UV light curing
and the combination of evaporation of solvents together with thermal curing or UV light curing.

5.1.2 Properties of polymer adhesives
Polymers are subject to the same environmental concerns as other materials such as glass and metals.
They are affected by chemicals, temperature, radiation (ultraviolet and gamma radiation), stress and
biological deterioration and thus their properties can change over time.

In general, polymers are hard and brittle, but they do soften when heated. The transformation of a
polymer from a hard (glassy) state to a rubber-like state is called the glass transition. The temperature
at which this occurs is the glass transition temperature. Thermoplastic polymers can be elongated and
deformed to a large extend when heated and if the temperature is further increased, they are converted
to a viscous melt. Cross-linked thermosetting polymers can not flow but continue to soften until
degradation occurs when exposed to increasing temperatures.

All polymers creep if influenced by a load. The amount of creep is dependent on the ambient
temperature and the time during which the load is present. This effect is called the viscoelastic effect.
Different types of polymers have different creep strengths (load bearing capabilities).
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Polymers are normally several orders of magnitude more permeable to moisture than glass or
metals as can be seen in Figure 6. Water molecules with dimensions of slightly more than 0.1 nm
diffuse in the free space between the molecular chains of polymers. Thus, polymers can typically not
be directly used for hermetic sealing applications.

Figure 6: Time scale for moisture to penetrate various materials for a defined geometry [105].

Thermoplastic adhesives have a useful temperature range up to 220°C and are limited at the low
temperature end by their individual brittleness. Typically they have poor creep resistance but good
peel strength. Chemical resistance ranges from poor to excellent depending on the polymer.

Thermosetting polymers can operate at temperatures up to 300-400°C, are more rigid than
thermoplastics, and generally offer better chemical resistance. They have typically good creep
resistance but only fair peel strength.

Elastomeric polymers can operate over a broad temperature range up to about 260°C. They have
high peel strength, low overall strength and high flexibility. Chemical resistance is variable depending
on the elastomer.

Alloys and blends can have the properties of all the other material classes but with a more balanced
combination. Some high performance polymers, e.g. polybenzimidazoles (PBI), can survive
temperatures of up to 760°C for short times without degradation. Specialised polymers can have very
low water absorption and are comparably good diffusion barriers for moisture.

5.1.3 Deposition methods of thin polymer layers

Most applications for adhesive wafer bonding in MEMS require uniform thicknesses of the
intermediate bonding material of 0.1 µm to 100 µm. There are several ways to obtain uniform polymer
layers in this thickness range. The most common method in electronic and MEMS fabrication
technology is spin coating of a liquid polymer precursor on a wafer. The viscosity of the polymer
precursor and the spin speed of the wafer determine the resulting layer thickness. Extremely uniform
coatings with very well defined thicknesses and smooth surfaces can be achieved.

Stamping, screen-printing, brushing, spraying and dispensing of liquid polymer precursors are
alternative methods that are relatively easy to use. However, these methods typically do not achieve
the uniformity and thickness control of spin coated layers. Less frequently used methods to deposit
thin polymer films are evaporation, plasma deposition, and electro-deposition. Some polymers are
available as thin films or sheets [13, 20]. These films can be laminated to a wafer surface. The
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thickness uniformity of laminated polymer layers depends on the tolerances of the films as delivered
from the material supplier.

5.1.4 Suitable polymers for adhesive wafer bonding
Several aspects must be considered when selecting a polymer material for an adhesive wafer bonding
application. It is often beneficial to choose off-the-shelf polymer materials that are standard in the
electronic industry. Thus, good availability and a minimum of material and process incompatibilities
can be expected. The substrate material and the polymer adhesive, including the solvents and
impurities involved, must be compatible with each other. Many material suppliers offer adhesion
promoters together with their polymer materials to enhance the adhesion between specific substrate
materials and the polymer. The physical properties of polymer adhesives, such as thermal stability,
mechanical stability and creep strength have to be considered when choosing a polymer for an
adhesive wafer bonding application. The chemical resistance to acids, bases or solvents is another
important factor that must be considered. Many processes in electronic and MEMS fabrication
technologies involve solvents and etchants to which the polymer adhesive may be exposed. In
applications where the polymer adhesive remains as a functional material on the device, chemical
stability and aging effects are critical. In applications where the wafer bonding is of temporary nature,
the adhesive polymer material at the bond interface should be easily etchable or dissolvable. In these
cases the long-term stability and aging effects of the polymer are not very crucial. Table 2 lists the
adhesive materials that have been proposed for adhesive bonding of semiconductor materials. Not all
of these adhesive materials work equally well with respect to the resulting bond quality and yield.

In general, semiconductor wafers are not porous or permeable to liquids and gases. If volatile
substances, such as solvents or water, evolve from the polymer adhesive during the hardening process,
they can not escape the thin bond line in between the wafers. The volatile substances get trapped as
voids and deteriorate or even burst the bond interface. Thus, polymer adhesives that use the
evaporation of solvents or water for hardening during bonding are generally not suitable for adhesive
wafer bonding applications. The same is true for polymer adhesives which outgas or otherwise
produce by-products during the hardening process after the wafers are joined (paper 1). For instance,
many polyimde coatings that are sold to the electronic industry produce large amounts of water as a
by-product during the curing (imidisation) process. Thus, they are not directly applicable for adhesive
wafer bonding applications. These drying or outgassing polymer adhesives may be used for adhesive
wafer bonding applications if ventilation channels are incorporated in the bond line that allow the
volatile substances from the bond interface to be discharged [23, 36]. If the evaporation of solvents or
water is not the final hardening step, the evaporation can be done before the wafers are joined for
bonding. However, it is important that no volatile substances, such as water, are created during the
final curing process of the polymer adhesive after the wafers are joined.

Thermal curing of thermosetting polymers or melting of thermoplastic polymers are suitable
techniques for adhesive bonding of wafers that consist of identical materials or wafers that consist of
materials with similar coefficients of thermal expansion. When two wafers with dissimilar materials
(big difference in thermal expansion) are bonded, the bonded wafer stack bends after cooling down to
room temperature. This occurs because the wafer bond is created at a higher temperature than room
temperature. The wafer with the higher coefficient of thermal expansion is expanded more and
consequently shrinks more during cooling to room temperature than the wafer with the lower
coefficient of thermal expansion. The resulting stresses in the wafer stack at room temperature can
bend and even crack the wafers. Large differences in thermal expansion of the substrate materials and
high bonding temperatures increase this effect. For example, bonding at room temperature with two
component or UV-curable epoxies can prevent thermally induced stresses. When using UV curable
polymers at least one of the substrate materials must be transparent to UV light.
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"Education is a progressive discovery of
our own ignorance."

Will Durant (1885-1981)

Table 2: Adhesive materials for bonding applications.
Adhesive material Features References

Epoxies,
B-stage epoxies

- thermal curing and
two component curing

- strong and chemically stable bond

Y.-K. Park et al. 2002 [46], G.-D.J. Su et al.
2001 [43], G. Klink et al. 1998 [32],
S. Van der Groen et al. 1997 [27], M.O.
Horo et al. 1996 [22], M.V. Weckwerth et
al. 1996 [21], E. Booth et al. 1995 [20],
S.K. Malik et al. 1995 [16], C. den Besten
et al. 1992 [14], R.L. Smith et al. 1988 [12]

UV-epoxies - UV curing (one of the substrates
has to be transparent to UV light)

- strong and chemically stable bond
- selective bonding

R.J. Jackman et al. 2001 [40],
H. Nguyen et al. 2000 [37],
R. Dekker et al. 1997 [29]

Positive photoresists - thermal curing
- void formation at the bond

interface, weak bond

F. Niklaus et al. 2001 (paper 1),
I.B. Kang et al. 1997 [28]

Negative photoresists - thermal curing / UV curing
- weak bond
- low thermal and chemical stability
- selective bonding

F. Niklaus et al. 2001 (paper 1, 5, 6 and 8),
I.B. Kang et al. 1997 [28],
V.L. Spiering et al. 1995 [18],
C. den Besten et al. 1992 [14]

Benzocyclobutene - thermal curing
- high yield on wafer scale
- very strong, chemically and

thermally stable bond
- selective bonding

A. Joudain et al. 2002 [44],
J. Oberhammer et al. 2002 (paper 7 and 9),
P.P. Absil et al. 2001 [42],
T.-K.A. Chou et al. 2001 [39],
F. Niklaus et al. 2001 (paper 1-4 and 8),
S.R. Sakamoto et al. 1998 [33]

Polymethylmeth-
acrylate (PMMA)

- thermal curing, hot melt G.A.C.M. Spierings et al. 1995 [17],
W.P. Eaton et al. 1994 [15]

Polydimethylsiloxane
(PDMS)

- thermal curing, hot melt B.H. Jo et al. 1999 [35],
P. Arquint et al. 1995 [19]

Fluoropolymers - thermal curing
- chemically very stable bond
- selective bonding

K.W. Oh et al. 2002 [47],
A. Han et al. 2000 [38],
B. Ilic et al. 1999 [34]

Polyimides - thermal curing
- void formation at the bond

interface
- mainly chip-scale process
- selective bonding

Bayrashev et al. 2002 [45],
F. Niklaus et al. 2001 (paper 1),
I.K. Glasgow et al. 1999 [36],
S. Matsuo et al. 1996 [24, 25],
A.B. Frazier et al. 1996 [23],
D.E. Booth et al. 1995 [20],
C. den Besten et al. 1992 [14]

Polyetheretherketone
(PEEK)

- thermal curing, hot melt A. A. Shores et al. 1989 [13]

Thermosetting
copolyesters (ATSP)

- thermal curing J.C. Selby et al. 2001 [41]

Waxes - thermal curing, hot melt
- low thermal stability
- mainly for temporary bond

H. Nguyen et al. 2000 [37],
D.E. Booth et al. 1995 [20]
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It is very practical if the polymer film used for adhesive wafer bonding is in a solid or gel-like state
prior to the curing process and if curing of the polymer is promoted by curing parameters other than
only time. Thus, wafers with deposited polymer films can be stored in between the deposition process
and the bonding process. No timing for the bonding process is requires after the polymer is deposited.
Polymer adhesives with such characteristics are thermoplastic polymers and solvent based
thermosetting polymers (B-stage polymers) that are in a solid or gel-like state after the solvents are
evaporated.

In this work dry etch and photosensitive BCB from Dow Chemical were used as the intermediate
bonding materials to bond silicon wafers to silicon wafers and silicon wafers to pyrex glass wafers
(paper 1-4 and 7-9). BCB is a heat curable, solvent based, thermosetting polymer that bonds well with
various materials and does not release by-products during the curing process after the solvents have
been evaporated. Very strong bonds having excellent chemical resistance to a variety of acids,
alkalines and solvents can be achieved. BCB is also highly transparent (> 90%) to visible light and has
a low dielectric constant, which makes it a good material for optical and RF applications. Some of the
material properties of BCB are listed in Table 3. Figure 7 shows the degree of curing (polymerisation)
of BCB versus the curing time and temperature.

In this work the negative photoresists ULTRA-i 300 and ULTRA-i 310 from Shipley were used as
intermediate bonding materials to bond silicon wafers to silicon wafers, silicon wafers to pyrex glass
wafers (paper 1, 5, 6 and 8) and silicon wafers to gallium arsenide (GaAs) wafers. ULTRA-i 300 and
ULTRA-i 310 are heat curable, solvent based, thermosetting polymers with a fair bond strength. They
are ideal for temporary bonds that can stand temperatures up to 100°C. If ventilation holes or channels
are present at the bond interface that allow outgassing of the polymer, which occurs at around 100°C,
the bonds can even stand temperatures up to 300°C. The ULTRA-i photoresists are etchable with resist
remover and in oxygen plasma, which makes them useful as sacrificial polymer bonding materials.
Some of the material properties of the negative photoresist ULTRA-i 310 are listed in Table 3.

Table 3: Material properties for dry etch BCB, photosensitive BCB and negative photoresist
ULTRA-i 310 [106-108].

Dry etch BCB Photosensitive BCB ULTRA-i 310

Curing temperature rang (°C) 200 – 300 200 – 300 100 – 130

Layer thickness for single spin-coat
application (µm)

1.0 – 26.0 2.5 – 40.0 0.7 – 2.5

Polymerisation level of the polymer
precursor (%)

40 50 -

Glass transition temperature Tg (°C) > 350 > 350 > 130

Young's modulus (GPa) 2.0 ± 0.2 2.0 ± 0.2 -

Tensile strength (MPa) 85 ± 9 85 ± 9 -

Coefficient of thermal expansion (ppm) 52 52 -

Elongation (%) 6 ± 2.5 6 ± 2.5 -

Dielectric constant (kHz) 2.65 2.65 -

Dissipation factor (kHz) 0.0008 0.0008 -

Breakdown voltage (V/cm) 3.0 * 106 3.0 * 106 -
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Figure 7: Degree of polymerisation of BCB versus curing time and temperature [107].
0.5 corresponds to 50 % polymerisation and 1 corresponds to 100 % polymerisation.

5.2 Process schemes for adhesive wafer bonding
The adhesive wafer bonding procedure and the bonding parameters have a large impact on the
resulting bond quality. Several procedures have been described in literature to manually join wafers
with the help of adhesive materials. However, many MEMS applications require well defined and high
yield bond interfaces. To achieve bonding results with repeatable high quality, the bonding process
and parameters must be precisely controlled. The bonding process also has to be adjusted to the
specific application and to the selected adhesive material.

In the following section a typical adhesive wafer bonding process is described. The process scheme
applies generally to bonding with thermoplastic polymer adhesives and to uncured or to partly cured
thermosetting polymer adhesives as the intermediate material. Detailed process parameters for full-
wafer and selective wafer bonding with dry etch BCB, photosensitive BCB and ULTRA-i 310 are
suggested. The three adhesive materials are thermosetting polymers and standard materials in the
electronic industry.

Some direct bonding schemes that are based on diffusion mechanisms of macromolecules between
two solid-state polymer surfaces have been reported in literature [17, 45]. These process schemes are
different from that described in the present thesis.

5.2.1 Adhesive wafer bonding procedure and parameters

Figure 8 shows schematic drawings of the two most commonly used commercial wafer bonding
equipment. Such wafer bonding equipment typically consists of a vacuum chamber, a mechanism for
joining the wafers inside the vacuum chamber, a wafer chuck and a bond tool. The wafer stack is
placed between the bottom wafer chuck and the bond tool. Thus, the wafer stack can be pressed
together with the bond tool using a controlled pressure (force per wafer or bond area). The wafer stack
can be heated through the bottom wafer chuck and the bond tool (top chuck). A general process flow
for adhesive bonding with an intermediate polymer material is described in Table 4. The process flow
includes the use of wafer or substrate bonding equipment.
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Figure 8: Schematic drawing of commercially available wafer bonding equipment from Karl Suss
[109] (left) and Electronic Vision Group [110] (right).

Table 4: Typical process steps for adhesive wafer bonding.
No. Process step Motivation of the process step

1. Cleaning and drying of the wafers. Remove particles and moisture from the wafer
surfaces.

2. Treating the wafer surfaces with an
adhesion promoter (optional).

Adhesion promoters enhance the adhesion
between the wafer surfaces and the polymer
adhesive. The polymer and the wafer surface
material determine if an adhesion promoter is
needed. Material specific adhesion promoters are
usually offered from the polymer suppliers.

3. Applying the polymer adhesive to
the surface of one or both wafers
and optionally patterning the
polymer.

The most commonly used application method is
spin coating. Alternative application methods are
described in section 5.1.3. Polymer patterning is
described in section 5.2.3.

4. Precuring of the polymer. Solvents and volatile substances are removed
from the polymer coating. Thermosetting
adhesives remain only partly polymerised.
Thermoplastic adhesives may be entirely
polymerised, since they can be remelted to
achieve bonding.

5. Placing the wafers in the bond
chamber, establishing a vacuum
environment and joining the wafers
inside the bond chamber.

The wafers are joined in a vacuum environment to
prevent voids and gases from being trapped at the
bond interface.

6. Applying pressure to the wafer stack
with the bond tool.

The wafer surfaces are forced into intimate
contact to promote the deformation and adaptation
of the polymer adhesive to the wafer surfaces over
the entire wafer. The pressure also compensates
for shrinking of the polymer adhesive during
hardening.

7. Remelting or curing the polymer
adhesive while applying pressure
with the bond tool.

The hardening procedure depends on the curing
principle of the used polymer adhesive as
described in section 5.1.1. The polymer hardening
is typically performed by applying heat.



30 Frank Niklaus

The bond quality and the amount of void formation at the bond interface in adhesive wafer bonding
is mainly influenced by the polymer adhesive, the wafer materials, the bonding pressure, the amount
of precuring of the polymer, the polymer thickness, the wafer surface topography, the polymer curing
conditions, the atmospheric condition in the bond chamber when joining the wafers and the wafer
thickness. All these bonding parameters and their qualitative influences on the bond interface are listed
in Table 5.

Table 5: Influence of various bonding parameters on the bond quality.
Bonding
Parameter

Influence on the bond quality Importance

Polymer
adhesive and
wafer
materials

- The intermediate polymer adhesive must not release solvents or
by-products during the hardening process (see paper 1). Volatile
substances get trapped as voids at the bond interface if they
evolve from the polymer adhesive after the wafers are joined.

- The polymer adhesive has to be compatible with the wafer
materials and must provide sufficient adhesion to the wafer
materials.

Very high

Bonding
pressure or
force

- The bonding pressure helps to deform the intermediate polymer
adhesive and the wafers and bring them in sufficiently close
contact to achieve bonding between the surfaces.

- High bonding pressures increase the conceivable deformation of
the polymer adhesive and the wafers. However, excessive
bonding pressures cause high stress. Thus, structures that are
present on the wafers can be destroyed or the wafers may crack.

- The bonding pressure that is introduced to the wafer stack
should be uniform to avoid differences in the resulting thickness
of the intermediate polymer material. Polymer adhesives tend to
flow from areas of high pressure towards areas of lower
pressure while they are in a liquid phase (see paper 2).

High

Polymerisation
level of the
adhesive
material

- Solvents and volatile substances must be removed from the
intermediate polymer material prior to joining of the wafers.
This is to prevent them from getting trapped at the bond
interface.

- Thermosetting polymer adhesives must be un-polymerised or
partly polymerised prior to bonding. If the amount of
polymerisation before creating the bond is too high, the
polymer adhesive can not deform and adapt sufficiently to the
wafer surfaces to create a strong bond.

- For thermoplastic polymer adhesives the amount of
polymerisation before the bonding is not decisive. They are
usually remelted during the curing process to achieve bonding
to the wafer surfaces.

High

Polymer
thickness and
wafer surface
topography

- The use of very thin (< 1 µm) polymer layers more likely
results in unbonded areas than the use of thicker polymer layers
(paper 1). Thin polymer layers compensate for surface
nonuniformities and particles at the bond interface to a lesser
extend.

- If the wafer surface topography is high compared to the
thickness of the polymer layer, unbonded areas can result. The
polymer reflow and the wafer deformation may not compensate
for the topographic features on the wafer surface.

Medium
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Polymer
curing
conditions

- Very fast curing cycles can cause incomplete adaptation of the
intermediate polymer adhesive to the wafer surfaces and also
nonuniform or incomplete heating of the wafer stack may
occur. This can lead to excessive stress, unbonded areas or
delamination of the bond interface.

- Thermal curing processes with high temperatures can create
stresses in the bonded wafers if two wafer materials with large
differences in thermal expansion are bonded. These stresses can
lead to delamination of the bond or to bending and cracking of
the wafers.

Medium

Atmospheric
condition in
the bond
chamber
when joining
the wafers

- An air pressure in the bond chamber of 100 mbar or lower
while joining the wafers is typically sufficient to prevent
significant amounts of air from being trapped at the bond
interface.

- If wafers are joined at atmospheric pressure, small bubbles or
larger voids of air can get trapped at the bond interface. The
trapped gases mark unbonded areas. The trapped gasses can
expand if the wafer stack is heated and thus significantly
deteriorate the bond quality.

Medium

Wafer
thickness

- Thin wafers deform due to surface nonuniformities at the bond
interface more easily, thus, less stress is introduced at the bond
interface [11].

Medium

5.2.2 Full wafer adhesive bonding

In full wafer adhesive bonding, two wafers are joined with a self-contained adhesive film in between
them. Thus, both wafer surfaces are completely bonded without any voids or locally unbonded areas.
This can be used for the fabrication of complex MEMS devices, for packaging applications and for
wafer to wafer transfer of films and devices. Polymer adhesives can readily deform and compensate
for nonuniformities, particles or structures that are present at the wafer surfaces. Even surface
structures and particles at the wafer surfaces that have the same dimensions as the polymer thickness
can be compensated for and embedded without the creation of voids or unbonded areas.

Full wafer adhesive bonding with dry etch BCB and with ULTRA-i 310
The process scheme that is described in section 5.2.1 can be applied together with the process
parameters from Table 6 to successfully bond wafers with dry etch BCB and with ULTRA-i 310 as the
intermediate bonding material (paper 1 and 2).

The bonding process with both materials starts out by spin-coating the polymer precursor on a
wafer and precuring it. The precured polymer coatings can be stored several days or weeks before the
actual wafer bonding is performed without compromising the bonding results.

Liquid dry etch BCB precursors are delivered from the material supplier with a polymerisation
level of 40 %. Precuring of the BCB coatings at temperatures between 65-100°C for a few minutes to
remove the solvents does not increase their polymerisation level significantly as can be seen in
Figure 7. During the bonding process the 40 % polymerised dry etch BCB films turn into a low
viscous phase while curing (polymerisation), thus, compensate extremely well for topographic features
on the wafer surfaces and achieve very strong and durable bonds. The curing temperature of dry etch
BCB layers can be chosen between 200°C and 300°C as can be seen in Figure 7 and a suitable
bonding pressure is 0.2 MPa. Figure 9 shows a void-free bond interface of a 10 cm diameter wafer pair
that has been bonded with BCB as the intermediate material. The top wafer has been etched down to a
thin SiO2 etch-stop layer through which the bond interface can be observed.
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ULTRA-i 310 coatings are precured at 70°C for two minutes. They are deformable to a lesser
degree than BCB coatings during the bonding process and only moderate bond strengths can be
achieved with ULTRA-i 310 as the intermediate bonding material. The coatings are well suited to
create temporary bonds that can be split or dissolved by sacrificially etching the intermediate
ULTA-i 310. The curing temperature of ULTRA-i 310 films is between 100°C and 110°C and a
suitable bonding pressure is 0.3 MPa. If ULTRA-i 310 coatings are heated above 110°C, volatile
substances escape from the coatings that create voids and thus unbonded areas in the bond line.

Table 6: Suitable process parameters for wafer bonding with dry etch BCB and ULTRA-i 310.
Dry etch BCB ULTRA-i 310

Adhesion promoter Optional (e.g. AP 8000,
Dow Chemical)

Not required

Tested layer thickness (µm) 2.0 – 7.0 2.0 – 4.0

Precuring temperature (°C) 65 – 100 70

Precuring time (min:s) 5:00 – 15:00 1:30 – 2:30

Vacuum in the bond chamber (Pa) ~ 0.1 ~ 0.1

Bonding pressure (MPa) 0.17 – 0.3 0.17 – 0.3

Curing temperature (°C) 210, (see also Figure 7) 110

Curing time (h:min) 4:00, (see also Figure 7) 0:20

Figure 9: Void–free bond interface of two 10 cm diameter silicon wafers that are bonded with dry etch
BCB as intermediate material. The top wafer is interface etched to a thin SiO2 etch-stop layer.
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"A person is never happy except at the
price of some ignorance."

Anatole France (1844-1924)

5.2.3 Selective adhesive wafer bonding

For many wafer bonding applications it is desirable to bond only specific areas of the wafers, while
other areas remain unbonded. This technique can be used in the fabrication of three-dimensional
MEMS devices and microfluidic devices [12, 39, 40, 47]. Selective adhesive wafer bonding can also
be used in capping and packaging applications (paper 7) for electronic devices, microoptical devices
and radio frequency (RF) devices [44, 46]. In some of these applications the intermediate polymer
bonding layer acts at the same time as adhesive bonding material and as spacer material between the
two wafer surfaces.

Localised adhesive wafer bonding is achieved by applying the polymer adhesive only on areas
where bonding is wanted. Some simple methods to place the polymer adhesive only on certain wafer
areas are spraying with a shadow mask, local dispensing and screen-printing of a liquid polymer
precursor. The lamination of a polymer sheet that is patterned by local punching, or cutting with a
water jet or laser is another suitable way to apply a polymer adhesive only on certain wafer areas.
However, all these methods have limitations concerning the polymer thickness control and the
smallest achievable feature sizes of the bonded and unbonded areas.

To achieve very precise dimensions of the areas to be bonded, the intermediate polymer adhesive
can be patterned with the use of photolithography. Suitable techniques are polymer etching with a
lithographically defined mask or the use of photoimageable polymers. Other alternatives for polymer
patterning with the help of lithographic techniques are lift-off processes and selective polymer
deposition.

The patterned polymer adhesive has to remain firm enough during the bonding process to retain the
shape of the patterned structures and it must be deformable enough to adapt to the wafer surface to
achieve good bonding. Incomplete bonding will result if the polymer adhesive is too firm during the
bonding process. If the polymer adhesive becomes too nonviscous the lithographically defined
polymer structures lose their shape and start flowing during the bonding process. Thus, the bonded
wafer areas become larger than the initially defined areas and the resulting gap width between the two
wafer surfaces, that is defined by the polymer thickness, decreases in an uncontrolled way. In selective
adhesive wafer bonding, the effective bonding pressure is typically the applied bonding force divided
by the sum of the wafer area to be bonded.

Selective adhesive wafer bonding with dry etch BCB and with photosensitive BCB
The deformability during bonding of thermosetting polymers such as dry etch BCB and photosensitive
BCB can be influenced by their degree of polymerisation prior to bonding. BCB polymerisation levels
of 50-60 % prior to bonding have shown to be suitable for achieving complete bonding between the
BCB coating and a wafer surface. Nevertheless, these BCB coatings are sufficiently firm to retain the
patterned structures during the bonding process. Successful selective adhesive wafer bonding with
patterned dry etch and photosensitive BCB as the intermediate bonding materials can be obtained by
following the process scheme in section 5.2.1 together with the process parameters from Table 7.

The selective adhesive bonding process starts out by applying an adhesion promoter and spin-
coating a BCB layer to a wafer. Dry etch BCB coatings are precured at temperatures between
190-200°C for 30 minutes in an oxygen-free atmosphere. This increases the polymerisation level of
the dry etch  BCB coating from 40 % to about 50-60 % as can be seen in Figure 7. The BCB coating is
structured using reactive ion etching and applying photoresist as the masking material. Since partially
cured BCB coatings are not soluble in acetone, the resist masks can be removed using acetone without
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damaging the patterned BCB film. Rinsing and drying of the substrate and patterned BCB coating
completes the process. A detailed process description for patterning of dry etch BCB is presented
elsewhere [106, 111, 112]. The curing temperatures of dry etch BCB during bonding can be chosen to
be between 200°C and 300°C as shown in Figure 7 and a suitable bonding pressure is 0.4 MPa.
Figure 10 shows a glass wafer that is selectively bonded to a silicon wafer using lithographically
patterned dry etch BCB as the polymer adhesive. The dark areas on the photo are bonded and the light
areas are unbonded.

Table 7: Suitable process parameters for selective bonding with dry etch BCB and with photosensitive
BCB.

Dry etch BCB Photosensitive BCB

Adhesion promoter Yes (e.g. AP 8000, Dow
Chemical)

Yes (e.g. AP 3000, Dow
Chemical)

Tested layer thickness (µm) 2.0 – 10.0 2.0 – 7.0

Patterning technique Dry etching with photoresist
mask

Photosensitive BCB,
negative acting

Precuring temperature before the
polymer patterning (°C)

190 – 200 in oxygen-free
atmosphere, (see also Figure 7)

60 – 90 on hot plate

Precuring time before the polymer
patterning (min:s)

30:00, (see also Figure 7) 1:30

Exposure dose (mJ/cm2 per µm of
BCB thickness)

Standard patterning of a
photoresist mask on the BCB
coating

110

Precure after exposure and before
development

– 50 – 80°C for 30 s on
hot plate

Development – Puddle development

Corresponding BCB
polymerisation level (%)

~ 50 – 60 ~ 55

Vacuum in the bond chamber (Pa) ~ 0.1 ~ 0.1

Bonding pressure (MPa) 0.35 – 0.45 0.35 – 0.45

Curing temperature (°C) 250, (see also Figure 7) 250, (see also Figure 7)

Curing time (h:min) 1:00, (see also Figure 7) 1:00, (see also Figure 7)

Figure 10: Glass wafer that is selectively bonded to a silicon wafer using lithographically patterned
dry etch BCB as the polymer adhesive. The dark areas are bonded and the light areas are unbonded.



 Adhesive Wafer Bonding for Microelectronic and Microelectromechanical Systems 35

Photosensitive BCB is a negative acting photo-imageable polymer. It requires a lower number of
process steps to be patterned as compared to dry etch BCB. However, the process control is much
more difficult and the storage conditions of the photosensitive BCB are much more limited.
Photosensitive BCB is precured after spin-coating on a hot plate at a temperature between 60-90°C for
90 s, depending on the coating thickness. A suitable exposure dose for photosensitive BCB is
110 mJ/cm2 per micrometer of BCB thickness with broad band UV light. The exposed BCB is
precured before development on a hot plate for 30 s at a temperature that is 10°C below the pre-
exposure cure. The development is done by puddle development, which consists of dispensing
developer onto the exposed BCB coating while the wafer is slowly rotated on a spinner. After rinsing
and drying the wafer, a brief reactive ion etch step can be used to remove remaining BCB residues.
The exposure process increases the polymerisation level of the photosensitive BCB coating from 50 %
to about 55 %. A detailed process description for patterning of photosensitive BCB is presented in the
processing guidelines from the material supplier [107, 113]. The curing temperatures of photosensitive
BCB during bonding can be chosen to be between 200°C and 300°C as shown in Figure 7 and a
suitable bonding pressure is 0.4 MPa.

5.3 Wafer alignment in adhesive bonding
For many adhesive wafer bonding applications it is essential to achieve accurate alignment between
the bonded wafers. The suppliers of commercial bonding equipment have implemented different
techniques for wafer alignment during bonding [114-116]. The most commonly used technique is the
use of back side alignment marks, which is today’s de-facto industry standard [116].

In this method, one wafer has the alignment marks on the wafer side that faces the bond interface
(wafer front side). The second wafer has the alignment marks on the wafer side that faces away from
the bond interface (wafer back side). These alignment marks are aligned to structures at the front side
(wafer side that faces towards the bond interface) of the same wafer as shown in Figure 11, Step 1. A
bond aligner is used to align the two wafers to each other. An image of the alignment marks of the first
wafer is digitised and stored. The second wafer is superimposed and aligned to the alignment marks on
the digitised image. The wafers are clamped to the transport fixture while three spacers remain in
between the wafers to prevent them from becoming attached when outside the bond chamber as shown
in Figure 11, Step 2. The transport fixture can then be transferred to the bond chamber, where the
bonding process takes place as described in the previous chapters. A bend pin fixates the two wafers at
their centre to prevent the wafers from shifting, while the clamps and the spacers in between the
wafers are removed.

   Step 1

                      Objectives

Wafer 1
Wafer 2
(with back side
alignment marks)

Fixture

Alignments Marks

Step 2

                        

Wafer 1
Wafer 2

Spacer (3 x)
Clamp (3 x) Bend Pin

Fixture

Figure 11: Schematic of conventional wafer bond alignment, Step 1: Alignment using back side
alignment marks and a digitised image, Step 2: Aligned wafers on transport fixture before moving the
fixture with the clamped wafers to the bond chamber.
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Adhesive wafer bonding is based on softening, deforming and hardening the intermediate adhesive
material to achieve intimate contact and bonding between the adhesive and the wafer surfaces. When
the wafer stack is pressed together with the bond tool during the bonding process it is almost
inevitable that shear forces, which act in parallel to the bond line, are introduced to the wafer stack. If
the polymer adhesive obtains a low viscous phase during the bonding process, it is not capable of
bearing these shear forces. Thus, the two wafers shift relative to each other. Although the initial
alignment accuracy between the wafers may be 1-5 µm before the bonding, the alignment can
typically not be retained during bonding process and decreases significantly to values of more than
10 µm. The same decrease in alignment accuracy applies to bonding schemes that use liquifying
inorganic adhesives such as low-temperature melting glass as the intermediate bonding material. In
anodic bonding, wafer alignment accuracies of 1-5 µm can be repeatedly achieved with the described
alignment technique. The direct wafer to wafer contact maintains frictional forces between the wafers
and prevent them from shifting during the bonding process.

(a)

Wafer 1

Wafer 22.0 µm2.1 µm

8 mm

Aluminium Adhesive

        
(b)

Wafer 1

Wafer 2

3-10 µm4-10 µm

Metal Structure Adhesive

Etched Hole

Figure 12: Wafer surface structures that prevent shifting of aligned wafers during adhesive bonding.

To overcome the limitations in alignment accuracy when bonding wafers with liquifying
intermediate adhesive materials, wafer surface structures have been developed as shown in Figure 12.
Figure 12a shows a protruding ring structure (e.g. aluminium) at the edge of one of the two wafers.
The ring structure is not covered with the polymer adhesive. During the bonding process the
protruding ring is pressed against the second wafer and the resulting frictional forces prevent the
wafers from shifting, although the intermediate adhesive material is in a liquid state. Figure 12b shows
protruding structures (e.g. aluminium) on one wafer surface and corresponding recess structures on the
surface of the second wafer. When the two wafers are aligned and joined in the adhesive bonding
process, the corresponding protruding and recess structures create a mechanical locking function and
prevent the wafers from shifting towards each other during the time the adhesive liquifies. The
protruding and corresponding recess structures on the two wafers may also be designed to obtain a
self-alignment function (i.e. by using conical structures) for high precision wafer alignment in
adhesive bonding.

Generally all methods that fix the wafers and hold them in place during the bonding process are
suitable to prevent the wafers from shifting while the intermediate adhesive is in a low viscous state.
Minimising the shear forces that are introduced from the bond chuck to the wafer stack may also
contribute to improve the bond alignment in adhesive wafer bonding. This could be obtained by the
application of wedge error compensation mechanisms in the bond chuck similar to those found in
commercial mask aligners.



 Adhesive Wafer Bonding for Microelectronic and Microelectromechanical Systems 37

Wafers that consist of dissimilar materials expand to a different degree when they are heated. At a
temperature increase of 100°C, the difference in thermal expansion between two 10 cm diameter
wafers can be several tenths of micrometers (i.e. between silicon and gallium arsenide wafers). To
accurately align and bond wafers that consist of dissimilar materials either their coefficients of thermal
expansion must match or the adhesive bonding must be performed near room temperature.
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"I don't think necessity is the mother of
invention - invention, in my opinion, arises
directly from idleness, possibly also from
laziness. To save oneself trouble."

Agatha Christie (1890-1976)

6. Applications of adhesive wafer bonding
Adhesive wafer bonding is a generic technology with unique features. The main benefits of adhesive
wafer bonding are its flexibility, process stability and compatibility with standard CMOS wafers. Even
wafers with surface structures can be easily bonded without planarisation steps or special treatment of
the wafer surfaces. Some adhesive wafer bonding applications that utilise these advantages are
described in the following chapter.

6.1 Transfer bonding
Transfer bonding is a technique that allows the transfer of films, devices and membranes from one
substrate wafer (sacrificial wafer) to a second substrate wafer (target wafers). Thus, transducers and
circuits can be optimised and fabricated independently on separate wafers with cost-efficient processes
before they are combined in a later integration step. Transfer bonding is independent of the wafer
surface conditions, it is CMOS compatible and it allows wafer-level transfer of extremely thin
(< 0.3 µm) films, devices and membranes that have very small feature sizes (< 1 µm). Very small
(< 3x3 µm) electrical via contacts between the transferred devices and the new substrate wafer can be
realised. Conventional hybrid integration methods such as flip-chip bonding [91, 92, 94, 103, 104,
117-120, 125] and wafer-to-wafer transfer technologies [24, 25, 37, 100, 121-124] have limitations in
the minimum thickness and feature sizes of the integrated transducers and the minimum size of the
electrical connections between the integrated transducers and circuits.

6.1.1 Transfer bonding of films and devices

Figure 13: Three-dimensional integration of thin film ICs with inter-chip via contacts [130].

Transfer bonding of films and devices enables the integration of electronic circuits and transducers
that are fabricated with incompatible techniques such as standard CMOS technology,
III-V technologies (GaAs, InP) and high temperature deposition and annealing techniques. Transfer
bonding can be used for the fabrication and integration of optical transducer arrays on standard CMOS
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wafers, i.e. for imaging systems or laser systems. Transfer bonding of films and devices can also be
used to process material films (e.g. single crystalline silicon, gallium arsenide etc.) on the front and
back side [66, 67] and to fabricate three-dimensional electronic circuits [126-129]. Figure 13 shows a
concept for three-dimensional integration of thin film integrated circuits with inter-chip via
contacts [130].

Figure 14 shows a schematic drawing of the process flow for transfer bonding of devices and
Figure 15 shows a schematic drawing of the process flow for transfer bonding of films including
subsequent processing of the transferred films (paper 4). Both process flows include the fabrication of
electrical via contacts between the transferred devices/films and the target wafer.

Transferred
Device

Sacrificial
Device Wafer

Adhesive

Sacrificial
Device Wafer

Etch Stop
Layer

Electrical
Via Contacts

Target Wafer

Target WaferTarget WaferTarget Wafer

Target Wafer

Contact Pads

(a) (c)(b)

(d) (e)
Figure 14: Process sequence for device transfer bonding.

In device transfer bonding the transducer devices are processed on a sacrificial device wafer on top
of a film that acts as an etch-stop layer during sacrificial etching of the wafer (e.g. SiO2 in the case of
Si etching). After aligning the sacrificial device wafer and the target wafer (e.g. a CMOS wafer) the
two wafers are bonded with adhesive wafer bonding (e.g. using BCB as the adhesive) as shown in
Figure 14b. In a next step the device wafer is sacrificially thinned down to the etch-stop layer as
illustrated in Figure 14c. The thinning of the sacrificial device wafer can be done using dry etching
(e.g. DRIE etc.), wet etching (e.g. KOH etching etc.) or a combination of grinding and etching. If the
adhesive bonding material and the devices themselves can withstand the applied etching process no
etch-stop layer is required. After removing the etch-stop layer and etching through-holes in the
polymer adhesive (e.g. using reactive ion etching) as shown in Figure 14d, electrical via contacts can
be processed between the devices and the target wafer as illustrated in Figure 14e.

Transferred
Film

Sacrificial
Device Wafer

Adhesive

Sacrificial
Device Wafer

Etch Stop
Layer

Target WaferTarget Wafer

Target Wafer

Target Wafer

Contact Pads

Target Wafer

Electrical
Via Contacts

Target Wafer

(a) (c)(b)

(d) (f)(e)
Figure 15: Process sequence for film transfer bonding.

In film transfer bonding a film (e.g. a monocrystalline silicon film) is placed on top of an etch-stop
layer on a sacrificial device wafer (e.g. SiO2 in the case of Si etching). The sacrificial device wafer is
bonded to the target wafer (e.g. a CMOS wafer) with adhesive wafer bonding (e.g. using BCB as the
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adhesive) as shown in Figure 15b. In a next step, the device wafer is sacrificially thinned down to the
etch-stop layer as illustrated in Figure 15c. The thinning of the sacrificial device wafer can be done
using dry etching (e.g. DRIE etc.), wet etching (e.g. KOH etching etc.) or a combination of grinding
and etching. If the transferred film can withstand the applied etching process no etch-stop layer is
required. After removing the etch-stop layer the transferred film can be patterned as shown in
Figure 15d. Through-holes can be etched in the polymer adhesive (e.g. using reactive ion etching) as
illustrated in Figure 15e and electrical via contacts between the target wafer and the patterned film can
be processed in a subsequent step as shown in Figure 15f. Film transfer bonding has the advantage
over device transfer bonding that no alignment between the sacrificial device wafer and the target
wafer is needed. The transducers are defined by patterning the transferred film after the bonding
process.

The electrical via contacts can be deposited with electroplating, electroless plating, sputtering,
metal evaporation, CVD metalisation, etc. If the metal is deposited over the entire wafer it must be
patterned with a suitable technique such as dry etching or chemical mechanical polishing (CMP).
Fabrication of via contacts with aspect ratios of 6:1 and sizes of 1-4 µm2 have been reported in
literature [127, 131], (paper 6).

To transfer bond more complex transducer devices it is possible to use a combination of device
transfer bonding and film transfer bonding. For example, a sandwich of several patterned and
unpatterned materials can be transferred from the sacrificial device wafer to the target wafer. The
fabrication of test devices for temperature coefficient of resistance and noise measurements in the next
chapter makes use of such a combined process scheme.

Fabrication of test devices for temperature coefficient of resistance (TCR) and noise measurements

Test devices for TCR and noise measurements of thin film materials have been fabricated with transfer
bonding. These devices are used to characterise thermistor materials that are utilised in uncooled
infrared bolometers. The test devices are fabricated with the transfer bonding technology because the
back sides as well as the front sides of the material films must be processed as illustrated in
Figure 16e.

Sacrificial
Device Wafer BCB

Target Wafer

Sacrificial
Device Wafer

Poly-Si Ti/Pl

(a)

(e)

(c)(b)

Target Wafer

Target WaferTarget Wafer

MoSi

(d)

Target Wafer

SiO  etch-stop2

SiN

Figure 16: Process sequence for the fabrication of test devices for temperature coefficient of resistant
and noise measurements of thin film materials.

Test devices for the characterisation of polycrystalline and monocrystalline silicon and silicon
germanium films with a thickness of 0.7 µm have been designed. A combination of device transfer
bonding and film transfer bonding was used to fabricate these devices as illustrated in Figure 16. The
sacrificial device wafer consists of a 0.7 µm thick film that is placed on top of a silicon dioxide etch-
stop layer. The films were monocrystalline silicon (silicon-on-insulator wafers), monocrystalline
silicon-germanium (silicon-on-insulator wafers), polycrystalline silicon and polycrystalline silicon-
germanium. For the fabrication a 0.01/0.05 µm thick Ti/Pt film is evaporated on the silicon films and
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patterned using a standard lift-off process. The wafer surface with the structured metal is covered with
a 0.7 µm thick plasma enhanced chemical vapour deposited silicon nitride (SiN) layer as shown in
Figure 16a. The target wafers consist of a flat oxidised silicon wafer. The sacrificial device wafer is
bonded to the target wafer with BCB as the intermediate adhesive material as illustrated in Figure 16b.
The thickness of the adhesive BCB coating is 2 µm. After the wafer bonding, the sacrificial device
wafer is removed using KOH wet etching. The SiO2 etch-stop layer is removed using buffered HF wet
etching while the SiN/Pt/Ti/silicon films remained on the target wafer as illustrated in Figure 16c. A
thin conductive molybdenum-silicide (MoSi) film is sputtered onto the transferred silicon films on the
target wafer as shown in Figure 16d. The resulting film sandwich is patterned using reactive ion
etching. The patterned Ti/Pt acts as a masking material for the underlying SiN and BCB films as
illustrated in Figure 16e.

Figure 17 shows a SEM image of a transfer bonded and fully processed test device for the
characterisation of a 0.7 µm thick monocrystalline silicon film. The two platinum electrodes can be
probed and the TCR and noise values of the thin silicon film can be measured through the thickness of
the silicon film over the molybdenum-silicide layer and back through the silicon film. We have
fabricated five sets of wafers with different silicon and silicon-germanium films. Each wafer contains
approximately 260 test devices. No visible damage or delamination of the devices was found. Thirty
devices have been evaluated and all of them were operational.

Figure 17: SEM photo of a test device for temperature coefficient of resistance measurements. The
device consists of a sandwich of silicon nitride (0.7 µm), platinum (0.1 µm), titanium (0.05 µm),
monocrystalline silicon (0.7 µm) and molybdenum silicide.

6.1.2 Transfer bonding of membrane structures

Membrane transfer bonding enables the fabrication of complex transducers that consist of free-
hanging membrane structures. Membrane transfer bonding also allows the integration of electronic
circuits and transducers that are fabricated with incompatible techniques such as silicon epitaxy,
III-V technologies (GaAs, InP) and high temperature deposition and annealing techniques (paper 5
and 6). This can be used for the fabrication of highly integrated transducers which require high
performance transducer materials to be integrated with CMOS circuits, such as uncooled infrared focal
plane arrays (e.g. bolometer detectors, pyroelectric detectors), optical transducer systems (e.g. spatial
light modulators, tuneable vertical coupled surface emitting lasers) and RF-MEMS devices.

Figure 18 shows the process flow for membrane transfer bonding. First, the transducer structures
are processed on a sacrificial device wafer on top of an etch-stop layer as illustrated in Figure 18a. The
etch-stop material is typically SiO2 when a silicon substrate wafer is used. After aligning the sacrificial

Target Wafer

MoSi/Poly-Si/Ti/
Pt/SiN/BCB-
Sandwich

Ti/Pt/SiN/BCB-
Sandwich
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device wafer and the target wafer (e.g. a CMOS wafer), they are bonded with adhesive wafer bonding
as shown in Figure 18b. An intermediate adhesive must be used so that the membrane structures can
be sacrificially etched free. If the transducer material on the sacrificial device wafer is not patterned
before the bonding, no alignment between the sacrificial device wafer and the target wafer is needed.
In this case, the transducer structures are usually patterned after the film is transferred to the target
wafer (see also film transfer bonding). The sacrificial device wafer is thinned down to the etch-stop
layer. The thinning can be done with dry etching (e.g. DRIE etc.), wet etching (e.g. KOH etching etc.)
or with a combination of grinding and etching. Subsequently, the etch-stop layer is removed with an
etching step. If the adhesive bonding material and the devices themselves can withstand the applied
etching process no etch-stop layer is required. Figure 18c shows the transfer bonded transducer
structures remaining on top of the intermediate polymer bonding material of the target wafer.

TransducerSacrificial
Device Wafer Sacrificial

Device Wafer

Target Wafer

Adhesive

Contact Pads
Electrical
Via Contacts

(a) (c)(b)

(d) (f)(e)

Target WaferTarget Wafer

Target WaferTarget Wafer

Target Wafer

Figure 18: Process sequence for membrane transfer bonding.

Through-holes for mechanical and electrical via contacts between the transducer structures and the
target wafer are etched in the polymer material using e.g. reactive ion etching. The mechanical and
electrical via contacts between the transducer structures and the target wafer are fabricated by
electroplating, electroless plating, metal sputtering, CVD metalisation or similar techniques
[127, 131], (paper 6). If the metal is deposited over the entire wafer it must be patterned with a suitable
technique such as dry etching or chemical mechanical polishing. Figure 18e shows the transferred
devices with fully processed via contacts. Finally, the adhesive bonding material is sacrificially
removed using dry etching or wet etching. Wet etching processes often cause stiction problems.
Polymer etching in an oxygen plasma has very good etching selectivities to most materials and
experiences no stiction problems. The transducers are free-hanging structures on the target wafer as
illustrated in Figure 18f.

CMOS compatible fabrication of bolometers for use in uncooled infrared focal plane arrays

Figure 19 shows the process flow for the fabrication of uncooled infrared bolometer arrays using
membrane transfer bonding (paper 5). Figure 19h shows a bolometer that consists of a free-hanging
silicon nitride membrane that is thermally isolated from the substrate. A silicon thermistor is located
on top of the membrane. The thermistor material is contacted at the bottom side by two
titanium/platinum (Ti/Pt) electrodes. A molybdenum silicide infrared absorbtion layer is deposited on
top of the thermistor material. Incoming infrared radiation is absorbed by the MoSi absorbtion layer.
This leads to a temperature increases of the thermistor material which, in turn, changes its resistance.
The resistance change of the thermistor material due to the temperature change is measured at the two
metal electrodes of the bolometer. The thickness of the thermistor material is a quarter of the
wavelength of the infrared radiation that is to be detected. This results in an interferometric structure
for increased absorption of the incident infrared radiation [48, 52]. Excellent thermal isolation of the
bolometer is required in order to minimise heat exchange between the bolometer and the substrate.
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Figure 19: Process sequence for CMOS compatible fabrication of bolometers for use in uncooled
infrared focal plane arrays.

First, the etch-stop layer, a 2 µm thick SiO2 is grown on the silicon sacrificial device wafer.
Second, a 0.7 µm thick LPCVD polycrystalline silicon film, the thermistor material, is deposited on
top of the SiO2 layer. The thickness of the thermistor material defines the interferometric structure of
the bolometers. Third, a 0.01 µm thick Ti layer and a 0.05 µm thick Pt layer for the electrodes are
evaporated on top of the polycrystalline silicon film and patterned using a standard lift-off process.
Now, the patterned Ti/Pt electrodes are covered with a 0.5 µm thick SiN layer, which is the membrane
material. The processed sacrificial device wafer is aligned and bonded using adhesive wafer bonding
as illustrated in Figure 19b. The intermediate adhesive bonding material is a 2.5 µm thick layer of
ULTRA-i 300. As a result, the gap between the free-hanging bolometer structures and the target wafer
is 2.5 µm. The target wafer has sputtered aluminium (Al) pads on its surface. The Al pads are 0.8 µm
thick and have a size of 7x7 µm2. They simulate the contact pads on a potential CMOS wafer, which
contains the bolometer readout electronics. The removal of the silicon sacrificial device wafer is done
using deep reactive ion etching (DRIE). It is necessary to use the relatively thick 2 µm SiO2 etch-stop
layer because of the nonuniform DRIE etch rate over a 10 cm diameter wafer. After the bulk silicon
material is sacrificially etched, the remaining SiO2 film is removed using a buffered HF solution. The
bolometer structures (Si/Ti/Pt/SiN sandwich) remain on the target wafer as illustrated in Figure 19c.

After the transfer of the bolometer structures (Si/Ti/Pt/SiN sandwich) from the sacrificial device
wafer to the target wafer, electrical and mechanical via contacts between the bolometer electrodes and
the target wafer are processed. Therefore, the transferred polycrystalline silicon thermistor material,
the SiN and the ULTRA-i 300 bonding material is removed at the via contact areas of the bolometer
electrodes using reactive ion etching and a standard photoresist mask. The patterned Ti/Pt electrodes
act as the masking material during the reactive ion etching of the underlying SiN and ULTRA-i 300
layers as illustrated in Figure 19d. Sputtered titanium tungsten (TiW) and Al is used to fill the through-
holes and establish electrical via contacts between the bolometer electrodes and the Al contact pads on
the target wafer. The sputtered TiW and Al layers are patterned with wet etching and a standard
photoresist mask. In a subsequent step, the conductive MoSi layer (infrared absorption layer) is
sputtered onto the polycrystalline silicon thermistor layer as shown in Figure 19f. The thermistor body
and the legs of the bolometers are defined with reactive ion etching and a standard photoresist mask as
illustrated in Figure 19g. The Ti/Pt electrodes are hereby used as the mask material to define the
bolometer legs. Finally, the intermediate polymer bonding material is sacrificially etched in an oxygen
plasma. Figure 20 shows a SEM image of the transfer bonded and fully processed infrared bolometers
on the target wafer as illustrated in Figure 19h.
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Figure 20: SEM image of transfer bonded, free-hanging infrared bolometers.

Bolometer arrays with 320x240 pixels have been fabricated without any visible damage of the
bolometer structures. The pitch size of the fabricated bolometers is 40x40 µm2 including the bolometer
legs and the area for the mechanical and electrical via contacts to the target wafer. Electrical
measurements on test structures showed that the sputtered electrical TiW/Al via contacts between the
Ti/Pt electrodes of the bolometers and the Al contact pads on the target wafer do not give a reliable
electrical contact. Recent investigations showed that electroplated via contacts result in much more
reliable electrical contact between the bolometers and the contact pads on the target wafer.

CMOS compatible fabrication of arrays of torsional monocrystalline silicon micromirrors
The main application areas for micromirror devices are projection display systems [132], pattern
generators for maskless lithography systems [133-136], optical scanners [137], adaptive optical
systems [138, 139] and switches and cross connectors in optical communication systems [140]. Many
of these applications require large two-dimensional arrays of individually addressable micromirrors.
Thus, it is practically indispensable to combine micromirrors with on-chip electronics. The use of
monocrystalline silicon for the mirror membranes has several advantages over other materials. The
mechanical stability of monocrystalline silicon is extremely good. In contrast to metal micromirror
hinges, there are no recrystallisation effects due to material bending in monocrystalline silicon hinges.
Thus, memory effects as a result of repeated or prolonged micromirror actuation are minimised, which
is very important in applications where the mirrors must be actuated to a number of discrete tilting
angles (analogue addressing) [134-136]. The achievable optical quality, the surface roughness and the
uniformity of monocrystalline silicon surfaces is superior compared to most other
surfaces [137, 139, 141].

Micromirrors made of monocrystalline silicon can not be fabricated on top of CMOS circuits using
conventional surface micromachining techniques. Therefore, membrane transfer bonding has been
applied to fabricate monocrystalline silicon micromirrors (paper 6). Figure 21f shows a cross-sectional
image of a torsional micromirror. It consists of a monocrystalline silicon membrane that is connected
to a silicon substrate via gold posts. The addressing electrodes are formed on the silicon substrate
below the mirror plate. The mirror plate is electrically connected to the metalisation layer on the
silicon wafer via the gold posts. For the mirror actuation, a voltage is applied between the mirror
membrane and one of the two addressing electrodes. The resulting electrical field forces actuate the
silicon mirror like a seesaw. Distant holders prevent direct contact between the actuated micromirror
membranes and the addressing electrodes.
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Figure 21: Process flow for CMOS compatible fabrication of monocrystalline silicon micromirrors
using membrane transfer bonding.

Figure 21 shows the process flow for the fabrication of the monocrystalline silicon micromirrors
using membrane transfer bonding. First, a 1 µm thick gold (Au) layer is evaporated onto a 10 cm
diameter silicon wafer (target wafer) which is then covered with a 0.5 µm thick plasma enhanced
chemical vapour deposited silicon nitride layer and a 0.15 µm thick sputtered aluminium (Al) layer.
Second, the top aluminium layer is patterned to define the addressing electrodes of the micromirrors
and the connecting probing pads. Third, a 0.2 µm thick silicon nitride layer is deposited on top of the
addressing electrodes and patterned to define the distant holders. Then, the holes for the posts are
etched in the silicon nitride layer that covers the gold seed layer. The locally exposed gold seed layer
is used as the plating base for electroplating 1.45 µm gold. Consequently, the gold posts extend
0.8 µm over the surface of the aluminium addressing electrodes. Figure 21a shows a schematic cross-
section of the target wafer with the addressing electrodes and the electroplated posts. The wafer is a
SOI wafer with a 0.34 µm (±  5%) thick silicon device layer and a 1 µm thick SiO2 layer. The
sacrificial SOI wafer is bonded to the target wafer using a 0.8 µm thick layer of ULTRA-i 310 that is
spin-coated on the SOI wafer as illustrated in Figure 21b. In the bonding procedure, the electroplated
posts are pressed in the adhesive bonding material. Their height of 0.8 µm defines the distance
between the addressing electrodes and mirror membranes. The sacrificial wafer (SOI bulk material) is
removed by a combination of grinding and deep reactive ion etching (DRIE) as shown in Figure 21c.
The DRIE etching stops at the SiO2 layer. The SiO2 layer is removed using a buffered HF etch
solution. The 0.34 µm thick monocrystalline silicon layer remains on top of the adhesive bonding
material on the target wafer as illustrated in Figure 21c. After the monocrystalline silicon film is
transferred from the sacrificial SOI wafer to the target wafer, it is patterned to define the micromirror
membranes as shown in Figure 21d. The photoresist is removed with a short etching step. Next, the
electrical and mechanical via connectors between the gold posts and the mirror membranes are
formed. This is done by electroplating another 0.8 µm of gold on top of the posts as illustrated in
Figure 21e. Thus, the silicon micromirror membranes are joined and mechanically locked to the posts.
Finally the adhesive bonding material under the membranes is sacrificially removed to free the
monocrystalline silicon micromirrors as shown in Figure 21f.

Arrays of 4x4 monocrystalline silicon micromirrors have been fabricated using membrane transfer
bonding. Figure 22 shows an array of the micromirrors with the underlying aluminium addressing
electrodes. The mirror membranes are 0.34 µm thick and measure 16 µm x 16 µm. The hinges are
4 µm long, 0.6 µm wide and the posts are 3 µm x 3 µm in size. The root-mean-square roughness of the
micromirror surfaces is 1.9 nm.
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Figure 22: SEM photo of the free-hanging monocrystalline silicon micromirrors.

Membrane transfer bonding allows thin monocrystalline silicon films from commercially available
SOI wafers to be used for the fabrication of very flat, uniform and low stress silicon micromirror
membranes. The proposed fabrication scheme does not contain any wafer alignment steps during
wafer bonding. Thus, the mirror dimensions and alignment accuracies are only limited by
photolithography. The distance between the addressing electrodes and the mirror membranes is
defined by the height of electroplated posts.

6.2 Fabrication of microchannels and microfluidic devices
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Figure 28: Fabrication methods for fluidic channels and devices with adhesive wafer bonding.

Microfluidic systems have been used in the past for applications such as inkjet print heads and device
cooling. The recent, rapid development of microfluidic systems for use in micro total analysis systems
and microchemical synthesis applications has triggered the need for new fabrication techniques of
microfluidic channels, devices and systems. Microfluidic systems may also be integrated with CMOS
circuits for applications such as on-chip signal analysis of large amounts of signal data in micro total
analysis systems. Microfluidic channels and devices have predominantly been fabricated using surface
micromachining techniques [150] and with various chip and wafer bonding
techniques [12, 40, 47, 74]. The most commonly used materials for the fabrication of microfluidic
systems are silicon, glass and plastics.

Figure 28 shows three basic methods to fabricate microfluidic channels and devices with the help
of adhesive wafer bonding. The method shown in Figure 28a uses a self-contained adhesive layer and
is suited for the fabrication of deep channels. The methods shown in Figure 28b and c use a patterned
adhesive layer and are suited for both the fabrication of deep channels and very shallow channels. The
channel structures that extend into the wafer material can be created with standard etching techniques
(deep reactive ion etching, wet etching etc.) or by forming of plastic substrates (moulding, embossing,
etc.).
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Sealing of microfluidic channels with hydrophobic valves
Microfluidic channels that include hydrophobic patches have been sealed using adhesive wafer
bonding. Thus, hydrophobic valves are created in the sealed channels that can stop capillary filling of
the channels [151, 152]. Alternative bonding methods such as anodic bonding can not be used for
sealing the channels since they cause damage to the hydrophobic patches due to the combination of
excessive temperatures and strong electric fields.

Figure 29: Process flow for the fabrication of hydrophobic valves.

Figure 29 shows the process flow for the valve fabrication and Figure 30 shows the operating
principle and a photo of a hydrophobic valve. The hydrophobic valves have been fabricated in deep
reactive ion etched silicon channels (paper 2). The 50-100 µm wide and 50 µm deep channels were
formed by deep reactive ion etching of a silicon wafer as shown in Figure 29a. A thick photoresist is
applied and openings are patterned as illustrated in Figure 29b. The polymer for the hydrophobic
patches (octafluorocyclobutane, C4F8) was deposited using a plasma process. The patterning of the
C4F8 film was done with a lift-off process by stripping the thick photoresist. The fluidic channels with
the hydrophobic valves and the connected fluidic devices were sealed by bonding a glass lid on top of
the silicon wafer using a self-contained intermediate adhesive layer (BCB) as shown in Figure 29c.

The hydrophobic valve function is achieved with the hydrophobic patch inside the channel with
hydrophilic inner walls. The progressing mensicus of a liquid inside the channel is stopped at the
hydrophobic patch (paper 3). The hydrophobic patch can be overrun with the liquid when an external
pressure drop is applied between the channel inlet and the channel outlet.
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Figure 30: Principle function of hydrophobic valves (left) and photo of a hydrophobic valve with a
connected filter chamber (right). The hydrophobic valve is 200 µm long.

6.3 Wafer-level packaging
Packaging is an important issue for commercial electronic and MEMS components and systems. In
some cases more than 70 % of a system’s costs can be attributed to the packaging [142]. Typically, at
least some part of the packaging is done on chip-level and a huge variety of chip-level packaging
techniques are available [103]. Wafer-level packaging techniques have the advantage that they enable
high packaging densities and use highly parallel wafer processes. Another inherent advantage is that
the packages can protect the transducers and circuits on the chips during the wafer dicing process.
Wafer-level packaging is sometimes referred to as zero-level packaging. Fabrication techniques that
are typically used in wafer-level packaging are thin film deposition processes [104, 143] and various
wafer bonding processes [12-47, 65-77, 79-94]. Adhesive wafer bonding is a potential candidate for
wafer-level packaging applications since it is CMOS compatible, lowcost and relative insensitive to
wafer surface conditions.
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6.3.1 Wafer-level fabrication of cavities and component protections
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Figure 23: Fabrication methods for microcavities and component protection in wafer-level packaging
applications.

Adhesive bonding can be used for wafer-level packaging of electronic, radio frequency (RF), MEMS
and MOEMS devices. Figure 23 shows a few alternatives of how adhesive bonding can be utilised to
create cavities and surface protection for wafer-level packaging applications. The packages in
Figure 23a and d use adhesive wafer bonding with a self-contained polymer film and the packages in
Figure 23b and c use selective adhesive wafer bonding with a patterned polymer adhesive. The
package in Figure 23a is suitable for deep cavities while the ones in Figure 23b and c can be used for
both deep and very shallow cavities. The cavities that extend into the wafer material
(Figure 23a and b) can be created with standard etching techniques such as deep reactive ion etching
or wet etching. The choice of wafer material is practically unrestricted.

The process scheme in Figure 24 shows a possible way to realise electrical contact between the
inside of a package and the outside world and to access the bond pads. This process scheme can be
performed on wafer-level and uses only standard fabrication techniques. It consists of adhesive wafer
bonding, wafer dicing and an etching step to remove residuals on the surface where the bond pads
exist.

An alternative method to provide electrical contact between the inside and the outside of a package
are wafer-through contacts [46].
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Figure 24: Wafer-level process scheme to access contact pads and electrical feed-through lines.
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"Basic research is what I am doing when
I don't know what I am doing."

Wernher von Braun (1912-1977)

6.3.2 Hermetic sealing with adhesive wafer bonding

For many applications hermetically sealed packages are necessary. These include components for
military and other high-end applications as well as transducers that are moisture sensitive or that have
to be operated in a controlled atmosphere or vacuum [144-146]. Polymers are generally permeable to
gases and moisture as shown in Figure 6. Thus, they are typically not suitable as diffusion barriers in
hermetic sealing applications. To benefit from the advantages of polymer adhesives while obtaining
hermetically sealed packages, an additional diffusion barrier is required.
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Figure 25: Fabrication scheme for hermetically sealed packages using adhesive wafer bonding in
combination with an additional diffusion barrier material.

Figure 25 shows a concept of one possible process flow for wafer-level fabrication of hermetically
sealed packages using adhesive wafer bonding. The top wafer of one of the packages from
section 6.2.1, Figure 23a-d is diced and/or etched in a way that the polymer adhesive at the bond
interface is expose at the chip edges as shown in Figure 25b. Now the diffusion barrier material is
deposited on top of the adhesive polymer to hermetically seal the chip packages as shown in
Figure 25c. Finally the chip packages can be diced (not shown in Figure 25). For cavities that are
fabricated using patterned BCB as the adhesive material, the atmosphere inside a cavity adapts to the
outside atmosphere within seconds [44]. Thus, if a package is placed in vacuum, the surrounding
vacuum will also be present inside the package after a short time. This effect can be used to obtain
defined atmospheres inside cavities by depositing the diffusion barrier material at the desired
atmospheric condition. The cavity is sealed and the pre-defined gas pressure or vacuum is preserved
inside the cavity.

In a first test, adhesively bonded packages have been fabricated. The top wafer was patterned using
a combination of dicing and DRIE. Evaporated metal and plasma enhanced chemical vapour deposited
silicon nitride has been tested as diffusion barrier materials. The results from a helium leak test
indicate that plasma enhanced chemical vapour deposited silicon nitride films create a self-contained
film without holes that could provide diffusion barriers for microelectronic and MEMS packages.
Packages that were sealed with evaporated titanium and gold films had higher leak rates in the helium
leak tests than the packages that were sealed with the silicon nitride films. SEM photos showed small
holes in the evaporated metal films through which gas can penetrate the package. Details of the tests
are given in paper 9 at the end of the thesis.
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6.3.3 Wafer-level stacking of chips

The increasing need for miniaturisation and higher integration densities in consumer electronics and
hand-held electronic devices has lead to stacking of chips in the third dimension. An example of
stacked chips is shown in Figure 26a. Suppliers of chip packages have developed specialised packages
for these chips as shown in Figure 26b. Chip stacking is especially suitable for memory devices and
other volume applications where high packaging densities are desired.

     
Figure 26: Stacked memory chips for hand-held applications [147] (left) and a commercial package
for stacked chips [148, 149] (right).

Adhesive wafer bonding provides an attractive solution for chip stacking in a highly parallel wafer-
level process. Figure 27 shows a possible process flow for wafer-level stacking of chips. A single
adhesive wafer bonding step is used to stack all chips of a wafer in a parallel fashion as illustrated in
Figure 27a. This is followed by a dicing scheme as shown in Figure 27b and c that uses the same
amount of cuts as conventional schemes of wafer dicing followed by pick and place stacking of the
chips. A short dry etch step is used to remove adhesive residues from the bond pads of the stacked
chips before the chips are separated by dicing the bottom wafer. Finally, the bond pads can be
electrically contacted using conventional wire bonding techniques as illustrated in Figure 17c. The
wafer-level stacking of chips is also suitable to stack more than two chip levels.
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Figure 27: Process scheme for highly parallel wafer-level stacking of chips using adhesive wafer
bonding.
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"Always acknowledge a fault. This will
throw those in authority off their guard and
give you an opportunity to commit more."

Mark Twain (1835-1910)

7. Summary of appended papers
In the appended papers several important aspects of adhesive wafer bonding are discussed. The
process parameters for bonding with BCB and the negative photoresists ULTRA-i 200 and
ULTRA-i 310 as adhesive materials are given. Examples for the application of adhesive wafer
bonding in MEMS are presented. The examples include wafer-level transfer bonding of thin films,
devices and membranes, the fabrication of infrared bolometers consisting of membrane structures for
use on CMOS based focal arrays, the fabrication of torsional monocrystalline silicon micromirrors,
wafer-level packaging, capping and hermetic sealing and the fabrication of microfluidic devices.

Paper 1
Low-temperature Full Wafer Adhesive Bonding
The influence of different bonding parameters and intermediate bonding materials on the resulting
bond quality in adhesive wafer bonding have been investigated. The mechanisms of void creation at
the bond interface have been studied. To visually investigate the bond interfaces, two methods have
been used. The first method is interface etching of silicon wafers with a silicon dioxide (SiO2) etch-
stop layer and the second method is bonding of a silicon wafers to a glass wafers. An important
finding is that it is very important to use intermediate bonding materials that do not create or release
by-products during the curing process to prevent void formation at the bond interface. Suitable
bonding parameters for void-free bonding with BCB and the negative photoresist ULTRA-i 300 as the
adhesive bonding material are presented.

Paper 2
Low Temperature Full Wafer Adhesive Bonding of Structured Wafers
A technology for void free low temperature bonding of structured wafers was presented. BCB was
used as the intermediate bonding material. BCB bonds well with various materials and does not
release significant amounts of by-products during the curing process. Thus, void–free bond interfaces
and very strong bonds can be obtained. Adhesive wafer bonding has been applied to the fabrication of
microfluidic structures and to the protective sealing of protruding structures on wafer surfaces. An
important finding was that the precured BCB coatings are extremely deformable and have liquid-like
behaviour during bonding.

Paper 3
Hydrophobic Valves of Plasma Deposited Octafluorocyclobutane in DRIE Channels
The suitability of using octafluorocyclobutane (C4F8) patches as hydrophobic valves in microfluidic
biochemical applications was presented. A technique has been developed to generate lithographically
defined C4F8 hydrophobic patches in deep reactive ion etched silicon channels. Different patch lengths
(200-1000 µm) of C4F8 were deposited in 50 µm wide channels to evaluate which size is most suitable
for microfluidic biochemical applications. The channels were sealed with glass lids using low-
temperature adhesive wafer bonding. The valves have a high chemical resistance to a wide variety of
liquids, aqueous and nonaqueous, relevant in biochemistry including solutions of microbeads. Patch
lengths of 200 µm of C4F8 successfully stopped various solutions at least 20 times consecutive. The
hydrophobic valves also resist very high concentrations (25%) of surfactants. C4F8 shows a much
higher resistance towards water and surface active solutions than previous hydrophobic patches. An
applied pressure of 760 Pa at the inlet was needed for water to overrun the hydrophobic patch.
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Paper 4
Low-Temperature Wafer-Level Transfer Bonding
A new wafer-level transfer bonding technology was presented. The technology is based on adhesive
wafer bonding and subsequent sacrificial removal of the original substrate wafer. It allows the transfer
of practically any type of thin films and thin film devices from the original wafer to a new wafer. The
transferred films or devices can be further processed with most standard IC processes. Test devices
with feature sizes between 2 µm and 500 µm, consisting of several thin film layers and total
thicknesses of 1.5 µm were fabricated on a substrate wafer and transferred to a new wafer. Also entire
silicon films with thicknesses down to 0.7 µm have been successfully transfer bonded from the
original wafer to a new wafer. BCB was used as the intermediate bonding material in all experiments.
The transfer bonding process is fully CMOS compatible and results in extremely high yield.

Paper 5
Wafer-Level Membrane Transfer Bonding of Polycrystalline Silicon Bolometers for Use in Infrared
Focal Plane Arrays
A new membrane transfer bonding technology for the fabrication and integration of polycrystalline
silicon bolometers for use in CMOS based infrared focal plane arrays was presented. The bolometer
arrays were fabricated on a sacrificial device wafer and subsequently transferred to a target wafer.
Therefore the sacrificial device wafer and the target wafer were bonded to each other with adhesive
wafer bonding. The negative photoresist ULTRA-i 310 was used as the intermediate adhesive
material. The sacrificial wafer was removed and the transferred bolometers were further processed and
electrically connected to the target wafer using conventional micromachining processes. Finally, the
adhesive material was sacrificially removed under the bolometer structures. Arrays of free-hanging
polycrystalline silicon bolometers consisting of multi-layered membrane structures were fabricated.
The feature sizes of the bolometers were between 1.5 µm and 40 µm. The entire fabrication and
integration process is fully CMOS compatible and produces a high yield.

Paper 6
Arrays of Monocrystalline Silicon Micromirrors Fabricated Using CMOS Compatible Transfer
Bonding
Monocrystalline silicon micromirrors have been fabricated using membrane transfer bonding. For the
micromirror fabrication, a thin monocrystalline silicon device layer is transferred from a standard
silicon on insulator (SOI) wafer to a target wafer (e.g. a CMOS wafer) using low-temperature adhesive
wafer bonding. Thus very uniform, low-stress and mechanically stable micromirror membranes made
of monocrystalline silicon can be directly fabricated on top of CMOS circuits. Micromirror arrays with
4x4 pixels and a pitch size of 16x16 µm2 have been fabricated. The monocrystalline silicon
micromirror membranes are 0.34 µm thick and have feature sizes smaller than 1 µm. The distance
between the addressing electrodes and the mirror membranes is 0.8 µm. The mirror fabrication does
not contain any bond alignment between two wafers. Thus, the mirror dimensions and alignment
accuracies are only limited by photolithography. Arrays of torsional micromirrors have potential
applications as spatial light modulators in projection display systems, in pattern generators for
maskless lithography systems and in optical communication systems.

Paper 7
Selective Wafer-Level Adhesive Bonding with Benzocyclobutene for Fabrication of Cavities
Selective adhesive wafer bonding using photosensitive BCB and dry etch BCB has been presented.
Adhesive bonding occurs only on localised areas where the adhesive material is present at the wafer
surface. The adhesive BCB layer is patterned either by using photosensitive BCB or by dry etching the
BCB using a photoresist mask. To achieve good bonding results and at the same time retain the
patterned structures, the BCB must be polymerised to a level of about 60% prior to bonding. Suitable
patterning and bonding parameters for selective adhesive wafer bonding with photosensitive BCB and
with dry etch BCB are presented. Microcavities with dimensions of 170 µm x 170 µm x 4.7 µm have
been fabricated using selective adhesive wafer bonding.
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Paper 8
A Method to Maintain Wafer Alignment Precision during Adhesive Wafer Bonding
A new method was presented that prevents wafers from shifting relative to each other during adhesive
wafer bonding. Thus, the obtainable wafer alignment accuracies for adhesive wafer bonding on
commercial bonding equipment could be improved from 10-15 µm to 3-5 µm. The presented method
utilises structures at the wafer surfaces that provide friction between the two wafers during the
bonding process. If these structures are not present, the wafers shift when the intermediate adhesive
material liquifies during the bonding process. The liquid adhesive can not bear the shear forces that
occur when the wafer stack is pressed together with the bond tool. These shear forces can not be
avoided practically.

Paper 9
Sealing of Adhesive Bonded Devices on Wafer-Level
A new wafer-level hermetic sealing method has been proposed. In this method packages that are
fabricated using adhesive wafer bonding are hermetically sealed by cladding the polymer adhesive
with an additional diffusion barrier material after the packages are partly diced. Evaporated metal and
plasma enhanced chemical vapour deposited silicon nitride has been evaluated as diffusion barrier
materials. The results from helium leak tests indicate that plasma enhanced chemical vapour deposited
silicon nitride films create a self-contained film without holes that could provide diffusion barriers for
microelectronic and MEMS packages. Packages that were sealed with evaporated titanium and gold
films had higher leak rates in the helium leak tests. SEM photos showed small holes in the evaporated
metal films through which gas can penetrate the package.
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"Science is a wonderful thing if one does
not have to earn one's living at it."

Albert Einstein (1879-1955)

8. Conclusions
Adhesive wafer bonding is a generic technology that provides unique possibilities for the fabrication
and improvement of microsystems. Specifically, systems that combine standard IC circuits and MEMS
or optical transducers can benefit from adhesive wafer bonding techniques. Three-dimensional MEMS
fabrication and wafer-level packaging and encapsulation are other applications for which adhesive
wafer bonding is an attractive fabrication technique. One of the reasons for the limited use of adhesive
wafer bonding may be the general lack of available information about suitable bonding processes and
parameters. The objective of this research was to develop suitable adhesive bonding techniques for
semiconductor wafers and to provide an understanding of the critical parameters and mechanisms in
adhesive wafer bonding. Process schemes and parameters for adhesive wafer bonding with self-
contained intermediate polymer films (full wafer adhesive bonding) and with photolithographically
patterned intermediate polymers (selective adhesive wafer bonding) have been developed. The
adhesive wafer bonding techniques were used in innovative fabrication schemes for various MEMS
devices:

 A novel CMOS compatible film and device transfer bonding technique has been developed. The
technology allows standard CMOS circuits to be combined with thin film components that can
consist of practically any crystalline or noncrystalline high performance material. Test structures
for temperature coefficient of resistance measurements for semiconductor materials have been
fabricated with this technique. The test structures consist of very thin monocrystalline silicon films
that are electrically contacted with metal contacts on both sides of the silicon films. This could be
achieved by adhesively bonding processed silicon on insulator (SOI) wafers to a new substrate
wafer and sacrificially removing the SOI substrate. Thus, the thin monocrystalline silicon film
from the SOI wafer remains on the new substrate with its back side being the new wafer surface.

 A novel CMOS compatible membrane transfer bonding technique has been developed. The
technology allows standard CMOS circuits to be combine with free-hanging sensors and actuators
that can consist of practically any crystalline or noncrystalline high performance membrane
material. Arrays of polycrystalline silicon bolometers have been fabricated with this technique.
The bolometers consist of free-hanging membrane structures that are thermally isolated from the
substrate wafer. The microbolometers are fabricated on a sacrificial substrate wafer using high
temperature annealed high performance bolometer materials. Subsequently, they are transferred
and integrated onto a new substrate wafer using a fully CMOS compatible transfer bonding
process. The microbolometers are designed for use on uncooled infrared focal plane arrays. The
integration of the bolometers on CMOS based readout electronic wafers remains to be done.

 Arrays of torsional micromirrors have been fabricated with membrane transfer bonding. The
micromirrors consist of an extremely thin monocrystalline silicon film that is transferred from a
standard silicon on insulator (SOI) wafer to the target wafer using low-temperature adhesive wafer
bonding. Thus, very uniform, low-stress and mechanically stable micromirror membranes can be
fabricated on top of CMOS circuits. The mirror fabrication does not require any bond alignment
between two wafers. The mirror dimensions and alignment accuracies are only limited by
photolithography. Arrays of torsional micromirrors have potential applications as spatial light
modulators in projection display systems, in pattern generators for maskless lithography systems
and in optical communication systems.
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 Microfluidic devices, channels and passive valves have been fabricated. The structures were
fabricated by deep reactive ion etching of a silicon wafer. Hydrophobic patches have been
deposited inside the deep channels to create passive valves. The fluidic structures, channels, and
valves were sealed by bonding a glass lid with a self-contained intermediate adhesive layer to the
silicon wafer. Alternative bonding methods such as anodic bonding could not be used since they
cause damage of the hydrophobic patches inside the channels due to excessive temperatures in
combination with strong electric fields.

 Very shallow microcavities and channels have been fabricated with selective adhesive bonding.
Silicon wafers were bonded to glass wafers using a photolithographically patterned polymer as the
intermediate adhesive material. The polymer material works as the adhesive material and as spacer
material between the glass wafer and the silicon wafer. The free space (unbonded regions) beside
the bonded regions make up the cavities and channels. Their height is defined by the thickness of
the intermediate polymer bonding material. No structuring or etching step of silicon or glass is
required for the fabrication of the cavities and channels.

 A new wafer-level hermetic sealing method has been proposed. Packages have been fabricated
using adhesive wafer bonding. The packages have been sealed by cladding the polymer adhesive
with plasma enhanced chemical vapour deposited silicon nitride. Helium leak tests indicate that
the plasma enhanced chemical vapour deposited silicon nitride film could provide a diffusion
barrier for microelectronic and MEMS packages.
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