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Microengineering has developed a broad range of production techniques to reduce size,
increase throughput, and reduce cost of electrical and mechanical devices. The miniaturisation
has also entailed entirely new opportunities.

In this work, a piezoresistive silicon sensor measuring mechanical deformation has been
designed and fabricated with the help of microengineering. Due to the large variety of used
processes, this device can serve as a survey of techniques in this field. Four basic process
categories are recognised: additive, subtractive, modifying, and joining methods.

The last category, joining methods, has previously been the least investigated, especially
when it comes to compatibility with the other categories. The adaptability of wet chemical
etching to established silicon wafer bonding technique has been investigated. Further,
phenomena related to oxygen plasma pre-treatment for direct bonding has been investigated
by blister bond adhesion tests, X-ray photoelectron spectroscopy, and atomic force
microscopy.

Wafer bonding has been adapted to monocrystalline quartz. For wet chemical
pre-treatment, characteristics specific for quartz raise obstacles. Problems with limited
allowable annealing temperature, low permeability of water released in the bond at annealing,
and electrostatic bonding of particles to the quartz surface, have been studied and overcome.
The influence of internal bond interfaces on resonators has been investigated.

Chemical polishing of quartz by ammonium bifluoride has been experimentally
investigated at high temperatures and concentrations. Chemometrical methods were used to
search for optimum conditions giving the lowest surface roughness. These extreme conditions
showed no extra advantages.

Adhesion quantification methods for wafer bonding have been comprehensively reviewed,
and augmentations have been suggested. The improved techniques’ usefulness for three areas
of use has been forecasted: general understanding, bonding scheme optimisation, and quality
control. It was shown that the quality of measurements of all commonly used methods could
be dramatically improved by small means.

Keywords: silicon, quartz, microengineering, microstructure, MEMS, wafer bonding, direct
bonding, adhesion quantification

Orjan Vallin, Department of Engineering Sciences, Solid State Electronics, Box 534, Uppsala
University, SE-75121 Uppsala, Sweden

© Orjan Vallin 2005
ISSN 1651-6214

ISBN 91-554-6288-X
urn:nbn:se:uu:diva-5852 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-5852)



Och Isagel bad mig ej sjunga.
Det maste jag dndé fa gora
nér jag av min hiardande tunga
om asbest och kisel vill héra.

En visa ur hallfasthetsldran

jag sjong for den hulkande bruden.
Jag sjong om den avbrutna dran,
den oreparerbara guden.

Och Isagel slutade grata

—om grat nu dr virre 4n annat —

Det var pa det tjugonde aret

pa farden vart hjirta forbannat.
Harry Martinson, Aniara, sdng S1.



List of papers

This thesis for the degree of Doctor of Philosophy in Solid State Electronics
comprises the following papers, which will be referred to in the summary by
their Roman numerals:

L

IL

II1.

IV.

VL

VIL

High-temperature piezoresistive gauge fabricated on commercially
available silicon-on-insulator wafers. O. Vallin and Y. Bécklund.
Journal of Micromechanics and Microengineering 10 (2000) 196-199,

Silicon fusion bond interfaces resilient to wet anisotropic etchants. J.
Kohler, C. Strandman, O. Vallin, C. Hedlund and Y. Béicklund. Jour-
nal of Micromechanics and Microengineering 11 (2001) 359-363

Radial variations in bond strength for plasma bonded oxidised silicon
wafers, K. Jonsson, O. Vallin, M. Svedberg, and J. Kéhler. In manu-
script.

Quartz-to-quartz direct bonding. P. Rangsten, O. Vallin, K. Hermans-
son and Y. Bicklund. Journal of the Flectrochemical Society 146
(1999) 1104-1105.

Direct bonded quartz resonators. O. Vallin, B. Einefors, C. Hedlund,
and G. Thornell. In Proceedings of the 2001 IEEE International Fre-
quency Control Symposium and PDA Exhibition, Seattle, WA, USA.

Polishing of quartz by rapid etching in ammonium bifluoride. O. Val-
lin, U. Lindberg, R. Danielsson, and G. Thornell. Submitted to IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control.

Adhesion quantification methods for wafer bonding. O. Vallin, K.
Jonsson, and U. Lindberg. Invited and submitted to Materials Science
and Engineering R: Reports.

Papers are reproduced with permission from the publishers.



The contribution by the author to the papers included in the thesis is as fol-
lows (see Figure 1 for the nomenclature used):

L

IL

II1.

Iv.

VL

VIL

Major part of planning, all experimental work, evaluation, and writing.
Significant part of planning, experimental work, and evaluation.

Part of planning, evaluation and writing, significant part of experi-
mental work

Substantial part of planning, experimental work, evaluation, and writ-
ing.

Major part of planning and writing, all experimental work and evalua-
tion.

Substantial part of planning, evaluation, and writing, all experimental
work.

Substantial part of planning, evaluation and writing.

All

. Major part

Significant part

Part
Naught
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Introduction

Microengineering, alternatively known as microstructure technology or mi-
croelectromechanical system technology, is quite young as an autonomous
discipline within engineering science. In order to bring the research front
quickly forward into terra incognita, it is tempting, and often necessary, to
use a trial and error approach. Tempting, as the unknown new technique
gives birth to dreams about solving old and new problems in ingenious ways.
Necessary, as quick results are demanded from the financier. With numerous
attempts, and a bit of luck, it is often possible to arrive at the vicinity of the
pictured aim, and rich rewards and trophies can be brought back and exposed
to each and everyone. However, upon inspection of the road to the target it is
often found to be winding, bumpy and surrounded by unknown dangers. In
order to secure captured land, the road must be properly paved stone by
stone starting from known terrain. Not until then, these new results are suit-
able as starting bases for further exploration.

In the metaphor above, Papers I, I, IV, and V belong to the first type of
works, while the other belong to the second type. Both types are important,
but it is essential to recognise where they belong.

Starting from general silicon microengineering, the reader is invited to
come along on a voyage that will go to the bottom with direct bonding and
use it to chart new routes in quartz. During this passage, the surface proper-
ties of part of the quartz ocean will be addressed. At last, the final destina-
tion will be reached in safe port among solidly built piers of wafer bond ad-
hesion quantification.

In the first sections, ideas and experiences will dominate, while details in
the papers will have to wait until the summary of the papers at the end.



Silicon microengineering

Contrary to common machining, the workpiece in microengineering consist
of many, maybe thousands of units that are worked on simultaneously. The
process involves many steps of different kind. Here, they are categorised in
four main classes: additive, subtractive, modifying, and joining methods.
Paper 1 can serve as a survey of the methods used in silicon micro-
engineering. For a detailed description of these processes, see for instance
references [1,2].

Device manufacturing

In Paper I, the design and manufacturing of a piezoresistive deviation sensor
is described. In short, the sensing piezoresistive structure is made from the
thin top layer of a silicon-on-insulator (SOI) wafer. Such wafers are com-
monly employed for electronics, where devices are made in the top layer
only. The buried oxide underneath the device layer serves as insulation. To
facilitate handling, the SOI structure is supported by a thick substrate wafer.
Here, deviation is felt by the bending of a beam fabricated in the substrate
wafer. The tension at the surface of the beam's foundation is proportional to
the deviation of its tip. In the piezoresistive structure, made from the device
layer and placed on the beam foundation, the strain is converted to an elec-
trical signal. To illustrate the variety of methods used in the fabrication, Fig-
ure 2, shows schematically a cross section of a device. The process steps
used are given in Table 1.

In the fabrication of this sensor, all classes of microengineering processes
are used, although the joining had been performed in the starting SOI mate-
rial beforehand. These wafers were manufactured by semiconductor wafer
bonding (also known as direct bonding or fusion bonding), lapping and pol-
ishing. With semiconductor wafer bonding, two polished wafers can be
joined without intermediate layers such as glue or solder [3,4]. The bonding
is by no means limited to the semiconductors themselves. Prior to bonding,
the wafers are often oxidised, or deposited with thin films of insulators or
metals. The bonding process typically consists of a preparation step, where
the surfaces are cleaned and made reactive. This 1s made with wet chemicals,
gas plasmas, or atom beams. After that, the wafers are mated, whereupon
they immediately stick together. Dispersion forces, or, if water or hydroxyl
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groups are present, hydrogen bonds, make the wafers adhere. By a thermal
treatment, the annealing, the weak bonds originally holding the wafers to-
gether are replaced by stronger covalent bonds, over bridging the interface.
In vacuum direct bonding, the annealing step sometimes can be omitted as
high quality bonding occurs immediately at contacting.

\Y

| silicon
Bl siicon dioxide

Silicon nitride

|:| Aluminium

Figure 2. Schematic drawing of a piezoresistive sensor enlightening the variety of
different processes used. Legend according to Table 1.

3,1
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Table I. The methods used in the fabrication of the piezoresistive sensor depicted in
Figure 2.

Additive Subtractive Modifying Joining
1 Starting material [ RIE CHF; A Thermal oxidation @ Direct bonding
2 Thermal oxidation 1T KOH B Bond annealing
3 LPCVD IIT RIE SFg + O, C TImplantation
4 Sputtering 1V Isotropic etching D Post metal anneal
V Lift-off
VI RIE black silicon

The additive techniques used in Paper I were thermal oxidation, low-
pressure chemical vapour deposition of silicon nitride, and aluminium sput-
tering. While the silicon oxide became the buried insulator, and while silicon
nitride worked as protective layers for underlying materials, as a cap pre-
venting boron out-diffusion, and as electrical insulation, the aluminium was
used as electrical conductor. These methods all add material to the whole
surface.

Moreover, a number of subtractive methods were used for the same paper.
Anisotropic etching of the substrate wafer was done locally to thin it to the



desired beam thickness. Reactive ion etching was used to remove silicon
nitride, the silicon device layer, and the silicon oxide. Isotropic etching com-
bined with lift-off shaped the aluminium. To release the bending beams, the
silicon was etched through by Twente MicroProducts, Enschede, The Ned-
erlands [5] (black silicon method). In addition to the manufacturing methods,
stress measurement structures in the device layer were released with iso-
tropic vapour etching of the buried oxide [6].

The modifying methods used were bond annealing, boron implantation,
and post metal annealing. Notwithstanding the fact that thermal oxidation
already has been listed as an additive method, it is listed also here as the
silicon in the silicon dioxide obtained originates from the wafer.

The additive methods work on the whole surface, and so do the subtrac-
tive ones, unless measures are taken to protect parts of the surface. By
choosing a subtractive method that selectively removes one material and
spares another, areas can be protected by the resilient material. Hence,
structures are created that are integral parts of the components in fabrication.
In our case, the predominant patterning method is photolithography. Again,
addition, modification, and subtraction methods are used. In this technique,
an applied photosensitive polymer exposed through a template protects the
underlying materials in unexposed areas. As the entire unprotected surface is
exposed in one step, all structures are defined simultaneously. The light
modifies the structure of the polymer thereby changing its resistance to a wet
etchant, viz. the developer. The result after a dip into the etchant is a pro-
tecting polymer pattern corresponding to the template. By choosing an
etchant that selectively etches the unprotected areas but does not affect the
protective layer, structures are defined all over the wafer. Afterwards, the
protective layer can be selectively removed, making the surface ready for
another additive layer. A clever use of additive, subtractive, modifying and
joining methods, together with patterning, makes it possible to define struc-
tures of the components on the wafer.

Direct bonding

Direct bonding can cause problems when introduced in standard process
chains. Although it might be possible to bond late in the production scheme,
this would often require an alignment of two structured wafers, which entails
difficulties in precision. In addition, the bond strengthening thermal treat-
ment has to be limited to spare the structures previously made. If still en-
deavoured, the originally very smooth surfaces might be damaged, preclud-
ing bonding. On the other hand, if bonding is made early in the process, the
bond must be resistant to later treatment. One such influence was investi-
gated in Paper II.
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A wet etch through a bond can be assumed to affect the result severely.
Therefore, an investigation and characterisation on how an anisotropic wet
etch affected the bond of silicon wafers was conducted. Prior to bonding,
either, both, or none-of the wafers can be thermally oxidised. The bond can
therefore be placed in four different locations with respect to the silicon wa-
fers and the etching direction. The results showed that an oxide-oxide bond
where the oxide was penetrated by plasma etching came off best.

While readymade bonded wafers were used in Paper I, and a standard
bond’s resilience against etching was investigated in Paper II, Paper III in-
volves investigations of the bond process in itself. Preliminary results had
shown an increase in bond strength at the edge of oxygen plasma pre-treated
wafers. The objective was to get an understanding of the underlying mecha-
nism responsible for this local improvement, in order to improve bond
strength over the whole wafer area. The blister test, where sealed cavities are
subjected to a gas of increasing pressure until fracturing, was chosen for the
study. With this method, it was possible to measure bond strength at 24 lo-
cations over the wafer. In addition, the blister test is a good choice as it
shows very good repeatability. The bond strength at different positions on
the wafers were compared with x-ray photoelectron spectroscopy (XPS)
investigations and atomic force microscopy measurements (AFM) at the
same radial distance. The study revealed that the chemistry varied over the
radius, while the roughness did not. By placing a fused silica plate between
the wafer and the cathode in the plasma chamber, the radial variance disap-
peared.
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Quartz microengineering

Quartz is a not only a semiprecious gemstone but also a material that sur-
rounds us everywhere. It helps us to keep track of time in our wristwatches,
it sequences the events in our computers, and it squeezes all our voices into
the wireless world. Tiny quartz resonators make all this. The piezoelectrical
property of quartz makes it possible to both create and detect vibrations
electrically, so to speak to strike a tone, and listen to it. As in the case of
musical instruments, it is sound velocity, mass, and shape of the vibrating
member that decides its tone, i.e. its frequency. The ability to keep in tune, to
keep the frequency stable, is essential. If the frequency is out of target, notes
will be false on the piano, the clock will be gaining or loosing, and sender
and receiver in communication systems will lose contact. In most cases, as
those mentioned above, the inherent stability of the quartz resonator is good
enough. For the most demanding applications, e.g. precision resonators used
in telecommunication equipment, devices need to be developed to maximum
stability.

The environment around a quartz resonator affects frequency by factors as
temperature, acceleration, ionising radiation, electromagnetic fields, atmos-
pheric pressure and humidity. Even if the device would be placed in an in-
variant surrounding, there would still be disturbances built-in in the quartz,
in the electrodes, and in the encapsulation. Over periods of seconds, short
time instabilities arise from mechanical stress, phonon scattering by defects
and quantum fluctuations, and random vibrations and thermal fluctuations.
Over periods of years, ageing will result from mass transfer, stress relief,
out-gassing, diffusion, and chemical reactions. Of course, the stability will
be affected by a combination of these influences.

Several of these stability problems originate from the encapsulation. All
resonators have to be packed in capsules to shield them from the ambient as
even individual molecules sticking to the surface will alter its mass, thereby
altering its frequency. Unfortunately, the encapsulation is a source of con-
taminants in itself. Many ingenious solutions have been tested and some of
them with success. An ultimate method would be to directly join quartz
without any intermediate layer in such a way that the interface between the
quartz is airtight but does not influence the mechanical properties of the de-
vice. Since the encapsulation is of the same material as the resonator there
would be no thermal mismatch.
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Given that such joining exists, it could also be used to tailor multi-layer
resonators to have different crystallographic directions in different parts of
the device. Due to its non-trivial structure, many properties of quartz are
anisotropic, and so are their influences on the device frequency. By joining
clever combinations of quartz cut in directions with antagonistic frequency
response, the influence from the ambient, such as acceleration, temperature,
and pressure, could be avoided.

For these reasons, a quest for such a joining method could be worthwhile.
Where should one look?

Silicon microengineering presents itself immediately as silicon and quartz
share characteristics. From a handling point of view, both materials come as
clean, single crystalline, brittle slices. Silicon industry and quartz resonator
industry produce the largest series of products in the world — electronic de-
vices. Both industries make good use of complex and refined processing
methods, but as they have different background, the methods differ. In sili-
con technology, wafers are large and can contain several thousand individual
components. Most manufacturing equipment is adapted to wafers and work
on all components simultaneously. In contrast, most quartz processing
equipment handles one blank, i.e. one unworked component, at the time.
However, there is one notable exception; the quartz tuning fork present in
almost every wristwatch is processed in a similar way as the silicon compo-
nents. In 1973, Jirgen Staudte presented a manufacturing method based on
thin film deposition, lithography, and etching [7]. This was an extremely
successful technology transfer from the silicon to the quartz world. Could
there be more from where that came from?

The benefits of photolithography for quartz

As mentioned above, a successful technology transfer of silicon microengi-
neering to the quartz business was made in the early seventies. Today, more
than two billion quartz tuning forks are manufactured each year with a tech-
nology borrowed from there [8]. In this process, quartz crystals are cut into
wafers and polished. With lithography, a deposited gold layer is patterned
for masking, and the tuning fork is formed by anisotropic etching. Introduc-
ing this procedure has two distinct advantages. First, it is possible to minia-
turise the tuning forks due to the precision of the lithography. Secondly, and
more important, is the possibility to define many components on each wafer
at once, and to etch many wafers simultaneously. This greatly reduces proc-
ess time compared with the single component handling used previously.
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The expectations on direct bonding for quartz

The quartz tuning forks mentioned in the previous section are made in a
cost-effective chain of batch processes, but the chain is broken when it
comes to packaging. Today every resonator is mounted individually. De-
pending on the choice of encapsulation, the package itself will introduce
more or less severe instability problems. When adhesives or solders are used
to hermetically seal the package, atoms and molecules from the sealing will
eventually end up on the resonator. Thermal mismatch between the package,
the sealing, and the resonator will introduce tensions in the resonator. Such
disturbances will affect the stability of the resonator. Excluding other mate-
rials than quartz, and the inevitable electrical connections from the package
as well as from the seal gives the best conditions for long-time stability. By
borrowing the bonding technology from silicon microengineering, this can
be done. In addition, bonding allows for batch processing.

Intuitively the transfer of bonding technology from oxidised silicon to
quartz should be straightforward since quartz and silicon oxide are poly-
morphs i.e. has the same stoichiometric composition. The silicon bonding
process based on surface termination with hydroxyl groups, and sequentially
joining and thermal annealing simply should do the trick.

Indeed, it is possible to bond quartz with the same protocol as for silicon,
see Paper IV, but for different reasons, success is far from granted.

Material quality and characteristics specific to quartz

The demand on the integrated circuit technology has forced the suppliers of
silicon wafers to bring the polishing of silicon close to perfection. The sur-
face roughness root mean square (rms) value is typically in the order of one
Angstrém. Quartz wafers intended for bulk acoustic resonators do not share
these requirements, on the contrary they can be 80 times rougher (own un-
published work). Only with quartz wafers with a surface roughness less than
25 A rms, we found it possible to bond.

The material characteristics of quartz also place obstacles in the way. In
silicon technology, the bonded wafers are annealed, sometimes at tempera-
tures over 800°C, to maximise bond strength. The temperature of transition
from piezoelectric alpha-quartz to beta-quartz is 573°C. As quartz is mated
to quartz, the change in density and other material characteristics is not criti-
cal but as the temperature is reduced to below the transition temperature the
transition can lead to sudden and local twin formation or multi-crystal for-
mation. Therefore, there is a maximum allowable temperature in quartz
processing which obviously limits the annealing temperature and the bond
strength.
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Another problem arising has its origin in the difference between the
amorphous silicon dioxide on the silicon surface and the crystalline silicon
dioxide of quartz. In the wet chemical bonding process, water is attracted
and adsorbed to the hydrolysed surfaces and abridges them due to hydrogen
forces. At moderate annealing temperatures above 110°C, the water is rear-
ranged between the wafers forming energetically favourable structures rais-
ing the bond strength. At higher temperatures, siloxane covalent bonds start
to polymerise, creating and squeezing the water molecules at the surfaces.
These water molecules have to move somewhere, implying that the perme-
ability of water in silicon dioxide or quartz will matter. The permeability of
helium in vitreous silica, i.e. high purity silicon dioxide glass, is seven orders
of magnitude higher than in crystalline quartz [9]. It seems reasonable to
assume that the permeability of water also differs significantly. If so, the
only way for water to disappear in bonded quartz wafers is along the inter-
face, out in the open air. If a water molecule is trapped, it becomes a defect
and a nucleation site where more water molecules can gather and locally
prevent bonding.

One more characteristic of quartz is that it is an insulator and therefore
easily becomes charged. It will then attract particles worn off its edges to the
surface, making the quartz wafer its own contamination source.

Quartz direct bonding adaptation

The differences in material quality and material characteristics hinder a
straightforward transfer of silicon bonding technology to the quartz world.
The process has to be adapted to overcome the difficulties encountered.

Furthermore, the surface roughness of the quartz wafers is a matter of wa-
fer specification. The quartz polishing methods are often trade secrets. It will
be time consuming to try to improve the polishing methods although a de-
mand for smoother surfaces would probably result in a supply of such wa-
fers. In fact, quartz wafers intended for surface acoustic wave (SAW) de-
vices have smoother surfaces since the surface is the active part of the device
and these wafers are therefore better but not excellent for bonding.

The transition temperature is a natural limitation that the quartz world has
to live with. It could very well be that the a carefully conducted annealing
above the transition temperature could lead to the same monocrystalline
alpha quartz that was the starting material, but the risk that it will not does
not justify the effort, especially since theory suggests that time might com-
pensate temperature, at least in silicon bonding.

As mentioned, unbonded areas emerge due to the limited permeability of
water in quartz. Creating diffusion channels that allow the water to escape
was found to reduce this problem, Paper V. Another way to avoid the prob-
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lem was to use alternative surface-activation methods such as plasma and
argon bombardment methods [10].

Particle contamination can be almost completely avoided with special
cleaning procedures specially developed for particle removal [11].

Direct bonded quartz applications

Bonded quartz structures have unlimited potential for tailoring the piezoe-
lectric characteristics of the device. Probably of which only a small fraction
has any commercial value.

The commonly employed AT cut crystal is cut at an angle that is ther-
mally insensitive in a certain range. By laminating two or more wafers of
carefully selected cuts, it should be possible to make the device stable in a
wider temperature range. In the same manner, other frequency influencing
quantities can be compensated for, as long as the bonded wafers act antago-
nistically.

A direct example is the acceleration dependence of the frequency in reso-
nators. Quartz exists in two configurations, left- and right-handed, that are
mirror images of each other, and so is the acceleration dependence. By
bonding two equally thick wafers of left- and right-handed quartz, accelera-
tion compensation can be achieved. As the quartz community has made up
its mind to only use right-handed quartz in order to simplify handling, left-
handed quartz is not easily accessible. Nevertheless, a far and wide search
resulted in a few samples. Unfortunately, they seem to be of an unsuitable
surface roughness for direct bonding.

However, to show the possibility of making a bonded resonator, equally
thick wafers were bonded. Resonators were patterned and cut out of the bi-
morph wafer. For comparison, resonators were made out of a monolithic
wafer in the same manner. The quality of both types of resonators were
tested with frequency measurements; Paper V.

As mentioned in the beginning, an all-quartz package would increase the
stability of quartz resonators. In 1977, Raymond Besson presented a
clamped all-quartz resonator with exceptional good short-term frequency
stability [12]. A replacement of the metal clamps holding this resonator pack
together with bonding holds the potential of improving the ageing of the
resonator further. In work not included in this thesis, two examples of all-
quartz bonded packaging of devices were made by bonding quartz wafers
[13]. These were SAW devices and web-moated resonators; i.e. the resonator
was mechanically connected to the surrounding by a few narrow bridges
made from the same wafer. These devices did not only show the feasibility
of bonding quartz and the bonding compatibility with standard processing
steps as metallisation and etching. They also showed the possibility of batch
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processing — to simultaneously process several components on the same
quartz wafer, just as in silicon microengineering.

Quartz polishing

An oral presentation at the IEEE Frequency Control Symposium in Seattle
2001 arose the audience’s interest. It was claimed that a polishing etchant for
the non-crystallographically and industrial extremely important AT-cut wa-
fers had been found [14]. The etchant was claimed to bring a roughly lapped
quartz surface to atomic smoothness. Repeating these experiments indeed
seemed as a both interesting and important task; Paper V1.

The conference paper was hardly assessable, as it was written in quite
poor English, and what was more, it did not reveal any process details, al-
though the importance of an effective cleaning was stressed. Correspondence
with the author was almost fruitless; a patent application presenting process
settings was attained, though. As it turned out, the etchant could not be
brought to one of the temperature-concentration states given as it exceeded
the liquids solutions boiling point. Furthermore, as no evident polishing ef-
fect could be seen in initial attempts, special precautions had to be taken in
order to trustworthy refute this assertion. Ammonium bifluoride solutions
had generally been used for quartz surface polishing, a literature survey
showed, but never before at these extreme conditions. Experiences from
surface cleaning for wafer bonding came in handy as the requirements for
bonding surpasses those of most other uses. To maintain the desired concen-
tration, a special set-up including a tight water-cooled lid was constructed.
Stylus profilometry was supplemented with AFM for surface roughness
measurements. Chemometrical methods were used to search for optimum
conditions giving the lowest surface roughness. Hence, instead of generally
used experimental design, where data are analysed by varying one parameter
at a time, the experiments were factorial designed. By this, all combinations
of the factorial levels are investigated. Here, obviously, the factors were
temperature and concentration. This design is more efficient considering the
influence of experimental errors on systematic variations and does reveal
possible interaction between the factors. Then, the experiments are con-
ducted and the desired variables are measured. Here the variables were
etching rate and surface roughness. These data were used to calculate the
relation between factors and variables. This relation can be represented as a
curved surface in the (multidimensional) space that is filled out by factors
and variables. This surface is used to find optimum conditions.

By this, it was evident that etching under these extreme conditions offered
no extra advantages. In fact, initially polished samples became rougher.
Non-spectacular as this finding certainly is, it might not render the paper the
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above-mentioned attention but it will definitely come as a relief for the
quartz community.
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Wafer bond adhesion quantification

From the very beginning of the development of wafer bonding, the bond
strength has been considered one of the most important characteristics to
determine about a bond. Adhesion measurements have contributed to the
understanding of chemical reactions behind the bonding process, e.g. the
transformation of weak hydrogen bonds, initially pulling hydrophilic silicon
walfers together, into strong covalent siloxane bonds upon treatment at ele-
vated temperature. Now, an increased interest in bond adhesion quantifica-
tion can be anticipated when wafer bonding is optimised for complex micro-
electromechanical systems. In order to integrate circuitry into microme-
chanical systems, the bond strengthening thermal treatment has to be limited.
This limitation also holds for bonding of dissimilar material with differences
in thermal expansion. In the same way, the chemical surface pre-treatment
must be selected to comply with all parts of the system. Further, at later steps
of a fabrication process, the accumulated value of the previous steps is at
stake. Merging of costly pre-processed subsystems into larger systems by
wafer bonding therefore require high process yield. These severe require-
ments demand good quantification methods to develop reliable bonds and
wafer bonding processes, and to provide the understanding necessary to fa-
cilitate the work.

The report, Paper VII, encloses a comprehensive review of present adhe-
sion quantification methods used for evaluation of the strength of wafer
bonds, together with suggested augmentations. The most commonly used
methods, namely the double cantilever beam, tensile, chevron and blister test
methods, have been thoroughly treated by solid mechanics and brittle frac-
ture theory. The improved techniques usefulness for three areas of use: gen-
eral understanding of bonding mechanisms, bonding scheme optimisation,
and quality control, has been forecasted.

The main conclusion of this review is that adhesion quantification of wa-
fer bonds can be dramatically improved by small means. The basic ways and
means can be found in models and experiences made in neighbouring re-
search fields. Both for the characterisation of brittle materials, and adhesives
and solders, standard procedures have been developed. Adaptation of these
procedures to wafer bonds would entail a time and resource saving shortcut.
The crux of the matter is, however, that such adaptation demands basic
knowledge in solid mechanics and fracture behaviour of brittle materials.
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Summary of papers

Summary of Paper I: High-temperature piezoresistive
gauge fabricated on commercially available silicon-on-
insulator wafers

This paper presents a micromachined, four-terminal, piezoresistive gauge
intended for use at high temperatures, Fig. 3a. Originally, the project was
launched by Sandvik Coromant to solve the problem of when to exchange
the cutting tool in metal-turning lathes. If the cutting edge is allowed to
completely wear out, the tool breaks and causes damages on the working
piece, or on the lathe. The company had an indication of the force on the
tool’s edge increasing immediately before breakage, but they could not
measure the force accurately with existing techniques. The task, therefore,
was to integrate a force sensor in the cutting tool holder, immediately below
the replaceable cutting edge.
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Figure 3: a) Scanning electron microscope image of a gauge. The contact pads on
the left connect to the piezoresistive mesa. The mesa is placed on the base of the
cantilever. b) Output voltage versus load for a gauge at 188°C. The equation is the
linear fit to the measurement points.

The idea was to measure the compression of the tool holder by monitoring
the deflection of the supporting surface. Besides the limited size, a couple of
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cubic millimetres, the environment is harsh with high temperatures and me-
chanical vibrations, putting severe demands on the solution.

The gauge is manufactured out of the 2 um thick device layer of a silicon-
on-insulator wafer and a cantilever beam is defined in the handle wafer. The
buried oxide layer serves as electrical insulation. The deviation is transferred
to the bending cantilever, 600 um in length, and the mechanical strain of its
upper surface is measured by a single-element strain gauge, making good
use of the shear modulus of silicon, Fig. 3a.

The device proved to work at least up to 400°C. In situ scanning electron
microscope measurements showed good linearity for each examined tem-
perature, Fig. 3b. Unfortunately, the off-set of calibrated measurements var-
ied unpredictably with temperature, probably due to thermal strain in the
chip’s mechanical fixture.

Summary of Paper II: Silicon fusion bond interfaces
resilient to wet anisotropic etchants

In order to spare the sensitive surfaces, direct bonding is most often per-
formed as early as possible in a process. Consequently, to be able to choose
the following processes freely, the bond must be compatible with subsequent
machining.

In an effort to find the best way of penetrating the bond of direct bonded
silicon wafers by wet etching, different configurations of thermally oxidised
or chemically oxidised silicon, as well as hydrophobic pairs, were bonded.
The behaviour of the anisotropic etchants potassium hydroxide (KOH), and
tetramethyl ammonium hydroxide (TMAH) were investigated. Where neces-
sary, the bond was penetrated by hydrofluoric acid or trifluoromethane
plasma etching.

It was discovered that the bond interfaces were resilient to the process
when two thermally oxidised wafers were bonded and the bond was pene-
trated by plasma etching, Fig. 4.
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Figure 4: Etch profile of oxidised silicon bonded to oxidised silicon. The location of
the bond is shown by an arrow. The desired sidewall profile is perfectly maintained.

Summary of Paper III: Radial variations in bond
strength for plasma bonded oxidised silicon wafers

Previous studies had shown that the bond strength was higher at the edges
than in centre positions of wafers bonded after plasma pre-treatment. To
improve bonding over the whole wafer area, a study was performed in order
to get an understanding of the underlying mechanism responsible for the
local bond strength enhancement.

By using the blister test, see Paper VII, it was possible to map the bond
strength of 100 mm diameter wafers at 24 points. The bond strength varia-
tion with radial location was related to XPS and AFM measurements.

Figure 5 (a) shows that the edge effect can be eliminated by using an iso-
lating cathode. The use of an isolating cathode gives less scatter and dimin-
ishes edge defects at the expense of bond strength. The increased strength of
edge specimens agrees to a shift in oxygen binding energy at the surface, as
measured by XPS, Figure 5 (b).
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Figure 5. Applied pressure at failure vs. failure ratio for Si/SiO, pairs bonded with
and without isolating cathode during plasma surface pre-treatment (a). The markers
are filled for edge specimens. XPS spectra for a wafer identical to that at the right in
(a) obtained at centre and edge locations show a shift in surface oxygen bonding
energy at the edge (b).

Summary of Paper IV: Quartz-to-quartz direct bonding

As oxidised silicon is readily bondable, a quest to bond crystalline quartz as
well was undertaken. Quartz bonding would entail possibilities in making
extremely stable quartz packages for quartz resonators, and to give new de-
grees of freedom in resonator design.
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Silicon wafer bond schemes were used to bond quartz wafers of two
commonly employed types.

The quest was prosperous; quartz-to-quartz direct bonding was scientifi-
cally presented for the first time. It was shown that it was possible to direct
bond quartz with wet chemical treatment previously used for silicon as long
as the surface roughness was low enough. The surface energy of the bond
increased drastically with increasing annealing temperature, Fig. 6.
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Fig. 6. Measured surface energies vs. annealing temperature for AT-cut and
X+1°50’-cut quartz. Annealing time was 1 hour.

Summary of Paper V: Direct bonded quartz resonators

The influence on a resonator by a direct bond interface was investigated with
two objectives in mind — to facilitate bonding in resonator design, and to
investigate the possibilities of using frequency measurements for adhesion
testing.

Here, the resonator design was adapted to silicon microengineering, and
by no means an optimised structure, Fig. 7. Still, valuable measurements
could be performed as monolithic resonators of the same design were char-
acterised for comparison.

Bonded resonators had Q-values about one order of magnitude lower then
monolithic resonators, mainly due to high series resistance. It was speculated
that trapped water was responsible for the high resistance.
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Figure 7. A bonded resonator (a), and the resonance behaviour for one of the bonded
resonators (b). The curves shown are for absolute impedance and phase.

Summary of Paper VI: Polishing of quartz by rapid
etching in ammonium bifluoride

It was desirable to investigate the effect of high concentration and high tem-
perature etching of quartz, as it had been clamed elsewhere that a polishing
effect could be seen for a non-crystallographic wafer cut.

A thorough survey of relevant literature showed that polishing had not
been performed at these conditions before. As no evidence of a polishing
effect could be seen in initial experiments, great experimental care and mul-
tivariate data analysis were employed. The experiences from surface clean-
ing for direct bonding came in handy, as these demands probably surpass
ordinarily employed techniques. The polishing was conducted with good
control of temperature and concentration. Topography measurements by
commonly employed cantilever stylus were supplemented with AFM meas-
urements.

The investigation made it possible to claim with confidence that no pol-
ishing effect occurred, Figure 8.
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Figure 8. Atomic force microscopy scans for just ultrasonically cleaned (a), ultra-
sonically cleaned and HNO; cleaned (b), and cleaned as in (b) plus etched for 5 min
in 90°C in 80 wt-% ammonium bifluoride (c). All profiles are 1 by 1 um laterally
and enlarged by an extra factor of 40 in the vertical direction.

Summary of Paper VII: Adhesion quantification
methods for wafer bonding

The amount of adhesion has been considered one of the most important
characteristics of a bond since the advent of direct bonding. Yet, the methods
have not been developed since introduced, although isolated problems have
been addressed. To improve the used methods, an overall view is necessary,
where all obstacles are dealt with simultaneously.

This report offers a comprehensive review of present adhesion quantifi-
cation methods used for evaluation of the strength of wafer bonds, together
with suggested augmentations. The most commonly used methods, namely
the double cantilever beam, tensile, chevron and blister test methods, have
been thoroughly treated by solid mechanics and brittle fracture theory. The
improved techniques usefulness for three areas of use: general understanding
of bonding mechanisms, bonding scheme optimisation, and quality control,
has been forecasted, Table II.

The major finding was that the quality of all commonly used methods
could be dramatically improved by small means.
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Table IL. Forecast of the usefulness of the four main techniques reviewed
in relation to the area of application — to understand, improve and check
bond adhesion.

Understand Improve Check
DCB ® © &
Tensile ® ® ®
Chevron @ @ @
Blister @ @ @
© = most useful ® = could be used & = cannot be used
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Sammanfattning pi svenska
Summary in Swedish

I svensk Oversittning ar titeln pa denna doktorsavhandling “Mikroingenjors-
konst tillimpad pa kisel och kvarts — framstéllning och karaktérisering”.
Mikroingenjorskonst, &dven kallad mikrostrukturteknik eller mikro-
elektromekanisk systemteknik, betecknar en teknik som utvecklats ur mikro-
elektroniken. Med samma metoder som anvinds for att gora elektroniska
komponenter skapas mekaniska strukturer. Dessa strukturer kan fungera som
avkinnare, motorer eller resonatorer. Avkinnarna, sensorerna, kopplar en
mekanisk signal, t ex tryck, till en signal som kan avlisas elektroniskt. Mo-
torerna, eller aktuatorerna som de ofta kallas, omvandlar tvirtom en elektrisk
signal till kraft eller rérelse. Resonatorer kan sidgas vara en hybrid dér vibra-
tioner bédde kan skapas och avldsas elektroniskt. Resonatorns geometri
bestimmer med vilken frekvens den skall jobba och fungerar pad samma sétt
som en stimgaffel. Resonatorn som styr tiden i kvartsur ar formad just som
en sddan. Medan kisel ar det vanligast utgangsmaterialet 1 sensorer och ak-
tuatorer, sd anvands kvarts ofta for resonatorer. Gemensamt f6r materialen ar
att arbetsstycket utgérs av en skiva.

Den forsta artikeln i avhandlingen kan fungera som exempel for mikroin-
genjorskonsten eftersom manga olika framstillningstekniker har anvénds.
De anvinda metoderna kan indelas i fyra grupper: additiva, subtraktiva,
modifierande och sammanfogande. Medan de additiva metoderna anvénds
for att lagga till material, sd anvdnds de subtraktiva for att ta bort. Material
kan laggas till genom att 1dta gaser reagera och bilda ett tunt skikt pd ytan,
eller genom att fordnga ett material 1 ndrheten och lita det kondensera pa
ytan. Material kan tas bort genom att anvinda kemiska etsvitskor, eller ge-
nom att bombardera ytan med atomjoner. De modifierande teknikerna utfors
for att fordndra materialen, t ex for att fi dem att sitta fast bittre, eller for att
dndra deras ledningsformiga. Hir 4r virmebehandling vanlig. Samman-
fogande tekniker anvinds for att sdtta ihop storre delar, ofta tva skivor, till
skillnad fran de additiva metoderna dir materialet byggs upp succesivt. In-
gen av alla dessa tekniker skulle vara till mycken nytta om det inte gick att
vilja var pa arbetsstycket man vill ldgga till eller ta bort material. Man méste
ocksd kunna monstra skivan. Detta gors Gvervigande med hjilp av foto-
litografi. En ljuskénslig lack appliceras och exponeras med ljus som passerar
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genom en glasskiva dir det dnskade monstret finns utritat i svart. Fér en
positiv lack kommer de exponerade omradena att férindras sa att de tas bort
vid den efterfoljande framkallningen. Nu kan en subtraktiv metod anvéndas
pa dnskade omraden eftersom resten skyddas av lacken.

I huvuddelen av de arbeten som presenteras hir fokuseras forskningen pa
sammanfogning av skivor. Tva plana och slita ytor som gjorts reaktiva kan
fas att fastna thop utan mellanliggande skikt. Fogen blir s tunn att den kan
forsummas i forhallande till skivtjockleken och precisionen blir mycket god.
Franvaron av lim eller lod gbr att man undviker fororeningar. Ytorna kan
t ex goras reaktiva genom att tvitta skivorna i en syra, eller genom att utsitta
dem for ett syrgasplasma i en vakuumkammare. Nir skivorna efterat doppas
1 vatten sd ticks ytan med hydroxylgrupper (OH) och nédgra fa lager med
vattenmolekyler. D3 tvé sddana ytor liggs samman attraheras de till varandra
av vitebindningar, En efterféljande virmebehandling driver bort 6verflodigt
vatten. Vid hoga temperaturer ersitts vitebindningarna av starkare bind-
ningar.

I foljande stycken sammanfattas delarbetena 1 denna sammanliggnings-
avhandling.

I artikel I (Paper I) beskrivs tillverkning och karaktirisering av en sensor
avsedd att méta kraften pa ett svarvverktyg. Avsikten var att mita samman-
tryckningen av materialet omedelbart under svarvskiret for att fi en
uppfattning om kontaktkraften mellan verktyg och arbetsstycke. En halv-
millimeterldng balk infést i1 sin ena dnde utsitts for en forskjutning orsakad
av svarvskirshallarens sammanpressning. D4 balken béjs stracks dess
ovansida; allra mest vid infistningen. D4 stricks ocksd en liten kiselplatta
som placerats dér. Plattans kantlingd 4r 1/50 mm och dess tjocklek 1/500
mm. Om en strém leds genom kiselmaterialet kan en elektrisk spanning av-
lasas vinkelrdtt mot stromriktningen. Den elektriska spanningen ar ett matt
pa balkens nedb6jning. Siddana sensorer konstruerades, utformades och ut-
varderades. De visade sig fungera &tminstone upp till temperaturer om
400°C, nagot som &r en forutsittning for att de skall kunna anvéindas 1 nér-
heten av en metallbearbetande egg.

I artikel IT undersdks vad som hinder da man forsoker att vatkemiskt etsa sig
genom tva kiselskivor som &r direkt sammanfogade. Etsvitskan angriper
fogen aggressivt, men genom att skydda bada skivorna med ett lager kisel-
dioxid fore sammanfogningen minimeras problemet.

Artikel IIT behandlar plasmabehandling av kiselskivor som skall samman-
fogas utan mellanliggande skikt. For att méta hur starkt skivorna sitter sam-
man gors gropar och inlopp i skivorna fére sammanfogningen. De slutna
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halrum som bildas trycksétts darefter med gas och brottrycket blir ett matt pa
bindningsstyrkan. Ménga teststrukturer kan goras pa ett skivpar, vilket gor
det mojligt att kartligga variationer 1 bindningsstyrka Gver ytan. Den
uppmétta bindningsstyrkan relaterades hir till ytornas kemiska samman-
sittning och ytjdmnhet. Den kemiska sammansittningen undersoktes med
elektronspektroskopi och ytjimnheten med atomkraftsmikroskopi. Det
visade sig att bindningsstyrkan och den kemiska sammanséttningen varierar
mot kanten av skivan, men inte ytjimnheten. Genom att ligga en isolerande
platta under kiselskivan vid plasmabehandlingen fSrsvinner variationerna,
men fogen blir ocksa ndgot svagare.

I artikel IV presenteras for forsta gingen direkt sammanfogning av
kvartsskivor. Genom att de anvinda skivorna hade tillrickligt jamn yta
kunde de sammanfogas pa samma sétt som kisel vanligtvis gors. Det finns
dock tre viktiga skillnader mellan kisel och kvarts. Kvarts genomgér en fas-
transformation med stor atféljande materialutvidgning vid 573°C vilket be-
grinsar den hdgsta tillatna virmebehandlingstemperaturen. Kristallin kvarts
kan inte heller absorbera och transportera dverflodigt vatten sa som oxiderat
kisel; 6ar av instingt vatten kan forhindra sammanfogningen lokalt. Vidare
dr kvarts en isolator, vilket medfor att partiklar — ofta fran materialet sjalvt —
blir ett stdrre problem eftersom de girna fastnar elektrostatiskt.

Artikel V jamfor kvartsresonatorer gjorda av sammanfogade skivor med
resonatorer utan fog. Syftet var att se vilken stérning fogen utgér. Samman-
fogningen optimerades for den onskade skivstorleken. Trots detta visade det
sig att kvaliteten blev tio génger simre med fog 4n utan, métt med det sa
kallade Q-virdet. Om en fog dnd3 kan tillatas skulle sammanfogningsmeto-
den kunna anvindas for att konstruera helt nya typer av resonatorer. Ett ex-
empel ir resonatorer som &r okénsliga for acceleration.

Vid en internationell konferens presenterade hdapnadsvickande resultat: man
hade lyckats att vatkemiskt polera skivor sdgade i en riktning som inte sam-
manfaller med ett kristallplan. Artikel VI vederldgger dessa resultat. For att
gora detta pa ett Gvertygande sitt anvinds noggrann planering och genom-
forande av experiment samt sa kallade kemometrisk analys av métdata. Med
kemometri tittar man pd sambanden mellan flera ingdende parametrar samti-
digt, i motsats till konventionell metodik dir en parameter varieras medan
allt annat halls konstant.

Artikel VII &r en oversikt av arbeten som behandlar eller anvinder ut-
virderingsmetoder for vidhédftningsférmdgan mellan direkt sammanfogade
skivor. Genom att fora in resultat frin angrinsande forskningsomraden, t ex
limning och utvirdering av styrkan hos sproda material, visas att stora for-
béttringar i mdtmetoderna kan dstadkommas med sma medel.
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